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Abstract

4-hydroxyisoleucine (4-HIL) has a potential value in treating diabetes. The o-ketoglutarate (a-KG)-dependent isoleucine dioxy-
genase (IDO) can catalyze the hydroxylation of L-isoleucine (Ile) to form 4-HIL by consuming O,. In our previous study, the
ido gene was overexpressed in an Ile-producing Corynebacterium glutamicum strain to synthesize 4-HIL from glucose. Here, a
triple-functional dynamic control system was designed to regulate the activity of IDO, the supply of a-KG, O,, and Ile and the
synthesis of by-product L-lysine (Lys) for promoting 4-HIL synthesis. Firstly, the codon-optimized ido was positively regulated by
seven Ile biosensors Lrp-P,,,zzN with different intensities, and the resulting seven D-\[ strains produced 38.7-111.1 mM 4-HIL.
Then on the basis of D-\I, odhl and vgb were simultaneously regulated by three P, -zN with different intensities to synergistically
control a-KG and O, supply. The 4-HIL titer of twelve D-\IyOyV strains was more than 90 mM, with D-jI;0,V generating the
highest titer of 141.1+15.5 mM. Thirdly, ilvA was negatively regulated by an Ile attenuator P, 5y~ on the basis of D-yl strains and
some D-\IyOyV strains to balance the synthesis and conversion of Ile. The resulting D-\IPA strains produced 73.6-123.2 mM
4-HIL, while D-;1,0,VPA accumulated 127.1 +20.2 mM 4-HIL. Finally, dapA was negatively regulated by a Lys-OFF riboswitch
and Lys content decreased by approximately 70% in most D-RS-(IPA strains. A strain D-RS-;IPA with the highest 4-HIL titer
(177.3 +8.9 mM) and the lowest Lys concentration (6.1 +0.6 mM) was successfully obtained. Therefore, dynamic regulation of
main and branch pathway by three functional biosensors can effectively promote 4-HIL biosynthesis in C. glutamicum.

Key points

e Three biosensors were coordinated for dynamic 4-HIL biosynthesis in C. glutamicum
e Bidirectional regulation of Ile synthesis and conversion promoted 4-HIL synthesis

e Negative regulation of Lys synthesis further increased 4-HIL production

Keywords 4-Hydroxyisoleucine - Corynebacterium glutamicum - Dynamic control - Lrp-P, ., 7pN - Py pye - Lys-OFF riboswitch
Introduction

Metabolic engineering is a powerful tool for the production of
valuable chemicals (Jones et al. 2015; Nielsen and Keasling
2016). Metabolic engineering mainly includes static meta-
bolic engineering and dynamic metabolic engineering. Static
i . ino h . fFec.
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China 2015). Its main strategies include engineering promoter (Jin
et al. 2019), ribosome binding site (Nowroozi et al. 2014;
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Salis et al. 2009), and gene copy number (Jones et al. 2000).
However, when the intracellular metabolic flow is rewired, it
will impair microbial growth and production (Hartline et al.
2021). Dynamic metabolic engineering can regulate gene
expression according to the changes of intracellular state
and environmental conditions, thereby alleviate the growth
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retardation and metabolic flow imbalance caused by static
engineering, and significantly increase the yield of target prod-
ucts (Anesiadis et al. 2008; Liu et al. 2015). Dynamic control
strategies mainly include optogenetics switch (Renicke and
Taxis 2016), temperature sensing switch (Zhou et al. 2018),
biomolecular-sensor devices (Yang et al. 2018; Zhang et al.
2012), RNA-based dynamic controller (Zhou et al. 2019),
quorum sensing devices, and so on (Liu et al. 2021), which
have been applied in many fields. Among them, biomolecu-
lar-sensor devices can sense the concentration of certain
metabolites and thereby regulate gene expression mainly
through transcription factor (TF)-promoter pairs. RNA-based
dynamic controller such as riboswitch can sense the concen-
tration of specific metabolites and thereby mediate the struc-
tural changes of RNA and regulate the expression of their
downstream genes. For example, Farmer et al. constructed
a dynamic control switch to regulate lycopene synthesis by
using acetyl phosphate responsive TF-promoter (Farmer and
Liao 2000). Zhou and Zeng used L-lysine (Lys)-responsive
riboswitch to regulate Lys synthesis (Zhou and Zeng 2015).

Corynebacterium glutamicum is a gram-positive bacterium
widely used in amino acid industry (Becker et al. 2018). Prod-
ucts produced by C. glutamicum are generally recognized as
safe. However, unlike Escherichia coli and Saccharomyces
cerevisiae, there are only a few dynamic regulatory elements
that have been well characterized and applied for metabolic
engineering in C. glutamicum (Venayak et al. 2015). These
tools mainly include the Lrp-P,,, - biosensor that can upregu-
late gene expression by sensing branched chain amino acids
(BCAASs) and L-methionine (Met) (Mustafi et al. 2012; Tan
et al. 2020), the P, gy attenuator that can downregulate gene
expression by responding to BCAAs (Morbach et al. 2000),
the LysG-P;,, biosensor upregulating gene expression by
sensing Lys, L-histidine, and L-arginine (Kortmann et al.
2019), the Lys riboswitch that can turn off gene expression
by binding Lys (Zhou and Zeng 2015), and the ShiR-P;;,
biosensor responding to shikimic acid (Liu et al. 2018).

The TF-based biosensor Lrp-P,,,rr has been used to
dynamically regulate odhl expression and a-ketoglutarate
(a-KG) supply for 4-hydroxyisoleucine (4-HIL) biosynthesis
in C. glutamicum (Zhang et al. 2018). Quite recently, this
biosensor has been further mutated and the modified strong
biosensor Lrp-P,,,-zN was used to positively regulate the
expression of odhl and vgb, resulting in a significant increase
in the yield of 4-HIL (Tan et al. 2020). Besides the TF-
based biosensor, attenuator and riboswitch were also used
to regulate gene expression by sensing metabolite concen-
tration. The P;;, gy promoter region of C. glutamicum con-
tains an attenuator, which can also sense the concentration of
BCAASs (Morbach et al. 2000). P;;, zyc Was used to attenuate
and regulate icd expression, which increased the production
of L-leucine (Leu) (Luo et al. 2021). P, gy Was also used to
attenuate and regulate the expression of odhA gene, which
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increased the production of 4-HIL (Zhang et al. 2018).
The odhA gene encodes the E1 subunit of a-ketoglutarate
dehydrogenase complex (ODHC). Riboswitch is a regula-
tory fragment located in the 5’ untranslated region (UTR)
of mRNA. Riboswitch can detect and bind small molecule
metabolites and then mediate the change of the RNA sec-
ondary structure, thereby affecting transcription termination
and/or translation initiation (Winkler and Breaker 2005). Lys
riboswitch has been successfully applied to Lys production.
Zhou and Zeng used Lys-OFF riboswitch from E. coli to
regulate gltA expression in C. glutamicum, which increased
Lys production (Zhou and Zeng 2015). However, the Lys
riboswitch has never been reported to be used in the synthe-
sis of 4-HIL in C. glutamicum.

4-HIL can promote insulin secretion and decrease insulin
resistance; thus, it is a promising drug for diabetes (Yang
et al. 2020; Zafar and Gao 2016). Isoleucine dioxygenase
(IDO) can catalyze the hydroxylation of C-4 of L-isoleucine
(Ile) to form 4-HIL by consuming O,, and a-KG is oxidized
to succinic acid at the same time (Smirnov et al. 2010). In
our previous study, the ido gene was expressed in an Ile
producing strain C. glutamicum SNO1 for de novo biosyn-
thesis of 4-HIL (Shi et al. 2015). Subsequently, the yield of
4-HIL was further improved by static metabolic engineer-
ing (Shi et al. 2016, 2018, 2019, 2020). However, due to
the inhibition of IDO by the excess substrate Ile and the
requirement of coordinated supply of three substrates, it is
difficult to increase the yield of 4-HIL by using the common
static metabolic strategies. Then, the Lrp-P,,,-zN biosen-
sor was used to dynamically upregulate IDO activity and
the supply of a-KG and oxygen according to Ile concentra-
tion. The 4-HIL production was increased to 135.3 mM (Tan
et al. 2020). However, during fermenting in a bioreactor, Ile
accumulated too fast, which exacerbated the substrate inhibi-
tion and made the yield of 4-HIL unable to increase further.
Meanwhile, a large amount of Lys was produced. Therefore,
in addition to the upregulation of the downstream pathway
for converting Ile to 4-HIL, it is necessary to dynamically
regulate the upstream pathway for synthesizing Ile to avoid
substrate inhibition. Meanwhile the synthesis pathway of
by-product Lys shall be dynamically downregulated.

In this study, a triple-functional dynamic control system
was designed to regulate the synthesis of 4-HIL. In order
to accelerate the conversion of Ile to 4-HIL, the codon-
optimized ido was regulated by the Lrp-P,,, -zN biosensor.
This Ile biosensor was then used to dynamically upregulate
the supply of other two substrates a-KG and oxygen. Mean-
while, in order to balance the supply of Ile and promote the
conversion of Ile to 4-HIL, Ile attenuator P;; gy~ Was used
to dynamically downregulate the expression of ilvA, a key
gene in Ile synthesis pathway. Finally, in order to reduce the
concentration of by-product Lys, the Lys-OFF riboswitch
from E. coli MG1655 was used to negatively regulate the
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expression of dapA, the key gene in Lys synthesis pathway
(Fig. 1). The excellent strains with high yield of 4-HIL and
no by-products or extremely low by-products content were
obtained.

Materials and methods
Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are
listed in Table 1. E. coli IM109 was used for plasmid con-
struction and propagation. E. coli was cultivated at 37 °C
and 200 rpm in Luria—Bertani (LB) medium. C. glutami-
cum ssp. lactofermentum SNO1, an Ile-producing strain, was
used for expressing target genes and synthesizing 4-HIL.
SNO1 was deposited into the China Center for Type Cul-
ture Collection (CCTCC) with accession number CCTCC
M 2,014,410. The C. glutamicum strain was cultivated at
30 °C and 200 rpm in LBB medium (5 g/L tryptone, 2.5 g/LL
yeast extract, 5 g/LL NaCl, and 18.5 g/L brain heart infusion

powder). When necessary, 30 mg/L kanamycin or 10 mg/L
chloramphenicol was added to the media.

Construction of dynamic modulation plasmids
and strains

All primers used in this study are listed in Table 2. Accord-
ing to previous studies on Ile biosensors, seven inductive
promoters of P, --N which can be induced by lIle, i.e.,
the native P, (designated as P, »z0) and the modified
Pprurels PompeSs PoppeDSs Poype?s Pypped, and Pr,,ppl 3,
were designed for expressing target genes (Tan et al. 2020).
P,,,reD5 contains two promoter regions, which corre-
spond to P, -5 and the natural P, -0 promoter, respec-
tively. Firstly, the parent plasmid pIL-IV was constructed
to dynamically control ido expression. Before construction,
the codon-optimized ido gene (ido") was synthesized. Its
sequence was submitted to the GenBank with accession
number OM541951. ido" was ligated into pJYW-4 vec-
tor (Hu et al. 2014) to form the static expression plasmid
pIYW-4-idoV. It was transformed into C. glutamicum SNOI1,
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Fig.1 The de novo biosynthetic pathway and metabolic engineer-
ing strategies of 4-HIL in recombinant C. glutamicum ssp. lactofer-
mentum SNO1. The dashed lines indicate the multi-step reaction. The

heavy lines indicate the enhanced reaction. The red petals indicate the
metabolic repression
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Table 1 Bacterial strains and plasmids used in this study

Strains or plasmids Characteristics Source
IM109 E. coli gene-cloning strain Novagen
SNO1 Ile-producing strain of C. glutamicum ssp. lactofermentum CCTCC
SI SNO1 harboring pJY W-4-ido” This work
D-RS Integration of Lys-OFF riboswitch before dapA gene in SNO1 This work
D-\l SNO1 harboring pIL-IV This work
D-\INOnV SNO1 harboring pIL-\I"\OnV This work
D-\INOnVPA SNO1 harboring pIL-\IV\OxVPA This work
D-\IPA SNO1 harboring pIL-yI"PA This work
D-RS-\IPA D-RS harboring pIL-yI"PA This work
D-RS-\IN\OnVPA D-RS harboring pIL-IV\OxVPA This work
ATCC13032 Wild type C. glutamicum ATCC
13,032-P;; pyc-egfp C. glutamicum ATCC13032 harboring pJYW-4-P;;, pvc-egfp This work
pJYW-4 Constitutive expression vector of C. glutamicum, Km® Lab stock
pIYW-4-idoV pJYW-4 harboring the codon-optimized ido gene of B. thuringiensis YBT-1520 under P,,,, promoter This work
pK18mobsacB Cloning vector of E. coli, Km® Lab stock
pK18-P,,4-LysRS pK18mobsacB derivative, P,,5::P 4,4-Lys-OFF riboswitch replacing plasmid This work
pIL-I Derivative of pJYW-4 in which P, ,, is replaced by lrp and P, .-controlled ido Lab stock
pIL-1Y Derivative of pIL-I in which the codon of ido was optimized This work
pIL-\IY Derivative of pIL-IV in which P, is replaced by modified P,,,, ;N This work
pIL-\ IV O\ V Derivative of pIL-yIY that co-expresses P,,, ;zN-controlled odhl and P, zzN-controlled vgh This work
pIL-\IVPA Derivative of pIL-yIV that co-expresses P, zyc-controlled ilvA This work
pIL-\IV\OxVPA Derivative of pIL-\I"\OyV that co-expresses P, pyc-controlled ilvA This work
pIYW-4-egfp pJYW-4 harboring the enhanced green fluorescence protein gene egfp under P,, ), promoter Lab stock
pIYW-4-P;, pyc-egfp pJYW-4 harboring the egfp gene under P;; gy promoter This work

generating the static strain SNO1/pJYW-4-ido", renamed
S-I. The lrp-P,,, ;N fragment and ido" gene were ampli-
fied, fused, and ligated into the Kpnl- and BamHI-digested
pIL-I plasmid (Tan et al. 2020), generating seven dynamic
plasmids pIL-\IV. These 7 plasmids were transformed into
C. glutamicum SNOI1, generating 7 strains SNO1/pIL-\IY,
renamed D-yI. Secondly, the plasmids pIL-yI'\O\V were
constructed to dynamically modulate ido", odhl, and vgb
expression. The 9 P, zpN-0dhl-P, ., -zN-vgb fragments were
amplified from plasmid pIL-,IyO\V (N=0, 1, 7) (Tan et al.
2020) and then ligated into the 6 pIL-yIY (N=0, 1, 5, D5, 7,
9) vectors to form 6 X 9 =54 pIL-\IY\OyV plasmids. These
plasmids were transformed into C. glutamicum SNO1, gen-
erating 54 strains SNO1/pIL-\IV\OyV, renamed D-\ IO V.
Thirdly, the plasmids pIL-yI"PA were constructed to posi-
tively regulate idoV by Lrp-P,,, -zN and negatively regu-
late ilvA by P, pyc. The fragments of Py, gy and ilvA were
amplified from SNO1, fused, and ligated into 6 pIL-\IV
vectors to form 6 pIL-\IVPA plasmids. These 6 plasmids
were transformed into C. glutamicum SNO1, generating 6
strains SNO1/pIL-\IVPA, renamed D-yIPA. Fourthly, the
plasmids pIL-NIUNONVPA were constructed to positively
regulate idoV, odhl, and vgb by Lrp-P,,,-zN and negatively
regulate ilvA by P, pyc. The fragment of Py py—ilvA was
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amplified and ligated into 12 pIL—NIUNONV vectors to form
12 pIL-\IVyONVPA plasmids. However, the pIL-IY;0,V,
pIL-,IY,0,V, and pIL-ps1Y,0,V plasmids were failed to be
constructed. These 9 plasmids were transformed into C. glu-
tamicum SNO1, generating 9 strains SNO1/pIL- IV OxVPA,
renamed D-\IyOyVPA.

At last, the fluorescent reporter plasmid pJY W-4-P;; z -
egfp was constructed. The fragments of P, zyc and egfp
were amplified from SNO1 and pJYW-4-egfp, respectively,
fused, and ligated into pJYW-4 vector, resulting in the
P, snc-regulated reporter plasmid pJYW-4-P, pyvc-egfp.
This plasmid was then transformed into C. glutamicum
ATCC 13,032, generating the strain 13,032-P;;, pnc-€8fp-

Integration of Lys-OFF riboswitch in the upstream
of dapA gene in chromosome

The Lys-OFF riboswitch was introduced to dynamically
control the expression of dapA gene and the synthesis
of Lys. Based on pK18mobsacB editing system (Schifer
et al. 1994), the Lys-OFF riboswitch (Zhou and Zeng
2015) was integrated before the start codon of dapA gene
in C. glutamicum ssp. lactofermentum SNO1 and the syn-
thesis of Lys was negative regulated by intracellular Lys
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Table 2 Primes used in this study

Primers

Sequences (5'-3")

Restriction sites Description

Lrp-F(Kpnl)

P brnF EN R
idoY-F
idoY-R(BamHI)
P,,,reN-odhI-F
vgb-R

ido"-P, inaneF

ATTAGGTACCTCACACCTGGGGGCGAGCTGGTTTC Kpnl
GAGAAGCCGGACATCTTCATCCTATAACTCCTTCTCTC
ATGAAGATGTCCGGCTTCTC
TATGGATCCTTACTTGGTCTCCTTGTAGG
ACAAGGAGACCAAGTAAACGAATTCGCTAAGCTC
AGCTCGAATTCGTCGACTTATTCAACCGCTTGAGC

AGGAGACCAAGTAAGGATCCCCAAGATTAGCGCTG
AAAAG

P, ave-R ACACGTATGTTTCACTCATGACTTTCTGGCTCCTTTAC

ilvA-F ATGAGTGAAACATACGTGTC

ilvA-R(1) AATTCGTCGACGGATCCTTAGGTCAAGTATTCGTAC

vgh-PypneF  ACGCTCAAGCGGTTGAATAAGTCGACCCAAGATTA
GCGCTGA AA

ilvA-R(2) TCTAGAGAGCTCGAATTCTTAGGTCAAGTATTCGTAC

dapA-U-F ATAGTCGACGTGGTGCCCACTCTCATC Sall

dapA-U-R GGTAGTACATAGAGTTCAAGGTTACCTTCTT

dapA-D-F ACAGAAGGAGTTATAGGATGAGCACAGGTTTAAC

dapA-D-R ATAGTCGACTTAGTGGGTCATCGCCTG Sall

Lys-OFF-F AGAAGGTAACCTTGAACTCTATGTACTACCTGCGCTAG

Lys-OFF-R CTCATCCTATAACTCCTTCTGTGTCAGGGGATCCA
TTTTC

P, svc-egf-F  AGCTGTTGACAATTAATCATCGTGTCCAAGATTAGC
GCTGAAAAG

P, svc-egf--R  GACTTTCTGGCTCCTTTACTAA

egfp-F AAAGGAGCCAGAAAGTCATGGTTTCCAAGGGCGAG

egfp-R ACAATTCCACACATGGTACCTTACTTGTACAGCTC

BamHI

For lrp-P,,, ;N amplification
For idoY amplification
For Py, ;eN-0odhI-P, ., -;N-vgb amplification

For P,y amplification

For ilvA amplification

For Py, pyc-ilvA amplification

For dapA-Up amplification
For dapA-Dn amplification

For Lys-OFF riboswitch amplification

For P, gy amplification

For egfp amplification

GTCC

The start and stop codons are indicated in boldface. The restriction sites are underlined. The ribosomal binding sites are italicized

concentration. The upstream and downstream homolo-
gous arms of dapA were amplified from C. glutamicum
SNO1. The Lys-OFF riboswitch was amplified from E.
coli MG1655. Then the fragments of dapA-U, Lys-OFF
riboswitch, and dapA-D were linked by overlap PCR
to obtain dapA-U-LysRS-dapA-D fragment. The dapA-
U-LysRS-dapA-D fragment was ligated into the Sall-
digested pK18mobsacB vector, resulting in the integrat-
ing plasmid pK18mobsacB-P,,,,-LysRS. This plasmid
was transformed into C. glutamicum ssp. lactofermentum
SNO1 for two rounds of homologous recombination to
get the recombinant strain SNO1 Py,,1::P4,,4-LysRS (des-
ignated as D-RS). Finally, the above 6 dynamic regula-
tory plasmids of pIL-\I"PA were transformed into D-RS,
resulting in 6 strains D-RS-(IPA. Meanwhile, the above
dynamic regulatory plasmids of pIL-,1V,0,VPA with high
yield of 4-HIL were transformed into D-RS for expression
and resulted in strain D-RS-,1,0,VPA.

4-HIL fermentation

4-HIL fermentation of statically and dynamically controlled
C. glutamicum ssp. lactofermentum strains in shake flasks
were conducted as described previously, using optimized
fermentation medium (Shi et al. 2019). The cell density,
residual glucose, pH, and amino acid and 4-HIL concentra-
tions in the fermentation broth were measured every 24 h
by the methods described previously (Shi et al. 2018). The
residual glucose concentration was measured by an SBA-
40C biosensor (Institute of Biology, Shandong Academy
of Science, China). The pH was measured by a pH elec-
trode (Mettler-Toledo, Germany). The amino acids and
4-HIL concentrations were detected by high performance
liquid chromatography (HPLC) analysis (Shi et al. 2016).
Firstly, protein impurities in the fermentation broth were
precipitated with 5% trichloroacetic acid, and then, the pre-
cipitate was removed by centrifugation and the supernatant
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was diluted 20 times for HPLC analysis. The amino acids
and 4-HIL concentrations were determined by Agilent 1200
HPLC detector equipped with a Thermo ODS-2 HYPER-
SIL C18 column (250 mm X 4.6 mm, USA) using the ortho-
phthalaldehyde precolumn derivatization method. The con-
version ratio of Ile to 4-HIL was calculated as the moles
of 4-HIL divided by the total moles of Ile and 4-HIL. To
determine the intracellular amino acids’ concentrations, the
cell sedimentation was collected by centrifugation, then
washed, and disrupted as described previously to isolate the
intracellular amino acids (Shi et al. 2016). The intracellular
concentration was calculated with the intracellular volume
of 1.6 mL/g dry cell weight (DCW). The DCW (g/L) was
calculated according to an experimentally determined for-
mula: DCW =0.6495 X ODsg, —2.7925.

Fluorescence assays

The fluorescent reporter strain 13,032-P;;, gy c-egfp was pre-
cultured in LBB medium for 12 h, and the cells were washed
and resuspended with 0.9% NaCl solution. Then, the cell
resuspension was transferred to the Ile restricted medium
(25 g/L glucose-H,0, 1 g/L. KH,PO,, 0.5 g/L (NH,),SO,,
0.75 g/L MgSO,, 1.0 g/L FeSO,, 10 pg/L biotin, 1 mg/L
thiamine, and 0—-10 mM Ile, pH 7.20) with the initial ODsg,
of 0.05 and cultured for 24 h. At every 4 h, the cultured cells
were collected, washed with, and resuspended in 0.9% NaCl
solution. Subsequently, the cell suspension was transferred
to a black 96-well plate with a transparent bottom. Green
fluorescence was detected by the Cytation5 (BiotTek) with
an excitation filter of 479/20 nm and an emission filter of
520/20 nm.

Results

Positive regulation of codon-optimized ido
expression by lle biosensor

Isoleucine dioxygenase (coded by ido) that catalyzes the
conversion of Ile to 4-HIL is a key enzyme for de novo syn-
thesis of 4-HIL. The expression level of ido and the enzyme
activity of IDO are very important for the synthesis of
4-HIL. In the previous research, the strong promoter P, .,
was used to constitutively express ido in plasmid pJYW-
4-ido of strain SNO2 as well as in other plasmids such as
pIYW-4-imi3-vgb of strain SZ05 (Shi et al. 2015, 2019).
However, constitutive expression brought metabolic bur-
den to cells, and intracellular resources would be continu-
ously utilized to synthesize IDO. Then Ile biosensor Lrp-
P,,..reN was used to dynamically control the expression of
ido, because Ile is the direct precursor of 4-HIL synthesis.
P,,.reN were several modified promoters of native P,
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promoter with different strengths. They were obtained from
the lrp-P,,, -r mutant library through tetA dual genetic selec-
tion, and their — 10 region and spacer between — 35 and — 10
regions were modified (Tan et al. 2020). Although the 4-HIL
titer was comparable to that of P, ,,~controlled ido express-
ing strain SNO2, the titer was not ideal. Besides the Ile sen-
sitivity and threshold of Lrp-P,,, N biosensors as well as
their strength after activation, the preference of ido codons
and burden expression of other proteins may also influence
the synthesis of 4-HIL. So, the codon-optimized ido gene
was expressed and dynamically controlled here by several
Ile biosensors Lrp-P,,, -zN (Fig. 2A). The resulting seven
plasmids pIL—NIU were transferred into SNO1 to obtain D-I
strains (N=0, 1, 5, D5, 7, 9, 13). And the pJYW—4—idoU
plasmid was transferred into SNO1 strain to obtain SI as
static control strain.

During the whole fermentation process, D-;I grew slightly
faster, while other 6 D-\I strains showed similar growth rate
to SI. However, the sugar consumption of 7 D-\I strains
were similar to each other and were slightly faster than SI
(Fig. 2B). Although the 4-HIL titer of D- ;I was extremely
low, the overall 4-HIL titer of other 6 D-\I strains was high
and similar (Fig. 2C). And compared with the ido expres-
sion strains STO1-STO06 controlled by the same biosensor
(Tan et al. 2020), the 4-HIL production of ido"-expressing
strains D-yI improved overall. Finally, D- I, D-(I, D-psl,
and D-5I accumulated 111.1+0.8, 106.3+7.1, 97.5+5.7
and 92.0 £ 6.7 mM 4-HIL, respectively, which was 23.5%,
18.2%, 8.4%, and 2.3% higher than SI (89.9+2.5 mM)
and 57.8%, 51.0%, 38.4%, and 30.7% higher than the best
ido-expressing strain ST04 (70.4 +8.2 mM) controlled by
the same biosensors. While D-,I and D-¢I accumulated
84.2+0.7 and 79.5+2.8 mM 4-HIL respectively, which
was 6.4% and 11.6% lower than SI and 19.6% and 12.9%
higher than the best ido-expressing strain ST04 controlled
by the same biosensors. The above results suggested that
the expression of codon-optimized ido" gene increased
the IDO activity, which enhanced the conversion of Ile to
4-HIL. Dynamically regulating the expression of idoY by
Lrp-P,,, N biosensors was more conducive to the synthesis
of 4-HIL than dynamically regulating the expression of ido
by the same biosensors.

In D- |1, Ile accumulated rapidly in 24 h and then reduced
gradually to 0 mM during 24-96 h, while in D-psI and
D--1, Ile was consumed before 48 h (Fig. 2D). The synthe-
sis of 4-HIL may be limited in these three strains due to
the insufficient supply of Ile. In D-(I, D-5I, and D-l, Ile
accumulated continuously in 72 h and slightly decreased
and fluctuated thereafter (Fig. 2D). Finally, 40—80 mM of
Ile was remained and not converted to 4-HIL. Besides the
substrate Ile, the a-KG and oxygen are also required in the
synthesis of 4-HIL. The 4-HIL titer of these three strains did
not increase after 96 h, likely due to the insufficient supply
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of a-KG and oxygen. However, in the D- 51 strain, the yield
of 4-HIL was relatively low, and a large amount of Ile was
not converted into 4-HIL (Fig. 2C and 2D). This result sug-
gested that the strength of P, ;13 was low, which led to
the low activity of IDO enzyme, thus triggering the strong
inhibition of IDO by excess Ile and the extra accumulation of
by-product L-threonine (Thr), the precursor of Ile synthesis.
Therefore, this strain was discarded in the subsequent study.
In all of the 7 recombinant D-\I strains, the content of by-
product Lys was high, while other by-products were almost
absent or showed extremely low content (Fig. 2E). Thereby,
besides the dynamic control of the ido expression, the supply
of various substrates, such as oxygen, a-KG, and Ile, should
be appropriately controlled.

Time (h)

Lrp responds to Ile and also to Met, L-valine (Val) and
Leu. The intracellular or extracellular accumulation of Val,
Met, and Leu may also affect the activated level of Lrp-
P,,..reN biosensors and the yield of 4-HIL. Therefore, the
intracellular and extracellular contents of Ile, Val, Met, and
Leu in the best idoY-expressing strain D-,I were determined.
Its extracellular contents of Val, Met, and Leu were very
low (data not shown), while its intracellular contents of
Ile, Val, Met, and Leu were 19.0-7.3 mM, 10.5-3.2 mM,
8.1-1.7 mM, and 3.4-1.3 mM, respectively (Fig. 2F). Mean-
while, these intracellular contents were relatively high dur-
ing 24-96 h, but much low thereafter, in accordance with
the quick accumulation of 4-HIL during 24-96 h and slow
thereafter (Fig. 2C).
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In the previous study, P, ;N promoters were divided
into strong (P,,,zr7), medium (P,,,zrl, Pp,.rp5) and weak
(Ppynre0s Prinre9s Poprel3) groups, and the 4-HIL yield of
the ido-expressing strain dynamically controlled by strong
promoter P, -7 was the highest (Tan et al. 2020). Here, the
4-HIL yield of the idoY-expressing strain under P, ;7 pro-
moter was also high. As expected, the 4-HIL yield of ido"-
expressing strains controlled by other P,,,,-zN promoters has
been improved in greater degrees, which indicated that the
IDO activity of codon-optimized ido"-expressing strains is
improved, and all the P, zz0, Py..rel, Ppred. PpreD5,
P,,.rx7, and P, .9 were strong for expressing ido". There-
fore, the strains D-I (N=0, 1, 5, D5, 7, or 9) with high yield
of 4-HIL were used for further study.

Positive regulation of ido.’, odhl, and vgb expression
by lle biosensor

Although the synthesis of 4-HIL was improved in the
above six D-\l strains, Ile was used up too early in D-psl
and D-;1, while in D-(I, D-5I, and D-,l, Ile was no longer
converted to 4-HIL in the later fermentation stage. The
substrates required for the synthesis of 4-HIL include not
only Ile, but also a-KG and O,. Therefore, odhl and vgb
were overexpressed in this section to promote the coor-
dinated supply of the other two substrates, a-KG and O,.
The unphosphorylated Odhl can bind to OdhA subunit of
ODHC, thus inhibiting ODHC activity and finally intercept-
ing more a-KG for the synthesis of 4-HIL. The vgb gene
encodes Vitreoscilla hemoglobin VHb, which can increase
the uptake of O, by cells. However, excessive O, intake will
form free radicals and cause damage to cells. In our previous
studies, P,,, 7 with high strength, P, -1 with medium
strength and P, -0 with low strength were used to control
odhl and vgb expression in dynamic ido-expression strains,
which promoted the titer of 4-HIL to 135.34 mM (Tan et al.
2020). Therefore, in this section, these 3 P, -zN promoters
were used to positively regulate odhl and vgb expression on
the basis of 6 dynamic idoV-expression plasmids pIL-yIY
(Fig. 3A). The obtained 54 plasmids of pIL-\I"\Oy\V were
transformed into SNO1, and 54 tri-gene dynamic regulatory
strains named D-\IyOy\V were obtained.

In the 9 D-()IyO\V strains, D-yI[,0,V, D-,1,0,V,
D-oI,0,V, and D-¢I,0,V accumulated 119.4 +22.4,
125.3+27.6, 134.5+12.3, and 141.1+15.5 mM 4-HIL,
respectively (Fig. 3B), which increased by 12.3%, 17.9%,
26.5%, and 32.7% compared with D-gI (106.3 +7.1 mM).
While the 4-HIL yield of D-4I,0,V (92.1 +18.8 mM)
was a little lower than that of D-l, but it was still 2.4%
higher than that of SI (89.9+2.5 mM). In the 9 D-gIj OV
strains, D-41,0,V, D-4I,0,V, D-¢I,0,V, and D-41,0,V
accumulated 107.3+17.9, 115.5+21.1, 103.2+4.2, and
131.2+4.5 mM 4-HIL, respectively (Fig. 3B), which
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increased by 35.0%, 45.4%, 29.8%, and 65.1% compared
with D-oI (79.5 +2.8 mM). The above results indicated that
the dynamic supply of a-KG and oxygen could promote
the remaining Ile in D-gI and D-¢lI to convert into 4-HIL
and thereby further increase the yield of 4-HIL. In the 9
D-IyO\V strains, only D-,1,0,V could produce more 4-HIL
(Fig. 3B), but its yield of 4-HIL was lower than those of D- |1
and SI, so the D- 1,0,V strain was discarded in the subse-
quent studies. Perhaps the supply of three substrates in D- ;1
is relatively coordinated with the synthesis of 4-HIL, making
further supply of a-KG and oxygen ineffective in D-1. In the
9 D-sIyO\V strains, 9 D-psIyO\V strains and 9 D-;IyO\V
strains, the 4-HIL yield of D-51,0,V (89.9+10.8 mM) and
D-psl;0,V (93.5+12.2 mM) was similar to that of SI, and
the 4-HIL yield of D-;1,0,V (132.7+ 13.3 mM) increased
by 57.6% compared with D-;I (84.20 +0.7 mM), while the
4-HIL yield of other strains were lower than that of D-sI,
D-psl, D--1, and SI (Fig. 3B). The scarcely improved 4-HIL
production in these strains suggests that other reason such
as the insufficient supply of Ile might also be a crucial con-
straint for 4-HIL synthesis. Thereby, dynamic regulation of
Ile synthesis was performed in the next section. In addi-
tion, 12 strains of this section, i.e., D-51,0,V, D-ps1,0,V,
D-,1,0,V, D-.1,0,V, D-,1,0,V, D-,1,0,V, D-,1,0,V,
D-,1,04V, D-41,0,V, D-41,0,V, D-¢1,0,V, and D-41,0,V
with higher 4-HIL yield than SI (89.9+2.5 mM) were
selected for further study.

To check the influence of Val, Met, and Leu on Ile bio-
sensor and 4-HIL production, the intracellular and extracel-
lular contents of Ile, Val, Met, and Leu as well as the effect
of Val, Met, and Leu addition on 4-HIL fermentation were
analyzed in the best tri-gene dynamic strain D-yI,0,V. As
shown in Fig. 3C, its intracellular contents of Val, Met, and
Leu were a little high at 24 h and then fluctuated around
1-4 mM thereafter, while its extracellular contents could
not be detected. These contents were much lower than that
of Ile, indicating that the cellular response of Lrp-P,,, zN
biosensors to Val, Met, and Leu might be much lower than
that to Ile. When separately adding 10 mM Val, 10 mM
Met, or 10 mM Leu, cells grew a little slowly, and 4-HIL
titers decreased to 69.5+9.0,96.0+ 7.1, and 85.4+ 0.7 mM,
respectively (Fig. 3D), 50.7%, 32.0%, and 39.5% lower than
that produced without addition. Thereby, the addition of Val,
Met, and Leu could not promote 4-HIL production.

Bidirectional regulation of lle synthesis
and conversion

Ile is the direct precursor of 4-HIL, which is very important
for the synthesis of 4-HIL. Therefore, in this section, the key
gene for Ile synthesis, i.e., ilvA was expressed to strengthen
the Ile supply. However, the activity of IDO is greatly inhib-
ited by excessive Ile (Shi et al. 2016; Tan et al. 2020), so the
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Fig.3 Regulation circuit and 4-HIL production of strains D-\IyOy\V.
A Diagram of regulation circuit. Lrp-P,,,,zzN positively regulated the
expression of ido.Y, odhl, and vgb in response to intracellular Ile con-

synthesis of Ile and the conversion of Ile to 4-HIL shall be
carefully balanced. Thereby, the expression of ilvA was neg-
atively regulated here by an Ile attenuator P,y on the basis
of positive regulation of idoU by lrp-P,,,rzN in plasmids
pIL-\IV (Fig. 4A), in order to balance the upstream supply
and downstream conversion of Ile. Therefore, P, pyc-ilvA
was expressed in pIL-yIY, and six pIL-\IVPA plasmids were
obtained. These plasmids were transformed into SNO1 to
obtain 6 strains with bidirectional dynamic regulations of
4-HIL synthesis, named D-yIPA.

In the whole fermentation process, D-;IPA and D-;IPA
grew slightly faster than their original strains D-;I and
D-;I, while the other D-\IPA strains grew slower than

120

—=— 10 mM Val
—e— 10 mM Met
100 —4— 10 mM Leu

0 1 1 1 1 1
0 24 48 72 96 120

centration. B 4-HIL production of D-\IyOyV. C Intracellular accu-
mulation of Ile, Val, Met, and Leu in D-;1;0,V. D 4-HIL production
of D-(I,0,V after adding 10 mM Val, Met, or Leu

their original strains D-yI. Correspondingly, D-,IPA and
D-5IPA consumed sugar similarly to D-,I and D-,I, while
other D-\IPA strains consumed sugar slightly slower
than their initial strains D-gI (Fig. 4B). Eventually,
4-HIL titer of D-;,sIPA and D-,IPA is 118.2 +14.2 mM
and 123.2 +20.5 mM, respectively, which increased by
21.3% and 46.3% compared with D-psI and D-;1. How-
ever, [le accumulated rapidly to the highest value of about
40 mM before 48 h, declined rapidly to around 10 and
40 mM at 48-96 h, and fluctuated thereafter in D-;,5IPA
and D-,IPA (Fig. 4C, D). These results suggested that Ile
was stably and continuously supplied in these two strains,
which led to the continuous synthesis of 4-HIL. 4-HIL
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yields of D-;IPA and D-;IPA were 109.7 +3.7 mM and
118.0+ 15.0 mM, respectively, which was similar to those
of D-,I and D-sI. Meanwhile, the Ile concentration of
these two strains increased to around 20 mM at 24 h and
decreased to 0 mM at 72 h, but the 4-HIL concentration
increased continuously in the middle stage of fermenta-
tion (Fig. 4C, D), suggesting that Ile has been continu-
ously synthesized and immediately converted into 4-HIL
in these two strains. Therefore, the metabolism between
the upstream synthesis pathway and the downstream con-
version pathway of Ile is relatively coordinated among the
above four strains. However, D-,IPA and D-¢IPA accumu-
lated 73.6+16.3 mM and 58.4 +9.6 mM 4-HIL, respec-
tively, which decreased by 30.8% and 26.5% compared
with D-pl and D-,l. Although their total sum of 4-HIL and
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Ile was relatively high, a large amount of Ile accumulated
could not be converted and 4-HIL was slowly synthesized
after 72 h (Fig. 4C, D). These results implied the insuf-
ficient supply of a-KG and/or O, and the excessive accu-
mulation of Ile after P;, gyc-ilvA expression in these two
strains. Although the growth of most D-\IPA strains was
slower, their synthesis of 4-HIL was improved compared
with D-yI in the first 72 h. The results indicated that the
bidirectional dynamic regulation strategy alleviated the
substrate inhibition and promoted the synthesis of 4-HIL.
Therefore, the yield of 4-HIL of most strains increased,
suggesting that the bidirectional dynamic regulation strat-
egy had more advantages than the unidirectional dynamic
adjustment strategy. However, D-(IPA still accumulated
a large amount of by-product Lys (Fig. 4E).
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Since Ile secretion of some strains was still very high,
the dose response of Ile attenuator P, zy- Was character-
ized with the fluorescence reporter eGFP. The reporter
plasmid pJYW-4-P;;, snc-egfp was constructed and intro-
duced into C. glutamicum ATCC13032 which hardly pro-
duced Ile. This reporter strain was cultured in the absence
of Ile or presence of 0.1 mM, 1 mM, 5 mM, or 10 mM Ile.
Although the growth of this strain in Ile-restricted medium
was poor, the variation of its relative fluorescence intensity
could be observed. The fluorescence decreased slightly
in the presence of 0.1-5 mM Ile but significantly in the
presence of 10 mM Ile (Fig. 4F). Therefore, the minimum
Ile concentration which P;;, gy attenuator can respond to
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Fig.5 Regulation circuit and 4-HIL fermentation of strains
D-\INOyVPA. A Diagram of synergistic regulation circuit. Lrp-
P,,,.-zN positively regulated the expression of ido.Y, odhl, and vgh in
response to intracellular Ile concentration, and Py, zy - negatively reg-

was 10 mM, and at that concentration, the P, gy~ would
attenuate the expression of downstream genes.

Synergistically dynamic control of IDO activity and Ile,
a-KG, O, supply

The above strains D-,IPA, D-5IPA, D-p5IPA, and D-,IPA
possessed the improved 4-HIL synthesis through balancing
the supply and hydroxylation of Ile. While in the second
section, the 4-HIL production of 12 strains was improved
significantly by upregulating the supply of O, and a-KG.
Ile, a-KG, and O, are the three direct substrates of IDO
reaction in the synthesis of 4-HIL. Therefore, in this section,
Ile, a-KG, and O, supply as well as the conversion of Ile
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ulated the expression of ilvA in response to intracellular Ile concen-
tration. B 4-HIL accumulation. C Ile accumulation. D The by-product
Lys accumulation
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to 4-HIL was synergistically controlled by upregulating the
expression of idoV, odhl, and vgb through Ile biosensor Lrp-
P,,..reN and downregulating the expression of ilvA through
Ile attenuator P gy (Fig. SA). The P pyc-ilvA fragment
was directly fused in the plasmids of above 12 strains for
expression, and 9 D-\IyOyVPA strains were obtained.

Eventually, D-;1,0,VPA accumulated 127.1 +20.2 mM
of 4-HIL, which was similar to the original strain D-;1,0,V
(131.2+13.3 mM) and D-;IPA (123.2+20.5 mM). How-
ever, other strains generated much less 4-HIL than their
original strains and SI (Fig. 5B). In these strains, the accu-
mulation of Ile increased continuously in 48 h and then fluc-
tuated thereafter. Finally, 40-90 mM of Ile was remained
and not converted to 4-HIL (Fig. 5C). The above results
showed that excessive Ile inhibited the enzyme activity of
IDO and made Ile unable to convert into 4-HIL, resulting
in low titer of 4-HIL. The concentration of Lys in these
strains (9.3-26.4 mM) was slightly lower than D-\IPA
(16.1-31.8 mM) and SI (34.7 +4.5 mM) (Fig. 5D and 4E).
In conclusion, except for D-;1,0,VPA, the metabolic flow
of other strains was redirected to the Ile or other by-prod-
ucts pathway, and simultaneous supply of Ile, a-KG, and O,
failed to promote 4-HIL synthesis. Therefore, D-;1,0,VPA
in this section and D-IPA strains in the previous section are
selected for further study.

Negative regulation of dapA expression and Lys
synthesis by Lys-OFF riboswitch

A large amount of by-product Lys was accumulated in the
above strains D-yIPA. However, Lys is very important for
cell growth. It is very difficult to eliminate Lys by gene
knockout and other strategies (Yu et al. 2021). Therefore,
in this section, a Lys OFF riboswitch was used to regulate
the expression of dapA, the initial gene of Lys synthetic
pathway, and thereby weaken the synthesis of Lys. When
the Lys content increases, Lys can bind to the riboswitch to
turn off the expression of dapA and weakens the synthesis of
Lys. So that the concentration of Lys can be maintained at a
level only necessary for cell growth (Fig. 6A). Therefore, the
Lys-OFF riboswitch from E. coli MG1655 was integrated
between the promoter and start codon of chromosomal dapA
gene of SNOI to obtain the strain D-RS. Then, 7 dynamic
regulatory plasmids of pIL-yI"PA and pIL-,1Y;0,VPA were
transformed into D-RS strain, generating strains of D-RS-
~nIPA and D-RS--,1,0,VPA.

During the whole fermentation process, the strain D-RS-
71,0, VPA could not grow normally (data not shown). The
strains D-RS-;IPA and D-RS-sIPA grew slightly slower,
while the other D-RS-\IPA strains grew similar to their
corresponding D-\IPA strains. Except the slightly slower
rate of strain D-RS-5IPA, the sugar consumption of other
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D-RS-\IPA strains was similar to their corresponding
D-\IPA strains (Fig. 6B).

In D-RS-5IPA, 4-HIL was synthesized steadily and con-
tinuously; finally, 177.3 +8.9 mM 4-HIL was accumulated
(Fig. 6C). This titer was increased by 50.2% compared with
D-IPA and increased by 97.2% compared with SI. Mean-
while, the concentration of Lys decreased to 6.1 +0.6 mM,
which was 62.0% lower than D-sIPA (Fig. 6E). Furthermore,
this strain hardly produced other by-products (Fig. 6F). In
D-RS-psIPA, the final titer of 4-HIL was similar to that of
D-psIPA, but the concentration of Lys decreased to 6.8 mM,
which was 74.0% lower than D-p;IPA. And the Ile accumu-
lation of these two strains was maintained at approximately
14 mM and 60 mM, respectively after 96 h (Fig. 6D). These
results indicated that the regulation of dapA by Lys-OFF
riboswitch weakened Lys synthesis without damaging the
yield of 4-HIL in this two strains. While in D-RS-(IPA and
D-RS-,IPA, although the concentration of Lys decreased
greatly, the titer of 4-HIL also decreased by 17.6% and
28.6% compared with D-,IPA and D-(IPA, and these titers
were even much lower than that of static strain SI (Fig. 6C,
E). The above 4 strains grew rapidly but accumulated 4-HIL
slowly in 0—48 h, while after 48 h, these strains grew slowly
and accumulated 4-HIL rapidly (Fig. 6B, C), suggesting that
the regulation of Lys synthesis by Lys-OFF riboswitch can
provide basic Lys required for cell growth and thereby well
balance the cell growth and 4-HIL synthesis. Strangely, in
D-RS-,IPA and D-RS-;IPA strains, the production of 4-HIL
and Ile was very low. However, a large amount of Lys was
accumulated in D-RS-IPA (167.6 +4.6 mM) and D-RS-
-IPA (189.1 +4.9 mM) (Fig. 6C, E). The metabolic variation
of these two strains will be studied in the future. In conclu-
sion, the combined positive regulation of ido expression by
Lrp-P,,,r5 biosensor, negative regulation of ilvA expres-
sion by P, pyc attenuator, and negative regulation of dapA
expression by Lys-OFF riboswitch can better balance the
metabolic flow and thereby promote the synthesis of 4-HIL
and reduce the by-product Lys concentration greatly com-
pared with other dynamic regulation strategies.

Discussion

Metabolic engineering faces many challenges. Competition
for cell resources and sensitivity to fermentation conditions
may lead to metabolic burden, imbalance of cofactors, or
accumulation of metabolic intermediates to toxic levels,
which will interfere with cell production and growth (Hart-
line et al. 2021). Dynamic metabolic engineering refers that
the cell can independently regulate the expression of path-
way, reroute metabolic flux, and guide the target metabolic
pathway to solve the difficult problems in metabolic engineer-
ing, according to the changing intracellular and extracellular
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Fig.6 Regulation circuit and

4-HIL fermentation of strains
D-RS-\IPA. A Circuit diagram
regulated by Lys-OFF ribos-
witch. When Lys concentration
is high, Lys combines with
riboswitch to cause structural
change of riboswitch. Then,
this structure can prevent
ribosomes from combining with
SD region, thus turn off the
transcription of dapA. B Cell
growth and glucose consump-
tion. C 4-HIL accumulation.
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environment (Brockman and Prather 2015). Dynamic control
strategies include different kinds of switches or devices that
can sense light, temperature, cell density, or some specific
metabolites. Photogenetic switch can sense the visible light
signal and make the responder undergo conformational
changes and thereby regulate the expression of the target
gene. In E. coli, a photosensor histidine kinase CcaS was
used to respond to red light and green light to control the
cell growth in the automatic photogenetic feedback control
system (Milias-Argeitis et al. 2016). Similarly, a temperature-
dependent system was used to dynamically regulate TCA
cycle and thereby increase itaconate production in E. coli
(Harder et al. 2018). In quorum sensing system, when the
cell density exceeds a threshold, specific small molecules

will accumulate and can be sensed to induce a specific reac-
tion; thereby, this system can be used to dynamically bal-
ance cell growth and target yield (Tan and Prather 2017).
For example, through regulating the response of cells to
population signals at different cell densities, the conversion
of E. coli from growth to production can be realized in dif-
ferent populations to improve the isopropanol yield (Soma
and Hanai 2015). Metabolite-responsive biosensors usually
sense specific metabolites to trigger conformational change
of cognate actuator and regulate the expression of down-
stream genes. These biosensors can solve the problem of
uncoordinated production and growth caused by the accumu-
lation of intermediate metabolites, substrates, cofactors, and
products. For example, Farmer et al. constructed a dynamic
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control switch to regulate lycopene synthesis by using acetyl
phosphate responsive TF-promoter (Farmer and Liao 2000).
Zhou and Zeng used Lys-responsive riboswitch to regulate
gltA expression and Lys synthesis (Zhou and Zeng 2015).
The P, gnc attenuator was used to weaken and regulate the
expression of icd and odhA, thus increasing the production
of Leu and 4-HIL, respectively (Luo et al. 2021; Zhang et al.
2018). There are fewer metabolite-responsive biosensors for
metabolic engineering of C. glutamicum. Fortunately, both
the upregulated and downregulated BCA As-responsive bio-
sensors have been found and explored, especially the Ile
upregulated biosensors Lrp-P,,, N with different dynamic
range (Tan et al. 2020). However, the Ile attenuator P, gy
and Lys-OFF riboswitch were only preliminarily explored
and they have not been applied cooperatively with other bio-
sensors and verified thoroughly. Here, the Lrp-P,,, -zN and
P;,,5nc were applied coordinately to balance the upstream Ile
synthesis and downstream Ile conversion pathways and to
attenuate or avoid the substrate inhibition caused by excess
Ile. The 4-HIL titer successfully increased to more than
120 mM (Fig. 4D, 5B). Most effectively, after synergisti-
cally downregulating Lys synthesis by Lys-OFF riboswitch,
the 4-HIL titer increased greatly to more than 170 mM and
the main by-product Lys content decreased greatly to about
6 mM (Fig. 6C). Therefore, the combined dynamic regula-
tion of 4-HIL biosynthesis and Lys branch by these three
biosensors can effectively promote 4-HIL biosynthesis in C.
glutamicum.

4-HIL has potential value in the treatment of diabetes.
In our previous study, 4-HIL was de novo synthesized from
glucose by expressing the ido gene in C. glutamicum ssp.
lactofermentum strain SNO1, an Ile producer, and neither
Ile nor a-KG was added (Shi et al. 2015). Therefore, the
IDO activity is very important for the synthesis of 4-HIL.
In the previous studies, the IDO activity was effectively
improved by a series of static regulation methods, such as
the directed evolution and site-specific mutation of ido, the
coexpression of ido and ido3, and the ribosomal binding site
(RBS) engineering of ido (Huang and Shi 2018; Shi et al.
2019, 2020). However, constitutive expression of ido may
bring great metabolic burden to cells. Then, the Lrp-P,,, ;N
biosensors were used to upregulate the expression of ido
by sensing the intracellular Ile concentration. The yield of
4-HIL reached to 28.9 —74.4 mM. However, 60— 130 mM
Ile was still accumulated and not converted into 4-HIL (Tan
et al. 2020). In our study here, in order to further improve the
IDO activity, the codon of ido was optimized and the Lrp-
P,,.reN biosensors were applied to upregulate the expres-
sion of idoY. As expected, the yield of 4-HIL was further
increased to 38.7—111.1 mM and the growth of the strains
were not affected (Fig. 2B, C).

The coordinated supply of a-KG and O,, the co-substrates
of IDO reaction, is also very important for the synthesis
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of 4-HIL. In previous studies, to increase the supply of
a-KG, the aceA gene (encoding isocitrate lyase of glyoxy-
late cycle) was deleted, thereby increasing the 4-HIL titer
to 69.5+2.2 mM (Shi et al. 2019). Then, strong promoters
P,k and P, were used to statically control the expression
of vgb on the basis of aceA deletion and ido-mqo-ido3 static
expression. The yield of 4-HIL (91.2 mM and 88.0 mM) did
not change significantly (Shi et al. 2019). Later, RBS with
high, medium, and low intensities were used to statically
fine-tune the expression of odhl on the basis of ido expres-
sion, and the yield of 4-HIL did not increase. Then RBS
engineering was applied to fine-tune the expression of both
odhl and vgb genes and the resulting supply of a-KG and O,.
The highest yield of 4-HIL was increased to 119.3 +5.0 mM
(Shi et al. 2020). Subsequently, the natural and modified
Lrp-P,,, N biosensors were used to dynamically upregu-
late the expression of odhl and vgb, and the highest yield of
4-HIL was increased to 135.3+12.6 mM (Tan et al. 2020).
Therefore, dynamic regulation may be more effective than
static regulation in 4-HIL biosynthesis. In our study here,
these three lrp-P,,,-zN biosensors with different strengths
were utilized to coordinately upregulate the expression of
odhl and vgb, and the highest yield of 4-HIL was increased
to 141.1 +15.5 mM (Fig. 3). Previously, the natural Lrp-
P,,,rg biosensor was used alone to dynamically regulate the
expression of odhl and the resulting supply of a-KG, and
the yield of 4-HIL was increased only by 8.3% (Zhang et al.
2018). Therefore, the modified Lrp-P,,,,;zN biosensors with
appropriate strength or dynamic range were more effective
to regulate the supply of a-KG and O, and thereby enhanced
the synthesis of 4-HIL significantly.

The synthesis of Ile and the conversion of Ile to 4-HIL
need to be carefully balanced. In previous studies, consti-
tutive expression of ilvA, lysC, or POSS5 led to excessive
accumulation of Ile. However, the accumulated Ile could
not be completely converted into 4-HIL and thus the 4-HIL
titer decreased due to the inhibition of IDO activity by
excessive Ile (Shi et al. 2016, 2018). Thereby, Ile supply
shall be carefully modulated, but there is no research on
the balanced Ile supply and 4-HIL synthesis. In our study
here, Ile attenuator P;;, gyc Was used to dynamically control
the synthesis of Ile and thus balance the upstream Ile sup-
ply and downstream Ile conversion pathways. The 4-HIL
yield of one resulting bidirectional regulation strain D-,IPA
increased to 123.2+20.5 mM (Fig. 4C). Therefore, bidi-
rectional dynamic control of the Ile supply and conversion
can effectively enhance the synthesis of 4-HIL. However,
the dynamic range and threshold of Ile attenuator P, zy ¢
were not modified and only the natural P,y was applied
here. Moreover, in 9 D-\IOynVPA strains, 8 strains (except
D-;1,0,VPA) generated much less 4-HIL than their original
high-producing D-\IyOyNV strains. It is speculated that in
these high-producing D-\IyO\VPA strains, the metabolic
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flux has been well balanced, and the further expression of
P, gnc-controlled ilvA may destroy the existing balanced
state of these strains. These results also indicate the fragility
of metabolic balance and the necessity of dynamic regula-
tion of 4-HIL synthesis. Even under the dynamic regulation
manner, the upstream, downstream, and co-substrates sup-
plying pathways should be optimized.

Lys is the main by-products in the synthesis of 4-HIL,
but it is very important for the growth of cells (Wehrmann
et al. 1998). In previous studies, a large amount of Lys was
accumulated during the 4-HIL fermentation (Shi et al. 2019,
2020). Then, the strategy of programming adaptive labo-
ratory evolution driven by Lys biosensor was exploited to
weaken the synthesis of Lys, but the concentration of Lys did
not decrease (Yu et al. 2021). In our study here, the Lys-OFF
riboswitch was used to weaken Lys synthesis. The concen-
tration of Lys successfully decreased to about 6 mM in most
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Fig.7 The intracellular Lys accumulation in strains D-sIPA and
D-RS-5IPA during 4-HIL fermentation

Table 3 4-HIL productions in recombinant C. glutamicum strains

D-RS-\IPA strains. Among them, the 4-HIL titer of D-RS-
sIPA strain (26.1 g/L) reached the highest level in shake flask
fermentation according to current reports. However, there
are still some shortcomings in this research. The sensitivity
and basal expression of Lys-OFF riboswitch has not been
optimized. The natural Lys-OFF riboswitch was reported
to be very sensitive to Lys. It can strongly sense Lys low to
0.1 mM and thus directly turn off the synthesis of Lys (Zhou
and Zeng 2015), but here, D-RS-\IPA strains could accu-
mulate up to 6 mM Lys. Thereupon, the intracellular accu-
mulation of Lys in D-sIPA and D-RS-;IPA was determined.
As shown in Fig. 7, the intracellular Lys content of D-sIPA
and D-RS-;IPA was 10-15 mM and 5-6 mM, respectively,
similar to their extracellular Lys content. This content was
much higher than the reported threshold of Lys-OFF ribos-
witch. Such discrepancy may be caused by the differences
between our engineering strain derived from C. glutamicum
SNO1 and the strain C. glutamicum ATCC 13,032 used by
Zhou and Zeng (2015). However, we failed to character-
ize the response of Lys-OFF riboswitch to Lys and deter-
mine its threshold in our engineering strain by fluorescence
assay, because our engineering strain could not grow in Lys
restricted medium at all. In addition, Lys-OFF riboswitch
cannot gradually downregulate gene expression and Lys syn-
thesis. However, prematurely turning off the Lys synthesis
will affect cell growth. Therefore, the modified Lys-OFF
riboswitch with higher threshold still needs to be exploited
in the future. A recent review also suggests that fine-tuning
biosensors is required to adjust the threshold concentrations
required to switch a TF or riboswitch to the requirements of
strain development (Wendisch 2020). Here, the 4-HIL titer
of the best strain D-RS-5IPA (26.1 g/L)is 51.7% and 26.7%
higher than that of previously reported static control strains
SZ05°" (17.2 g/L) (Shi et al. 2019) and SF12 (20.6 g/L)
(Shi et al. 2020), respectively (Table 3). This titer is also
31.2% higher than that of previously reported dynamic
control strain ST17 regulated by single-functional biosen-
sor (19.9 g/L) (Tan et al. 2020). Therefore, multi-functional

Strains 4-HIL titer Lys content Glucose 4-HIL yield 4-HIL pro- Ile to 4-HIL References
(g/L) (mM) consumption from glucose ductivity [g/  conversion ratio
(g/L) (mol/mol) (Leh)] (mol/mol)
HIL18 Fermenter 34.2 ~4.0 2284 0.150 0.535 0.98 Zhang et al. 2018
Flask 6.2 ~0.3 425 0.179 0.128 0.98

SZ05° Flask 17.2 ~25.0 127.0 0.166 0.120 1.00 Shi et al. 2019
SF12 Flask 20.6 ~30.0 127.0 0.198 0.143 0.94 Shi et al. 2020
ST17 Flask 19.9 ~20.0 127.0 0.186 0.138 0.88 Tan et al. 2020
D-,I,0,V  Flask 20.7 — 127.0 0.199 0.144 — This work
D-,1,0,V  Flask 19.5 — 127.0 0.187 0.135 — This work
D-RS-IPA  Flask 26.1 6.1 127.0 0.251 0.181 0.93 This work
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dynamic control system would be more effective for 4-HIL
biosynthesis than static metabolic engineering and single
functional dynamic control system. D-RS-5IPA is a promis-
ing candidate for producing 4-HIL. However, its 4-HIL titer
in shake flasks was lower than that of HIL18 achieved by 7
steps of static and 1 step of dynamic metabolic engineering
in the bioreactor (34.2 g/L) (Zhang et al. 2018). The fed-
batch fermentation of D-RS-sIPA will be considered in the
future.
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