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ABSTRACT: 4-Hydroxyisoleucine (4-HIL), a promising drug for
treating diabetes, can be synthesized from the self-produced L-
isoleucine (Ile) by expressing the Ile dioxygenase gene ido in
Corynebacterium glutamicum. However, the requirement of three
substrates, Ile, α-ketoglutarate (α-KG), and O2, makes such de
novo biosynthesis difficult to be fulfilled effectively under static
engineering conditions. In this study, dynamic control of 4-HIL
biosynthesis by the Ile biosensor Lrp-PbrnFE was researched. The
native PbrnFE promoter of natural Ile biosensor was still weak even under Ile induction. Through tetA dual genetic selection, several
modified stronger PbrnFEN promoters were obtained from the synthetic library of the Ile biosensor. Dynamic regulation of ido
expression by modified Ile biosensors increased the 4-HIL titer from 24.7 mM to 28.9−74.4 mM. The best strain ST04 produced
even a little more 4-HIL than the static strain SN02 overexpressing ido by the strong PtacM promoter (69.7 mM). Further dynamic
modulation of α-KG supply in ST04 by expressing different PbrnFEN-controlled odhI decreased the 4-HIL production but increased
the L-glutamate or Ile accumulation. However, synergistic modulation of α-KG supply and O2 supply in ST04 by different
combinations of PbrnFEN-odhI and PbrnFEN-vgb improved the 4-HIL production significantly, and the highest titer (135.3 mM) was
obtained in ST17 strain regulating all the three genes by PbrnFE7. This titer was higher than those of all the static metabolic
engineered C. glutamicum strains ever constructed. Therefore, dynamic regulation by modified Ile biosensor is a predominant
strategy for enhancing 4-HIL de novo biosynthesis in C. glutamicum.
KEYWORDS: 4-hydroxyisoleucine, dynamic control, L-isoleucine biosensor, Lrp-PbrnFE, dual genetic selection, synthetic library

Metabolic engineering is a powerful tool for over-
producing a large number of desired chemicals in a

selected host microbe.1 To improve the titer, yield, and
productivity of a product, many endeavors have been made to
endow cells with high performance through systematic
metabolic engineering.2,3 Static engineering strategies for
optimizing strain productivity include controlling enzyme
expression strength through engineering the promoter, the
ribosome binding site, or the copy number of the vector, and
deleting the biosynthetic pathway of byproducts.4,5 However,
when rewiring intracellular metabolism through unregulated
static engineering, cellular flux would redistribute toward the
competitive pathway, and the yield would be impaired.
Recently, dynamic control strategies have emerged as a
superior tool to maximize productivity,4,6,7 such as optogenetic
switches,8,9 temperature-induced switches,10,11 biomolecular-
sensor devices,12−15 RNA-based dynamic controllers,16−18

quorum sensing,14,19 and so on. However, the response
sensitivity and dynamic regulation range as well as the lack
of biosensors would hamper the application of dynamic
engineering. Delightedly, strategies to expand the dynamic
range and sensitivity of some biosensors were exploited
recently through engineering the promoters used to construct
biosensors, such as those of the fatty acid/acyl-CoA
biosensor,12 the myo-inositol biosensor,14 and the muconic

acid biosensor.15 Other strategies to obtain a new biosensor
were also explored, such as the screening of the theophylline
riboswitch.20

Corynebacterium glutamicum, a Gram-positive soil bacterium,
is the industrial workhorse generally recognized as safe and
commonly used to produce amino acids, organic acids, and
other products.21 In the metabolic engineering of C.
glutamicum, several strategies have been applied, such as
promoter engineering, ribosome binding site engineering, and
polycistron expression cassette.22−25 Unlike industrial strains of
Escherichia coli and Saccharomyces cerevisiae in which a number
of genetic circuit devices has been exploited,6,26 only a few
biosensors have been well characterized and applied in the
metabolic engineering of C. glutamicum, such as the branched-
chain amino acids (BCAA) and L-methionine (Met) biosensor
Lrp-PbrnFE,

27,28
L-lysine (Lys) biosensor LysG-PlysE,

29,30 shiki-
mic acid biosensor ShiR-PshiA,

31 and GlxR-based cAMP
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biosensor.32 The lecuine-responsive regulator protein Lrp
encoded by lrp belongs to the family of AsnC transcriptional
regulator. Lrp responds to BCAA and Met and binds to the
promoter of brnFE (PbrnFE) locating at the intergenic region
between lrp and brnFE, resulting in the activation of brnFE
transcription, while brnFE encodes the BCAA exporter.33

Frunzke and her co-workers harnessed natural Lrp-PbrnFE
biosensor to regulate the expression of yellow fluorescent
protein and detect the concentrations of BACC and Met.27

Then, C. glutamicum strains producing L-valine (Val) were
selected through fluorescence-activated cell sorting (FACS) by
using this biosensor.27,28,34 Recently, Han and his co-workers
also applied the natural Lrp-PbrnFE biosensor to screen Val-
producing strain.35 Nevertheless, only one research exploited
this biosensor to dynamically regulate metabolism, that is,
dynamically modulate odhI expression and α-ketoglutarate (α-
KG) supply for 4-hydroxyisoleucine (4-HIL) biosynthesis in C.
glutamicum.36 Although such regulation increased 4-HIL
production, it was not as effective as the classic LacI-Ptrc-lacO
regulation system.
(2S,3R,4S)-4-HIL (4-HIL) is a promising drug for treating

diabetes. It can not only stimulate insulin secretion in a
glucose-dependent manner but also reduce insulin resist-
ance.37,38 The α-KG-dependent L-isoleucine dioxygenase
(IDO) found in Bacillus thuringiensis can convert L-isoleucine
(Ile) into 4-HIL.39 In our previous study, through expressing
ido gene in an Ile producing C. glutamicum ssp. lactofermentum
strain SN01, 4-HIL was de novo synthesized from glucose, and
neither Ile nor α-KG was added.40 To improve 4-HIL
production, static metabolic engineering was then applied,

such as enhancing substrates supply and/or IDO activity by
gene expression and deletion.41−43 However, low titer and
yield still restricted the engineering of this strain, likely due to
the burden caused by constitutive gene expression and the
imbalance of metabolic flux in such static engineering.
Therefore, dynamic control of 4-HIL biosynthesis in this
basal microbial strain was exploited in this study by using the
Ile biosensor, because Ile is the direct precursor of 4-HIL.
Based on current researches, the natural biosensor Lrp-PbrnFE

can respond to Ile sensitively, but the strength of PbrnFE

promoter might be weak even after Ile induction. To apply
the Ile biosensor more effectively, its Ile-induced natural PbrnFE

promoter was mutated here and several stronger promoters
were selected from the mutated promoter library by dual
genetic selection. During 4-HIL biosynthesis, α-KG and O2 are
also required for IDO reaction (Figure 1B), but α-KG can be
mainly consumed by α-KG dehydrogenase complex (ODHC)
and flow into TCA cycle. OdhI, the inhibitor protein of
ODHC,44 can work as an α-KG supplier, whereas VHb, the
Vitreoscilla hemoglobin, can promote O2 uptake and thus work
as O2 supplier.

45 However, constitutive overexpression of odhI
may interrupt TCA cycle and delay cell growth, while
constitutive overexpression of VHb-encoding gene vgb may
accumulate the reactive oxygen species and damage cells. Here,
through regulating ido, odhI, and vgb expression by Ile
biosensor using different combinations of natural or modified
PbrnFE promoters, the titer of 4-HIL increased from 69.66 mM
to 135.34 mM.

Figure 1. Structure and response of Lrp-PbrnFE biosensor to Ile. (A) Schematic illustration of the structure of Ile biosensor Lrp-PbrnFE and dual
genetic selection of modified Ile biosensor by tetA. Under the control of Lrp-PbrnFE biosensor, the expression of target gene (such as tetA) is
activated in the presence of Ile and repressed in the absence of Ile. Expression of tetA confers resistance to tetracycline, thereby can be positively
selected by tetracycline, while repression of tetA confers resistance to nickel cations, thereby can be negatively selected by NiCl2. (B) Biosynthetic
pathway of 4-HIL in recombinant C. glutamicum and its modulation by Lrp-PbrnFE biosensor. ido encodes Ile dioxygenase; odhI encodes ODHC
inhibitor OdhI; vgb encodes Vitreoscilla hemoglobin VHb. (C) The response of natural Lrp-PbrnFE biosensor to Ile. Relative fluorescence intensity of
the strain IL-gfp that harbors lrp and PbrnFE-controlled gfp under different concentrations of Ile was detected. The strain harboring PtacM-controlled
gfp was used as the positive control.
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■ RESULTS AND DISCUSSION

Characterization of Ile Biosensor Lrp-PbrnFE. The
natural Lrp-PbrnFE biosensor was applied in several studies to
monitor Val produced by cells and screen mutant or evoluted
cells with increased Val production.27,28,35 However, in its only
application for dynamically regulating the expression of a gene
(odhI) in a biosynthetic pathway, the titer of the final product
(4-HIL) was increased by 4.7% in the strain HIL17, lower than
that obtained by regulating odhI expression using the classic
IPTG-induced LacI-Ptrc-lacO system (13.1%) in the strain
HIL16 (Table 2).36 Therefore, to dynamically regulate
multiple genes’ expression and 4-HIL biosynthesis efficiently
in an Ile-responsive manner, the natural Lrp-PbrnFE biosensor
should be improved. Before improvement, the natural Lrp-
PbrnFE biosensor existing in C. glutamicum ssp. lactofermentum
SN01 should be characterized. Hence, we created a reporter
system through cloning coding sequence of lrp and promoter
of brnFE and inserting them in front of the green fluorescent
protein encoding gene gfp, generating the test plasmid pIL-gfp
(Figure 1A and Table S1).
To characterize the sensitivity and dynamic range of the

natural Lrp-PbrnFE biosensor to Ile, different concentrations of
Ile (0, 1, 5, 10, and 15 mM) were added into the cells
suspension of IL-gfp (i.e., SN01 harboring pIL-gfp; Table S1).
When Ile was fed, the highest fluorescence signal was observed
after 15−45 min (Figure S1). A positive correlation between
the expression strength of the PbrnFE promoter and the Ile
concentration was observed in the range of 1−10 mM, similar
to the research of Frunzke.27 The dynamic response to Ile
ranged from 1.4- to 2.3-fold (Figure 1C). However, the
strength of PbrnFE promoter was very low even in the presence
of 10 mM Ile, as compared with the positive control of PtacM
promoter. Therefore, the PbrnFE promoter of Ile biosensor Lrp-
PbrnFE was still weak and should be modified to a stronger
promoter.
Construction and Screening of PbrnFE Promoter

Library. Obtaining the desired phenotype from an enormous
library is still a challenge. FACS and random selection have
been used to screen the promoter from the synthetic promoter
library.46,47 However, application of FACS was restricted by
equipment and instrument, while random selection would miss
the desired phenotype due to randomness. Therefore, these
approaches were difficult to be used as a common platform for
screening a library. Recently, tetA encoding tetracycline efflux
protein has been developed for directed evolution of regulators
owing to its dual selection function. The tetA expression
confers resistance to tetracycline and sensitivity to nickel
cations. The strains expressing tetA under positive conditions
will be able to survive in the medium containing tetracycline,
while under negative conditions, the strains that do not express
tetA will be able to survive in the medium containing NiCl2
(Figure S2 and 1A). Zeng and his co-worker engineered
expression domain of Lys riboswitch from natural OFF switch
to ON switch using tetA selective marker.17 Yokobayashi and
his co-workers modified expression domain of natural ThiM
OFF riboswitch to generate ThiM#2 ON switch48 and then to
generate stronger ThiM#19 and ThiM#8 ON switches49 by
random mutation and tetA dual selection. Liu and his co-
workers engineered aptamer domain of ThiM#2 riboswitch
from response to thiamine pyrophosphate to response to
theophylline by using tetA selective marker.20 These studies
indicated the great power of tetA dual selection function.

Therefore, the tetA dual selection system was utilized here to
screen and select the desired stronger synthetic PbrnFE promoter
from PbrnFE library.
The PbrnFE promoter belongs to σA-dependent promoter,

whose consensus sequence of the −35 region and the extended
−10 region are TTGNCA and GNTANANTNG (core
hexamers are underlined), respectively.50 The natural Lrp-
PbrnFE biosensor exhibited the sensitivity to Ile, and the Ile-
bound Lrp protein could bind to the −35 and upstream region
of PbrnFE promoter.33 In view of this point, the −10 region and
the spacer between −35 and −10 regions of PbrnFE were mainly
engineered for strengthening PbrnFE (Figure 2A). In total, 17

random bases were introduced into the PbrnFE promoter
through PCR approach to create synthetic library of the PbrnFE
promoter. The library plasmid pILlib-tetA was transformed
into SN01 cells. Approximately 2.7 × 106 colonies were
collected from LBB agar plate with 10 mg/L tetracycline.
Before screening and selection of the desired synthetic PbrnFE

promoter, the parameters for dual genetic selection were set up
according to Yokobayashi’s paper with some modifications.49

To entirely activate and positively select the Ile-induced PbrnFE
promoter in the presence of 10 mM Ile, 10−60 mg/L
tetracycline was added in the selective medium, whereas to
negatively select and eliminate the basal constitutive promoter
in the absence of Ile, 0.3 mM NiCl2 was added in the selective
medium (Figure 1A and S2). The dual genetic selection was
conducted for five rounds to enrich the desired promoters, and
along with rounds of screening, the concentration of
tetracycline was increased gradually from 10 mg/L to 60
mg/L. After dual selection, 16 colonies were picked randomly,
and all of them showed Ile-dependent growth on selective
medium supplemented with 60 mg/L tetracycline. The PbrnFE
promoters of these 16 colonies were sequenced, revealing 5
mutated PbrnFE promoters (Table 1). It should be noticed that
the length of randomized sequences in some mutated PbrnFE

Figure 2. Synthetic library and selected mutants of Ile-induced PbrnFE.
(A) Design of the synthetic PbrnFE promoter library. (B) Relative
fluorescence intensity of strains harboring natural and selected mutant
PbrnFE-controlled gfp in the absence and presence of 1 mM Ile. H: high
strength; M: medium strength; L: low strength. The strain harboring
PtacM-controlled gfp was used as control.
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promoters was less than 17 bp due to the limitation of the
synthetic primers.
Characterization of the Mutant PbrnFE Promoters in Ile

Biosensor. Next, these 5 mutant promoters were introduced
into the test plasmid pIL-gfp to measure their strength. To
clearly compare these mutant promoters with the native PbrnFE

promoter, 1 mM Ile was added to induce them. Among them,
the Ile-induced PbrnFE7 promoter showed the highest strength,
its gfp expression level upregulated by 5.6-fold after induction
(Figure 2B). Other mutant Ile-induced PbrnFEN promoters
exhibited 2.4-fold to 4.0-fold activation after Ile induction.
Furthermore, the strains harboring Ile-induced PbrnFE7
promoter showed even higher fluorescence signal than the
strain harboring PtacM promoter after induced by 1 mM Ile.
Therefore, these screened mutant Ile-induced PbrnFEN
promoters could be applied as a powerful tool for dynamic
control of gene expression and 4-HIL biosynthesis.
Dynamic Control of ido Expression and 4-HIL

Biosynthesis by Engineered Ile Biosensor. In our previous
works, 4-HIL de novo biosynthesis in C. glutamicum was
conducted using static metabolic engineering approaches.41−43

The oxaloacetate supply, Ile biosynthesis, α-KG supply, O2

supply, and/or IDO activity were enhanced by particular gene
expression or deletion. However, the 4-HIL titer often
decreased unexpectively, as in the case of lysC-ppc over-
expression,41 POS5 overexpression,42 and mqo overexpres-
sion.43 Perhaps the constitutive and excess expression of
proteins, especially the heterogeneous proteins, gives great
burden to cells. Therefore, dynamic control of 4-HIL

biosynthesis by Ile biosensor was researched here, since Ile is
the direct precursor of 4-HIL.
To verify the performance of mutant Ile-induced PbrnFEN

promoters for dynamic control, 6 dynamic plasmids, that is,
native pIL-I carrying lrp-PbrnFE-ido and mutant pIL-NI carrying
lrp-PbrnFEN-ido (N is 1, 5, 7, 9, and 13), were constructed and
introduced into C. glutamicum SN01 strain, yielding 6 dynamic
control strains for ido expression and 4-HIL biosynthesis (i.e.,
ST01−ST06). The 6 dynamic strains exhibited a similar
growth profile with the static ido-expressing strain SN02, but
they grew at slightly slower rate before 48 h and more quickly
afterward (Figure 3A). In addition, the final biomass of strains
harboring mutant PbrnFEN promoter was a little higher than
that harboring native PbrnFE promoter, among them ST05
harboring PbrnFE9 reached the highest final biomass. The slight
difference between growth process of the dynamic ST01−
ST06 strains and static SN02 strain might be partially due to
their different burden caused by gene expression and protein
synthesis. In ST01−ST06, the Lrp protein was also synthesized
in addition to dynamically regulated Ido protein, whereas in
SN02, only the Ido protein was synthesized constitutively.
Meanwhile, glucose was consumed completely in these 6
dynamic strains, while in SN02, approximately 10 g/L glucose
remained (Figure 3A). The better glucose consumption in the
strains ST01−ST06 might be caused by their superior ability
to synthesize more Ile and 4-HIL (Figure 3B).
The Ile-induced strain ST01 harboring native PbrnFE-

controlled ido produced 24.66 ± 2.65 mM 4-HIL, 64.6%
lower than the static strain SN02 harboring strong constitutive
PtacM-controlled ido (69.66 ± 2.06 mM) (Figure 3B), likely due

Table 1. Sequences of Native and Modified PbrnFE Promoters Isolated from 5 Rounds Dual Genetic Selection of PbrnFE Library
a

promoters colonies sequence from −35 region to transcription starting site

PbrnFEN library ACAAAACTNNNNNNNNNNNNNGNTANANTNGTAGTG
native PbrnFE ACAAAACTACCCGGCAATTGTGTGATGATTGTAGTG
PbrnFE1 #1, #2, #3, #4, #8, #12, #15, #16 ACAAAACTCAACAAAGGTAGGGTAGAGTGGTAGTG
PbrnFE5 #5, #6, #11 ACAAAACTGTGTAAAATGTGTGTTATACTGGTAGTG
PbrnFE7 #7 ACAAAACTGACTATGGGGTATATTGGTAGTG
PbrnFE9 #9, #10 ACAAAACTCGTAAAGAGCTAGAGTTGTAGTG
PbrnFE13 #13, #14 ACAAAACTTAGGAGTAACTAGACTAGTAGTG

aThe −35 region, −10 region, and transcription starting site of natural and modified PbrnFE are underlined.

Figure 3. 4-HIL fermentation of strains ST01−ST06 harboring lrp-PbrnFEN-controlled ido and SN02 harboring PtacM-controlled ido. (A) Cell growth
and glucose consumption. (B) 4-HIL concentration, Ile concentration, and total amount of 4-HIL and Ile at 144 h.
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to the low expression level of ido driven by a weak PbrnFE
promoter. However, much Ile (123.43 ± 12.86 mM) was
accumulated in ST01 at the end point of fermentation, and the
total amount of Ile and 4-HIL increased by 100.6%. The
overexpression of lrp might promote the transcription of
BCAA exporter gene bnrFE and Ile synthetic pathway genes
ilvA and ilvBNC51 and thus result in rapid accumulation of Ile
at the early stage of fermentation. However, the low expression
level of ido driven by weak PbrnFE promoter could not convert
such huge Ile into 4-HIL. Similarly, the total amount of Ile and
4-HIL of strains ST02−ST06 harboring lrp and mutant
PbrnFEN-controlled ido also increased to 134−160 mM.
Moreover, their 4-HIL production increased to 28.89−74.40
mM, 1.17−3.02-fold that of ST01. Among them, the strain
ST04 harboring the lrp-PbrnFE7-controlled ido displayed the
highest 4-HIL production of 74.40 ± 8.16 mM, even slightly
higher than the strain SN02. Therefore, ST04 carrying the
plasmid pIL-7I was selected as the initial strain for further
synergistic dynamic control of 4-HIL biosynthesis. Further-
more, the 4-HIL concentration of the strains ST02−ST06
controlled by lrp-PbrnFEN was in consistence with the GFP
fluorescence signal activated by corresponding Ile-induced Lrp-

PbrnFEN. Thus, these promoters were divided into high (#7),
medium (#1 and #5), and low (native, #9, and #13) strength
groups for further research.

Combined Dynamic Control of ido and odhI
Expression by Engineered Ile Biosensor. Although the
4-HIL synthesis was improved in ST04, up to 60 mM Ile was
still remained. Besides Ile, α-KG is also required for IDO
reaction and 4-HIL biosynthesis (Figure 1B). Improving the
supply of α-KG could increase the yield of 4-HIL.36,43

Although α-KG would be captured by IDO and redirects
into 4-HIL biosynthetic pathway, it can be mainly utilized by
ODHC and flows into the TCA cycle. In addition, ODHC can
be inhibited by OdhI protein via binding of OdhI to OdhA, the
E1 component of ODHC,44 but phosphorylation of OdhI at
Thr14 and Thr15 residues by the serine/threonine kinases
PknG will induce a conformational change of OdhI to prevent
it from inhibiting ODHC activity.52−54 Therefore, dynamic
modulation of α-KG supply module through expressing
OdhIT14AT15A protein by natural and modified Ile biosensors
was then conducted. The mutated odhIA40GA43G gene was
cloned under the Ile-induced PbrnFEN promoter and inserted
into pIL-7I plasmid, generating the plasmids pIL-7INO that

Figure 4. 4-HIL fermentation of ST04-derived strains ST07−ST09 further harboring PbrnFEN-controlled odhI with different strength. (A) Cell
growth and glucose consumption. (B) Concentration of 4-HIL and amino acids at 144 h.

Figure 5. Transcription of odhI gene in response to intracellular Ile under the Lrp-PbrnFE mediated dynamic control in ST07−ST09. (A) The
relative transcriptional level of odhI gene. (B) The intracellular Ile concentration.
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harbors lrp-PbrnFE7-ido and PbrnFEN-odhI. The three PbrnFEN
promoters, that is, native, #1, and #7 with low, medium, and
high strength were selected to dynamic control odhIA40GA43G

expression, resulting in the strains ST07, ST08, and ST09.
Compared with the dynamic ido-expressing strain ST04, the

dynamic ido and odhI-expressing strains ST07−ST09 showed
slightly impaired growth pattern and slightly lower final
biomass (Figure 4A). Meanwhile, they consumed glucose at
relatively slower rate, and glucose was remained in ST07 and
ST08 at the end of fermentation. This result indicated that the
TCA cycle did not work as effectively even under the dynamic
control of odhI overexpression.
The 4-HIL production of ST07, ST08, and ST09 reduced by

26%, 54%, and 98%, respectively, as compared with the strain
ST04 (Figure 4B). Meanwhile, the Ile concentration of ST07
as well as the total amount of 4-HIL and Ile of ST07 and ST08
also decreased, but the L-glutamate (Glu) concentration of
ST07 and ST08 increased greatly, while other byproducts
concentration did not change so greatly. In ST09, the Ile
concentration increased greatly, the total amount of 4-HIL and
Ile increased a little, and the Glu concentration was still low.
Thus, the captured α-KG did not redirect into the 4-HIL
synthesis but flowed into Glu synthesis in ST07 and ST08 and
ceased at Ile synthesis in ST09. The almost entirely ceasing of
Ile conversion to 4-HIL in ST09 might be caused by the excess
α-KG supply, since IDO activity is inhibited by excess α-KG
(Figure S3). A previous study on another α-KG and Fe2+-
dependent dioxygenase, proline 4-hydroxylase, indicated that
Fe2+ bound in the catalytic center of this hydroxylase and the
bound Fe2+ would be rapidly converted to Fe3+ in the presence
of excess α-KG, resulting in the inactivation of hydroxylase.55

Furthermore, the relative transcriptional level of odhI
decreased partially at 48 h as compared with 12 h in ST07−
ST09 (Figure 5A), in accordance with their somewhat
decreased intracellular Ile concentrations at 48 h (Figure
5B), suggesting the positive response of these PbrnFE promoters
to intracellular Ile concentration. However, the odhI transcrip-
tional level of ST09 was very low, likely due to the toxicity of
odhI expression under stronger PbrnFE7 promoter. It was
difficult to obtain the transformants of ST09. As three
substrates (i.e. Ile, α-KG, and O2) are required for IDO
reaction and 4-HIL biosynthesis, the decreased yield of 4-HIL
in ST07−ST09 may be due to the imbalance of substrates
supply. Because 39−148 mM Ile was retained in these three
strains, dynamic modulation of oxygen supply module was
then performed.
Synergistically Dynamic Control of ido, odhI, and vgb

Expression by Engineered Ile Biosensor. In our previous
research, overexpression of vgb could increase the oxygen
uptake and improve the 4-HIL biosynthetic rate.43 Therefore,
the vgb gene was overexpressed under the control of natural
and mutant Ile-induced PbrnFE promoters with different
strengths. Briefly, the vgb gene under the native, #1, and #7
PbrnFE promoters were cloned into the pIL-7IO plasmid of
ST07, generating three pIL-7IONV plasmids that harbors lrp-
PbrnFE7-ido, PbrnFE-odhI, and PbrnFEN-vgb. After transforming
them into SN01, three strains, ST10, ST11, and ST12 carrying
PbrnFE-, PbrnFE1-, and PbrnFE7-vgb were obtained. Similarly,
PbrnFEN-vgb was cloned into pIL-7I1O of ST08, resulting in
the strains ST13−ST15; PbrnFE-vgb and PbrnFE7-vgb were cloned
into pIL-7I7O of ST09, resulting in the strains ST16 and ST17,
respectively.

The growth rate, glucose consumption rate, and 4-HIL
production of three tridynamic strains ST10−ST12 increased
significantly as compared to the bidynamic strain ST07 (Figure
6 and 7A). Meanwhile, the increment of ST12 harboring the

strongest PbrnFE7-vgb was the highest, followed by ST11 and
ST10. When vgb was overexpressed under the Ile-induced
PbrnFEN promoters, the oxygen uptake of ST10−ST12 strains
was dynamically enhanced for cell growth and 4-HIL synthesis.
As the expression strength of vgb gene increased in ST10−
ST12, the cell growth and 4-HIL synthesis improved
accordingly, resulting in the highest 4-HIL production
(116.41 ± 8.09 mM) in ST12, which was 2.11-fold of ST07.
In addition, Glu concentration also reduced accordingly in
ST10−ST12 (Figure 7B). Therefore, as O2 supply was
dynamically modulated, the captured α-KG was redirected
from Glu synthesis to 4-HIL synthesis in ST10−ST12.
Similarly, the growth rate, glucose consumption rate, and 4-

HIL production of tridynamic strains ST13−ST15 increased
significantly as compared twith the strain ST08 (Figure 6 and
7C). However, the increment of ST13 harboring the weakest
PbrnFE-vgb was the highest and 91.57 ± 7.35 mM 4-HIL was
produced, 2.67-fold of bidynamic ST08. Meanwhile, Glu
concentration also decreased greatly (Figure 7D). Moreover,
the growth rate, glucose consumption rate, and 4-HIL
production of other two tridynamic strains ST16 and ST17
also increased obviously as compared with the strain ST09
(Figure 6 and 7E). Finally, the increment of ST17 harboring
strong PbrnFE7-vgb reached to the highest level, and up to
135.34 ± 12.55 mM 4-HIL was produced, 92.3% higher than
that of SN02. This titer was 1.82-fold of monodynamic ST04
and more than 110-fold of bidynamic ST09, suggesting that
the metabolic imbalance of ST09 caused by excess α-KG
supply was rescued and improved successfully through
dynamic modulation of O2 supply synergistically. Perhaps
synergistic O2 supply would prevent the bound Fe2+ in the
catalytic center of IDO from oxidizing to Fe3+ during excess α-
KG supply and thus prevent IDO from inactivating. Quite
interesting, the 4-HIL production of these tridynamic strains
was in accordance with their relative transcription level of vgb

Figure 6. 4-HIL production of ST04-derived strains further
expressing PbrnFEN-controlled odhI and PbrnFEN-controlled vgb with
low (native), medium (#1), and high (#7) strength.
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Figure 7. 4-HIL fermentation of ST07-derived strains ST10−ST12 (A and B), ST08-derived strains ST13−ST15 (C and D), and ST09-derived
strains ST16−ST17 (E and F) further harboring PbrnFEN-controlled vgb with different strength. (A), (C), and (E): Cell growth. (B), (D), and (F):
Concentration of amino acids at 144 h.
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to odhI (Figure 8). The 4-HIL yield was high when the
transcriptional ratio of vgb to odhI was kept at 3−4, as in the

case of ST17 and ST12. When the transcriptional ratio of vgb
to odhI was equal to or even lower than 1.0, the 4-HIL yield
decreased, as in the case of ST15, ST10, ST13, and ST14.
Therefore, even under the dynamic modulation, the suitable
transcription level of vgb to that of odhI would be critical for
efficient 4-HIL biosynthesis, suggesting the importance of
balanced α-KG and O2 supplies. In addition, the total
concentration of byproducts decreased in ST17, leaving Lys
as the only byproduct more than 20 mM (Figure 7F).
Furthermore, the 4-HIL titer of ST17 was even higher than
that of all the static metabolic engineering C. glutamicum
strains ever constructed (Table 2),36,41−43 indicating dynamic
control as an excellent strategy for engineering 4-HIL de novo
biosynthesis. Meanwhile, the 4-HIL titer, yield, and produc-
tivity of ST17 in flasks [19.9 g/L, 0.186 mol/mol, and 0.138 g/
(L·h)] was significantly higher than that of previous dynamic
strains HIL16−HIL18 constructed by seven-step static
modulation and one-step dynamic modulation on α-KG
supply in flasks [5.36−6.15 g/L, 0.146−0.179 mol/mol, and

0.112−0.128 g/(L·h)]36 but obviously lower than the titer and
productivity of HIL18 fermented in a 7.5 L bioreactor [34.21
g/L and 0.535 g/(L·h)]. During fed-batch fermentation of
ST17 in a fermenter, Ile was accumulated too quickly (i.e.,
more than 120 mM before 48 h; Figure S4). Such too quick Ile
accumulation would inhibit the IDO activity seriously because
IDO is greatly inhibited by excess Ile41 and thus hindered the
conversion of Ile to 4-HIL in ST17 in the fermenter (Figure
S4). Therefore, in addition to the activation of the downstream
Ile conversion pathway, the upstream Ile accumulation
pathway shall also be dynamically controlled. The down-type
or off-type Ile switches or biosensors will be exploited and
applied for dual-way dynamic control of 4-HIL biosynthesis in
the future.

■ CONCLUSIONS
4-HIL is a promising drug for treating diabetes. However, the
4-HIL titer could not be improved dramatically by static
metabolic engineering. In this study, dual genetic selection of
strengthened Ile biosensor Lrp-PbrnFE and dynamic control of
4-HIL biosynthesis by modified Ile biosensors was demon-
strated to be an excellent strategy for enhancing 4-HIL de novo
biosynthesis in C. glutamicum. The natural Ile biosensor with
native PbrnFE promoter only exhibited 1.4−2.3-fold activation
by 1−10 mM Ile and 29%−48% strength of the constitutive
PtacM promoter under activation. After dual genetic selection of
synthetic library, 5 strengthened Ile biosensors were obtained,
which exhibited 2.4- to 5.6-fold activation by 1 mM Ile and
51%−137% strength of PtacM after activation. These natural and
modified Ile biosensors were then applied for dynamic
modulation of 4-HIL biosynthesis. Compared with static
expression of ido by strong PtacM promoter, dynamic control of
ido expression by natural and modified Ile biosensors increased
the total amount of Ile and 4-HIL from 73.82 mM to 134−160
mM. Furthermore, expression of ido by modified Lrp-PbrnFEN
biosensors improved the 4-HIL production from 24.66 mM to
28.89−74.40 mM, the highest one was even a little higher than
that by PtacM (69.66 mM). However, combined dynamic
control of ido and odhI expression decreased the 4-HIL
production to 55.27−1.18 mM, and the captured α-KG was
redistributed into Glu synthesis or ceased at Ile synthesis. Most
importantly, dynamic control of ido, odhI, and vgb expression
synergistically using different combinations of high, medium,

Figure 8. Ratio of the relative transcriptional level of vgb to that of
odhI in the eight tridynamic control strains ST10−ST17. The data at
48 h are provided. The data at 12 h are similar.

Table 2. 4-HIL Productions in Recombinant C. glutamicum Strains

strains
4-HIL titer

(g/L)
glucose

consumption (g/L)
4-HIL yield from glucose

(mol/mol)
4-HIL productivity

[g/(L·h)]
Ile to 4-HIL conversion ratio

(mol/mol) references

Static Strains
Cgl/p4-ido flask 9.6 123.3 0.096 0.067 0.85 40
Cgl/p4-ido-
ppc

flask 14.1 139.3 0.124 0.098 0.90 41

SL04 flask 12.4 128.8 0.117 0.086 0.98 42
SZ05opt flask 17.2 127.0 0.166 0.120 1.00 43
HIL14 flask 5.1 44.5 0.141 0.107 0.81 36

fermenter 14.6 240.6 0.074 0.228 0.54
Dynamic Strains

HIL16 flask 5.8 45.0 0.158 0.120 0.87 36
HIL17 flask 5.4 45.0 0.146 0.112 0.85 36
HIL18 flask 6.2 42.5 0.179 0.128 0.98 36

fermenter 34.2 228.4 0.150 0.535 0.98
ST12 flask 17.1 127.0 0.165 0.118 0.98 this work
ST17 flask 19.9 127.0 0.186 0.138 0.88 this work
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and low strength promoters promoted the 4-HIL titer
significantly to up to 135.34 mM, even higher than all the
static engineered C. glutamicum strains. Therefore, dynamic
modulation of α-KG supply and O2 supply simultaneously is
critical for 4-HIL high-yield biosynthesis. As a few byproducts,
especially Lys were retained in the final product, layered
dynamic modulation focused on 4-HIL synthetic pathway and
other competitive pathway shall be conducted in the future.

■ MATERIALS AND METHODS
Bacterial Strains, Media, and Culture Conditions.

Strains are listed in Table S1. E. coli JM109 was used for
plasmid construction and propagation. E. coli strains were
inoculated into Luria−Bertani medium and cultured on a
rotary shaker at 37 °C and 200 rpm. C. glutamicum ssp.
lactofermentum SN01, an Ile-producing strain, was used for
genetic manipulation and 4-HIL production. C. glutamicum
strains were cultivated at 30 °C and 200 rpm in LBB medium
(5 g/L tryptone, 2.5 g/L yeast extract, 5 g/L NaCl, and 18.5 g/
L brain heart infusion powder). If required, 30 mg/L
kanamycin or 10−60 mg/L tetracycline was added to the
media for selection.
Construction of Test and Library Plasmids and

Strains. Plasmids and strains are listed in Table S1. Primers
are listed in Table S2. To construct the test plasmid of Ile
biosensor, the lrp-PbrnFE fragment and gfp gene were amplified
separately. After fused, the lrp-PbrnFE-gfp fragment was digested
with NdeI and BamHI, and ligated into expressing vector
pJYW-4,56 resulting in the plasmid pIL-gfp. To construct
pJYW-4-gfp, the gfp gene was amplified, digested with NotI
and BamHI, and ligated into pJYW-4.
To obtain the plasmid library of pILlib-tetA, the plasmid

pIL-tetA was constructed at first by ligating the fused lrp-PbrnFE-
tetA fragment into the KpnI- and EcoRI-digested pIL-gfp. Then
the linear DNA of full-length plasmid was amplified from pIL-
tetA, thus introducing a randomized 17 bp region (N17) in
PbrnFE (Figure 2A). After self-ligation, the library plasmids
pILlib-tetA were obtained.
The dual genetic selection of synthetic library ILlib-tetA was

conducted according to the procedure outlined by Muranaka
with some modifications,49 Briefly, 5 rounds of dual genetic
selection were conducted, and in each round, 4 steps of
cultivation (i.e., tetA activation, positive selection, tetA
repression, and negative selection) were operated successively
(Figure 1A and S2). After selection, the cells culture was plated
on LBB agar and colonies were selected randomly for
sequencing the mutated PbrnFEN.
To construct the test plasmid of mutated PbrnFE, the lrp-

PbrnFEN fragment and N-gfp fragment were amplified from pIL-
gfp. After fused, the lrp-PbrnFEN-gfp fragment was digested and
ligated into the KpnI- and BamHI-digested pIL-gfp, generating
the five plasmids of pIL-Ngfp.
The above plasmids, i.e. pIL-gfp, pJYW4-gfp, pIL-tetA, and

pIL-Ngfp were transformed into C. glutamicum SN01, resulting
in the strains IL-gfp, TacM-gfp, IL-tetA, and IL-Ngfp.
Fluorescence Assays. The cell suspension of gf p

expressing strains in the presence of 1, 5, 10, and 15 mM Ile
was added into the well of a black 96-well plate with clear
bottom (Corning-Costar plates). After incubating them in the
BiotTek Cytation5 for certain time, fluorescence was detected
with an excitation filter of 479/20 nm and an emission filter of
520/20 nm, using the fluorescence of SN01/pJYW-4 strain as
the blank.

Construction of Dynamic Modulation Plasmids and
Strains for 4-HIL Biosynthesis. To dynamically control 4-
HIL biosynthesis, a parent plasmid pIL-I was constructed at
first. The lrp-PbrnFE fragment and ido gene were amplified
separately, fused, digested with KpnI and BamHI, and ligated
into the KpnI- and BamHI-digested pIL-gfp, generating the
plasmid pIL-I. Second, pIL-I was used as template for
constructing five derived plasmids of pIL-NI by the similar
method for constructing pIL-Ngfp. These 6 plasmids were
transformed into C. glutamicum SN01, generating 6 strains of
ST01−ST06. Third, the bidynamic modulation plasmids of ido
and odhI were constructed. The lrp-PbrnFEN fragments and odhI
gene were amplified separately and fused. Then the PbrnFEN-
odhI fragments were amplified from the fused lrp-PbrnFEN-odhI
fragments and cloned into SacI-digested pIL-7I by Gibson
assembly, generating the three plasmids pIL-7IO, pIL-7I1O, and
pIL-7I7O. These 3 plasmids were transformed into C.
glutamicum SN01, generating strains of ST07−ST09. Finally,
the tridynamic modulation plasmids of ido, odhI, and vgb were
constructed. The lrp-PbrnFEN fragment and the vgb gene were
amplified separately and fused. Subsequently, the PbrnFEN-vgb
fragments were amplified from the fused lrp-PbrnFEN-vgb
fragments and cloned into BstZ17I-digested pIL-7IO,
pIL-7I1O, and pIL-7I7O by Gibson assembly, generating the 8
plasmids pIL-7IOV, pIL-7IO1V, pIL-7IO7V, pIL-7I1OV, pI-
L-7I1O1V, pIL-7I1O7V, pIL-7I7OV, and pIL-7I7O7V. These 8
plasmids were transformed into C. glutamicum SN01,
generating 8 strains of ST10−ST17.

4-HIL Fermentation. 4-HIL fermentation of static and
dynamic C. glutamicum ssp. lactofermentum strains in shake
flasks were conducted as described previously using optimized
fermentation medium.43 The cell density, residual glucose,
amino acids, and 4-HIL concentrations in the fermentation
broth were measured every 24 h by the method described
previously.42 The conversion ratio of Ile to 4-HIL was
calculated as the mole of 4-HIL divided by the total moles
of Ile and 4-HIL. The intracellular amino acid concentration
was measured as described previously.40 4-HIL fermentation in
a fermenter was conducted in a 2.4-L bioreactor (T&J-Minbox
2.4L*4; T&J Bioengineering Co. LTD, Shanghai, China)
containing 1.0 L of optimized fermentation medium with 100
g/L glucose. The temperature and pH were kept at 30 °C and
6.8, respectively. The aeration rate was controlled at 1.0 vvm.
The dissolved oxygen level was controlled at 20% before 20 h
and at 30% thereafter by coupling with the agitation speed.
Glucose was added when the residual glucose in the medium
decreased below 20 g/L.

RT-PCR Analysis of Genes’ Transcription. The mRNA
transcription levels of the target genes during fermentation
were determined by real-time PCR (RT-PCR) combined with
reverse transcription as described previously.57 Primers for RT-
PCR are listed in Table S1. The relative abundance of the
targeted mRNAs was quantified based on the cycle threshold
(Ct) value and was calculated by the 2−ΔΔCt method.
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