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Abstract

Biosensors are powerful tools for monitoring specific metabolites or controlling metabolic
flux towards the products in a single cell, which play important roles in microbial cell fac-
tory construction. Despite their potential role in metabolic flux monitoring, the develop-
ment of biosensors for small molecules is still limited. Reported biosensors often exhibit
bottlenecks of poor specificity and a narrow dynamic range. Moreover, fine-tuning the sub-
strate binding affinity of a crucial enzyme can decrease its catalytic activity, which ulti-
mately results in the repression of the corresponding essential metabolite biosynthesis and
impairs cell growth. However, increasing intracellular substrate concentration can elevate
the availability of the essential metabolite and may lead to restore cellular growth. Herein,
a new strategy was proposed for constructing whole-cell biosensors based on enzyme
encoded by essential gene that offer inherent specificity and universality. Specifically,
S-adenosyl-methionine synthetase (MetK) in E. coli was chosen as the crucial enzyme,
and a series of MetK variants were identified that were sensitive to L-methionine concen-
tration. This occurrence enabled the engineered cell to sense L-methionine and exhibit
L-methionine dose-dependent cell growth. To improve the biosensor’s dynamic range,
an S-adenosyl-methionine catabolic enzyme was overexpressed to reduce the intracellu-
lar availability of S-adenosyl-methionine. The resulting whole-cell biosensor effectively
coupled the intracellular concentration of L-methionine with growth and was successfully
applied to select strains with enhanced L-methionine biosynthesis from random mutagene-
sis libraries. Overall, our study presents a universal strategy for designing and constructing
growth-coupled biosensors based on crucial enzyme, which can be applied to select strains
overproducing high value-added metabolites in cellular metabolism.
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Introduction

Expanding industrialization brings about various global issues such as the depletion of
fossil resources, climate change, and environment pollution. Biomanufacturing, which
involves the production of chemicals from renewable resources, has emerged as a promis-
ing alternative that is considered more effective, environmentally friendly, and sustainable
[1-3]. The core of biomanufacturing is the construction of high-performance microbial cell
factories, which can be manipulated by rewiring the cellular metabolism in chassis cell
based on synthetic and systems biology methodology to improve the titer, yield, and pro-
ductivity [4]. However, due to the complexity of cellular metabolism, our understanding
toward the potential impacts of unintuitive factors on the metabolic flux towards the target
chemicals is still limited. Thus, the rational design of microbial cell factories for the pro-
duction of high-value chemicals is still a time-consuming and labor-intensive process by
using conventional metabolic engineering strategies [1, 5]. Genetically encoded biosensors
are powerful tools that can help to overcome the aforementioned limitations by monitoring
the intracellular contents of metabolites and transmitting them into detectable signals such
as fluorescence, antibiotic resistance, and growth phenotype [6—12]. Despite their useful-
ness, biosensors for valuable chemicals, including natural intermediates in the metabolic
network, are still limited [10]. Therefore, it is crucial to develop biosensors that can facili-
tate effectively high-throughput screening/selection of valuable chemical overproducers
with superior performance from libraries containing large number of mutants.

Crucial enzymes involved in the biosynthesis of vital metabolites exist widely in the
complex biological system [13]. Some of the intermediates in the biosynthetic pathways
of essential metabolites are also considered high-value chemicals, such as those found
in amino acids, vitamins, and shikimic pathways [14, 15]. Studies have reported that the
active pocket of crucial enzyme can be fine-tuned through rational design to disrupt the
interactions between intermediates and active residues, without impacting cofactor binding
[16, 17]. The intracellular availability of the target intermediate was then positively related
to cell growth [18, 19]. Therefore, modifying crucial enzymes as biosensors to monitor the
target chemical with cell growth as a readout could be a promising approach for selecting
overproducing strains of valuable chemicals. Compared to conventional biosensors based
on transcription factors, DNA/RNA aptamers or allosterically regulated proteins [6—12],
the crucial enzyme-based biosensor is a novel type of biosensor with inherent specificity
suitable for detecting metabolic intermediates that were previously untraceable.

Methionine is a sulfur-containing amino acid that is essential and wildly utilized in the
pharmaceutical and animal feed industries, with an annual demand over a million tons,
while historically methionine was mainly produced by chemical synthesis using toxic raw
materials such as methanethiol, hydrocyanic acid, and acraldehyde. Despite the recent
advancement of a fermentation-enzymatic process for L-methionine production [20, 21],
producing methionine entirely from clean and sustainable sources remains a significant
challenge. This is due to the complexity of L-methionine biosynthesis and multi-layer
regulation, which makes it difficult to optimize the metabolic flux towards L-methionine
by using traditional metabolic engineering strategies [20]. The construction of a high-
performing L-methionine producing strain also requires the manipulation of dozens of
genes, which further complicate the process [20, 22, 23]. To overcome this obstacle, sev-
eral biosensors have been developed to aid in the screening and isolation of L-methionine
overproducers from microbial mutation libraries [24]. A biosensor was constructed using
a transcriptional regulator Lrp and a regulated fluorescent gene to detect and quantify the
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intracellular contents of L-methionine and branched-chain amino acids in Corynebacte-
rium glutamicum. However, Lrp has poor specificity [25], which is a common issue with
transcription factor-based biosensors, as it increases the risk of false positive and limits its
further application. A nanosensor was developed using methionine binding protein (MetN)
from E. coli to specifically sense the L-methionine and output a fluorescence resonance
energy transfer (FRET) signal with a calculated affinity (K;) reaching up to 203 uM [26].
However, the FRET-based biosensor has a weak signal intensity and requires a highly sen-
sitive equipment for the signal detection, limiting its wide application. Although biosensors
based on the aminoacyl-tRNA synthetase [17] and rare codon-rich selection marker [27]
have been reported, their applications are restricted to the selection of amino acid overpro-
ducers, excluding L-methionine. Hence, it is crucial to propose a new strategy for design-
ing biosensors that can facilitate the development of L-methionine overproducing strains.
The primary aim of this study is to propose a newly universal strategy for designing and
constructing whole-cell biosensors capable of detecting small molecules, such as L-methio-
nine, that lack natural transcription factors and riboswitches. The biosensor is designed by
using an affinity reduced crucial enzyme that couples the production of target small mol-
ecule with the growth of the cell. Using E. coli S-adenosyl-methionine synthetase (MetK)
as an example, a genomic metK deleted E. coli was constructed, as well as a process for
biosensor assessment was established. On this basis, a set of affinity reduced MetK-based
whole-cell biosensors that exhibit the inherent specificity and universality, with cell growth
serving as the readout, were constructed and tested. In addition, a strategy for extending
the dynamic range of the biosensors was proposed and demonstrated. Furthermore, the pre-
ferred biosensor was successfully applied to identify mutants with increased L-methionine-
producing capacity from the random mutagenesis library. Our findings offer a promising
approach for developing crucial enzyme-based whole-cell biosensors for valuable chemi-
cals in the cellular metabolism, which could accelerate the development of cell factories.

Material and Methods
Enzymes and Chemicals

The Phusion High-Fidelity DNA polymerase and the CloneExpress® II One Step Cloning
Kit were purchased from Vazyme (Nanjing, China). The E.Z.N.A.® Plasmid DNA Mini
Kit I and the E.Z.N.A.® Gel Extraction Kit were purchased from Omega (Georgia, USA).
AxyPrep PCR purification Kit was purchased from Axygen (California, USA). Oligonucle-
otides were synthesized by Tsingke (Beijing, China). L-Methionine and other amino acids
were purchased from Sigma (Missouri, USA). Antibiotics were purchased from Sangon
Biotech (Shanghai, China). Other chemicals of higher analytical grade are not specified in
this study.

Media and Culture Condition

The cultivation medium LB (Lysogeny Broth) was composed of 10 g/L tryptone, 5 g/L
yeast extract, and 10 g/L. NaCl. The LB agar plates were prepared by adding 2% agar pow-
der to liquid LB medium. The M9 minimal salt medium (containing 0.24 g/ MgSO,,
11.1 mg/L CaCl,, 6.8 g/L Na,HPO,, 3.0 g/L KH,PO,, 0.5 g/L NaCl, and 1.0 g/L NH,CI)
supplemented with 20 g/L glucose (termed as M9 medium) was used for growth test of
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mutant strains. The fermentation medium SC-M9 contains additional 20 g/L glucose, 2 g/L
Na,S,0;, 10 g/LL CaCOs;, 61 mL/L amino acid mixture, 0.1 g/L Vbl, and 2 mg/L Vb12 in
the M9 salty solution. Each amino acid derived from the amino acid mixture containing
Thr, Ser, Gly, Pro, Ala, Arg, Cys, Val, Ile, His, Gln, Asn, Leu, Glu, and Trp in SC-M9 was
achieved to a final concentration of 0.1 g/L. Antibiotics were used according to the resist-
ance of strain at the following concentrations: kanamycin (Kan) 50 mg/L, spectinomycin
(SD) 50 mg/L, chloramphenicol (Cm) 34 mg/L, and streptomycin (Sm) 50 mg/L. Specifi-
cally, the chloramphenicol (Cm) was dissolved in ethanol. For conventional strain culture,
cells were cultivated at 37 or 30 °C in tube and/or flasks shaking at 220 rpm. For growth
test, cells were cultivated at 37 °C in 50-mL tube containing 10 mL test medium shaking
at 220 rpm, or in 24-well plates with each well containing 1 mL test medium shaking at
800 rpm in MicroScreen HT (Tianjin, China).

Plasmid Construction

Plasmids and primers used are listed in Table S1 and Table S2, respectively. The plasmid
construction scheme was exhibited in Figure S1. Molecular cloning and plasmid construc-
tion were performed within E. coli DHS5a. E. coli MG1655 derivatives were used for bio-
sensor characterization and L-methionine overproducer screening. Plasmid pTarget-donor-
metK* was constructed to knockout the essential gene metK from the E. coli MG1655
genome. Primer pair pT-metK-F/pT-metK-R was used to amplify the pTargetF backbone to
mutant N,, sequence for the construction of the basic plasmid pT-Nyg.x- The pT-Nogex
backbone was amplified with primers pT-donor-F/pT-donor-R. The 500 bp upstream and
the 500 bp downstream of metK were amplified from E. coli MG1655 genomic DNA with
primers metK-LA-F/metK-LLA-R and metK-RA-F/metK-RA-R. These three PCR fragments
were ligated to generate plasmid pT-donor. Since metK is an essential gene and cannot be
directly deleted from the E. coli MG1655 genome, the metK gene with the RBS sequence
(5'-AAGGAGATATAC-3'") was cloned into the plasmid pT-donor to construct the plasmid
pTarget-donor-metK. At the same time, the PAM (protospacer adjacent motif, 5-CCT-3")
of metK was mutated to 5'-TCT-3' to prevent the cleavage of metK on the pTarget-donor-
metK* by Cas9. For pTarget-donor-metK* construction, pT-donor backbone and metK
fragment with RBS and PAMLess mutation were amplified by primer pair PND-mezK *-
F/PND-metK*-R and RBS-metK*-F/RBS-metK*-R, respectively. And then, the two PCR
fragments were ligated to generate plasmid pTarget-donor-metK*.

A complementary plasmid pC-metK* was constructed to maintain the cell growth of the
genomic metK deleted strain after the curing of the CRISPR-Cas9 plasmids. The backbone
and metK cassette were amplified by using primer pair MP6-F/MP6-R and metK-F/metK-
R from MP6 plasmid and E. coli MG1655 genome, respectively, and then, two fragments
were ligated to generate basic plasmid pC-metK. Then, the same mutation on selected
PAM site of metK as pTarget-donor-metK* was introduced using primers metK*-F/metK*-
R to obtain plasmid pC-metK*. In order to improve the replacement efficiency, the Flp/
FRT site-specific recombination system was introduced on the basis of plasmid incompat-
ibility. The backbone of the plasmid and metK* cassette with an FRT site was amplified
with primers ORI-F/ORI-R and MetK-F/MetK-R from plasmid pC-metK*, respectively,
and the Kan resistance fragment with an FRT site was obtained with primers Kan-F/Kan-R
by using pET28a(+) as template. The three fragments were ligated to generate the rescue
plasmid pC-FRT-metK*.
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For the construction of growth-coupled biosensor capable of responding to L-methio-
nine, the plasmid backbone and wild-type metK cassette were amplified using primers
CDFD-F/CDFD-R and CmetK-F/CmetK-R from plasmid MP6 [28] and E. coli MG1655
genome, respectively. And then, the two fragments were ligated to generate plasmid
pHL1. The pHL1 backbone was amplified using primer pair CDFD1-F/CDFD1-R, and
Flp fragment was amplified with primers FLP-F/FLP-R from pCP20 [29]. Two frag-
ments were ligated to generate basic biosensor plasmid pHL4. For E55, Q98, D238, and
K269 that interact with L-methionine were mutated through site saturation mutagenesis
by using primers ES5X-F/R, Q98X-F/R, D238X-F/R, and K269X-F/R (X refers to the
other 19 amino acids, Table S1) and using plasmid pHL4 as a template. Eventually, a
biosensor library containing 217 mutants carrying single or combinational mutations
was obtained. For overexpression of S-adenosyl-homocysteine nucleosidase encoded by
mitnN involved in S-adenosyl-L-methionine catabolism, the backbone and mnN frag-
ment were amplified with primers tNC-F/tNC-R and mtnN-F/mtnN-R from pHL4 and
E. coli MG1655 genomic DNA. Two fragments were ligated by using One Step Cloning
Kit to generate plasmid pHL7.

Genetic Modification of the Host

All the strains used in this study are listed in Table S3. The metK was deleted from E.
coli MG1655 genome to test the growth-coupling effects of the designed biosensors. In
order to knockout metK, pCas and pTarget-donor-metK* were transformed into E. coli
MG1655 by electroporation according to the previous report [30]. Subsequently, metK
knockout strains were screened in plates containing Kan and SD. The complementary
plasmid pC-FRT-metK* was transformed into the metK knockout strain to form a three-
plasmid system to maintain the cell survival after the pT-donor-metK* was eliminated.
Next, the pCas and pTarget-donor-metK* were eliminated orderly. Finally, the strain
E. coli MG1655 AmetK/pC-FRT-metK* named HL,2 was obtained. To construct the
starting strain for random genomic mutagenesis, the L-methionine transporter encoding
gene metD was deleted from E. coli MG1655 genome to obtain E. coli MG1655 AmetK
AmetD/pC-FRT-metK* named HL,3 for further study.

Plasmid Replacement

In order to replace the rescue plasmid, the biosensor plasmid was transformed into HL,2
competent cells. After incubation for 2 h, the cells were collected by centrifugation at
5000 rpm for 5 min. The cells were resuspended and inoculated into M9 medium con-
taining 0.8 g/L L-methionine, cultured at 37 °C, 220 rpm. The grown cells were diluted
1073~ 107% and spread onto LB plates containing 50 mg/L Sm, and cultured at 37 °C
overnight. Ten to twenty single clones were randomly picked from the Sm plate and
streaked on the Kan plate to verify whether the rescue plasmid had been replaced. Sub-
sequently, two single clones without Kan resistance were randomly selected and inocu-
lated into 10 mL LB medium, and the plasmids were extracted and sequenced to verify
whether metK had a reverse mutation (Table S4-7).
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Growth Assay

Cells were cultured to stationary phase in LB medium. The cells were resuspended by
using M9 medium after centrifugation, and then inoculated into M9 medium with an ini-
tial ODgj, of 0.02. Cells were inoculated into 10 mL M9 medium with or without 0.8 g/L
L-methionine, respectively, and cultivated at 37 °C, 220 rpm for 12 h to test growth-cou-
pling effect of cell harboring biosensor plasmid. Different final concentrations of L-methio-
nine (0, 0.008, 0.08, 0.8 g/L) were added to M9 medium to test the response of cell growth
to L-methionine supplementation. To monitor the cell growth, 50 pL of the culture was
taken at a period of time and diluted to 200 uL with ddH,O in a 96-well microplate. ODygy,
was measured using a microplate reader (TEKAN, Switzerland). The specific growth rate,
p, at the different times of sampling was estimated from the ODy,, growth curve using five
consecutive ODg(, measurements according to the formula [31] below:

AInODyy,

K At

where 7 is time.

Quantitative Real-Time PCR and Data-Independent Acquisition Mass Spectrometry

HL,4 and HL, 32 were grown in 10 mL LB medium for 16 h at 37 °C (two biological rep-
licates per strain). Then, strains were inoculated to an ODg, of 0.02 in 10 mL M9 medium
containing 1 g/L L-methionine and grown until an ODg, of 0.6 was reached. One thousand
cells/strain were harvested for RT-PCR using Single Cell Sequence Specific Amplifica-
tion Kit purchased from Vazyme (Nanjing, China) according to the manufacturer’s proto-
col. gPCR was performed using Roche LC96 (Roche) and ChamQ Universal SYBR qPCR
Master Mix purchased from Vazyme (Nanjing, China) according to the manufacturer’s pro-
tocol. Briefly, each reaction contained a final volume of 20 pL (10 pL 2 X ChamQ Univer-
sal SYBR qPCR Master Mix), 0.4 pL of each primer (10 mM), 9.2 uL nuclease-free water,
and 1 pL diluted cDNA as recommended by the protocol of Single Cell Sequence Specific
Amplification Kit produced by Vazyme (Nanjing, China). Each sample was tested in trip-
licate using the recommended program in manufacturer’s protocol. 16S rRNA was used as
reference gene. CT values of 16S rRNA and metK were calculated by LightCycler® 96 SW
1.1 for further dCT, ddCT, and 2722€T (fold change) calculation. For the data-independent
acquisition mass spectrometry assay, HL,4 and HL, 32 were inoculated to an ODgj, of 0.02
in 10 mL M9 medium containing 1 g/L. L-methionine and grown until an ODg, of 0.6 was
reached. Ten ODyg, cells were harvested for further quantification using AB Sciex 5600
Triple TOF system (AB Sciex, USA) according to the previous report [32].

Selection of L-Methionine Overproducers from ARTP Randomly Mutated Libraries

The strain HL,3 was employed for random mutagenesis using the ARTP (atmos-
pheric and room-temperature plasma) [33] mutation system. One milliliter of the cul-
ture (ODgy,=0.6-0.8) was centrifuged and resuspended with normal saline, and was
separated to metal slide by taking 10 uL cells suspension. Next, the metal slide was
exposed to helium flow for 0 s, 15s, 30 s, 45 s, 90 s, and 120 s with fatality rate
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of 0, 21.03, 56.60, 97.96, 99.99, and 99.99%, respectively. The treated mutants were
washed with 1 mL of LB medium and transferred to a 1.5-mL sterile centrifuge tube
for 2 h incubation. Then, 500 pL of the culture was inoculated into 50 mL of LB until
the ODg, reached 0.4-0.6. The competent cells were made and transformed with pre-
ferred biosensors by electroporation for further L-methionine overproducer selection.
The transformants were incubated for 2 h and then transferred to M9 medium, allowing
L-methionine overproducing strains to be selected and enriched by the optimal biosen-
sors under conditions containing glucose as the sole carbon source. When the strain
gained a specific fast growth, the culture was diluted properly and about 1000 cells
(estimated by 0.8 x 10® cells/ODg,,/mL) [34] were spread on SC-M9 plates containing
50 mg/L Sm. The L-methionine production capacities of the colonies with larger size
were further tested by HPLC.

L-Methionine Production Test and HPLC Analysis

To test the L-methionine productivity of the mutants, colonies were picked from the
SC-M09 plate and inoculated into 10 mL LB medium. The overnight culture was inoculated
into SC-M9 medium containing 10 g/L. CaCO; at 1% inoculum, and cultured at 37 °C. For
flask fermentation, the overnight culture of single colony was inoculated into 500-mL shake
flask containing 100 mL of SC-M9 medium and individually sterilized 10 g/LL CaCOj, and
cultured for 48 h at 37 °C, 220 rpm. To evaluate the L-methionine production capacity of
the mutants, the cultures were centrifuged at 12,000 rpm for 2 min. Subsequently, 100 uL.
of the supernatant was mixed with 100 uL of NaHCO; and 100 pL of 2,4-dinitrofluoroben-
zene (1:100 v/v in acetonitrile) and the reaction mixture was incubated for 1 h at 60 °C.
Finally, 700 uL. of PBS was added to stop the reaction. The concentration of L-methionine
in the supernatant was quantitatively analyzed by using HPLC equipped with a 2998 UV
detector (Waters, USA) and a Waters X Bridge C18 column (5 um, 150x 4.6 nm) [22].

Results
Design Principle of Crucial Enzyme-Based Biosensors

Microorganisms require crucial enzymes for the biosynthesis of essential metabolites such
as vitamins and amino acids, which are important for bacterial survival [35]. The affinity
of crucial enzymes towards substrate can be reduced by engineering the substrate binding
site of enzymes. Under appropriate culture condition, this modified crucial enzyme can
produce the required metabolite efficiently, depending on the increased availability of the
corresponding substrate (Fig. 1A (a—c)). This feature of the crucial enzyme variants can be
leveraged to develop growth-coupled biosensors by selecting the overproducing strains of
highly value chemicals (Fig. 1A (d)). To this end, the original genomic copy of an essential
gene is disrupted and a complementary plasmid carrying the same essential gene is trans-
formed to maintain the cell growth. This parental strain is used for the construction of the
mutant library. Next, a plasmid containing essential gene variant is transformed to replace
the complementary plasmid, and this occurrence enables the characterization of the crucial
enzyme mutants and isolation of overproducing strains (Fig. 1B). Using this approach, the
risk of reverse mutation of the mutant encoded by essential gene in the biosensor during
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microbial mutant library preparation can be minimized. The identified crucial enzyme
mutant with reduced affinity towards the cognate substrate can be further used for biosen-
sor characterization and overproducer isolation.
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Construction of MetK-Based Biosensor for Proof of Principle

In E. coli, S-adenosyl-methionine (SAM) is produced exclusively by S-adenosyl-
methionine synthetase, which is encoded by metK. SAM is the most widely used
methyl donor in transmethylation, transsulfuration, and polyamine synthesis [36]. To
develop a biosensor for L-methionine detection in E. coli, a variant of S-adenosyl-
methionine synthetase with reduced substrate binding affinity was engineered as a
proof of concept.

The primary challenge in constructing the MetK-based whole cell biosensor was
to perform an in-frame knockout of the genomic copy of metK. A complementary
plasmid carrying wild-type metK expression cassette was pre-transformed into E. coli
MG1655 to maintain the normal growth when its genomic metK was disrupted. To
prevent Cas9 from targeting to wild-type metK in the complementary plasmid and
to obtain only the complementary plasmid (pTarget-donor-metK*) for gene knock-
out, a mutated version of the PAM recognition site was introduced into metK, named
as metK* (see the “Material and Methods” section). To prevent metK* in pTarget-
donor-metK* plasmid from functioning as a patch with significantly higher efficiency
than the designed donor DNA fragment during homology-directed repair, the spacer
sequence (N,,) was shifted to a restricted window. This shift of less than 30 bp from
the end of the target fragment ensures the expected Red recombination by using the
designed donor as the patch [37, 38] (Fig. S2A). Combining of these two strategies
led to a significant improvement in the efficiency of gene deletion, which reached up
to 100% (Fig. S2B). Finally, pC-metK* was transformed to cure pCas and pTarget-
donor-metK* as previously described [30]. The resultant strain HL,1 (E. coli AmetK/
pC-metK*, Table S3) lacks the genomic copy of metK, but contains a complementary
plasmid (pC-metK*) to support normal growth.

The next step is to replace the complementary metK* with a reduced L-methionine
binding affinity metK variant which is crucial for the MetK mutant characterization.
MetK¥294 and MetKX?M mutants with 0.54 mM and 7.1 mM K, values, respectively,
towards L-methionine [39] are higher than that of the wild-type MetK (MetKWT,
0.08 mM). According to the plasmid incompatibility, three plasmids carrying the
expression cassette of MetKVT(pHL1), MethGSA(pHLZ), and MetKK269M(pHL3)
were transformed into HL,1, to replace the pC-metK* for further growth-coupling
test (Fig. S3A). However, the chloramphenicol resistance tests and PCR-based gen-
otyping results showed that the pC-metK* was less likely to be replaced by pHL2
and pHL3, compared with pHL1 (Fig. S3B). It was hypothesized that the decreased
L-methionine binding affinity of MetKX?%A and MetKX*M dramatically decreased
the apparent activity of MetK, making the host to prefer to retain the pC-metK* plas-
mid for survival. To improve the plasmid exclusion efficiency, FLP recombinase tar-
get (FRT) sites in the same orientation flanking CmR® and metK were introduced into
pC-metK* to construct pC-FRT-metK*. An flp expression cassette was incorporated
into pHLI to obtain pHL4 for the purpose of looping out the Cm® and metK cassette
in pC-FRT-metK* (Fig. S3A). The exclusion efficiency increased from 0 to over 80%
when pHLS and pHL6 were transformed into HL,2 to obtain HL,5 and HL,6, respec-
tively (Table S2, Fig. S3B). To eliminate the mutants carrying reverse mutation, the
metK in pHL5 and pHL6 were further confirmed by DNA sequencing. Unexpectedly,
a reverse mutation of M269K was observed in HL,6, rather than HL;5 (Table S3),
which could be attributed to the severely decreased activity of MetKX?*M In contrast,
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the resultant strain HL,5 showed severely retarded growth in M9 medium and restored
growth, compared to HL 4 (Table S3), when L-methionine was supplemented to a
final concentration of 0.008 to 0.8 g/L in the medium (Fig. 2B). These results dem-
onstrated that the growth defect caused by the MetK mutant with decreased binding
affinity to L-methionine can be restored to some extent by increasing the intracellular
L-methionine concentration. However, not all of the mutants with decreased binding
affinity could be engineered as biosensor using the established workflow in this sec-
tion (Fig. S3), such as MetKX¥2%M  for the growth-coupling evolution of L-methionine
producers. Hence, the range of K, value of the mutant needs to be further optimized
for better growth-coupling effect.
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Fig.2 MetK-based biosensor for proof of principle. A A biosensor plasmid carrying merK¥?*®A with
reduced affinity to L-methionine is expressed in E. coli MG1655 AmetK to construct a whole-cell biosen-
sor. MetKX?6°A s responsible for the synthesis of the universal methyl donor SAM which is essential for
cell growth. B The growth curve of HL 4 and HL,5 (Table S3, E. coli MG1655 AmetK harboring the bio-
sensor plasmid carrying wild-type metK and metK¥?%**) in M9 medium supplemented with L-methionine
in range of 0-0.8 g/L. All data are shown as mean values. Error bars represent the standard deviation of at

least three biological replicates
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Fig.3 Screening and characterization of the MetK-based growth-coupling biosensors. A The crystal struc-
ture of MetK dimer (PDB ID: 1RG9). The interactions between L-methionine and residues in the active
pocket of MetK dimer are presented in detail. B Determination of the growth coupling effects of the
obtained biosensor candidates which were cultivated for 12 h at 37 °C with or without L-methionine in M9
medium. The information about mutations of MetK in each candidate strain was listed in Table S3. All data
are shown as mean values. Error bars represent the standard deviation of at least three biological replicates.
The p value was calculated by Student’s two-tailed #-test (**p <0.01; ***p <0.001)

Directed Evolution of MetK for Improving Growth-Coupling Selection

To further identify the better MetK mutants with enhanced metabolic coupling of the intra-
cellular L-methionine availability and cell growth, rational design based on the protein-
substrate interaction pattern was implemented in this study. MetK is a homo-tetramer
which forms two active pockets at the interface between two subunits (Fig. 3A). Four resi-
dues, including E55, Q98, and K269 from one subunit and D238 from another subunit,
that interact with L-methionine directly were selected for site-saturated mutagenesis [36]
(Fig. 3A). A total of 76 metK mutants, corresponding to the above four residues, were con-
structed and transformed into HL,2. The results showed that a large proportion of mutants
failed to obtain the expected recombinant strains, because of the severely decreased
activity of MetK. Twenty-five out of 75 strains (named as HL,7-HL,33, Table S3) were
finally obtained and validated by antibiotic resistance assay and sequencing (Table S4).
These strains were inoculated into 10 mL M9 medium with or without L-methio-
nine addition, to monitor the cell growth (Fig. S4). As shown in Fig. 3B, the growth of
strains (HL,7-HL,33) carrying MetKP8E MetK P8 MetK P8R MetKQ98F, MetKD238C,
MetKX24 and MetKX?*M single-site mutation was positively related to the concentra-
tion of exogenous L-methionine. On the basis of single-site mutation, combinatorial
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mutagenesis was further investigated to identify mutants that could be employed to select
L-methionine overproducing strains (Table S5, 6, 7). Only two strains (HL,32 and HL,33)
carrying double mutants, MetK@3"K29H and MetKQPBK2OH  respectively, were dem-
onstrated to have significant growth defect in M9 medium and relieved by exogenous
L-methionine addition (Fig. 3B). These results revealed that the proposed strategy is effec-
tive to identify novel MetK mutants that could be further adopted as potential biosensors
for selecting L-methionine overproducing strains based on cell growth.

Determination and Expanding of the Dynamic Range of MetK-Based Biosensors
Against L-Methionine

The dynamic range of the 9 biosensor strain candidates carrying single or double muta-
tions in MetK which responded to the exogenous L-methionine was further determined.
Compared with the wild-type strain HL,4 (Fig. S5), the growth of all strains was posi-
tively related to the concentration of supplemented L-methionine in the range of 0-0.8 g/L
(Fig. 4). Specifically, HL;17 and HL,33 grew similarly to HL,4, when 0.08 g/L L-methio-
nine was supplied in the medium, with the ODyj, reaching 1.0 in 12 h and the change of
cell density reaching 1.8 and 2.3-fold, respectively (Fig. 4a, i). Nevertheless, three biosen-
sor strains (HL,26, HL,27, and HL,28) grew normally only when 0.8 g/L. L-methionine
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Fig.4 Growth curve of E. coli AmetK harboring preferred biosensor plasmid in M9 medium supple-
mented with different concentrations of L-methionine ranging from 0 to 0.8 g/L. a HL, 17 (Q98E); b HL, 22
(Q98L); ¢ HL,26 (QI98R); d HL,27 (QI98F); e HL,28 (D238C); f HL,29 (K269A); g HL, 31 (K269H); h
HL,32 (Q98P/K269H); i HL, 33 (Q98C/K269H). All data are shown as mean values. Error bars represent
the standard deviation of at least three biological replicates
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was added in the medium with the change in cell density reaching 3.7-, 5.4-, and 3.9-fold,
respectively (Fig. 4c, d, e). Furthermore, the strains HL,22, HL, 29, HL, 31, and HL,32
exhibited more severe retarded growth with the ODyg, reaching less than 0.6 in 12 h
(Fig. 4b, f, g, h) in medium with 0.8 g/l L-methionine supplemented. The corresponding
change in cell density reached 3.6-, 2.8-, 3.5-, and 5.0-fold, which could be attributed to
the lower activity of intracellular MetK than that of the other mutants. Taking the change
in cell density and responsive dose into account, the MetK@8"K26H ¢oyld be the optimal
variant used in the biosensor for further growth-coupling selection of L-methionine over-
producers. To further characterize the performance of HL; 32, the growth curves of HL;32
in M9 medium supplemented with 0, 0.008, 0.08, 0.2, 0.4, and 0.8 g/L. L-methionine were
determined. As shown in Fig. S6, there was no significant difference between cell growth
when 0.2, 0.4, and 0.8 g/L L-methionine was supplemented. It was speculated that, for
HL, 32, the maximum uptake rate of L-methionine was achieved with 0.2 g/L L-methio-
nine supplemented. Besides, compared to the cell growth of HL,4, the cell growth of
HL, 32 had much longer lag phase and lower cell growth rate even with 0.8 g/L L-methio-
nine added, indicating that HL,32 requires higher intracellular L-methionine availability
to support faster cell growth as HL, 4. To determine whether the mutations in mezK affect
its expression level, the relative expression of metK in HL;4 and HL,32 was determined
using quantitative real-time PCR (qPCR) and DIA (data-independent acquisition) mass
spectrometry. As shown in Fig. S7, there is no significant difference in the relative mRNA
expression of metK and MetK abundance in HL, 4 and HL,32. These data indicated that the
MetK mutant in HL, 32 has a reduced specific catalytic activity, compared to the wild-type
MetK, and HL,32 could be a promising biosensor to select mutants with enhanced meta-
bolic flux towards L-methionine biosynthesis.

To further expand the dynamic range of biosensors in response to L-methionine, the
gene yjeH encoding methionine exporter [40] and mtnN encoding S-adenosyl-homocyst-
eine nucleosidase [41] (Fig. SA) were overexpressed to decrease the intracellular avail-
ability of SAM. Biosensors carrying MetK with single mutation MetK%E or MetK %R
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L-met —» SAM ——» SAH —— > SRH+ Adenine
B) ©)
1.5 HL17 1.5 HL,26
HLy17 +0.8 g/L HLy26 +0.8 g/L o3 1
HLy34 HLy35 p: oA
HL,34 +0.8 g/L o—-8-p © HLy35+0.8 g/ =
1o © HLt g ‘ o o] © HLyS 08 g1
= X S - o
QZ B a @ -
° (@)
o] a
0.5 P 0.5 o
¢ o
&< 8 o©
0.0 . . . : ) 0.0 ' . .
0 3 6 9 12 15 0 3 6 9 12 15
Time (h) Time (h)

Fig.5 Effects of overexpression of mnN on the dynamic range of the biosensor strain HL,34 and HL,35
towards L-methionine. A The catabolic pathway of SAM. B The growth curve of biosensor strain HL;17
and HL;34 in M9 medium with or without L-methionine. C The growth curve of biosensor strains HL,26
and HL,35 in M9 medium with or without L-methionine. All data are shown as mean values. Error bars
represent the standard deviation of at least three biological replicates
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were taken as examples, since the cell growth of the optimal MetK@8P/K26 a5 severely
retarded even with 0.8 g/L L-methionine supplemented in the medium. As a result, the
growth of biosensor strains HL,34 (AmetK, carrying metKP®E mmN, and yjeH) and
HL,35 (AmetK, carrying metK¥®R, mnN, and yjeH, Table S3) was significantly retarded
in the medium with or without L-methionine, compared to the growth of corresponding
strain (HL,17 and HL, 26, respectively) which lacks the overexpression of mtnN (Fig. 5B,
C). The specific growth rates (p) of HL,17 and HL,26 were 0.345 h~! and 0.305 h™',
respectively, in M9 medium containing 0.8 g/L L-methionine. In contrast, the specific
growth rates (p) of HL, 34 and HL,35 were decreased to 0.285 h™! and 0.154 h™!, respec-
tively. These results indicated that overexpression of m#nN could be an effective strategy to
expand the responsive range of the whole-cell biosensors for L-methionine.

Selection of L-Methionine Overproducing Strain by the Growth-Coupled Biosensor
from a Random Mutation Library

The engineered biosensor can detect the intracellular concentration of L-methionine. The
intracellular L-methionine availability could be achieved through uptaking from medium
and endogenous biosynthesis. Hence, the above optimized whole-cell biosensor (Q98P/
K269H) was used to select the strains with enhanced biosynthesis of L-methionine from
random mutation libraries. The genomic metD was firstly disrupted in strain HL,2 to
inhibit the uptake of the extracellular L-methionine. The resultant strain HL, 3 was set as
the starting strain to generate random mutation library by ARTP. Then, the optimal bio-
sensor plasmid Q98P/K269H was transformed into the random mutation library and incu-
bated in liquid medium supplemented with antibiotics (streptomycin) for 10 h to enrich the
L-methionine overproducing strains and maintain the biosensor plasmid. The culture was
then diluted and spread on the SC-M9 solid plate (~ 1000 cells each plate). Ten clones with

Fig.6 L-methionine produced by 0.2 * kK
the starting strain and randomly
mutated strains selected by *ok ok

the growth-coupled biosensor.
All data are shown as mean
values. Error bars represent the 1
standard deviation of at least
three biological replicates. The p
value was calculated by Student’s
two-tailed #-test (¥*p <0.01;
*#%p <0.001)
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larger size and faster growth, compared with the control strain HL, 36 (Table S3), were
randomly picked and cultivated for L-methionine production assay. Eight of the ten colo-
nies showed a significant improvement on L-methionine production (Fig. 6). Among these
strains, the L-methionine titer of strains M2, M7, and M8 improved by 28.28%, 26.26%,
and 28.28%, respectively, compared to the starting strain (HL,3). These results indicated
that the whole-cell biosensor system can be effectively applied to select L-methionine
overproducers from random mutation libraries.

Discussion

In the present work, a strategy for constructing and optimizing crucial enzymes-based bio-
sensors that can select valuable chemical overproducing strains was proposed. Introducing
a variant of the crucial enzyme with low substrate binding affinity into a genomic essential
gene defect host leads to a decrease in intracellular availability of the essential metabolite
and subsequent inhibition of cell growth. However, this inhibition can be partially restored
through supplementing or increasing the intracellular production of the corresponding pre-
cursor of the essential metabolite (Fig. 1A). The efficiency of this strategy depends on the
substrate binding affinity of the crucial enzyme, which can be fine-tuned through rational
design, based on the interaction between the active residues and the precursor of the vital
metabolite. The rational design and subsequent application of a binding affinity reduced
MetK (S-adenosyl-L-methionine synthetase) in the selection for L-methionine overpro-
ducer. This approach successfully led to the isolation of several strains with improved
L-methionine production from the random mutation libraries.

Disrupting the genomic copy of essential gene such as metK in E. coli, which is indis-
pensable for cell growth, poses a significant challenge. To overcome this obstacle, a
common strategy of supplying the corresponding metabolite in the medium is applied to
recover the growth of the strain lacking the essential gene. However, in some cases, cells
may be unable to uptake certain metabolites due to the absence of corresponding trans-
porter protein. For example, E. coli lacks the transport proteins capable of transporting
SAM across biological membranes [42]. Another efficient strategy is to pre-transform a
complementary plasmid carrying the expression cassette of the disrupted essential gene
[43]. We pre-transformed a plasmid containing wild-type metK expression cassette into E.
coli MG1655 to maintain normal growth of the genomic metK disrupted strain.

Efficient disruption of essential genes using CRISPR-Cas9 technology in a single, mark-
erless step has been achieved. The foremost design principle for genomic metK deletion
using CRISPR-Cas9 system was to select a spacer sequence (N,,) from the terminal 30
bp of the deleted fragment to reduce the probability of metK in the complementary plas-
mid functioning as donor. Furthermore, the selected PAM sequence in the complemen-
tary metK should be replaced by synonymous codons to avoid the unexpected digestion of
the complementary plasmid and homologous recombination. Compared to the traditional
homology recombination-based [44, 45] or I-Scel-assisted essential gene deletion system
[46], the CRISPR-Cas9 system induces double-strand break (DSB) and followed by recom-
bination between the two homology arms for scarless disruption of the essential gene in
one step with higher efficiency. This strategy can be adapted for a variety of genome edit-
ing applications with appropriate modifications of the pTarget plasmid [30].

To characterize MetK variants and select for hyper-producer, it is necessary to replace
the complementary plasmid in the genomic metK-deleted host strain with a biosensor
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plasmid. Conventionally, plasmid curing could be achieved through the use of plasmids
carrying temperature-sensitive origin [47], counter-selective markers [48], or through plas-
mid incompatibility [49] or the CRISPR-Cas9 system [30]. In this work, plasmid incom-
patibility was initially applied to replace the complementary plasmid pC-metK* with the
biosensor plasmid. However, poor curing efficiency was observed for MetK mutants, possi-
bly due to decreased activity compared to wild MetK. To improve the curing efficiency, the
FLP/FRT system was then introduced to loop out the wild-type metK and selection marker
in the complementary plasmid pC-FRT-mezK*. This strategy has successfully improved the
curing efficiency to over 80%. However, for some MetK mutants, we failed to obtain the
expected recombinant strains carrying biosensor plasmid, which could be attributed to the
dramatic decrease of the corresponding mutant’s activity.

Structure-based rational design was applied to perturb the direct interaction between
substrate and residues in the active pocket of MetK. As a result, seven novel MetK mutants
with single-site mutations that exhibited significant growth-coupling effects were identi-
fied in E. coli AmetK in response to L-methionine addition, making them promising can-
didates for biosensor development. Although we attempted combinational mutagenesis,
only two mutants, namely 98C/269H and 98P/269H, were isolated, likely due to the severe
decreases in activity of the resultant mutants carrying double or triple mutations. In the
circumstances, the host cell exhibited non-growth or lagging growth by keeping both plas-
mids or inducing the reverse mutation in metK variant as observed. Regarding the substrate
specificity of the preferred MetK mutants mentioned above, a few studies have shown that
MetK can be engineered to transform unnatural substrates such as L-methionine or ATP
analogues to S-adenosyl-L-methionine (SAM) analogous that can further modify DNA
in vitro [50, 51]. However, it is nearly impossible for the engineered MetK to convert
unnatural intracellular metabolites to SAM which is an universal methyl group donor [52,
53] catalyzed by SAM-dependent methyltransferases with strict substrate specificity [54],
making specificity an intrinsic superiority of our present biosensor. Furthermore, our strat-
egy can be applied to other crucial enzymes for the rapid development of biosensors, aided
by crystal structure and powerful Al tools for protein structure prediction, such as Alpha-
Fold2 [55].

The dynamic range of biosensors is an important parameter for their potential applica-
tion in high-throughput selection. In this study, the biosensor based on the crucial enzyme
immediately converted the intracellular availability of cognate substrate to growth phe-
notype with high specificity and sensitivity, resulting in an output range of fivefold for
the optimal biosensor strain HL,32. Quantitative RT-PCR analysis and DIA (data-inde-
pendent acquisition) mass spectrometry revealed no significant difference in intracellular
MetK abundance between HL, 32 and HL,4, indicating the mutations (Q98P and K269H)
in MetK reduce its catalytic activity. To further extend the dose-response dynamic range
of the whole-cell biosensor and improve its performance, overexpression of the catabolic
enzymes consuming the essential metabolite could be useful. The mutation sites selected
for MetK engineering are highly conserved and could be adapted from other species. The
selected mutation sites, which are highly conserved [56], could be utilized for engineering
MetK in other species. Additionally, these mutants could be potentially used in other hosts
of interest for the efficient selection of novel microbial cell factories, provided that they can
functionally express in the heterologous hosts.

The optimal biosensor proved to be effective in selecting L-methionine overproducing strain
from random mutation libraries, leading to the isolation of several strains with significantly
improved L-methionine productivity. The titers of isolated L-methionine overproducers are
still very low, which could be attributed to the complicated and multilayer regulation of the
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L-methionine biosynthesis. Meanwhile, a proportion of false-positives were also identified dur-
ing the biosensor characterization, which may be caused by reverse mutation in the mutated
MetK. Previous reports have shown that although false-positives cannot be completely elimi-
nated, they can be reduced during the biosensor-assisted selection of valuable chemical over-
producing strains [17, 27, 57]. To further minimize the effects of false-positives, in addition to
the plate-based selection, co-culturing the library strains transformed with the biosensor with an
L-methionine auxotrophic strain that harbors an assistant plasmid expressing GFP, employing
microdroplet technology to indicate the L-methionine overproducing strains was suggested.

Conclusions

The present study outlines several strategies for growth-coupled whole-cell biosensor devel-
opment, including essential gene knockout, plasmid exclusion, proof of concept, and rational
design. A whole-cell biosensor responding to L-methionine was successfully developed and
characterized. To extend the dose-response dynamic range, the SAM catabolic gene mimN
was overexpressed. The growth-coupled biosensor was successfully used to select L-methio-
nine overproducing strains from random mutation libraries. While the L-methionine titer of
the isolated strains is much lower than that of the systematically engineered strains [22],
additional investigation such as comparative omics analysis and inverse metabolic engineer-
ing could provide new clues for the development of L-methionine hyperproducing strains.
On the other hand, given the complexity of the L.-methionine biosynthesis, further works are
needed to improve the abundance and quality of the mutation library in the genome scale
to accelerate the development process of L-methionine overproducing strains. Overall, our
approach is effective to construct a growth-coupled biosensor and select L-methionine over-
producing strain and can be extended to the other crucial enzymes involved in amino acids,
vitamins, shikimic acid pathway, and so on to obtain highly valued chemical overproducers.
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