é o Applied and Environmental
— MICROBIOLOGY MlcrOb|OIOgy

Applied and Industrial Microbiology | Full-Length Text

n

Check for
updates

Enhancing glucaric acid production from myo-inositol in
Escherichia coli by eliminating cell-to-cell variation

Nana Ding,"*? Lei Sun,"? Xuan Zhou,* Linpei Zhang,* Yu Deng,* Lianghong Yin'?
AUTHOR AFFILIATIONS See affiliation list on p. 12.

ABSTRACT  Glucaric acid (GA) is a value-added chemical and can be used to manu-
facture food additives, anticancer drugs, and polymers. The non-genetic cell-to-cell
variations in GA biosynthesis are naturally inherent, indicating the presence of both
high- and low-performance cells in culture. Low-performance cells can lead to nutrient
waste and inefficient production. Furthermore, myo-inositol oxygenase (MIOX) is a
key rate-limiting enzyme with the problem of low stability and activity in GA produc-
tion. Therefore, eliminating cell-to-cell variations and increasing MIOX stability can
select high-performance cells and improve GA production. In this study, an in vivo
GA bioselector was constructed based on GA biosensor and tetracycline efflux pump
protein TetA to continuously select GA-efficient production strains. Additionally, the
upper limit of the GA biosensor was improved to 40 g/L based on ribosome-binding
site optimization, achieving efficient enrichment of GA high-performance cells. A small
ubiquitin-like modifier (SUMO) enhanced MIOX stability and activity. Overall, we used
the GA bioselector and SUMO-MIOX fusion in fed-batch GA production and achieved a
5.52-g/L titer in Escherichia coli, which was 17-fold higher than that of the original strain.

IMPORTANCE  Glucaric acid is a non-toxic valuable product that was mainly synthesized
by chemical methods. Due to the problems of non-selectivity, inefficiency, and environ-
mental pollution, GA biosynthesis has attracted significant attention. The non-genetic
cell-to-cell variations and MIOX stability were both critical factors for GA production. In
addition, the high detection limit of the GA biosensor was a key condition for performing
high-throughput screening of GA-efficient production strains. To increase GA titer, this
work eliminated the cell-to-cell variations by GA bioselector constructed based on GA
biosensor and TetA, and improved the stability and activity of MIOX in the GA biosyn-
thetic pathway through fusing the SUMO to MIOX. Finally, these approaches improved
the GA production by 17-fold to 5.52 g/L at 65 h. This study represents a significant step
toward the industrial application of GA biosynthetic pathways in E. coli.

KEYWORDS glucaric acid, transcription factor-based biosensor, GA bioselector,
detection limit, metabolic engineering

lucaric acid (GA) is a non-toxic platform chemical derived from glucose (1). GA was

identified as one of the “top value-added chemicals from biomass” by the United
States Department of Energy in 2004 (2). GA can be used as raw material to manufacture
food additives, anticancer drugs, biodegradable detergents, and polymers such as nylon
and plastics (3-6). By 2024, the global GA market is expected to exceed $440 million
(7). Marketed GA is currently produced chemically by non-selective oxidation of glucose
using nitric acid as solvent and oxidant (8). However, this method is inefficient and easily
leads to environmental pollution. In contrast, the microbial biosynthesis of GA may be
cost-effective and environmentally friendly (9, 10).
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In Escherichia coli, the GA biosynthetic pathway starting from glucose includes three
heterologous genes: myo-inositol-1-phosphate synthase (INO1) from Saccharomyces
cerevisiae, myo-inositol oxygenase (MIOX) from Mus musculus, and urinate dehydrogen-
ase (Udh) from Pseudomonas syringae (11, 12). In this pathway, glucose-6-phosphate
is converted to myo-inositol-1-phosphate by INO1. Then, myo-inositol-1-phosphate is
hydrolyzed and dephosphorylated by an endogenous phosphatase to produce myo-
inositol. Subsequently, myo-inositol is converted to glucuronic acid by MIOX using
molecular oxygen. Finally, glucuronic acid is oxidized to GA by Udh using NAD" as a
cofactor. MIOX is a key rate-limiting enzyme in GA biosynthesis and faces the challenge
of low stability and activity.

Therefore, GA biosynthesis is possible in E. coli recombinants by metabolic engineer-
ing methods, such as fusing an N-terminal tag small ubiquitin-like modifier (SUMO)
to improve the solubility of the key enzyme MIOX and to help the proper folding
of the recombinant protein (11), direct evolution to enhance the catalytic activity or
stability of MIOX in the logarithmic growth phase using myo-inositol as a substrate (11,
13), controlling the metabolic flow to GA biosynthetic pathway (14-16), constructing a
pathway-independent quorum sensing system and myo-inositol biosensor to regulate
the MIOX expression (17), and introducing NAD* regeneration system and fine-tuning
the MIOX activity (15). These methods had successfully improved the titer of GA, and
the reaction conditions were milder than chemical production. The highest total titer
of extracellular and intracellular GAs could reach 5.35 g/L by batch fermentation (15).
However, the biosynthesis of GA in E. coli still faces the problem of low titer. In addition,
the lack of efficient high-throughput screening methods in vivo is a bottleneck restricting
the research of GA biosynthesis.

Fortunately, transcription factor-based biosensors (TFBs) are a major focus in the
field of biotechnology (18-20), allowing real-time control of the fluorescent protein
expression by responding to GA (21). This is an effective approach to solving the
above problems and has high application value in metabolic engineering. Rogers et
al. developed many TFB systems in E. coli, including GA biosensor (TFB-GA) based on
transcription factor CdaR and super-folded green fluorescent protein (sfGFP) under the
control of inducible promoter Pg,qp (21). It is possible to measure changes in a single cell
using high-throughput methods when GA concentrations in vivo are converted to sfGFP
fluorescence intensities (TFB-GA output) (22, 23). However, an upper limit of 3.15 g/L
was previously reported for TFB-GA (22), which may not be sufficient for large-scale
production of GA. Many studies have shown that the ribosome-binding site (RBS) can
regulate the response performance of TFB by controlling protein expression or protein
folding (19, 20, 23-25). Therefore, RBS has great potential to improve the detection limit
of TFB-GA.

Additionally, some poorly behaved cells may not synthesize the target metabolite
despite consuming nutrients (26), and this remains a major challenge. Therefore, to
identify and eliminate low-performing cells and enrich well-behaved cells, a population
quality control (PopQC) system has been successfully employed to improve biosynthetic
efficiency (27). The PopQC approach consists of a biosensor for product response and
a tetracycline (Tc) efflux pump protein TetA for pumping Tc out of the cells. Using this
method, studies have shown that the titer of both free fatty acid and tyrosine was
increased threefold (27). These results indicate that the construction of PopQC based
on TFB-GA and TetA may also be worth investigating for GA biosynthesis. It has great
potential to increase GA production.

Herein, we have established an efficient high-throughput screening method based
on the PopQC system for enhancing GA biosynthesis. First, the detection limit of TFB-GA
was optimized by manipulating the RBS. Then, to increase GA production, we randomly
mutated the miox gene and screened high-titer GA strains based on TFB-GA output
in a high-throughput manner. Furthermore, we constructed a GA bioselector based on
TFB-GA and TetA and fused the SUMO to MIOX to further increase the GA titer. Finally,
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this approach resulted in GA titer at 5.52 g/L by fed-batch fermentation. This represents a
significant step toward the industrial application of GA biosynthetic pathways.

RESULTS
Design of the RBS to improve the glucaric acid biosensor detection limit

The work principle of glucaric acid biosensor (TFB-GA) shows that in the absence of GA,
CdaR is inactive, resulting in the “OFF” state of TFB-GA and in the presence of GA, CdaR
is activated and simultaneously increases the expression of its own and Pgygp-controlled
genes, resulting in the “ON” state of TFB-GA, accompanied by an increase in the TFB-GA
output (Fig. 1A).

We assumed that the strength of the RBS should be directly correlated with the
upper limit of the TFB-GA. To explore the effect of the RBS on the upper limit, we used
G10 from the plasmid pJKR-H-cdaR (TFB-GA-G10) and designed six RBSs with gradient
translation initiation rate (Table S1) through an RBS calculator (28) to regulate the sfGFP
expression level. Six TFBs-GA (pJKR-H-cdaR-RBS1-6) were then successfully constructed
and separately transformed into E. coli BL21 (DE3). The transformants were cultured in a
24-well plate and supplemented with 0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 g/L GA, respectively.
As shown in Fig. 1B, the normalized TFB-GA output under the control of G10 and RBS3
was extremely significantly higher than for the other five RBSs (Table S2). It indicated
that RBS was a key factor in increasing the detection limit of TFB-GA. Moreover, only the
appropriate intensity of RBS was conducive to regulating the detection limit of TFB-GA
(Table S1; Fig. 1B). In addition, we found that TFB-GA controlled by RBS3 had lower
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FIG 1 Effects of RBS on biosensor detection limit. (A) The working principle of TFB-GA. Inactive CdaR ("OFF” state) is activated
by GA while increasing its own and Pgyqp-controlled gene expression (“ON” state). Dashed arrows represent feedback
activation. (B) The effect of gradient-strength RBSs on TFB-GA output induced by various concentrations of GA within 5 g/L.
(C) Comparison of the detection limit for biosensors TFB-GA-G10 and TFB-GA-RBS3 based on TFB-GA output induced by

different concentrations of GA within 100 g/L. Data represent the mean and standard deviation for three replicates. AU,

arbitrary unit; ODgqp, optical density at 600 nm.
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leakage expression than G10 by analyzing the TFB-GA output induced by 0-g/L GA (see
“Fluorescence assays” in Materials and Methods and Fig. 1B). This implied that TFB-GA
controlled by RBS3 might have a higher upper limit than G10.

To further explore the upper limit of TFB-GA-G10 and TFB-GA-RBS3, we expanded the
GA concentration to analyze the TFB-GA output (see “Optimization of TFB-GA detection
limit” in Materials and Methods). It showed that the TFB-GA output of TFB-GA-RBS3
peaked at 40-g/L GA at 12 h, whereas maximum TFB-GA output with TFB-GA-G10
occurred at 20-g/L GA at 12 h (Fig. 1C). This indicated that the above assumption
was reliable, and RBS3 was conducive to optimizing the TFB-GA upper limit. Thus, the
TFB-GA-RBS3 was superior for detecting the strain that produced more GA in E. coli. In
addition, we found that when the GA concentration exceeded the detection upper limit
of TFB-GA-G10 (20 g/L) and TFB-GA-R3 (40 g/L), respectively, the TFB-GA output showed
a downward trend. The reason may be that the higher concentrations of GA led to slower
cell growth (Fig. S1A) or cell death.

To verify whether excessive GA concentration would lead to cell death, we selected
0- (control), 20-, 50-, and 100-g/L GA at 12 h to perform the percentage of analysis of
cell death using the propidium iodide (Pl) Red Dead nucleic acid staining kit by flow
cytometry (see “Percentage analysis of cell death” in Materials and Methods; Fig. S1B
through 1). The results showed that at 20-, 50-, and 100-g/L GA, the percentages of
TFB-GA-G10 cell death were 17.8%, 11.6%, and 3.38%, respectively (Fig. S1C through E),
and the percentages of TFB-GA-R3 cell death were 20.2%, 13.5%, and 4.7%, respectively
(Fig. S1G through ). It indicated that the percentage of cell death decreased with the
increase in GA concentration. This implied that higher concentrations of GA might lead
to slower cell growth (Fig. STA), thereby prolonging the apoptosis period and ultimately
reducing the percentage of cell death. Thus, the possible reason for the decrease in
TFB-GA output at high concentration of GA was slow cell growth rather than cell death.

Random mutagenesis of miox to increase glucaric acid production

During GA production, the intermediate myo-inositol is oxidized to glucuronic acid by
MIOX. However, MIOX was extremely unstable (29, 30). Although the enzyme stability
could be increased by supplementing with myo-inositol in the culture medium (11),
obtaining MIOX with high stability and activity remains a huge challenge. Therefore,
based on TFB-GA output, we screened MIOX superior mutant strains with the efficient
production of GA. In many cases, the lack of structural information required random
methods such as error-prone polymerase chain reaction (PCR) and whole-cell mutagen-
esis to generate sequence/structural diversity (31-33). Thus, we performed error-prone
PCR amplification of the miox coding sequence in the pRSF-miox-ino1-udh (pRSF-MIU)
plasmid and identified 84 miox-mutated transformants (M1-M84) (see method 4.6).

To evaluate the ability of these variants to produce GA, we transformed the TFB-
GA-RBS3 and the control plasmid pRSF-MIU or mutant plasmid pRSF-M-miox-ino1-udh
(pRSF-M-MIU) into E. coli BL21 (DE3) cells. The mutant strains (M1-M84) were screened
in 96-well plates using TFB-GA output (see “Screening of GA high-titer strains based on
TFB-GA and miox mutation” in Materials and Methods). Here, to eliminate the detection
deviation, we defined that the mutant strain was meaningless to improve GA production
when the TFB-GA output ratio of the mutant strain and control strain was less than 3
(Fig. 2A). The results showed that the TFB-GA output ratios of the M6 and M33 mutants
were 4.6 and 5.2, respectively (Fig. 2A). It indicated that the M6 and M33 mutants
could produce more GA. Subsequently, the M6, M33, and control strains were fermented
to detect GA production. The results showed that the GA titers were 0.33, 0.42, and
0.325 g/L in M6, M33, and control strains, respectively (Fig. 2B and C). The GA titer of M33
was 1.3 times higher than that of the control strain at 73 h (Fig. 2C), and the miox of M33
was mutated from “A” to “G” at position 616. Additionally, although the TFB-GA output
of the M6 mutant was much higher than that of the control strain, the GA titer was not
significantly altered. It indicated that the cell systems were complex. Therefore, real-time
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FIG 2 Improvement of the GA titer based on miox mutation. (A) Analysis of the difference of GA production caused by miox mutation based on TFB-GA output.
The control represents E. coli BL21 (DE3) with GA production plasmid pRSF-MIU. The M6 and M33 represent E. coli BL21 (DE3) with GA production mutant plasmid
PRSF-M-MIU. The TFB-GA output of M6 and M33 was higher than that of the control strain, and they were selected for further fermentation to determine the GA
titer. (B) The optical density at 600 nm of control, M6, and M33 strains. (C) The GA titer of control, M6, and M33 strains. Data represent the mean and standard
deviation for two replicates.

and accurate evaluation of intracellular target metabolite concentrations remains a huge
challenge.

Establishment of glucaric acid bioselector and SUMO-MIOX to further
improve glucaric acid production

Although we identified a suitable MIOX mutant, GA production remained low in a
shake flask fermentation because of low MIOX stability and activity. At present, many
studies have shown that SUMO can be used as a molecular chaperone to increase
protein expression, promote correct protein folding, enhance tolerance to heat and
protein degradation, and help maintain protein stability (34, 35). Therefore, we used
SUMO fusion to express miox for optimizing MIOX stability to improve GA produc-
tion. In addition, the cells with a poor ability decreased GA production. Thus, to
prevent low-performing cells from wasting nutrients and to improve GA production, we
constructed the GA bioselector (pJKR-H-cdaR-RBS3-tetA) based on the PopQC approach
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(27, 36), including the TetA and a flexible linker sequence encoding (Gly-Gly-Gly-Ser)s
between TetA and sfGFP to facilitate the proper folding of each protein (37). For
GA-producing cells, CdaR was activated and increased the expression of Py gp-control-
led genes, turning on the expression of the TetA-sfGFP fusion protein. Then, the TetA
pumped the Tc out of the cell, thereby ensuring cell viability, while cells that did not
produce GA would die due to Tc buildup (Fig. 3A).

To evaluate whether there were cell-to-cell variations in GA-producing strains, the
strain CTM-R3 (QCga+) and the control strain constitutively expressing sfGFP were used
for fermentation. Strain QCga was added to Tc at a final concentration of 20 mg/L. The
results showed that the strain QCga, had a wider sfGFP fluorescence distribution than
the control strain based on the flow cytometry at 36, 48, and 60 h (Fig. 3B through D).
In addition, QCga+ with Tc had higher sfGFP fluorescence intensity than QCga without
Tc at 36, 48, and 60 h (Fig. 3B through D). It also indicated that the variations of the
GA production by QCga; with and without Tc were 1.77-, 1.94-, and 2.15-fold at 36,
48, and 60 h, respectively (Fig. 3E through G; Fig. S2). Correspondingly, the difference
in sfGFP fluorescence was also greater at 36, 48, and 60 h (Fig. 3B through D). These
results suggested that there were variations between cells in the production of GA. In
the absence of Tc, cells that do not produce GA will waste resources (carbon sources
and energy), resulting in inefficient synthesis of GA. In the presence of Tc, the cells
producing GA will be enriched, and the variations between cells will be eliminated,
which is expected to achieve efficient synthesis of GA.

Then, to evaluate the effect of the GA bioselector and the SUMO-MIOX fusion on
the GA production under selection pressure, fermentation of the CM-R3, CM-SUMO-R3,
CTM-R3, and CTM-SUMO-R3 strains was carried out in shake flasks with myo-inositol
as substrate (see “Assay conditions for glucaric acid production” and “Fermentation
conditions in shake flask” in Materials and Methods). Strains CTM-R3 and CTM-SUMO-R3
were added to Tc at a final concentration of 20 mg/L. The results showed that the GA titer
was 0.72 g/L for CM-R3 at 60 h, 3.10 g/L for CM-SUMO-R3 at 48 h, 1.29 g/L for CTM-R3 at
48 h, and 3.33 g/L for CTM-SUMO-R3 at 48 h supplemented with 11-g/L myo-inositol (Fig.
4A; Fig. S3A and B). However, the GA titer was relatively low and insufficient (0.75 g/L) for
CTM-SUMO-R3 following without myo-inositol (Fig. 4A; Fig. S3A and B). It indicated that
the SUMO-MIOX fusion and myo-inositol were key factors for improving GA production.
In addition, we found that strains CTM-R3 and CTM-SUMO-R3 with GA bioselector had
more GA titer than CM-R3 and CM-SUMO-R3 without GA bioselector, respectively. It
demonstrated that strains with GA bioselector were superior to the efficient produc-
tion of GA under Tc selection pressure. However, the Tc concentration that was most
conducive to the efficient production of GA remained to be optimized.

Finally, to determine the optimal Tc concentration, strain CTM-SUMO-R3 was used to
perform shake flask fermentation using yeast extract-peptone (YP) medium supplemen-
ted with 11-g/L myo-inositol in 0-, 15-, 20-, and 25-mg/L Tc, respectively. The results
showed that the GA titers were 3.19, 4.36, 3.33, and 2.91 g/L, respectively, at 60 h
(Fig. 4B; Fig. S3C and D). This revealed that the optimal Tc concentration for efficient
GA production was 15 mg/L. Thus, strain CTM-SUMO-R3 was selected for fed-batch
fermentation in a 5-L bioreactor using YP medium supplemented with 11-g/L myo-inosi-
tol and 15-mg/L Tc.

Production of glucaric acid in fed-batch fermentation

To further confirm the increased GA production by the GA bioselector, the strain
CTM-SUMO-R3 and the control strain CTM-SUMO-G10 were selected to perform
fed-batch fermentation using myo-inositol as the major substrate for supporting MIOX
stability in a 5-L bioreactor (see “Fermentation conditions in a 5-L bioreactor” in Materials
and Methods). Because oxygen was essential for MIOX, we maintained ventilation at 1.5
vvm, agitation at 400 rpm, and dissolved oxygen at >30%. The results showed that the
GA titer of strain CTM-SUMO-R3 reached a maximum of 5.52 g/L, and the concentration
of myo-inositol was decreased by about 16% from the initial concentration of 11.0 to
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FIG 3 Construction of the GA bioselector and flow cytometry suggests cell-to-cell variation in GA production. (A) The
working principle of the GA bioselector: (I) when cells produce GA, the CdaR is activated by binding to the GA, turning on
the expression of the TetA-sfGFP fusion protein, and the TetA pumps Tc out of the cell to ensure cell viability; (Il) when
cells do not produce GA, the CdaR is inactive, turning off the expression of the TetA-sfGFP, and the cells will die due to Tc
pressure. The sfGFP fluorescence intensity of strain QCga+ (expressing both a GA biosynthetic pathway and a GA-responsive
biosensor, sfGFP as output) cultivated with (red) or without (blue) PopQC pressure Tc and the control strain (expressing a
constitutive sfGFP reporter) was analyzed by the flow cytometry at 36 h (B), 48 h (C), and 60 h (D). A wider distribution of
sfGFP fluorescence was apparent in strain QCga- relative to the control strain, suggesting variation in GA production. A shift to
higher sfGFP fluorescence was noted with the addition of selection pressure, suggesting an increase in both GA titer and the
number of high-performing variants at 36 h (E), 48 h (F), and 60 h (G). Data represent the mean and standard deviation for two
replicates.

9.2 g/L at 65 h, with a maximal optical density at 600 nm (ODggg) value of 3.0 achieved
at 24 h (Fig. 5). However, the GA titer of control strain CTM-SUMO-G10 reached only
3.12 g/L, and the myo-inositol concentration decreased by about 9.3% at 60 h, reaching
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FIG 4 Improvement of GA production based on the GA bioselector. (A) The effects of SUMO, myo-inositol, and GA bioselector on GA production. The
concentration of myo-inositol and Tc was 11 g/L and 20 mg/L, respectively. (B) The effect of various Tc concentrations on GA production by strain CTM-SUMO-R3.
Data represent the mean and standard deviation for two replicates. CM-R3, strain E. coli BL21 (DE3) containing GA biosensor pJKR-H-cdaR-RBS3 and GA
production plasmid pRSF-MIU; CM-SUMO-R3, strain E. coli BL21 (DE3) containing GA biosensor pJKR-H-cdaR-RBS3 and GA production plasmid pRSF-sumo-MIU;
CTM-R3, strain E. coli BL21 (DE3) containing GA bioselector pJKR-H-cdaR-tetA-RBS3 and GA production plasmid pRSF-MIU; CTM-SUMO-R3, strain E. coli BL21 (DE3)
containing GA bioselector pJKR-H-cdaR-tetA-RBS3 and GA production plasmid pRSF-sumo-MIU; MI, myo-inositol; Tc, tetracycline.

a maximum ODggg value of 2.1 at 24 h (Fig. S4). This implied that RBS could fine-tune
the performance of the GA bioselector to control the GA production. Specifically, RBS
could regulate the TetA expression, which affected the amount of Tc pumped out of cells,
and ultimately controlled the GA titer by adjusting the elimination degree of cell-to-cell
variation (Fig. 3A). Therefore, the RBS modification in the GA bioselector was conducive
to the efficient biosynthesis of GA.

DISCUSSION

TFBs responding to small-molecule inducers are receiving increasing attention (19, 38).
Based on TFB output, real-time quantitative detection of GA can be achieved in vivo. This
eliminates the need for high-performance liquid chromatography (HPLC) and other time-
consuming methods with complex sample processing. However, the previously reported
upper limit of TFB-GA was 3.15 g/L (22). This can only detect the GA production within 36
h in this study, which may not be sufficient for large-scale production of GA. Increasing
the upper limit can be achieved by improving the TFB-GA output at high concentrations
of GA. Our previous studies had shown that RBS could improve TFB-GA output by
controlling protein expression and folding (23). Therefore, we designed the RBS library to
improve the upper limit of TFB-GA, suggesting the TFB-GA-RBS3 had a higher upper limit
(40 g/L) than TFB-GA-G10 (20 g/L). The possible reason was that the expression level and
misfolding rate of sfGFP regulated by G10 were lower and higher than those of sfGFP
controlled by RBS3, respectively. The misfolded sfGFP could not produce fluorescence.
Thus, the TFB-GA-G10 output was lower than that of TFB-GA-RBS3 at a high concentra-
tion of GA, which ultimately led to the lower upper limit of TFB-GA-G10 than that of TFB-
GA-RBS3. It indicated that the TFB-GA-RBS3 was conducive to real-time monitoring of
large-scale GA production and efficient screening of GA high-performance production
strains.
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FIG 5 Fed-batch fermentation of strain CTM-SUMO-R3. The highest titer was achieved in the 5-L
bioreactor with an aeration rate of 1.5 vvm and 400-rpm agitation in YP medium. Data represent the
mean and standard deviation for two replicates. MI, myo-inositol; Tc, tetracycline.

The GA titer was still low due to the low stability and activity of MIOX in E. coli. To
improve the activity of MIOX, we performed a miox random mutation to obtain a large
mutant library. However, screening the GA-efficient production strains was time-
consuming and costly by HPLC. Therefore, we used the superior TFB-GA for screening the
mutant strains of GA-efficient production based on fluorescence output. We found that
the TFB-GA output of M6 and M33 mutant strains was higher than that of the control
strain, suggesting that the GA titer of M6 and M33 was theoretically higher than that of
the control strain. However, the best M33 mutant strain only showed a 1.3-fold increase
in GA titer. The possible reason was that the complex cell environment and the existing
potential energy of GA concentration led to the significant difference of TFB-GA output
at the same GA concentration in vitro and in vivo, indicating that the determination of GA
production in vivo was unreliable through the TFB-GA output. This is a common problem
for TFB accurately detecting target products in vivo. To solve this challenge, a novel
method for real-time and precise detection of GA in vivo using TFB-GA output will be
established based on deep learning in the future (39, 40), and the internal mechanism of
TFB-GA output and GA production will be intelligently analyzed by embedding an
algorithm into the neural network (41).

To increase GA production, we designed a GA bioselector for screening the GA-effi-
cient biosynthesis cells based on TFB-GA and Tc efflux pump protein TetA. We found that
the addition of Tc inhibited cell growth of the CTM-R3 strain compared to the CTM-
SUMO-R3 strain (Fig. 4A; Fig. S3A). One of the main reasons was that the GA production
of CTM-R3 was lower than that of CTM-SUMO-R3, resulting in less TetA expression in the
CTM-R3 strain. Thus, Tc could not all be pumped out of the cells, leading to cell death,
thereby reducing the absorbance at 600 nm. Through this approach, only GA-producing
cells could survive and avoid the waste of nutrients and resources of GA-free cells.

The constructed GA bioselector had great potential to improve the GA titer. However,
the tolerance of E. coli cells to GA remained still unclear. Here, we determined the
tolerance based on cell growth. We added various neutralized GA concentrations to
the culture medium. The effect of many GA concentrations on cell growth was then
determined by measuring the absorbance at 600 nm. The results showed that the
E. coli BL21 cells could tolerate 50 g/L of neutralized GA (Fig. S5), suggesting that E.
coli had high GA tolerance and was suitable for large-scale GA production. To expand
GA production, we performed fed-batch fermentation using strain CTM-SUMO-R3 in a
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5-L bioreactor. The results showed that the titer of GA was increased to 5.52 g/L, the
highest titer reported so far in E. coli. Additionally, the production speed of GA reached
0.085 g/L/h, which was higher than the previous report (0.074 g/L/h) (15). Therefore, it
had great potential to realize the industrial production of GA using strain CTM-SUMO-R3
combined with various metabolic engineering strategies.

In conclusion, we optimized the upper limit of TFB-GA based on the RBS library,
reaching 40-g/L GA. It showed that RBS was a key factor in regulating the detection limit
of TFBs. The GA production was then increased to 0.42 g/L based on MIOX mutation.
Subsequently, to further improve the GA titer, we constructed a GA bioselector based
on TFB-GA and TetA and fused SUMO to MIOX for enhancing its stability and activity. In
addition, the optimal screening concentration of Tc was 15 mg/L. These strategies led
to a GA titer of 4.36 g/L in a shake flask fermentation for CTM-SUMO-R3 strain using
11-g/L myo-inositol as substrate. Finally, we fermented the CTM-SUMO-R3 strain in a 5-L
bioreactor and achieved a GA titer of 5.52 g/L.

MATERIALS AND METHODS
Strains and culture conditions

All strains used in this study are listed in Table S3. E. coli JM109 and E. coli BL21 (DE3)
cells were used for plasmid cloning and protein expression, respectively. Luria-Bertani
(LB) medium, consisting of NaCl (10 g/L), peptone (10 g/L), and yeast extract (5 g/L),
was used for seed cultures at 37°C and plasmid amplification. YP medium, consisting
of yeast extract (10 g/L) and peptone (20 g/L), supplemented with 11-g/L myo-inositol
during the logarithmic growth period was used to provide a carbon source for GA
production. M9 medium, consisting of Na,HPO,4 (6.78 g/L), KH,PO4 (3.0 g/L), NaCl
(0.5 g/L), MgS0O4-7H,0 (0.5 g/L), CaCl, (0.011 g/L), and NH4Cl (1.0 g/L), supplemented
with 8-g/L glucose was used to wash the bacteria for fluorescence intensity assessment
to reduce the error caused by the color of the YP medium. The final concentration of
ampicillin, kanamycin, and isopropyl B-D-1-thiogalactopyranoside (IPTG) employed in
this study was 100 pg/mL, 50 pg/mL, and 1 mM, respectively.

Plasmid construction

All plasmids and primers used in this study are listed in Tables S3 and S4, respectively.
To construct the biosynthetic pathway of GA, the miox, inol, and udh genes were
synthesized and ligated into plasmid pRSFDuet-1 by Genewiz (Suzhou, China). The final
plasmid was named pRSF-MIU. To further increase the GA production, the plasmid
pRSF-sumo-miox-ino1-udh was constructed through Nco I/BamH | digestion and Gibson
assembly methods using primers F/R-sumo and F/R-miox-2, and the ligation products
were introduced into E. coli JIM109 for screening by colony PCR and Sanger sequencing.
Moreover, there was no termination codon between the sumo and miox genes. All the
sequences of GA biosynthetic pathway genes and plasmids are provided in Table S5.

To analyze the effect of mutant miox (M-miox) on GA titer, the Mn** was added into
the conventional PCR system using the pRSF-MIU plasmid as a template to increase the
mutation frequency in the PCR amplification process, and random mutagenesis of the
miox gene was performed at the optimum frequency to obtain miox mutant libraries. The
miox gene was amplified with primers F/R-miox-1. The pRSF-MIU was digested with Nco
I and BamH |, and the pRSF-ino7-udh DNA fragment was recovered. Then, the M-miox
gene was ligated into pRSF-ino7-udh using T4 DNA ligase. The ligation product was
introduced into E. coli JM109 and cultured overnight at 37°C. The colonies grown on
the plate were placed separately in 50-mL LB medium supplemented with 50-ug/mL
kanamycin, cultured at 37°C with shaking at 200 rpm for 8 h, and the plasmid pRSF-M-
MIU was extracted.

The pJKR-H-cdaR plasmid for the TFB-GA was purchased from Addgene (#62557).
In addition to G10, the RBS calculator (28, 42)-designed six RBSs were cloned into
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TFB-GA vectors. The primer pairs F/R-RBS1-6 were designed based on the different RBS
sequences, and the pJKR-H-cdaR plasmid was used as the template for whole-plasmid
PCR. Plasmids pJKR-H-cdaR-RBSs (s = 1-6) were constructed through Dpn | digestion at
37°C for 30 min, and the digestion products were transformed into E. coli JM109 cells for
screening by colony PCR and Sanger sequencing. To establish an efficient high-through
screening method of GA, we constructed the GA bioselector based on TFB-GA-G10/RBS3,
TetA, and linker sequences synthesized by Genewiz using the Gibson assembly method.
The final plasmids were named pJKR-H-cdaR-tetA-G10 and pJKR-H-cdaR-tetA-RBS3.

Fluorescence assays

E. coli BL21 (DE3) cell growth was monitored by measuring ODgqq. Before fluorescence
measurement, cultures were diluted to ensure the ODggq value was ~0.5. Fluorescence
intensity of sSfGFP (TFB-GA output) was measured by a Biotek HT plate reader (Winooski,
VT, USA) using the same settings, with excitation at 485/20, emission at 528/20, a
temperature of 37°C, a gain of 60, and fast shaking. TFB-GA output was measured in
arbitrary units (AU), and the OD was determined by absorbance. For a given measure-
ment, normalized TFB-GA output was determined by dividing the observed fluorescence
by the ODggp. The ratio of TFB-GA output to ODggg was used to compensate for the
changes in cell density over time and between experiments (AU/OD).

Optimization of TFB-GA detection limit

To improve the TFB-GA upper limit, plasmids pJKR-H-cdaR-G10/RBS1-6 were transformed
into E. coli BL21 (DE3). The correct transformants were cultured in LB medium overnight
and then inoculated at 1% vol into a 96-well plate containing M9 medium supplemented
with 8-g/L glucose. After 4 h, expression of sfGFP was induced by adding various GA
concentrations in vitro. To assess the upper limit of TFB-GA-G10 and TFB-GA-R3, we
expanded the GA concentration and made a GA stock solution at a concentration of
200 g/L. A detailed description is shown in Table S6. TFB-GA-G10 and TFB-GA-R3 were
cultured in LB medium overnight and then inoculated at 1% vol into a 15-mL Eppendorf
(EP) tube containing 3 mL of mother liquor. After 4 h, various GA concentrations were
added to the EP tube. The normalized fluorescence intensity was then measured as
described above.

Percentage analysis of cell death

The CTM-SUMO-R3 and CTM-SUMO-G10 cells induced by 0-, 20-, 50-, and 100-g/L GA at
12 h were collected by centrifugation (4°C, 5 min, 5,000 rpm) and then washed twice
with cold PBS and resuspended to an ODggq of 0.1. Then, 5-uL 2-mg/mL Pl Red Dead
nucleic acid stain was added to the 95-uL sample. After incubating the sample at room
temperature, avoiding light for 30 min, the sample droplets were added to the slide, and
the coverslip was covered. Next, the cell fluorescence was measured by flow cytometry
within an hour. The phycoerythrin Pl channel of a BD FACSAria lll instrument was used for
determination. The voltage was set to 520 V according to the TFB-GA output induced by
0-g/L GA at 12 h. Each sample was recorded 20,000 counts at a flow rate of 0.01 mL/s. All
data were exported in FCS format and processed using FlowJo software (FlowJo, LLC).

Screening of GA high-titer strains based on TFB-GA and miox mutation

To achieve the high-throughput screening of GA high-titer strains, the TFB-GA and
plasmid pRSF-MIU or pRSF-M-MIU were transformed into E. coli BL21 (DE3) cells for
obtaining the control strain and the mutation strains (Ms) (s = 1-84). After overnight
incubation, the control strain and the 84 mutant strains were inoculated into 15-mL
centrifuge tubes containing 2-mL LB medium supplemented with 100-pug/mL ampicillin
and 50-pg/mL kanamycin, and cultured for 10 h. Then, a 200-pL aliquot was then
transferred into a 15-mL centrifuge tube containing 2-mL M9 medium supplemented
with 3-g/L glucose, 1-g/L myo-inositol, 100-pg/mL ampicillin, and 50-pg/mL kanamycin.
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After 4 h, cultures were induced with 0.1-M IPTG and grown overnight at 30°C. The
broth was diluted to an ODggg value of ~0.5 and transferred to a 96-well plate. Finally,
the normalized fluorescence intensity was measured as described above. The remaining
bacteria were added to the same volume of 30% glycerol and stored at —80°C.

Assay conditions for glucaric acid production

Cell culture samples (1 mL) were collected by centrifugation at 12,000 x g for 10 min,
and supernatants were used for detection following passage through a 0.22-pym filter
membrane. Metabolites such as myo-inositol and GA were measured by HPLC (Hitachi,
Japan) equipped with an HPX-87H column (Bio-Rad, Hercules, CA, USA). The mobile
phase was 5-mM H,SOy; the flow rate was 0.6 mL/min; and the column temperature was
maintained at 30°C. Myo-inositol and GA were measured by a refractive index detector.
The reported myo-inositol and GA concentrations were the average of two samples, and
the error bars represent the means + standard deviations.

Fermentation conditions in shake flask

For fermentation in shake flasks, JM109 strains containing GA bioselector and production
pathway plasmids stored at —80°C in 30% glycerol were first activated on LB agarose
plates supplemented with appropriate antibiotics. After cultivating overnight, plasmids
were extracted separately and transformed into E. coli BL21 (DE3) cells. Single colonies
were cultivated overnight in LB medium at 37°C and diluted 1:100 into 250-mL shake
flasks containing 50-mL YP medium. When the ODggy value reached 0.8 following
incubation at 37°C, 1-mM IPTG was added, and culturing continued at 30°C. For TFB-
GA output measurements, cultures were diluted 1:100 into M9 medium after growth
overnight in LB medium and incubated at 37°C. After 6 h, the 150-uL sample of
logarithmic growth cells was transferred to the 96-well plate, and the normalized TFB-GA
output was measured as described aboves. Strains BL21-(pJKR-H-cdaR-RBS3)-(pRSF-MIU)
(CM-R3), BL21-(pJKR-H-cdaR-RBS3)-(pRSF-sumo-MIU) (CM-SUMO-R3), BL21-(pJKR-H-cdaR-
tetA-RBS3)-(pRSF-MIU) (CTM-R3), and BL21-(pJKR-H-cdaR-tetA-RBS3)-(pRSF-sumo-MIU)
(CTM-SUMO-R3) were fermented using the above methods.

Fermentation conditions in a 5-L bioreactor

GA production was conducted for culturing cells at 37°C and for inducing gene
expression at 30°C with 1.5-vvm aeration, 400-rpm agitation, and 1-mM IPTG in a
5-L bioreactor (Baoxing, Shanghai, China). The fermentation strategy involved initial
culturing at 37°C. During the first stage, 2% of the working volume seed culture was
inoculated into the bioreactor and appropriate antibiotics were added. During the
second stage, IPTG and 11-g/L myo-inositol were added into the YP medium once
the ODggg value reached ~1, and the culturing temperature was decreased to 30°C.
During the third stage, tetracycline at a final concentration of 15 mg/L was added to
the bioreactor. The pH was maintained at 7 by online measurement using a pH sensor
and the addition of 2-M NaOH. The aeration and agitation rates varied according to the
different conditions.
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