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ABSTRACT: Quorum sensing (QS), characterized by pathway-independence and autonomous control, has been applied in bio-
manufacturing, while the lack of versatile and functional regulatory components limits its broader applications. To address this
issue, a series of efficient QS systems with diverse properties were established in Escherichia coli. Firstly, combinatorial
optimization, including element selection and promoter replacement, led to an improvement of 8.82- and 3.03-fold in output range
and response threshold, respectively. Then, a library of LuxR mutants was constructed for screening novel variants with decreased
sensitivity to acyl-homoserine lactone through the high-throughput screening technique. Notably, the optimal variant
V36E/H89L/P97L exhibited a decrease of 266-fold in the sensitivity. As a proof-of-concept, iso-butylamine biosynthesis was tested
by re-directing pyruvate catabolism using QS circuits, and in particular, a total of 15.4 g/L iso-butylamine was generated in strain
IB21 during the fed-batch culture, marking a 2.96-fold increase over the static control. Finally, the generated bioproduct reached
44.23 g/L in a bioreactor, representing the highest reported titer so far. In summary, this study not only enriches the genetic toolbox
of QS systems, but also facilitates industrial applications in value-added chemical production.

Keywords: Quorum sensing; Regulatory elements; Signal sensitivity; Synthetic biology; iso-Butylamine; Escherichia coli
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1. Introduction

Bio-manufacturing powered by microbial cell factories provides an economical and sustainable approach for
producing biomaterials, bulk chemicals, biofuels, and medicines [1]. In particular, traditional static control has been
applied in the production of value-added bio-chemicals, such as alcohol [2], alkane [3], and resveratrol [4]. These
strategies often cause metabolic burden and disrupt metabolic homeostasis, thereby leading to intermediate
accumulation, redox imbalance, and growth retardation [5]. Alternatively, dynamic regulation offers a potential choice
for adapting to varying environments by autonomously transforming metabolic modes [6]. For instance, the improved
growth promoted a high-level production of shikimate (103.3 g/L) by using an osmotic stress-responsive promoter [7].
On the whole, dynamic control is classified into the cellular, intracellular, and extracellular levels according to the
specific signals, of which quorum sensing (QS) is a promising and pathway-independent tool by responding to acyl-
homoserine lactone (AHL), autoinducing peptide (AIP), or autoinducer-2 (AI-2) [8,9].

Assisted by a handful of synthetic biology toolkits, great efforts have been made in establishing high-performance
QS circuits, which contribute to redirecting metabolic pathways, optimizing metabolic flux, and controlling microbial
consortia. Importantly, QS circuits enable autonomous regulation without external inducers, thus increasing market
competition [10]. To date, titers of several bioproducts have been enhanced by fine-tuning metabolic flux and
reprogramming metabolic network mediated by QS circuits, such as 1,4-butanediol [11], medium-chain fatty acids [12],
and validamycin [13]. For instance, pyruvate carboxylase was controlled by a lux-type QS circuit, and the altered carbon
distribution between the tricarboxylic acid (TCA) cycle and L-threonine pathway led to a 26% increase in engineered
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E. coli [14]. To achieve the simultaneous up- and down-regulation, its function was expanded, and synergetic
optimization between the TCA cycle and polyhydroxybutyrate synthesis achieved an improvement of 6-fold compared
with static control [15]. Subsequently, QS circuits-derived logic gates achieved the control of complicated pathways by
integrating with other regulatory tools [16]. In one case, efficient synthesis of D-glucaric acid competes with the
glycolysis pathway [17]. Therefore, the combination of an engineered myo-inositol (MI) biosensor with the esa-type
QS orthogonally down-regulated the glycolysis pathway for accumulating MI, leading to a 4-fold increase in product
titer. Apart from pathway optimization, QS circuit enables harnessing population composition for facilitating efficient
synthesis and substrate utilization [18,19]. Overall, QS circuits are recognized as a powerful tool for enhancing
bioproduction and facilitating the design of complex biosystems.

To achieve precise regulation in different circumstances, the performance of QS circuits requires further
optimization [20]. To date, the engineering of QS circuits primarily focuses on combinatorial expression optimization
and modification of regulatory elements. On one hand, different promoters or RBSs are attempted to optimize the
sensory module. By modulating autoinducer synthase, the varying autoinducer productivity generates diverse response
thresholds, thus influencing interaction kinetics between the autoinducers and regulatory proteins. For example, the
dynamic range increased 23-fold by magnifying Jux//luxR expression with constitutive promoters. In the meantime,
bisabolene titer was increased by up to 5-fold compared to the original [21]. In addition, element redesign and directed
evolution facilitate the acquisition of functionally diverse genetic components. So far, more efforts have centered on the
well-studied AHL-based QS systems. Although other QS systems have been identified, non-AHL types (such as Al-2-
mediated or AIP-mediated QS) are less amenable to modification due to the requirement for the additional elements
[22]. On the other hand, modifying the promoter Py, and refactoring transcriptional factor offer an alternative approach
to expand QS toolkit via random mutation, directed evolution or rational engineering [23,24]. For instance,
computational simulations proved that variant I46F significantly enhanced the affinity between LuxR and 3-
oxooctanoyl-homoserine lactone (30C6HSL), enabling pathogen detection application in a whole-cell sensor [25]. In
general, bioproduct synthesis typically initiates after sufficient biomass accumulation. Nevertheless, the research on
modifying LuxR remains limited so far, and it is urgent to expand the QS circuit toolkits to meet diverse requirements
by engineering regulatory elements.

In this study, we aimed to establish high-performance QS circuits by screening regulatory elements in E. coli. First,
a series of QS circuits with diverse dynamic properties was designed based on /ux-type QS system derived from Vibrio
fischeri. In particular, the expression of /ux/ and /uxR was combinatorially optimized for adjusting dynamic range and
response threshold. Then, a library of LuxR mutants was constructed for identifying new mutation sites that reduced
AHLs affinity for LuxR, thereby expanding the functional diversity of QS circuits. As a proof-of-concept, iso-
butylamine biosynthesis was tested, which showed the effectiveness and superiority of artificial QS circuits in metabolic
control. This work provides valuable insights and a practical framework for designing efficient QS systems in synthetic
biology applications.

2. Materials and Methods
2.1. Culture Medium and Chemicals

Luria-Bertani (LB) medium was used for plasmids propagation and circuits analysis, containing 5 g/L yeast extract,
10 g/L tryptone, and 10 g/L. NaCl. NM2 medium was used for iso-butylamine synthesis, consisting of 40 g/L glucose,
12.5 g/L (NH4)2SOs4, 4.0 g/ KH,PO4, 2.0 g/ MgSO4-7H,0, 4 g/L yeast extract, 0.262 g/L. L-isoleucine, 0.262 g/L L-
leucine, and 5 mL/L trace metal solution (including 10 g/L FeSO4-7H»0, 2 g/L. CaCl,, 2.2 g/l ZnSO4-7H,0, 0.5 g/L
MnSO04-4H,0, 1 g/L CuSO4-5H,0, 0.1 g/L (NH4)sM07024-4H,0, and 0.02 g/L Na,B4O7-10H,0, dissolved in 0.5 M
HCI). A final concentration of 33 pg/mL chloramphenicol or 100 pg/mL ampicillin was added to sustain the
corresponding plasmid. In addition, 100 pg/mL B-D-1-thiogalactopyranoside (IPTG) or a desired concentration of
30C6HSL was supplemented as the inducer when necessary. 30C6HSL, o-phthaldialdehyde, -mercaptoethanol, and
iso-butylamine standard were purchased from Macklin (Shanghai, China). Pyruvate was obtained from Aladdin
(Shanghai, China).

2.2. Strains and Plasmids

Strains, plasmids, and primers used in this study are listed in Tables S1-S3. The sequences of heterologous genes
employed in this study are showed in Table S4. E. coli DH50 was used for plasmid construction, and E. coli MG1655
served as the host for QS circuit analysis and bioproduct synthesis. Plasmids pTrcHisA and pBAD33 served as the
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backbones for the recombinant plasmid construction.

As for the construction of QS circuit, the pair of genes /uxl/luxR from V. fischeri ES114 were codon-optimized and
synthesized at Genewiz (Suzhou, China). Genes luxl/luxR from V. fischeri JM11 and [ux promoter were amplified from
plasmid pTD103/ux/ sfGFP [26]. The inducible promoter P, of pTrcHisA was substituted by the constitutive promoter
Prs, Prs or Pjsis, and then genes luxl/luxR were assembled to form sensor modules. In addition, the L-arabinose-
inducible promoter P.z4p of pPBAD33 was replaced by promoter Py, followed by the red fluorescent protein gene
mcherry, forming a response module.

In the synthesis of iso-butylamine, inducible promoter P, was substituted by promoter Py or P31 to construct
plasmids pIBQS, pIB02, and pIB03, with plasmid pIB01 stocked in our laboratory as the skeleton. These plasmids were
transformed to yield a series of engineered strains using an electroporator (Eppendorf, Hamburg, Germany).

2.3. Fluorescence Characterization

For characterization analysis of QS circuit, a single colony was inoculated into 50 mL of LB medium for 10 h at
37 °C. Then, 500 pL of seed culture was transferred into 50 mL fresh LB medium for the analysis at 30 °C or 37 °C.
Time-course curve was measured at an interval of 1 or 2 h. Additionally, the samples were taken after 30 h for dynamic
range evaluation. The culture was diluted as needed, and 200 pL of diluted samples were transferred into a 96-well plate
for measurement by a Multi-detection Microplate Reader (BioTek, Winooski, VT, USA). Cell density was measured by
detecting the absorbance at the wavelength of 600 nm (ODeg), and mCherry fluorescence intensity was detected by an
excitation and emission wavelength of 570 nm and 610 nm, respectively. All fluorescence was normalized with an ODgg.

2.4. Construction and Screening of LuxR Mutant Library

To construct a library of LuxR mutants, the error-prone PCR was conducted by 7ag DNA polymerase (Sangon,
Shanghai, China), with the mutation rate enhanced by adding 0.5 mM of MnCl, and 1.5 mM of MgCl,. The fragments
of the plasmid backbone and autoinducer-domain were amplified from plasmid pLuxR, which was generated by deleting
luxI on plasmid pSM10. Then, the reaction solution was transformed into the host. The mutant library was screened
using a two-stage “ON/OFF” screening process by adding exogenous 30C6HSL. In the “OFF” screening, the mutants
grown on LB plate were picked into 700 uL. LB medium supplemented with 100 nM of 30C6HSL for 12 h at 37 °C,
and an ODgpo and mCherry fluorescence were measured by using a Multi-Detection Microplate Reader (BioTek,
Winooski, VT, USA). Subsequently, the “ON” screening was performed for the non-luminescent candidates by
supplementing with a concentration of 100 nM or 10,000 nM 30C6HSL for 12 h at 37 °C. In particular, those candidates
with a significant increase in fluorescence intensity at 10,000 nM 30C6HSL were sequenced for the analysis.

2.5. Microbial Synthesis of iso-Butylamine in Shaking Flasks

A single colony grown on LB plate was inoculated into 50 mL of LB medium for 10 h at 37 °C. Subsequently, 2.5
mL of seed culture was transferred into 50 mL of NM2 medium for the bioproduction. The fermentation process was
conducted at 30 °C for 96 h. When required, IPTG and L-arabinose were added after 2 h. In the fed-batch culture, the
initial glucose concentration was set to 10 g/L, and a concentration of 5 g/L glucose was fed every 12 h after the first
24 h of culture.

2.6. iso-Butylamine Production in a 7 L Bioreactor

A total of 100 mL of seed culture was transferred into a 7 L bioreactor (Parallel-Bioreactor, Shanghai, China)
containing 2 L of NM2 medium. The initial glucose concentration was 15 g/L. The temperature was maintained at 37 °C
for the first 8 h of fermentation, and then it was maintained at 30 °C. After 12 h of culture, glucose was added at a
constant feed rate of 3.3 g/L/h. The pH was maintained at approximately 6.8 using 25% (v/v) NH4OH. The agitation
speed was set between 250 rpm and 800 rpm throughout the process. Samples were taken during the process to
determine ODgqo, residual sugar concentration, and iso-butylamine production.

2.7. Analytical Methods

Cell growth was measured using an ultraviolet spectrophotometer (Yoke, Shanghai, China). The supernatant of the
broth was collected by centrifugation at 12,000 rpm for 5 min to measure glucose and iso-butylamine. The glucose was
quantified by the 3,5-dinitrosalicylic acid (DNS) assay [27]. Specifically, 100 pL of the sample was mixed with 200 uL.
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of DNS reagent and heated. Then, 900 uL of ddH,O was added, and an ODss was measured by a Multi-detection
Microplate Reader (BioTek, Winooski, VT, USA).

The concentration of iso-butylamine was quantified using high-performance liquid chromatography (HPLC,
Shimadzu, Kyoto, Japan, LC-20A). Before the measurement, precolumn derivatization of iso-butylamine was
performed using o-phthaldialdehyde (OPA) [28]. For the derivatization, 100 pL of the sample was mixed with 500 pL
of 0.40 M borate buffer and 100 pL of OPA derivatization reagent for reacting 2 min. Then, the mixture was injected
into HPLC equipped with an Agilent zorbax SB C18 column (4.6 x 150 mm, 5 pm). The mobile phase consisted of
solvent A (1.4 g/L of Na,HPO4, 3.8 g/L of Na;B4O7-10H,0; pH 7.2) and solvent B (45% acetonitrile, 45% methanol,
and 10% H,0). The elution gradient was as follows: 0-0.5 min, 90% solvent A and 10% solvent B; 0.5-16.5 min, a
linear gradient of B from 0 to 57%; 16.5-24.5 min, a linear gradient of B from 57 to 100%; 24.5-27.5 min, 100%
solvent B; 27.5-29 min, a linear gradient of solvent B from 100 to 10%; 29-31 min, 10% solvent B. Flow rate and
column temperature was 1 mL/min and 35 °C, respectively. The detection wavelength of iso-butylamine was 338 nm.

2.8. Statistical Analysis

All data are presented as the mean + standard deviation, with each experiment being conducted at least twice.
Statistical comparisons were performed using the independent samples #-test to assess significant differences between
the control and experimental groups.

3. Results
3.1. Combinatorial Optimization of Synthetic QS Circuits

To achieve sufficient fermentation production, it is crucial to switch metabolic modes between cell growth and
bioproduct synthesis. In general, the /ux-type QS system comprises three key components: acyl-homoserine lactone
synthase Luxl, regulatory protein LuxR, and promoter P, [29]. In specific, the AHLs diffuse from the intracellular to
extracellular until a specific concentration. Upon reaching this threshold, AHLs bind with the LuxR for forming the
LuxR-AHL complex, thereby activating promoter P, (Figure 1A) [30]. Despite natural QS systems contributing to
regulating physiological activities [31], their applications are often constrained by a narrow dynamic range and low
response threshold [32]. To enhance their practical application, QS circuits require rational modifications for expanding
the response range and tunable threshold.

To construct an artificial QS system with expanded dynamic range, essential regulatory elements were selected.
Considering that promoter P, from V. fischeri is bidirectional, it is classified into P, and P To evaluate the
transcriptional activities, two reporter plasmids, pRI and pRR, were constructed to serve as the response modules, with
red fluorescent protein (mCherry) as a reporter. Meanwhile, genes luxl/luxR from V. fischeri ES114 were overexpressed
under the medium-strength constitutive promoter Prs5, generating plasmid pSM1 (the sensory module). These plasmids
were assembled to form different QS circuits. For one thing, strains QRR and QRI harboring the response module
exhibited a low fluorescence, and in contrast, strains QMR1 and QMI1 harboring both sensory and response modules
showed a higher fluorescence. These results indicated that the targeted gene was activated by complete QS circuits
(Figure 1B). In particular, strain QMI1 harboring promoter Py, exhibited a 3.56-fold higher fluorescence than strain
QMRI1, suggesting promoter P, has a higher transcriptional activity. Next, genes /ux//luxR with different amino acid
sequences from another V. fischeri strain, JM11, were tested. As a result, dynamic range of the resultant strain QMI2
exhibited an improvement of 2.48-fold compared to strain QMI1 (Figure 1C,D). Additionally, strain QMI2 was
characterized at various temperatures (30 °C and 37 °C), and a higher dynamic range was observed at 30 °C. Therefore,
the following experiments were conducted at 30 °C (Figure S1). Overall, these results demonstrate that the integration
of promoter Pj,yand genes luxi/luxR from V. fischeri JIM11 enhanced dynamic range of the synthetic QS circuit.
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Figure 1. Element selection in constructing artificial QS systems. (A) Schematic diagram of QS circuit. Signaling molecules diffuse
extracellularly at low cell density and reflux into the cell at high cell density, bind to LuxR to form complexes, and activate mcherry
controlled by promoter Py,. (B) Evaluation of artificial QS systems. The dynamic ranges of combinations of different lux-type
promoter and /uxl/luxR were grouped for altering the regulation characterization. (C) Fluorescence profiles in different engineered
strains. Additionally, strain QRI containing only the response module served as the control. (D) Growth profiles in different
engineered strains. The control strain QRI was also measured. Significant at different levels: ** p < 0.01, *** p <0.001.

To alter the triggering threshold of artificial QS systems, the expression of genes /ux//[uxR was systematically
optimized. Previous studies have shown that adjusting AHLs accumulation can influence triggering ODggo. Considering
that available LuxR is required for the functionality, the intracellular LuxR level may also impact the performance.
Therefore, modular engineering was used to enhance regulation performance by employing promoters of different
strengths, yielding strains QMI3—QMI10 (Figure 2A). Indeed, this approach yielded QS systems with diverse properties.
On one hand, the triggering ODgoo (1.62~1.80) of these strains exhibited an increase compared to strain QMI2,
accompanied by diverse dynamic ranges (Figure 2B,C). For instance, the circuit was activated at a higher ODgoo (~2.09)
through a synergetic combination of strong JuxR and moderate /ux/ expression (strain QMI10), nearing the stationary
phase. In particular, the decreased /ux/ expression effectively increased triggering ODeoo, whereas the reason remained
unclear for higher Jux/ expression, which still switched at a high ODggo. A previous study confirmed that the triggering
ODgoo does not always correlate linearly with AHLs output [33]. Kim’s study showed that although low /ux/ expression
delayed the activation, its higher expression did not lead to earlier triggering [21]. Moreover, we speculated that the
approach in altering response threshold was limited by manipulating /ux//[uxR. In addition, the mechanism of AHL-
LuxR activation process has been elucidated, while the research on the kinetics of complex formation remains scarce.
Taken together, the performance of QS systems was successfully modified, alongside with dynamic ranges and
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Figure 2. Promoter engineering for the optimization of QS circuit. (A) Schematics diagram for engineering sensor modules with
different promoters. The red dotted lines in the profiles indicate the time and corresponding ODsgo of QS activation. (B,C) Dynamic
ranges (B) and triggering ODsgo (C) of several engineered strains.

3.2. Screening the LuxR Variant Insensitive to AHLs

To provide a broader selection of QS circuits susceptible to metabolic regulation, more diverse QS systems with
varied performances are required. In the aforementioned study, only one QS circuit triggered activation at the ODgoo of
2.09, further efforts ought to be made to develop variable QS circuits capable of triggering at a high ODgg. Given that
all the luxl/luxR cassette combinations have been characterized, a new approach was required to obtain QS circuits with
different performances by refactoring transcription factor [34]. In this study, we aimed to engineer QS circuits with
unique properties and high triggering ODgoo by developing LuxR mutants with lower sensitivity to AHLs.

To obtain LuxR mutants with reduced AHLs sensitivity, random mutation and “ON/OFF” screening were applied.
LuxR, an allosteric protein, consists of an N-terminal region and a C-terminal domain, which are responsible for binding
autoinducer and the specific DNA sequence to activate promoter Py, respectively [35-37]. In this study, we targeted
the amino acid sequences between residues 23 to 147 for modification through the error-prone PCR. First, plasmid
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pLuxR was constructed by deleting lux/ of plasmid pSM10 to eliminate endogenous interference. This ensured that the
mutations affected the sensitivity to AHLs without reducing DNA affinity. Subsequently, different concentrations of
30C6HSL were exogenously added, and it was found that the wild-type LuxR required 19.97 nM 30C6HSL for half-
maximal luminescence, with peak expression occurring at 100 nM (Table 1, Figure 3C). Therefore, 100 nM 30C6HSL
was added in the “OFF” screening to identify mutants with low affinity for 30C6HSL. In the first round of screening,
a library of 728 mutants was tested, and 76 non-luminescent candidates were identified (Figure 3B). To minimize
experimental variability and exclude inactive mutants, the “ON” screening was conducted by exogenously adding 100
nM and 10,000 nM of 30C6HSL. At the high concentration of 10,000 nM, those mutants failing to express fluorescence
were classified as the non-function [24]. Several mutants, however, exhibited a significantly higher fluorescence at
10,000 nM than at 100 nM (Figure 3C). Sequencing analysis revealed that the generated five mutants possessed several
amino acid mutations (Table 1). Subsequently, the AHL-dependent activation of these mutants was evaluated across a
range of 30C6HSL concentrations. As expected, fluorescence curves showed that all variants could be activated at a
higher concentration of 30C6HSL. Among them, variant M3 (V36E/H89L/P97L) exhibited the lowest sensitivity, with
a [30C6HSL]so of 5314.83 nM. Additionally, two other mutants, M2 (C38Y/Y47C/176M) and M3 (E112QG), also
exhibited similar [30C6HSL |so. In contrast, variant M5 (N88D) showed sensitivity only slightly lower compared to the
wild type. Overall, several mutants with decreased sensitivity ranging from 1.72 to 266.14 times have been identified.

Library Construction “OFF” Screening “ON” Screening
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Figure 3. The screening of LuxR mutants with reduced sensitivity to AHLs. (A) Schematic diagram for constructing and screening
LuxR mutant library. (B) The “OFF” screening for LuxR mutants at 100 nM of 30C6HSL. (C) The “ON” screening for LuxR
mutants. The fluorescence outputs of candidates after the addition of 100 nM and 10,000 nM 30OC6HSL are presented on the left
and right sides of the grey column, respectively. Strains at the corresponding positions are identical. (D) Fluorescence profiles of
LuxR mutants at different concentrations of 30C6HSL. (E,F) Time-course profiles of LuxR mutants. (E) Normalized mCherry
fluorescence, (F) Cell growth. (G) Dynamic ranges of LuxR mutants. Significant at different levels: ** p <0.01.
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Table 1. The nucleotides substitutions, amino acids substitutions and dissociation constants of LuxR variants.

LuxR Variant Nucleotides Substitution Amino Acids Substitution [3OC6HSL]s0 (nM) “
WT NA® NA 19.97
M1 T107A, T183C, A266T, T291A V36E, H89L, P97L 5314.83
M2 G113A, A140G, A170G, A228G C38Y, Y47C, I76M 4814.62
M3 A335G E112G 4326.19
M4 T88C, T250C S30P, Y84H 547.73
M35 A262G N88D 34.42

“ [30C6HSL]sy represents the concentration required for reaching half-maximal luminescence level, namely the dissociation
constants of every variant. The values are obtained by fitting to Hill equations. ” “NA” stands for “Not Available”.

3.3. LuxR Variants Characterization in Complete QS Circuits

Given that LuxR variants displayed different fluorescence levels at a high concentration of 30C6HSL (10,000 nM),
we further evaluated the performance of these mutants within complete QS circuits. In specific, these variants were
introduced into strain QMR10 for yielding strains RM1-RMS5. Fluorescence profiles indicated that only two variants
(RM4 and RMS5) exhibited the fluorescence without exogenous 30C6HSL (Figure 3E-G). However, they exhibited
lower dynamic ranges compared to strain QMR 10. Given that LuxR is unstable when not bound to AHLs, we speculated
that the reduced sensitivity prevented the mutants from timely binding to AHLs, leading to less soluble LuxR to activate
promoter Pj;.

For the other three variants that failed to the activation by autoinduction, to examine if they had become inactive
during the mutation introduction, exogenous 10,000 nM of 30C6HSL was added, and it resulted in markedly higher
fluorescence compared to the control (Figure S2A). A possible explanation for the decreased performance might be
attributed to the following aspects: (i) strain QMI10 harboring the wild-type LuxR was able to activate QS circuit, while
strains RM1-RM3 failed under the similar ODggo (Figure S2B); (ii) these mutants possessed a 200-fold lower AHLs
sensitivity at the in vitro assays. Taken together, we speculated that inadequate biomass could not activate the complete
QS circuit in shaking flasks. In further research, the characterization of LuxR mutants with extremely low sensitivity
can be conducted in a larger-scale system.

3.4. Digging Out Metabolic Bottleneck in De Novo Synthesis of iso-Butylamine

iso-Butylamine, a short-chain primary amine, is highly valued in organic synthesis and extensively used as a
pesticide raw material [38]. Nowadays, its industrial production requires costly reagents and harsh reaction conditions,
which often lead to low yield and poor stereoselectivity. As an alternative, the biosynthesis offers a more sustainable
and environment-friendly method, whereas the study remains limited. Until recently, microbial platform for iso-
butylamine bioproduction was established by expanding pyruvate catabolism and introducing valine decarboxylase
(vimD) from Streptomyces viridifaciens for the first time, while it merely yielded low bioproduct titer due to the
unknown factors [39].

In a previous study, our group constructed an iso-butylamine biosynthetic platform and validated the feasibility of
de novo synthesis with glucose as the sole carbon source. For the purpose of enhancing the efficiency of chassis IBO1,
several strategies were performed (Figure 4). Firstly, we speculated that a low titer of bioproduct might be attributed to
insufficient L-valine supply. Several studies have indicated that overexpression of leucine-responsible regulator protein
(Lrp) can improve L-valine titer by activating the ygaZH efflux transporter and i/lvIH, an isozyme of ilvBN [40].
Therefore, plasmid pLRP was constructed by overexpressing /rp, yielding strain IB02, while the generated titer was
only 1.90 g/L in shaking flasks, comparable to strain IBO1 (1.87 g/L). Subsequently, the competitive pathways involved
in pantothenate, L-leucine, and L-isoleucine synthesis were attempted for down-regulating by RNA interference (RNA1),
which enabled improvement of intracellular 2-ketoisovalerate pools [41]. However, the titer remained low at 1.86 g/L
in strain IB03. Taken together, these results indicate that overexpression of /rp and simple competitive pathway
suppression may not be the limiting factors for a high-level synthesis.
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Figure 4. Metabolic engineering of iso-butylamine synthesis in £. coli. The pathway with the blue background is the iso-butylamine
pathway, while the green background represents the central pathway. Genes in green, orange, and red boxes indicated endogenous
genes, heterologous genes, and the knockout or down-regulation. Abbreviation: PEP, phosphoenolpyruvate. Genes: poxB, pyruvate
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Next, we focused on reinforcing metabolic fluxes by enhancing i/lvBN expression. Specifically, the medium-
strength of promoter P, was substituted by a stronger promoter P23:;9, and the resultant strain was redesignated as IB04.
As shown in Figure 5B, strain IB04 achieved a titer of 3.36 g/L, representing a 79.68% improvement over strain IBO1.
Additionally, the conversion efficiency of L-valine to iso-butylamine was improved by enhancing vimD expression in
strain IBOS5, resulting in a titer of 2.21 g/L. Therefore, the elevated carbon flow driven by i/lvBN is beneficial for
achieving a high-level of bioproduct, underscoring the significance of sufficient pyruvate supply.

To verify whether the pyruvate supply is the bottleneck in iso-butylamine synthesis, pyruvate was exogenously
supplied [42]. Considering that strain IBO1 possessed the non-optimal pathway, its evaluation may be more significantly
impacted. With the increased concentration of extracellular pyruvate, the titer of iso-butylamine increased, and the cell
growth was not affected (Figures 5C and S3). It indicated that the increased production was attributed to adequate
pyruvate supply. Overall, these findings confirm that unavailable intracellular pyruvate is one of bottlenecks in iso-
butylamine synthesis.
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Figure 5. Microbial engineering for iso-butylamine synthesis. (A) Schematic diagram of engineered strains with static modification.
(B) iso-Butylamine titers and ODggo of engineered strains. (C) Effect of exogenous pyruvate addition on iso-butylamine synthesis
in strain IBO1. Significant at different levels: ** p <0.01, ns p > 0.05.
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3.5. Efficient Synthesis of iso-Butylamine by Modular QS Circuits

To redirect pyruvate towards iso-butylamine synthesis, synthetic QS circuits were introduced to balance cellular
resources between cell growth and iso-butylamine production. The whole process was divided into two stages (Figure
6A). In the first stage, pyruvate was channeled into acetyl-CoA to support energy production and cell growth
requirements (growth stage). After sufficient biomass accumulation, QS circuits activated the iso-butylamine pathway
and redirected pyruvate towards the bioproduction (synthesis stage). This staged approach allows for optimized resource
allocation, with QS circuits coordinating the transition from growth to production phases to maximize iso-butylamine titer.

To achieve dynamic control of pyruvate catabolism, the previously optimized QS systems were introduced into
strain IBOO by replacing mcherry with ilvBNCDE and vimD on plasmid pRI. A series of quorum sensing systems with
different regulatory characteristics were previously constructed (Table 2). In total, eight QS systems with distinct
performances were selected to identify the optimal regulatory approach. The dynamic ranges and thresholds of these
systems were categorized into low, medium, and high levels. The performance of these systems was evaluated in NM2
medium to minimize the impact of medium components, and there was no significant difference observed (Figure S4).
Initially, the effectiveness of the QS systems derived from strains QMI1 and QMI2-characterized by low thresholds and
medium or high dynamic ranges, was evaluated. As shown in Figure 6B, strain IB13, which utilized a QS system with
a high dynamic range, yielded 8.19 g/L iso-butylamine, representing a 143.75% increase compared to the static control.
However, it exhibited extremely low biomass accumulation. In contrast, strain IB12, equipped with a medium dynamic
range, demonstrated improved cell growth. This suggests that the enhanced pathway during the early growth stage
diverted overabundant pyruvate towards iso-butylamine synthesis, thereby impeding cell growth. However, strain IB12
only produced 4.13 g/L product, approximately half the titer of strain IB13, indicating that a higher dynamic range was
more beneficial for optimal titer improvement. These results highlighted the importance of fine-tuning metabolic flux
between growth and product synthesis. To address the trade-off between metabolic burden and product yield, activation
time of the QS systems was strategically delayed. Thereby, QS systems with high triggering ODsoo were applied, derived
from strains RM4, RM5 and QMI10, generating strains IB31, IB32 and IB33. Compared to the initially tested systems,
these strains displayed improved cell growth due to the delayed activation of metabolic pathways. Notably, strain IB33
harboring a combined high dynamic range with delayed activation, achieved a titer of 9.47 g/L, representing a 15.63%
improvement over strain IB13. Furthermore, QS systems characterized with medium thresholds, sourced from strains
QMI3, QMI9 and QMI4, were also evaluated. Surprisingly, strain IB21, characterized by a low dynamic range, achieved
the highest yield of 10.79 g/L, surpassing strain IB33 by 13.94%. A possible explanation for improved titer might be
that the delayed and low-level expression of pathway genes alleviated the toxicity, thereby fostering a more conducive
metabolic environment for iso-butylamine production. These findings underscore that QS regulation is a dynamic and
finely tuned process, and optimal production could only be achieved by employing the most suitable approach.
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Figure 6. Dynamic control of iso-butylamine synthesis. (A) Schematic diagram of QS-based iso-butylamine producing strains.
Pyruvate flux was diverted into TCA cycle to support cell growth during growth phase. According to the introduced QS system,
when cell density reaches a specific threshold, pyruvate flux was redirected into iso-butylamine synthesis with varying intensities.
(B) Effects of QS systems on iso-butylamine production. “L”, “M”, and “H” individually represent the level of triggering ODsoo
and dynamic range, and “-” stands for static control. (C,D) The fermentation profiles in strains IB21 (C) and IB04 (D) during the
fed-batch fermentation. Significant at different levels: * p < 0.05, ** p <0.01, *** p <0.001, ns p > 0.05.

Table 2. The properties of diverse QS systems.

QS System Triggering ODsoo Fold Change“ Dynamic Range (a.u.) Fold Change®
QMI1 0.70 0 62,693.08 0
QMI2 0.69 —0.014% 155,265.80 +147.66%
QMI3 1.71 +144.29% 21,050.01 —66.42%
QMI4 1.76 +151.43% 89,257.24 +42.37%
QMIS 1.81 +158.57% 78,945.42 +25.92%
QMI6 1.77 +152.86% 69,003.55 +10.07%
QMI7 1.79 +155.71% 146,614.00 +133.86%
QMI8 1.69 +141.43% 131,899.50 +110.39%
QMI9 1.81 +158.57% 42,411.51 —32.35%
QMI10 2.09 +198.57% 100,312.10 +60.01%
RM4 2.13 +204.29% 36,526.55 —41.74%
RM5 2.09 +198.57% 65,553.60 +4.56%

@b They represent the degree of change in the triggering OD600 and dynamic ranges of the QS systems compared to strain QMI1,
respectively.

To further improve the efficiency of iso-butylamine synthesis, other strategies were employed to optimize pyruvate
availability as well. For one thing, pyruvate is primarily channeled into the TCA cycle to provide reducing power and
energy for cell growth due to robust central metabolism [43]. For another thing, native glucose transport mediated by
the phosphotransferase system (PTS) inevitably consumes PEP, limiting available pyruvate. Based on these insights,
strain IB21A was engineered to down-regulate TCA cycle by targeting citrate synthase (encoded by g/t4) using RNAI,
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and the PTS was replaced by glucose facilitator and glucose kinase (encoded by gl/f and glk) from Zymomonas mobilis
to generate strain IB21B [41]. Unfortunately, a dramatic reduction in titer was observed compared to strain 1B21,
yielding 8.02 g/L and 1.29 g/L for strains IB21A and IB21B, respectively (Figure S5). Taken together, impaired primary
metabolism seriously affects physiological metabolism and the decreased titer.

To prolong the growth phase and boost product titer, the fermentation mode was optimized by feeding a low glucose
concentration at multiple intervals. As a control, static control induced by IPTG was performed in strain IB04. As a
result, a total of 40 g/L glucose was consumed (Figure 6C,D). However, strain IB12 achieved a final titer of 15.40 g/L
in spite of accumulating less biomass compared with strain IB04, displaying a 2.96-fold increase over the static control.
Importantly, its yield reached 0.39 g/g, significantly surpassing strain IB04. As a control, the constitutive promoter Py
was used to control iso-butylamine pathway, while it only accumulated 2.73 g/L of iso-butylamine and exhibited low
biomass accumulation and glucose consumption in strain IB06, equivalent to 17.73% of strain IB21 (Table 3). Moreover,
continuous expression negatively impacted microbial physiological metabolism, alongside with decreased growth rate
and product synthesis. In contrast, the superiority of QS system was highlighted. Taken together, the QS system not
only enhances yield and productivity but also maintains metabolic balance, underscoring its role in optimizing
bioprocess efficiency.

Table 3. iso-Butylamine synthesis in different control modes.

Strain  Regulation Strategy  Titer (g/L)  Yield (g/g) Productivity (g/LL/h)  ODesw Consumed Glucose (g/L)

1B21 QS regulation 15.40 0.39 0.16 8.80 39.71
1B04 IPTG induction 5.21 0.13 0.05 17.46 38.76
1B06 Constitutively 2.73 0.21 0.03 5.63 12.81

3.6. Production of iso-Butylamine in a 7 L Bioreactor

The optimal strain IB21 was evaluated for the iso-butylamine production capacity in a 7 L bioreactor. As illustrated
in Figure 7, the initial glucose was nearly exhausted at 12 h, after which the residual glucose concentration was
maintained at a low level by continuous feeding. After the fermentation period of 96 h, a total of 276.86 g/L of glucose
was consumed, and the highest titer of iso-butylamine (44.23 g/L) was accumulated in strain IB21, displaying a 2.87-
fold improvement compared to that in shaking flasks. In addition, its yield and productivity reached 0.16 g/g and 0.46
g/L/h, respectively. Overall, it demonstrated that the efficient QS system significantly boosted iso-butylamine
production, indicating its potential for industrial bioproduction applications.
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Figure 7. Efficient production of iso-butylamine in a 7 L bioreactor by strain IB21. The glucose concentration was maintained at a
low level after the initial addition was exhausted, through continuous feeding with a rate of 3.33 g/L/h.

4. Discussion and Conclusions

To optimize bioproduct synthesis, microbial cell factories necessitate precise metabolic regulation. However, the
limited QS toolkits restrict widespread applicability. In this study, a versatile suite of QS systems was designed by
screening key regulatory components, conducting combinatorial optimization, and refactoring the regulatory factor. On
one hand, a synthetic QS circuit with high dynamic range was engineered by combining promoter P;,; and genes
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luxl/luxR from V. fischeri JIM11. In particular, QS circuits with elevated response thresholds and tailored dynamic ranges
were constructed by modulating the /ux//luxR expression. On the other hand, novel variants that reduced the affinity of
LuxR for AHLs were identified for high-threshold circuit construction. Finally, significant product titer, yield, and productivity
were generated after applying in controlling iso-butylamine synthesis compared to the static control. These highlight the potential
of QS-mediated dynamic regulation in enhancing the efficiency and scalability of bioproduction process.

The established QS circuit with diverse properties expands genetic toolkits. Currently, the efforts in modifying QS
circuits predominantly focus on enhancing dynamic range, adjusting the threshold, and minimizing leaky expression by
combinatorial optimization and genetic elements refactoring [20,44,45]. Previous studies have successfully elevated
dynamic range by optimizing expression components, such as promoters, RBS, and copy number [21,46]. However,
limited efforts in threshold have been obtained [32]. More recently, the CRP-binding sites of promoter Py, offered an
innovative solution for improving the performance, in which QS circuits with diverse thresholds were generated,
increasing the triggering threshold by 1.61-fold to reach 1.437 [23]. Another study achieved a 1.5 to 3.6-fold increase
in triggering ODgoo through random mutagenesis of promoter Py, [47]. Although variant C77T elevated the triggering
ODgoo, it was still within the early growth phase. In this study, combinatorial optimization was conducted, and the
threshold was improved by 2.45- to 3.03-fold, achieving a maximum triggering ODsoo of 2.09. The identified variants
demonstrated a decreased AHLs sensitivity ranging from 1.72 to 266.14-fold. Specifically, a triple mutant
V36E/H89L/P97L exhibited the lowest sensitivity with a dissociation constant of 5314.83 nM. Several high-threshold
QS circuits were constructed based on these mutants, substantially expanding the pool of QS circuits. This work not
only provides a tunable suite of QS circuits but also establishes a foundation for designing regulatory tools with tailored
properties, offering greater flexibility for metabolic engineering applications.

A fully autonomous and pathway-independent regulatory tool for metabolic regulation has been established.
Despite the fact that static control is effective in achieving high bioproduct titer, yield, and productivity, several
challenges still persist. For example, redirecting metabolic flux to enhance synthesis may disrupt cellular homeostasis.
Moreover, certain specific pathway intermediates or enzymes may require temporally controlled expression or
utilization to improve the biosynthesis of the target product [6]. Dynamic regulation offers a promising method to
address these conflicts. Recent advances have demonstrated the utility of biosensors responding to certain metabolites
in regulating metabolic flux [48]. For instance, a pyruvate biosensor was applied to downregulate central metabolism
and activating glucaric acid production in Bacillus subtilis, resulting in a 154% improvement in titer [49]. Also, there
are lots of examples applying biosensors responsive to metabolites like malonyl-CoA, theophylline, and glycine [50—
52]. However, these approaches are pathway-dependent, and available response elements are lacking. As an alternative,
the biosensors responsive to temperature, pH, and oxygen have been developed, whereas these systems require human
intervention to monitor and adjust the environmental conditions, and their efficiency may be unstable [53—55]. However,
these systems require human intervention and exhibit unstable efficiency [56]. In contrast, this study leveraged QS
circuit to design the regulatory tool for metabolic regulation. These designed QS circuits respond to different cell
densities without human supervision, enabling fully autonomous regulation. Importantly, QS circuits operate
independently of specific metabolic pathways, making them universally applicable for regulating diverse biosynthetic
processes. These characteristics position QS circuit as a versatile and powerful tool for metabolic engineering, offering
broad applicability across various bioproduction scenarios.

A QS-based platform was established to redirect pyruvate flux towards iso-butylamine synthesis dynamically. As
one of the L-valine derivatives, pyruvate is a key precursor for iso-butylamine synthesis. Given its central metabolite
role, insufficient supply usually limits product titer [57]. To enrich the pyruvate pool, strategies such as redirecting
carbon flux, enhancing glycolytic flux, and blocking competitive pathways have been conducted [58]. However,
conventional approaches involved TCA cycle disruption, auxotrophy and ATP/cofactor engineering lack flexibility, thus
impairing metabolic balance and leading to suboptimal outcomes [59—61]. Recently, dynamic regulation has emerged
as a promising alternative, enabling precise metabolic control in pyruvate-derived biosynthesis. Current iso-butylamine
synthesis relies on static modifications, with limited metabolic pathway analysis and a relatively low titer of 10.67 g/L
[39]. This study demonstrates that QS-based dynamical regulation can overcome these limitations, offering a more
flexible and efficient approach to pyruvate flux management for enhanced iso-butylamine production. Through
systematic pathway optimization, pyruvate supply was identified as one of the bottlenecks in iso-butylamine production.
Subsequently, the application of QS increased the titer by 1.23- to 3.21-fold over the optimal static control, though
redirecting the pyruvate into the target pathway in an appropriate manner. The superior performance of QS-based
engineered strain was evident, as it outperformed both IPTG-induced and constitutively expressing strains. Notably,
this strain achieved a remarkable titer of 44.23 g/L in a bioreactor, setting a new benchmark for de novo iso-butylamine
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synthesis. Additionally, this process no longer requires exogenous inducers, thereby reducing production costs. Our
work demonstrates that QS circuit-mediated dynamic regulation, compared to static control, can effectively and
rationally allocate intracellular resources, thereby promoting microbial production. Moreover, this work also highlights
the potential of QS circuits as a versatile tool for pyruvate-derivative production, offering a promising strategy for the
production of other valuable bioproducts production.

In summary, this study significantly expands the toolbox of available QS circuits and demonstrates a promising
approach for enhancing the value-added chemical biosynthesis. However, several challenges require further attention.
Firstly, although QS circuits with different regulatory performances were obtained by modifying LuxR, novel or more
functionally diverse QS components should be developed to meet various needs. Secondly, the characterization of QS
circuits is currently limited to shaking flasks, yet some parameters of QS circuits, such as response threshold, cannot be
significantly increased. Therefore, it is necessary to study QS circuits in a bioreactor for future research. Additionally,
precise control of fermentation parameters should be thoroughly investigated to enhance the overall efficiency of iso-
butylamine biosynthesis, and exploring the optimal fermentation conditions may further enhance the yields, offering
avenues for future optimization.
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