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ABSTRACT: The successful evolution of metabolite-producing microbes requires a high-
throughput screening method to obtain the desired properties within a short time. In this study,
we developed a transcription-factor-driven device that combines a metabolite-responsive
element and a selection module. This device was able to specifically sense intracellular L-
phenylalanine (L-Phe) and convert this signal into an observable phenotype. Applying this
device, we successfully improved L-Phe production by screening hyperproducing phenotypes
from a ribonucleotide binding site library and a random mutagenesis library. In addition, several
site mutations introduced by random mutagenesis were identified and elucidated to facilitate the
improvement of L-Phe production. Our results present a paradigm for screening of compounds
that are not easily observable to raise the yield of targeted compounds from a large candidate
library. This approach may guide further applications in rewiring metabolic circuits and facilitate
the directed evolution of recombinant strains.
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Recently, much attention has focused on the recombination
of microorganisms to produce small molecular com-

pounds with great additional value.1−5 Because conventional
strategies do not always generate the desired levels of
production as a result of incomplete information about the
physiological and genetic background of the microorganisms,
improving the yield of target products is often a daunting task.
Compared with rational design approaches, a strategy that
includes random mutagenesis by the creation of mutant
libraries and high-throughput screening (HTS) may be more
effective in finding and evolving phenotypes of interest.6,7

However, only some conspicuous compounds can be accurately
detected by conventional high-throughput colorimetric8,9 and
fluorometric assays,10 and inconspicuous compounds without
an obvious signature cannot be detected using current HTS
technology.
Organisms take full advantage of the malleability of protein

structure to employ macromolecules as reporters whose
functional roles depend on the presence of specific ligand
molecules. Inspired by these natural mechanisms, several
natural molecular devices have been engineered to monitor
inconspicuous small molecules in vivo.7,11,12 One promising
strategy is to utilize transcription factors (TFs) in a biosensor
device for HTS of inconspicuous compounds.13 In this strategy,
effector molecules activate the transcription of a regulated gene,
so the signal increases when the effector is exogenously added
or endogenously generated. Thus, TFs can be used as biosensor
tools to monitor the elevated concentration of small
metabolites in vivo. Escherichia coli has more than 230 kinds
of transcription factors, providing a comprehensive candidate

pool to design biosensor tools to sense various metabolites.14

To date, TFs have been applied to sense sugars, vitamins,
antibiotics, amino acids, naringenin, benzoic acid-related
compounds, triacetic acid lactone, malonyl-CoA, and acyl-
CoA derivatives.9,14−20 This strategy offers flexibility, as the
effector of a particular TF can be switched to novel compounds
by engineering the structural characteristics of the initial
TF.13,21−23 For example, AraC, a natural biosensor of L-
arabinose, was successfully engineered to detect mevalonate
and D-arabinose, and by the application of the designed system
as a screening platform, mevalonate production was improved
to 17 mM in E. coli.21 Although the development of biosensor
devices for detection of small molecules is of growing interest,
few TFs have been adapted to compound measurement, and
the sensitivity and dynamic range of those biosensors limit their
further applications.
TyrP is a tyrosine-specific permease, and the tyrP promoter is

activated by the TyrR protein in the presence of L-Phe.24,25 In
this study, we attempted to utilize this native regulatory device
to monitor variations in the intracellular L-Phe concentration by
detecting a TyrR-controlled reporter gene. By means of this
strategy, an HTS platform with high sensitivity and wide
dynamic range was established to facilitate the characterization,
identification, and isolation of novel producers in high L-Phe
yield. This method enabled us to obtain a large amount of
novel phenotypes of interest from a mutant library in a short
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period of time and provided insight into the complex regulation
of the L-Phe biosynthesis pathway in E. coli.

■ RESULTS
Design and Characterization of a Novel L-Phe

Biosensor. A schematic diagram of the biosensor designed
in this experiment is presented in Figure 1a. This biosensor

consists of two modules: a transcription factor device that
activates the expression level of the downstream gene by the
elevated concentration of ligand metabolites (module I in
Figure 1a) and a reporter module that serves as a selecting
marker to allow high-throughput screening (module II in
Figure 1a). This biosensor can sense elevated concentrations of
cytoplasmic L-Phe and activate the expression level of yellow

Figure 1. Design and characterization of the Phe-based biosensor. (a) Schematic diagram of the principle of the TF-driven biosensor. Cells with
wild-type levels of effector amino acids present a background level of YFP fluorescence (upper panel). Increased intracellular concentrations of L-Phe
could enhance the activation effect on the transcription level of PtyrP and result in an increase in the YFP expression level in cells (lower panel). (b).
Fluorescence microscopy images of cells carrying the pTF-TyrR1 sensor plasmid fed with 1 mM Phe-Phe dipeptide (lower row) and cells without
dipeptides (upper row).

Figure 2. Characterization and validation of the L-Phe biosensor in Phe-hyperproducing recombinant strains. (a) Cytosolic L-Phe concentrations of
five L-Phe producer strains. Different colors represent different strains. Error bars show the standard deviation of three independent cultures for each
strain. (b) Extracellular concentrations of L-Phe produced by the five recombinant strains in (a). (c) Fluorescence values of the five defined strains in
(a) carrying the pTF-TyrR1 sensor plasmid. (d) FACS results for the five strains mixed at equal OD. Strains exhibiting the top 1% of the
fluorescence values were selected by FCM. The screened strains were then cultivated on agar plates at 37 °C overnight and distinguished by PCR.
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fluorescent protein (YFP), which is detectable by flow
cytometry. By applying a dipeptide feeding assay, we artificially
altered the concentrations of intracellular L-Phe in E. coli DH5α
to confirm the function of this device. In view of the strict
regulation of the amino acid transport systems in E. coli, this
assay provided a more effective way to improve the cytoplasmic
L-Phe level.26 When dipeptides were added to the medium, the
peptides underwent active uptake through the peptide transport
systems and subsequent hydrolysis by cytoplasmic hydrolases,
which improved the intracellular L-Phe level and consequently
provided an appropriate substrate to activate the promoter.
When 1 mM Phe-Phe dipeptide was added to the medium, a

clear difference in YFP fluorescence strength was observed in E.
coli DH5α cells carrying the pTF-TyrR1 sensor plasmid (Figure
1b). This indicated that the sensor system was sensitive to the
elevated intracellular L-Phe concentrations and was capable of
reflecting this concentration difference by altered fluorescence
intensity. Samples without Phe-Phe showed a detectable
fluorescence value, which was attributed to the leaky expression
of YFP under the control of PtyrP. Moreover, there was a
corresponding rise in YFP fluorescence of E. coli DH5α cells
with increasing Phe-Phe dipeptide concentration (Figure S1a).
The well-behaved characteristics of this device suggest its utility
as a screening platform for selecting hyperproducing strains
from a large, physiologically diverse bacteria library.
Biosensor Response to Extracellular L-Phe. We next

investigated the correlation between the responsive fluores-

cence signal and the intracellular L-Phe concentration to
confirm the feasibility of this biosensor. The pTF-TyrR1 sensor
plasmid was transformed into HDH1 and four other defined
mutants that exhibited increased L-Phe productivity (Table S1).
The fluorescence value, optical density (OD), and L-Phe
production of each strain were measured every 12 h. The
growth conditions for the five strains were basically consistent
(Figure S2). The intracellular L-Phe level of HDH1 remained
under the limit of detection throughout the whole fermentation
process. The other four defined producers began to accumulate
L-Phe within 24 h and reached final cytosolic L-Phe
concentrations ranging from 5.75 to 60.01 mg/L (Figure 2a).
It was obvious that the concentration of extracellular L-Phe for
the five strains showed a positive relationship with the
intracellular L-Phe level (Figure 2b). The YFP fluorescence
values of the five strains were detected by flow cytometry
(FCM) at the end of the fermentation. As expected, there was
an obvious increase in specific YFP fluorescence in going from
HDH1 to HDH5 (Figure 2c,d). To evaluate the sorting
performance of the pTF-TyrR1 sensor plasmid, we sorted
colonies exhibiting the top 1% of the fluorescence values and
identified the selected colonies by PCR analysis. As shown in
Figure 2d, 74.17% of the sorted cells were identified as the
HDH5 strain, indicating that this biosensor was able to
effectively differentiate between different L-Phe producers and
sort the hyperproducing strains with high efficiency.

Figure 3. Optimization of TyrR-driven biosensors. (a) Effects of mutations in the tyrP promoter region on TyrR-mediated activation of PtyrP and
Pmtr. Three mutations were separately located in the space between the strong TyrR box and weak TyrR box, the −10 region, and the discriminator
box of the tyrP promoter. Solid squares represent mutations that were introduced into the promoter sequence, and hollow squares represent
unchanged sequence. (b) FACS results for two L-Phe producers (HDH3 and HDH5) using pTF-TyrR1 (b1) or pTF-TyrR4 (b2) as a screening tool.
(c) Fluorescence values of HDH3 carrying pTF-TyrR1 or pTF-TyrR4 plasmid and HDH5 carrying pTF-TyrR1 or pTF-TyrR4. (d) Differentiation
of the population distribution of an equal mixture of cells of two L-Phe producers by using pTF-TyrR1 or pTF-TyrR4 as a screening tool. After
sorting by FCM, cells were cultivated on agar plates, and PCR analysis was carried out to distinguish the two L-Phe producers.
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Improving the Sensitivity and Dynamic Range of the
Biosensors. Although TF-based fluorescence-activated cell
sorting (FACS) allows ultrahigh throughput in cell sorting, one
obvious disadvantage of this method is the overlapping
fluorescence profiles, which reduce the sorting efficiency and
have a high rate of false positives. One strategy to solve this
problem is to amplify the output fluorescence signals that
correspond to the specific metabolites. To test the feasibility of
this idea, three novel sensor plasmids containing different site
mutations in the TyrR regulation domain were constructed to
evaluate the sorting efficiency.27,28 As can be seen from Figure
3a, the strength of PtyrP in pTF-TyrR2, pTF-TyrR3, and pTF-
TyrR4 increased by 1.5-fold, 2.6-fold and 3.5-fold, respectively
compared with pTF-TyrR1. Although TyrR showed stronger
activation for Pmtr than PtyrP, the strength of the artificial tyrP
promoter was 2.3-fold higher than that of the mtr promoter
when three site mutations were introduced into PtyrP. The
fluorescence values of strains carrying different biosensor
plasmids in response to Phe-Phe are presented in Figure S1.
Compared with pTF-TyrR1, the sensitivity and dynamic range
of pTF-TyrR4 was significantly improved. Next, we selected
two L-Phe producers, HDH3 and HDH5, to evaluate the FACS
efficiency of the pTF-TyrR4 sensor plasmid. Strain HDH3
carrying pTF-TyrR1 or pTF-TyrR4 and strain HDH5 carrying
pTF-TyrR1 or pTF-TyrR4 were fermented in flasks for 48 h in
parallel. Strains carrying the same sensor plasmid were mixed at
equal OD and then analyzed by FACS. Compared with pTF-

TyrR1, the specific spectrograms of HDH3 and HDH5 were
effectively separated by utilizing pTF-TyrR4 as a screening tool
(Figure 3b). This might be explained by the obvious differences
between the HDH3 and HDH5 strains when carrying plasmid
pTF-TyrR4 (Figure 3c). After sorting by FCM, PCR analysis
was carried out to distinguish HDH3 and HDH5. The
proportion of HDH5 increased from 86.2% to 99.5% (Figure
3d) when pTF-TyrR4 was utilized as a screening tool in FACS,
demonstrating that pTF-TyrR4 was a more sensitive biosensor
for L-Phe and reduced the false-positive rate (the proportion of
HDH3) in screening.

Biosensor-Driven L-Phe Synthetic Pathway Optimiza-
tion. In our previous study, a quantitative proteomics approach
with iTRAQ LC−MS/MS technologies was applied to
investigate the metabolic flux in the HDH4 strain. The third
step of the shikimate (SHIK) pathway, catalyzed by AroD, was
demonstrated as the rate-limiting step for L-Phe production
(unpublished data). Additionally, it is difficult to determine the
optimized expression level of aroD to maximize the L-Phe
production. To solve this problem, we constructed a
ribonucleotide binding site (RBS) library with seven random
nucleotides in the RBSs of aroD and screened for the ideal
phenotype with optimal expression level of AroD (Figure 4a).
A pool of pTrc99a-derivative plasmids carrying the RBS library
was transformed into the HDH4 strain harboring pTF-TyrR4
plasmid. Strains that were not subjected to FACS were selected
randomly and used as a control group. The FACS-selected and

Figure 4. Optimization of the L-Phe biosynthetic pathway driven by the biosensor. (a) Flow diagram of the high-throughput screening experiment
for selecting ideal phenotypes from an RBS library. The library was constructed in the pTrc99a vector by introducing seven random sequences in the
RBS of aroD and then transformed into the HDH4 strain. After fermentation in a shake flask, strains were collected and treated by FACS analysis.
(b) Fermentation results of FACS-selected colonies (green dots) and random-selected colonies (blue dots). (c) Comparison of phenotypes of
random-selected colonies (I) and FACS-selected colonies (II). (d) Means of fluorescence values for HDH4, HDH4 carrying pTrc-aroD-lib, and
strains selected from the RBS library. (e) Relative expression level of AroD in randomly selected strains (blue columns) and FACS-selected strains
(green column).
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randomly selected strains were separately cultivated in 96-well
microplates. As expected, the growth rates of randomly selected
cells showed significant variation due to the different expression
levels of AroD. The L-Phe production peaked as the OD
gradually increased to 22 but decreased when the biomass
further increased (Figure 4b). We assumed that there was a
trade-off between the accumulation of biomass and the
production of target compounds in the bacteria. This is likely
because as the expression level of AroD increased, excessive
E4P and PEP entered the L-Phe synthesis pathway, and the
carbon sources utilized for cell growth were drastically reduced.
Also, a high concentration of intermediate metabolites
accumulated in the L-Phe pathway and caused cell damage. In
contrast, FACS-selected strains maintained a consistent growth
rate (Figure 4b,c). The fluorescence value of strains harboring
library plasmids was improved by 1.3-fold, and the FACS-
selected strains significantly improved by 2.95-fold. (Figure 4d).
Through sequencing, the optimal RBS sequence of aroD in the
HDH4 strain was “ATATACT”. The L-Phe production of the
highest-producing strain was 5.79 g/L (HDH6), approximately
180% higher than the initial strain HDH4.
To further investigate the relationship between the

expression level of AroD and L-Phe production by the HDH4
strain, we selected colonies with various growth rates to
determine the expression levels of AroD. GFP was positioned
downstream of the RBS of aroD as a reporter. As shown in
Figure 4e, the L-Phe production showed a parabolic correlation
with varying AroD flux. This verified our assumption that an
excessive level of AroD caused a metabolic burden for cell
growth, which ultimately lowered the L-Phe production. Our
results were in an agreement with a previous study on predicted
flux distributions responding to varying ppc flux in E. coli.29

These results demonstrated that the strains with the optimal

aroD expression level for L-Phe production could be effectively
enriched and sorted from a large pool of candidates with the
biosensor plasmid.

Use of the Biosensor To Screen Hyperproducing
Strains from a Random Mutagenesis Library. We next
investigated the feasibility of the sensor for screening
hyperproducing strains from a random mutagenesis library.
FACS is widely used because of its ultrahigh efficiency, but
overlapping fluorescence profiles and anomalous fluorescence
in vivo due to the heterogeneity of cells during different growth
periods may complicate the interpretation of FACS results. To
avoid this problem, we used plate-based resistance screening.
Compared with the instantaneous detection by FCM, screening
on agar plates is a longer process that can effectively minimize
the eventuality of an anomaly. To do this, we substituted YFP
with the resistance gene strA as a selection marker for HTS.
The feasibility and practicality of this novel reporter were
confirmed by the agar-plate screening test (Figures S3 and S4).
In order to obtain a genome-wide perturbation mutant library,
HDH6 strains were treated with atmospheric and room-
temperature plasma (ARPT) according to the operation
manual. For the first step of screening, we cultivated the
mutants on the agar plate containing 50 μg/mL streptomycin
after mutagenesis by ARPT. For the second screening step, we
applied a rapid fluorescence measurement method to detect the
L-Phe concentrations in 96-well microtiter plate broth.30 The
accuracy of the optimized method was evaluated by comparing
the fluorescence results and HPLC results (Agilent 1260)
(Figure S5). In a parallel control, colonies grown without
streptomycin selection were cultured under the same
conditions for comparison.
As shown in Figure S6, after four rounds of mutagenesis by

ARTP and agar-plate screening, a total of 378 colonies were

Figure 5. Fermentation results for HDH6-D12 and its derivative strains produced by back mutation. (a) Growth conditions of HDH6-D12 and eight
derivative strains. An asterisk on the gene indicates that the strain was reconstructed by back mutation on that gene. (b) Fermentation results for
HDH6-D12 and the eight derivative strains in (a). (c) Comparison of promoter strengths of yddGwt and yddGmut. The promoters of yddGwt and
yddGmut were separately ligated into pUC18 harboring YFP as a reporter. The YFP fluorescence values were detected every 1 h. (d) Comparison of
promoter strengths of aroFwt and aroFmut. Promoter sequences of aroFwt and aroFmut were cloned into pUC18 harboring YFP as a reporter.
Fluorescence values were measured every 1 h.
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selected from the random mutagenesis library. After
fermentation in 96-well microtiter plates, around 68.9% (262/
380) of the mutants produced higher L-Phe than the initial
strain and less than 2% (6/380) of the colonies in the control
group showed higher L-Phe production. The highest
production of the selected strain (HDH6-D12) was 9.29 g/L,
an increase in L-Phe production of 160.2% relative to the
parental strain HDH6. These results confirmed that this
biosensor system substantially simplified the process, shortened
the screening period, and ultimately increased the positive rate
of the high-throughput selection.
Elucidation of Evolved Enzyme in the L-Phe Biosyn-

thesis Pathway. For a strain with enhanced metabolic flux
toward targeted compounds, the evolution of enzymes involved
in the synthesis pathway is a key step because improved
enzyme activity could increase the supply of the intermediate
metabolite and ultimately improve the productivity of targeted
compounds. Thus, we performed whole-genome sequencing on
the HDH6-D12 strain, which was the highest-yielding strain
selected from the genomic library. The results showed that a
total of 41 single-nucleotide polymorphisms (SNPs) were
observed in the genome of HDH6-D12 (their sequences are
shown in Table S4). To elucidate the high-yield mechanism for
the HDH6-D12 strain, we reconstructed a series of strains
derived from HDH6-D12 by introducing individual back
mutations into the chromosome. The back-mutation experi-
ment was performed using CRISPR-Cas9-mediated genome
editing as described by Zhao.31

As illustrated in Figure 5b, the specific mutation in tktA
(A524T) caused a decrease in L-Phe productivity from 9.28 to
8.01 g/L. One possible explanation is that the decreased
enzyme activity in TktA decreased the amount of intracellular
E4P. SNPs in pntB (A167T) and sthA (A145 V) also showed
direct contributions to the improvement of L-Phe production in
HDH6-D12. The L-Phe production of the HDH6-D12-pntB*

and HDH6-D12-sthA* strains decreased to 7.61 and 7.32 g/L
respectively. We speculate that the increased activities of
mutant SthA and PntB promoted the conversion from NADH
to NADPH, which was necessary but insufficient for the L-Phe
biosynthesis pathway in recombinant strains.32 Overexpression
of sthA or pntAB has been widely applied in recombined
bacteria for producing NADPH-dependent compounds.33,34 In
addition, the back mutations of gatD (E308*) and zupT
(W38*) resulted in losses of 5.1% and 9.4% in L-Phe
production, respectively.
Of particular interest were SNPs in acetohydroxy acid

synthase (AHAS), the first common enzyme in the branched-
chain amino acid biosynthesis pathway, and encoded by ilvH
and ilvI (ilvH L9F and ilvI A82 V). The SNP in ilvH is located
in the putative effector binding site at the interface between the
two ferredoxin-like domains, near the interface between the N-
terminal domains of the two chains that forms the regulatory
domain. The nonpolar valine side chain fit into a hydrophobic
pocket formed by Leu9, Leu16, Val35, and other residues.35,36

A schematic diagram of the proposed location of the substrate-
binding site on ilvH was simulated using the UCFS Chimera
software (Figure 6a). We predicted that the replacement of
Leu9 with a Phe residue would increase the pyruvic acid
resistance because the large volume of Phe would prevent
substrate binding in the pocket (Figure 6b,c). Not surprisingly,
the enzyme activities of ilvHmIm and ilvHmIw dramatically
declined to 24.2% and 61.3% compared with ilvHwIw (Figure
6d). The L-Phe production also decreased when ilvHw was used
in place of ilvHm (Figure 6e). We speculate that the SNP in
ilvH interfered with the binding of the substrate to the effector
site of AHAS because of the larger volume of the Phe residue,
resulting in a decrease in the enzyme activity of AHAS. The
mutated enzyme subsequently reduced the consumption of
intracellular pyruvate by weakening the reaction of pyruvate in
the branched-chain amino acid pathway and consequently

Figure 6. Relative activities of wild-type and mutant AHAS and the impact of mutation on L-Phe production. (a) Schematic diagram of suggested
effector sites for binding pyruvic acid (marked with the red ellipse). This diagram is based on the published structures of AHAS from the Protein
Data Bank (http://www.rcsb.org/pdb/home/home.do). All of the images were generated using the UCFS Chimera software. (b) Schematic diagram
of the wild-type nonpolar side chains of Leu9. (c) Schematic diagram of the mutant nonpolar side chains of Phe9. (d) Relative activities of wild-type
and mutant AHAS containing ilvHm or ilvIm. (e) Fermentation results for HDH6-D12 and its three defined mutants. All of the fermentation
experiments were carried out in triplicate.
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limited the consumption of PEP to form pyruvate and
increased the amount of PEP available for L-Phe synthesis in
vivo.
Altering the Transcription Level of Key Enzymes To

Improve L-Phe Production. Notably, one SNP was found in
the promoter region of yddG, encoding an aromatic amino acid
exporter protein. To determine whether this mutation was able
to improve L-Phe secretion, we separately cloned the mutant
and wild-type promoter sequences into pUC18 harboring yfp
as a reporter (Figure S7). As shown in Figure 5c, the mutant’s
promoter showed higher activity than that of the wild type
within 6 h, indicating that HDH6-D12 was able to effectively
excrete intracellular L-Phe to the broth during fermentation.37

Another point mutation was located at the third TyrR box in
the promoter region of aorF.24 As can be seen from Figure 5d,
the promoter strength of aroFmut was roughly 1.4 times higher
than that of aroFwt when 2 mM Tyr was added to the medium.
This mutant TyrR box was confirmed to remove the feedback
inhibition by TyrR in the presence of Tyr (Figure 5d). The
expression level of the mutant was 1.3 times higher than that of
the wild type, indicating a higher carbon flux toward the L-Phe
synthesis pathway in HDH6-D12.
One particular phenomenon we observed was that HDH6-

D12 exhibited slower glucose consumption in a 5 L fermenter
compared with the HDH6 strain (data not shown). This may
have improved the productivity of L-Phe because a low rate of
glucose uptake could efficiently avoid the surplus PEP pouring
into the TCA cycle. Since no SNP was found in the pts
(phosphoenolpyruvate: carbohydrate phosphotransferase sys-
tem) operon, we assumed that the SNP in the transcriptional
regulator FruR (E173K) enhanced the repression of pts operon
transcription. To test this hypothesis, we constructed the f ruR
gene back mutant, HDH6-D12-fruR*. The L-Phe production of
HDH6-D12-fruR* was reduced by 15.7% compared with that
of HDH6-D12 (Figure 5b), and the OD of this mutant was
even higher than of HDH6-D12 (Figure 5a). To further verify
the effect of f ruR, we used an E. coli strain with the
chromosomal f ruR gene deleted, BW25113 ΔfurR, transformed
with pTrc99a plasmids overexpressing f ruRwt and f ruRmut to
produce BWFruR and BWFruRM, respectively (Figure S8).
The transcription levels of ptsG, ptsH, ptsI, and crr in
BWFruRM showed a dramatic decline compared with the
transcription level in the BWFruR strain as measured by real-
time PCR analysis (Figure 7). These changes in the
transcription level of the pts operon are likely responsible for
the observed low rate of glucose consumption during
fermentation.
Overall, this biosensor tool enabled us to elucidate the

mechanism in four aspects of the pathway to achieve high-yield
production: (1) the evolution of key enzymes, (2) moderate
attenuation of the branch pathway, (3) enhancing the
transcription level of key enzymes, and (4) engineering the
regulation function of a global transcription factor. As shown in
Figure 8, in addition to the SNPs that improved L-Phe
production (red bold italic), several other SNPs had potential
impacts on L-Phe formation (black bold italic). These genes
were involved in the following metabolic processes: ion channel
proteins (amtB and clcB), phosphotransferase systems (srlE,
mtlA, and ompR), ABC transporter systems (proW, sgcC, and
malK), the central metabolic pathway (mqo, aceA, aceK, and
pykA), stress-tolerant proteins (phoQ, mtlD, phoR, degQ, and
yhjA), protein secretion (gspC and gspJ), and physiological-
related proteins ( f tsI, ef P, and f lhD). We inferred that these

SNPs might play multiple functions in reducing the
consumption rate of glucose to improve productivity, secreting
cytoplasmic L-Phe into the culture medium, or assisting the
strains to survive in the harsh fermentation environment
containing high-titer products and other harmful intermediates
or byproducts. A better understanding of the regulatory
mechanisms of the overproducing strains requires future
research.

■ DISCUSSION
Organisms have evolved varied sensors to bind small
cytoplasmic molecules. Among these devices, transcription-
factor-driven biosensors have wide application in metabolic
engineering to optimize synthetic pathways, reshape pheno-
types, and reprogram cellular behaviors.38−40 These devices
offer many advantages. First, the small ligand molecules of a
certain transcription factor are highly specific to a specific
promoter, so the rate of false positives in the HTS can be
maintained at a low level. Second, the TF−promoter pair allows
in vivo detection of the target compounds, which eliminates the
need for any in vitro manipulation. Third, the sensitivity of the
TF biosensors is fairly comparable to that of NMR spectros-
copy.6 Because of the hypersensitivity and specificity of the TF-
based biosensor, various genetic devices have been applied to
optimize the synthetic pathway and predict the potential
bottlenecks of targeted metabolites.14,16,41 However, few efforts
to improve the sensitivity and response range of these natural
biosensors have been made. In this study, we created a
synthetic TF−promoter pair biosensor, the sensitivity and
dynamic range of which were significantly improved relative to
those of the original module. Applying this device as a
screening platform, we successfully improved the titer of L-Phe
by optimizing the expression level of a key enzyme in the L-Phe
biosynthesis pathway (Figure 4). In addition, we also
investigated the applicability of this biosensor by screening
high L-Phe producers from a random mutagenesis library. Our
results clearly demonstrated that this novel Phe-responsive
device functioned as an efficient screening tool for the
improvement of L-Phe production in E. coli.
An important parameter describing the performance of

biosensors is the apparent hill (Napp),
21 which is used to

describe the sensitivity of sensors. According to the definition
of Napp, a stronger activation effect of the TF−promoter pair

Figure 7. Relative transcription level of pts operon genes in BWFruR
and BWFruRM as determined by real-time PCR. Experiments were
conducted in triplicate, and measurements are represented as means
with their standard deviation.
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results in greater sensitivity and a wider range. TyrR activates
both tyrP and mtr in the presence of L-Phe, and TyrR showed a
stronger activation effect on Pmtr than PtyrP.

24 However, pTF-
TyrR4 was chosen as the optimal biosensor in the HT
screening because of its higher signal response toward L-Phe. As
shown in Figure S1, the sensitivity of pTF-TyrR4 was nearly 15
times higher than pTF-TyrR1. The detection threshold of pTF-
TyrR4 was 0.1 mM Phe-Phe, but 1 mM Phe-Phe was required
for pTF-TyrR1. These differences explain why a higher positive
rate was obtained in the high-throughput screening using pTF-
TyrR4 (Figure 3d).
Although some progress has been made to increase

production of L-Phe in E. coli,41−44 targeted modifications to
improve the production have shown only moderate success for
the isolation of high-yielding recombinant strains. By using
biosensors in an HT screening, we were able to obtain a myriad
of cells presenting increased intracellular concentrations of the
effector amino acid. Compared with conventional strategies
such as overexpressing or knocking out targeted genes in E. coli,
the SNPs identified in our study were confirmed to play a key
role in the hyperproduction. To our knowledge, the SNPs in
aroF, yddG, ilvH, tktA, sthA, pntB, and f ruR were not previously
reported to improve L-Phe production in E. coli. These SNPs
functioned by altering transcription levels and enzyme activities
and enhanced the metabolic flux toward L-Phe generation. In
addition, several unknown SNPs merit further research. For
instance, an interesting phenomenon was observed in an
analysis of the metabolic perturbation of HDH6-D12 by the
addition of surplus L-Phe to the medium. We observed that
most of the genes involved in the L-Phe synthesis pathway were
abnormally upregulated as the concentration of L-Phe increased
(Figure S9). In addition to TyrR, it has been reported that the
L-Phe biosynthetic pathway could be regulated by the CpxA/

CpxR transcriptional regulator, leucine-responsive regulatory
protein,45 and the CRP-cAMP DNA-binding transcriptional
dual regulator.46,47 Since no variation was found in these
transcriptional regulators, we assume that the other SNPs that
were not identified may be responsible for this phenomenon.

■ METHODS
Bacterial Strains, Plasmids, and Cultivation Medium.

The E. coli strains and plasmids used in the study are listed in
Table S1. Strain HDH1 was derived from E. coli W3110 and
stored in our lab.48 E. coli strains DH5a and BL21 (Transgene,
Beijing) were used for cloning and expression. The pET28a
plasmid was used to express and purify the proteins for analysis
of enzymatic activities. The pTrc99a plasmid was used to
overexpress the genes involved in L-Phe producers. The
pREDCas9 plasmid was a kind gift of Xueming Zhao (Tianjin
University, China) and was used for genome editing in E. coli.
The pSenlys plasmid was a kind gift of Lothar Eggeling
(Forschungszentrum Jülich GmbH, Germany) and was
employed for the construction of the L-Phe biosensors reported
here.
Individual colonies were cultivated in 500 μL of LB medium

overnight in 96-well deep-well assay blocks (Corning Costar
3960, square V-bottom, 2 mL) and subsequently incubated in
500 μL of fermentation medium (20 g/L glucose, 10 g/L
(NH4)2SO4, 5 g/L KH2PO4, 5 g/L MgSO4, 4 g/L yeast extract,
15 mg/L FeSO4·7H2O, 15 mg/L MnSO4·H2O, and 1 g/L
betaine monohydrate) at 37 °C, 900g, 80% humidity for 48 h in
a Microtron shaker (Infors, China). For shake flask
fermentation, a colony selected from the agar plate was
inoculated in LB medium overnight and then transferred into a
500 mL flask containing 20 mL of fermentation medium for 48
h at 37 °C. For cultivating strains in a 5 L fermenter (BioFlo/

Figure 8. System-wide interpretation of the high-yield mechanism for the HDH6-D12 strain with the implementation of SNPs introduced by
random mutagenesis. SNPs that were demonstrated to facilitate the improvement of L-Phe production are shown in red bold italic, and SNPs with a
potential impact to improve L-Phe production are shown in black bold italic. Thick red arrows indicate that the metabolic flux was increased, while
the thick green arrow indicates that the metabolic flux was decreased in HDH6-D12. Abbreviations: Glu, glucose; PEP, phosphoenolpyruvic acid;
G6P, glucose-6-phosphate; 6PGNL, 6-phospho D-glucono-1,5-lactone; E4P, erythrose-4-phosphate; PYR, pyruvic acid; DAHP, 5-enolpyruvoyl
shikimate 3-phosphate; Tyr, tyrosine; Phe, phenylalanine; Ile, isoleucine.
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CelliGen 310, Eppendorf, Germany), strains that were
cultivated in LB medium overnight were inoculated into the
seed culture (20 g/L glucose, 10 g/L (NH4)2SO4, 1.5 g/L
KH2PO4, 5 g/L MgSO4, 4 g/L yeast extract, 15 mg/L FeSO4·
7H2O, 0.5 g/L sodium citrate, and 100 mg/L VB1, 1:50 v/v)
for 7 h at 37 °C and then inoculated into a 5 L fermenter
containing 3.5 L of culture (1:10 v/v). During batch-phase
fermentation, the pH was maintained at 7.0 with 10% NH4OH
solution. The temperature was initially set at 33 °C and then
increased to 38 °C when the OD600 reached 30 to induce the
expression of key enzymes in the plasmid. The dissolved
oxygen gradually decreased to 40% and was kept constant by
cascading the aeration rate from 5 to 20 vvm (air volume/
culture volume/min) and the agitation speed. When the initial
glucose in the medium was exhausted, glucose feeding was
performed using a peristaltic pump. Samples were collected
every 2 h to determine the OD, the residual glucose, and the
concentration of L-Phe.
Design and Optimization of Biosensors. Recombinant

DNA procedures, including PCR, digestion, and ligation, were
performed according to standard protocols. For construction of
pTF-TyrR1, the tyrR gene, the first 200 nucleotides of tyrP, and
the promoter of tyrP were amplified and ligated into pSenlys.
For construction of pTF-TyrR2, three nucleotides were
inserted between the strong TyrR box and weak TyrR box in
the tyrP promoter on pTF-TyrR1. pTF-TyrR3 was obtained by
introducing a site mutation in the −10 region of the tyrP
promoter on pTF-TyrR2. Three nucleotides were changed
from GCC to ATA in the discriminator sequence of tyrP
promoter in pTF-TyrR3, creating pTF-TyrR4. The detailed
sequences of the four biosensor plasmids are listed in Table S3.
Dipeptide Feeding Assay. A single colony was inoculated

into LB medium and grown at 37 °C overnight. Cells were
washed twice with PBS and inoculated into fresh M9 medium
in 96-well plates. The dipeptide feed assay allowed the assay of
peptide uptake and amino acid excretion and was initiated by
addition of Phe-Phe to the medium. Cells were collected in the
next 30 min and resuspended in cold PBS solution. The
fluorescence value was measured by flow cytometry (FCM)
(MoFlo XDP, Beckman, USA) and used to detect intracellular
L-Phe concentration as described below.
Preparation of Cell Extracts To Detect Intracellular L-

Phe Concentration. To prepare cell extracts, 500 μL of cell
suspension was precipitated by centrifugation in a tube
containing 100 μL of silicone oil. After disruption by sonication,
cell pellets were resuspended in 200 μL of perchloric acid (20%
v/v) by gentle vortexing. Extracts were neutralized by addition
of 200 μL of Na2CO3 to remove membrane materials and
denatured proteins by centrifugation. The supernatant was
subsequently filtered through a filter membrane (0.22 μm) and
stored at −20 °C. HPLC analysis was carried out according to
the manufacturer’s protocol.
Determination of L-Phe Production in 96-Well Micro-

titer Plates. L-Phe production in fermentation broth was
measured by the optimized fluorescence assay.30 L-Phe interacts
with the ninhydrin in the acid solution containing certain
dipeptides, and the fluorescence is enhanced and stabilized by
Cu2+. After cultivation in a 96-well deep-well assay block, cells
were centrifuged at 10000g for 1 min. Next, 50 μL of
supernatant was transferred to a new 96-well microtiter plate
containing 50 μL of succinic acid buffer (0.3 M, pH 5.8), 150
μL of ninhydrin (30 mM), and 50 μL of Gly-Ile (5 mM). After
reaction at 60 °C for 2 h, 40 μL of Cu2+ stabilizer (160 g/L

Na2CO3, 6.5 g/L C4O6H4KNa, and 6 g/L CuSO4) was added
to the solution to enhance the fluorescence. The fluorescence
was measured by a microplate reader system (HITACHI).

Generation of the Synthetic RBS Library. The synthetic
promoter library was generated using degenerate primers, in
which “N” represents a random nucleotide (c/g/a/t) and “R”
represents “a” or “g”. The primer sequences are as follows:
aroD-LF (5′- CCG GAATTC TTGACAAGAGATAA-
CAACGTTGATATAATTGAGCC CGTATTGTTAGCATG-
TACGTTTAAAC CAGGAGRNNNNNN ATGAAAACCG-
TAACTGTAAAAGATCT); aroD-LR (CCG GGTACC
TTATGCCTGGTGTAAAATAGTTAAT). The aroD gene
was amplified from the E. coli K-12 genome using these
primers and subsequently inserted into the pTrc99a vector to
produce pTrc- aroD-lib. The plasmid library was then
transformed into HDH4 strain and sorted by FCM. The top
1% of strains exhibiting the highest fluorescence were collected
in a 96-well microtiter plate. Additionally, colonies were
selected randomly from the library and served as comparisons.

Construction of the Random Mutagenesis Library and
High-Throughput Screening. In order to screen the mutants
on solid media, the reporter gene on pTF-TyrR4 was first
replaced by strA conferring streptomycin resistance, affording
pTF-TyrR5. The HDH6 strain carrying pTF-TyrR5 was
cultivated in LB medium overnight and inoculated into fresh
LB medium at a ratio of 1:200. Cells were grown until the
OD600 reached 1.0, and then the cells were centrifuged and
resuspended in PBS. The suspension was treated with an
atmospheric and room-temperature plasma (ARTP) biological
mutagenesis system (ARTP-II, Beijing) according to the
provided manufacturer’s instructions. The agar-plate screening
was performed as follows: First, the optimized mutation time of
the HDH6 strain was determined with the criterion that the
mortality was roughly 90%. The range of the mutation time was
from 10 to 20 s, and the mutation time was set within every 1 s.
Second, the mutants were then cultivated on agar plates
containing a wide range of streptomycin concentrations (from
0 to 60 μg/mL), and the optimal concentration of streptomycin
was determined with the standard that the mortality was over
99%. More briefly, fewer than 50 colonies grew on the agar
plates when approximately 5000 mutants were cultivated. The
colonies that survived on the plate were fermented in a 96-well
microtiter plate, and the L-Phe production was measured by the
fluorescence assay.

Construction of Back Mutants of HDH6-D12 by
CRISPR-Cas9-Mediated Genome Editing. The back-muta-
tion experiment was operated according to the CRISPR-Cas9-
mediated genome editing assay previously reported by Zhao.31

Taking the back mutant of ilvI as an example, the 20 spacer
sequence for the ilvI gene was synthesized in the primer Cas-
ilvI-N20-LF and Cas-ilvI-N20-LR. To construct the gRNA
plasmid pCas-ilvI, a PCR product was obtained by amplification
of pREDCas9 using the primers Cas-ilvI-N20-LF and Cas-ilvI-
N20-LR, transformed into E. coli DH5α, and cultivated at 30
°C overnight. The positive clones were selected and verified by
PCR and DNA sequencing. To construct the double-strand
donor DNA (dsDNA), two homologous arms were separately
amplified and were fused together by fusion PCR. This dsDNA
contained two site mutations, the back-mutation site of ilvI and
a synonymous mutation in the “NGG” PAM sequence so the
recombinant strains were not killed by Cas9-mediated digestion
and no new SAP was introduced into the genome. A
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diagrammatic sketch of the primers for dsRNA is shown in
Figure S10.
gRNA plasmid (100 ng) and donor dsDNA (100 ng) were

transformed into electrocompetent cells, and the electro-
poration parameters were 0.1 cm cuvette and 1.70 kV (Bio-
Rad MicroPulser). Cells after electroporation were cultivated in
1 mL of LB medium for 2 h prior to plating on LB plates
containing 0.2% arabinose overnight. To improve the editing
efficiency, colonies that survived on the agar plate were then
recultivated in LB plates containing 0.2% arabinose. Strains that
survived were selected and verified by PCR and DNA
sequencing. The primers used in this study are listed in
Table S2.
Construction of Plasmids for Verifying the Function

of SNPs. To construct the plasmids pUC18-yddGwt and
pUC18-yddGmut, the promoters accompanying the first 120
base pairs of yddGwt and yddGmut were separately amplified from
the genome of E. coliW3110 and HDH6-D12, and the yfp gene
was amplified from pSenlys. The gene fragments were then
fused with the yfp gene by fusion PCR. Next, the pUC18
plasmid and the PCR fragments were digested by SalI and
BamHI and ligated by T4 ligase at room temperature for 3 h.
The plasmid profile of pUC18-yddGmut was the same as that of
pUC18-yddGwt except for the introduction of the site mutation
in the yddG gene. The construction of pUC18-aroFwt and
pUC18-aroFmut was the same as that of pUC18-yddGwt. To
construct pTrc-fruRwt and pTrc-fruRmut, the f ruRwt and f ruRmut
genes were amplified from the genome of E. coli W3110 and
HDH6-D12 and ligated into pTrc99a vector according to the
previous description.
Enzymatic Activity Analysis of AHAS. The enzyme

activity of acetohydroxy acid synthase (AHAS) was determined
using the published assay.49 Both ilvH and ilvI were separately
ligated into the pET28a vector and expressed in E. coli BL21.
The crude enzyme extract was added to 1 mL of reaction buffer
containing 100 mM sodium pyruvate, 0.2 mM thiamine
pyrophosphate, 100 μM flavin adenine dinucleotide (FAD),
and 10 mM MgCl2. The reaction was initiated by addition of
100 μL of crude extract to 900 μL of reaction mixture, and then
the reaction mixture was incubated at 37 °C for 20 min. The
reaction was terminated by addition of 100 μL of 3 M H2SO4.
The generated acetoin was measured by addition of 1 mL of
0.5% creatine and 1 mL of α-naphthol solution, incubation at
65 °C for 20 min, and measurement of the optical density at
525 nm. The AHAS activity was defined as the amount of
enzyme required for the formation of 1 mole of 2-aceto-2-
hydroxybutyrate per minute at 37 °C.
Quantitative Real-Time PCR Analysis. A single colony

was isolated from a freshly streaked selective plate and
inoculated in 5 mL of LB medium at 37 °C overnight. Cells
were transferred into 5 mL of LB medium at a ratio of 1:100
and induced by 1 mM IPTG when the OD600 reached 0.6.
Subsequently cells were collected by centrifugation at 12000g
and then resuspended in lysis buffer (Tiangen, China). RNA
extraction was processed according to the manual (Tiangen,
China), and the first-strand cDNAs were synthesized using the
PrimerScript RT reagent kit (Takara, Japan). cDNA was diluted
into a 5-fold volume of ddH2O, and 1 μL of this cDNA dilution
was used for the following real-time PCR analysis. The reaction
system consisted of 1.0 μL of forward primer (10 μM), 1.0 μL
of reverse primer (10 μM), 1.0 μL of cDNA sample, 8.5 μL of
dH2O, and 10 μL of SYBR Premix Ex TaqII (FastStart
Universal SYBR Green Master, Rox, USA). The real-time PCR

analysis was carried out by employing the LightCycler system
(LightCycler, Roche, USA) under the following conditions: 95
°C for 10 min, followed by 45 cycles of 95 °C for 10 s, 60 °C
for 10 s, and 72 °C for 20 s. At the end of the reaction, the
dissociation curve was analyzed by raising the reaction
temperature from 60 to 95 °C.
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