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Abstract

Due to the lack of efficient control elements and tools, the fine-tuning of gene expression in the multi-gene metabolic pathways is
still a great challenge for engineering microbial cell factories, especially for the important industrial microorganism
Corynebacterium glutamicum. In this study, the promoter library-based module combination (PLMC) technology was developed
to efficiently optimize the expression of genes in C. glutamicum. A random promoter library was designed to contain the putative
—10 (NNTANANT) and — 35 (NNGNCN) consensus motifs, and refined through a three-step screening procedure to achieve
numerous genetic control elements with different strength levels, including fluorescence-activated cell sorting (FACS) screening,
agar plate screening, and 96-well plate screening. Multiple conventional strategies were employed for further precise character-
izations of the promoter library, such as real-time quantitative PCR, sodium dodecyl sulfate polyacrylamide gel electrophoresis,
FACS analysis, and the lacZ reporter system. These results suggested that the established promoter elements effectively regulated
gene expression and showed varying strengths over a wide range. Subsequently, a multi-module combination technology was
created based on the efficient promoter elements for combination and optimization of modules in the multi-gene pathways. Using
this technology, the threonine biosynthesis pathway was reconstructed and optimized by predictable tuning expression of five
modules in C. glutamicum. The threonine titer of the optimized strain was significantly improved to 12.8 g/L, an approximate
6.1-fold higher than that of the control strain. Overall, the PLMC technology presented in this study provides a rapid and effective
method for combination and optimization of multi-gene pathways in C. glutamicum.
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Introduction With development of synthetic biology and
metabolic engineering, many microbial cell factories have
been genetically engineered for the conversion of renew-
able feedstocks into valuable compounds (Keasling 2012;
Mao et al. 2017). Due to the complexity of metabolic net-
works, whether the engineering of endogenous target path-
ways or the introduction of heterologous biosynthesis
pathways always disturbs the native metabolism in the
hosts, and generates flux imbalances of metabolic path-
ways (Lo et al. 2013). One of the major challenges for
the engineering of microbial cell factories is to balance
the overall metabolic fluxes by orchestrating the expres-
sion of genes in the multi-gene pathways (Xu et al.
2012). Several previous studies have attempted to develop
a series of precisely controlled elements to fine-tune gene
expression, including multifarious plasmid libraries with
different copy numbers (Juminaga et al. 2012), promoter
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strengths (Du et al. 2012; Islam et al. 2017), ribosome
binding sites (RBSs) (Nowroozi et al. 2014), and termina-
tors (Jeschek et al. 2017). Overall, based on these en-
deavors, the multivariate modular metabolic engineering
for pathway and strain optimization has greatly increased
our ability to design and generate microbial cell factories
for industrial applications.

Corynebacterium glutamicum, a nonpathogenic Gram-
positive bacterium, has been widely used for the industrial
production of various amino acids, vitamins, and nucleotides
(Zhang et al. 2017). Owing to the lack of well-characterized
genetic control elements and efficient approaches for the mod-
ular assembly, each module of multi-gene pathways needs to
be individually combined and optimized to satisfy practical
requirements for high yields in most metabolic engineering
projects (Feng et al. 2016; Zhang et al. 2015a; Zhang et al.
2015b). The cumbersome and laborious optimization proce-
dures severely limit the applications of this important indus-
trial organism. Recently, several regulatable gene expression
systems have been reported to achieve the desired expression
level in C. glutamicum (Rytter et al. 2014; Yim et al. 2013).
However, due to PCR amplification bias of fully random tem-
plates (Kanagawa 2003) or the lack of proper screening
methods, the diversity and precision of the promoter library
is limited. Ideally, the promoter elements should be standard-
ized by engineering and mechanical-streamlining principles,
and be designed as plug-and-play biological parts for the pre-
dictable tuning expression of target genes (Engler et al. 2014;
Xu et al. 2012).

Generally, promoters in bacteria require the assembly and
action of the RNA polymerase (RNAP) for initiation of tran-
scription (Patek et al. 2013). The o factor mediates the recog-
nition of specific promoter sequences and the activation of
RNAP holoenzyme (Patek and Nesvera 2011). In
C. glutamicum, seven o factors are identified and divided into
three groups, the primary factor 6, the primary-like factor o,
and the alternative factors 6, o2, o, 0%, and o™ (Patek et al.
2013). The o™ and o® factors are present in all sequenced
corynebacterial species and form the largest described group
(Patek et al. 2013; Patek and Nesvera 2011). Therefore, func-
tional synthetic promoter elements should contain the same
core elements of o~ and o®-dependent promoters. However,
the nucleotide sequences in the —35 and — 10 regions of these
native promoters derived from C. glutamicum genome are
much less conserved than those of Escherichia coli and other
bacteria (Patek et al. 2013). In C. glutamicum, the consensus
core sequences of o”*-dependent promoters were presumed to
contain TTGNCA for the — 35 motif and GNTANANTNG for
the — 10 motif, and the consensus core sequences of o"-depen-
dent promoters were speculated to contain GNGNCN for the —
35 motif and TAMAATTGA for the — 10 motif, according to
statistical sequence analysis of the promoters of housekeeping
genes (Patek et al. 2013).
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L-threonine, an essential branched-chain amino acid, is
widely used in the food, pharmaceutical, and cosmetic indus-
tries (Liu et al. 2015). The large market and valuable applica-
tions have provided a strong impetus to further improve the
large-scale production of L-threonine. C. glutamicum is
regarded as a food-safe organism, and exhibits great potential
for the industrial production of threonine (Dong et al. 2011;
Zhang et al. 2015a). In C. glutamicum, five important en-
zymes are responsible for the biosynthesis of threonine from
aspartate, including aspartate kinase (LysC), aspartyl-
semialdehyde dehydrogenase (Asd), homoserine dehydroge-
nase (Hom), homoserine kinase (ThrB), and threonine syn-
thase (ThrC) (Dong et al. 2011) (Fig. S1). The inappropriate
modulation of gene expression in this metabolic pathway usu-
ally leads to the accumulation of an intermediate metabolite L-
homoserine, which is detrimental for host cell growth (Dong
et al. 2011; Lee et al. 2013). Thus, fine-tuned expression of
genes in the pathway to balance metabolic fluxes has become
an important aspect for further improvement of threonine
production.

In this study, a synthetic promoter library was rationally
designed by statistical analysis of nucleotide distributions in
the native promoters of housekeeping genes in C. glutamicum,
and was sorted by a three-step screening procedure, including
the fluorescence-activated cell sorting (FACS) screening, agar
plate screening, and 96-well plate screening. Subsequently, a
rapid and efficient multi-module combination and optimiza-
tion technology was developed based on the convenient and
well-characterized promoter elements. Using this technology,
the threonine biosynthesis pathway was reconstructed and op-
timized. Finally, a more efficient threonine biosynthesis path-
way was obtained, which reduced the accumulation of unde-
sired by-products and greatly increased threonine production.
Materials and methods

Strains, plasmids, media, and culture conditions

The strains used in this study were listed in Table 1. E. coli
DHS5« was used as the host for gene cloning and plasmid
construction. The restriction-deficient C. glutamicum RES
167 was applied to improve the efficiency of transformation
for promoter library construction and screening (Tauch et al.
2002). C. glutamicum ATCC 13032 was used as the parent
strain for threonine production.

E. coliwas grown at 37 °C in LB medium (10 g/L tryptone,
10 g/LL NaCl, and 5 g/L yeast extract), and C. glutamicum was
cultivated at 30 °C in LBHIS medium (5 g/L tryptone, 5 g/L
NaCl, 2.5 g/L yeast extract, 18.5 g/L brain-heart infusion pow-
der and 91 g/L sorbitol) (Becker et al. 2011). When needed,
chloramphenicol was added to a final concentration of 12 or
34 mg/L for C. glutamicum or E. coli, respectively. For fer-
mentative production of threonine, the seed medium
contained the components as follows: 30 g/L glucose, 30 g/
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Table 1 The strains used in the

study Strain Description Source
Corynebacterium glutamicum
ATCC 13032 Wild-type strain Invitrogen
RES 167 Restriction-deficient mutant of ATCC 13032 Invitrogen
Cg-Trc RES 167 harboring the plasmid p-Trc This study
Cg-pXMJ19 RES 167 harboring the plasmid pXMJ19 This study
Cg-0587 RES 167 harboring the plasmid p-0587 This study
Cg-3219 RES 167 harboring the plasmid p-3219 This study
Cg-3237 RES 167 harboring the plasmid p-3237 This study
Cg-2195 RES 167 harboring the plasmid p-2195 This study
Cg-1791 RES 167 harboring the plasmid p-1791 This study
Cg-H36-lacZ RES 167 harboring the plasmid p-H36-LacZ This study
Cg-P7-lacZ RES 167 harboring the plasmid p-P7-LacZ This study
dAXB ilvA, metX, and tdcB deletion strain This study
rLHdAXB dAXB derivate, lysC, and hom threonine-resistant mutation strain This study
A rLHdAXB strain harboring plasmid 1 This study
B rLHdAXB strain harboring plasmid 2 This study
C rLHdAXB strain harboring plasmid 3 This study
D rLHdAXB strain harboring plasmid 4 This study
E rLHdAXB strain harboring plasmid 5 This study
F rLHdAXB strain harboring plasmid 6 This study
G rLHdAXB strain harboring plasmid 7 This study
H rLHdAXB strain harboring plasmid 8 This study
I rLHdAXB strain harboring plasmid 9 This study
E. coli
DHS5x General cloning host for plasmid manipulation Invitrogen

L corn steep liquor, 5 g/ (NH4),SOy, 2 g/L urea, 1 g/L
KH,PO,, and 0.5 g/ MgSO,. The fermentation medium
contained the components as follows: 100 g/L glucose, 20 g/
L corn steep liquor, 20 g/L (NH4),SOy, 1 g/l KH,PO,, 1 g/L
K,HPO,, 0.5 g/ MgSOy, 0.01 g/ MnSOy, 0.01 g/L FeSO,,
0.2 g/L L-isoleucine, 0.2 g/l methionine, 2 mg/L vitamin B1,
4 mg/L vitamin B6, and 0.1 mg/L biotin.

Construction of the random promoter library
in C. glutamicum

The plasmids used in this study were listed in Table 2. All
DNA manipulations of E. coli and C. glutamicum were
carried out according to standard methods (Sambrook
et al. 2001). All primers used in this study were listed in
Table S1. The reporter plasmid pXMJ21 was created to
determine the strength of the promoters by inserting the
enhanced green fluorescent protein (EGFP) coding se-
quence into pXMJ20 backbone, which was generated by
removing the Bsal recognition site from pXMJ19 using
the primers J19mut-F/J19mut-R (Fig. S2). The Trc pro-
moter P, was amplified from pTrc99a using the primers

pTrc-F/pTrc-R, and cloned into pXMJ21 to yield plasmid
p-Trc, which was used as the positive control. Moreover,
the native promoters of the genes cg2195, cgl791,
cg3219, cg0587, and c¢g3237 were selected to demarcate
the expression strength of the combinatorial promoters.
These promoters were amplified from the genomic DNA
of C. glutamicum ATCC 13032 and individually inserted
into pXMJ21 to generate the plasmids p-2195, p-1791, p-
3219, p-0587, and p-3237.

For the construction of promoter library, the 120-bp
random primer (RDP) containing an 80-bp designed pro-
moter sequence, the Bsal restriction enzyme recognition
site, and the EGFP forward primer was chemically synthe-
sized by Genewiz Biotech Co., Ltd. (Suzhou, China) (Fig.
la). Subsequently, an EGFP fragment including the varied
promoters was obtained by PCR amplification using the
primers RDB/EGFP-R, and cloned into pXMJ20 via
Golden Gate assembly. After transformation and plasmid
extraction from E. coli DH5«, the purified plasmid library
was used to electro-transform C. glutamicum RES 167 to
construct the promoter library as described previously
(Kirchner and Tauch 2003).
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Table 2 The plasmids used in the

study Plasmids Description Source

pCRD 206 Temperature-sensitive gene disruption plasmid Okibe et al. (2011)
pCRB 62 Antisense RNA-mediated low-copy plasmid Okibe et al. (2010)
pTrc99a Plasmids contained Trc promoter Addgene
pXMJ 19 E. coli and C. glutamicum Shuttle vector Invitrogen
pXMJ 20 pXMJ 19 removed Bsal recognition site This study
pXMJ 21 pXMJ 20 removed Tac promoter and inserted EGFP This study
pXMJ 22 pXMJ 21 derivate, replacement of pBL1 replicon with pCGR2 replicon  This study
p-Trc pXMJ 21 containing Trc promoter This study
p-0587 pXMJ 21 containing cg0587 promoter This study
p-3237 pXMJ 21 containing c¢g3237 promoter This study
p-2195 pXMJ 21 containing c¢g2195 promoter This study
p-3219 pXMIJ 21 containing cg3219 promoter This study
p-1791 pXMIJ 21 containing cgl791 promoter This study
p-RDP pXMIJ 21 containing synthesis random promoter This study
p-H36-LacZ  pXMJ 20 containing strong promoter H36 and lacZ gene This study
p-P7-LacZ pXM1J 20 containing strong promoter P7 and lacZ gene This study
pXMJ-asd pXMJ 20 containing Bsal silent mutant asd gene This study
pXMJ-hom®  pXMTJ 20 containing Bsal silent mutant zom”™ gene This study
pXMJ-thrC pXMJ 20 containing Bsal silent mutant thrC gene This study
Plasmid 1 PXMTJ 22 derivate, containing L" A"H"B"C" modules This study
Plasmid 2 PXMTJ 22 derivate, containing L"A"HMBMC™ modules This study
Plasmid 3 PXMTJ 22 derivate, containing L" A"H"B“C" modules This study
Plasmid 4 pXMIJ 22 derivate, containing L"AMH"BMC™ modules This study
Plasmid 5 pXMIJ 22 derivate, containing L"AMHMBC" modules This study
Plasmid 6 pXMJ 22 derivate, containing L"AMH"B"CM modules This study
Plasmid 7 pXMJ 22 derivate, containing L"A"H"B“CM modules This study
Plasmid 8 pXMJ 22 derivate, containing L"A"HMBYC™ modules This study
Plasmid 9 pXMJ 22 derivate, containing L"A"H*BMC™ modules This study

High-throughput screening of the promoter library

The transformed cells were streaked onto LBHIS agar plates
containing 12 mg/L chloramphenicol, and grown at 30 °C for
48 h to avoid negative interference. The resulting cells were
washed from the agar plates with phosphate-buffered saline
(PBS), and harvested by centrifugation at 8000xg for 10 min
at 4 °C. For sample preparation, the cells were washed twice
and resuspended in PBS buffer, and then vortexed for 5 min to
obtain a uniform suspension. Before the screening procedure,
the cell suspension was diluted to an optical density at 600-nm
wavelength (ODggg) of 0.1 to avoid internal interference. The
cells were screened using the MoFlo XDP Flow Cytometry
Sorter (Beckman Coulter Inc., Fullerton, CA, USA). The fluo-
rescence signal of the EGFP reporter was excited at 488 nm
and emission was detected using a 530/40 band-pass filter.
The “Purify model” of the FACS was used as the sorting
model to improve the ratio of positive cells in the library. All
isolated cells were cultivated on LBHIS agar plates at 30 °C
for 48 h for further analysis. The resulting cells were selected
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according to the fluorescence intensity of EGFP excited by
blue light (476495 nm). Part of the cells were selected and
transferred onto fresh LBHIS agar plates. Finally, the 96-well
plate screening was implemented to further accurately charac-
terize the isolated promoters of various strengths. The cells
were cultivated in LBHIS liquid medium for 18 h in the 96-
well plate, and the fluorescence intensity was measured using
a multi-detection microplate reader (SpectraMax M2,
Molecular Devices, CA, USA) at excitation and emission
wavelengths of 488 and 530 nm, respectively.

Real-time quantitative PCR analysis

The transcription strengths of the promoters were determined
by quantitative PCR (qPCR). The samples were cultivated in
LBHIS liquid medium for 18 h, and harvested by centrifuga-
tion at 10,000xg for 10 min at 4 °C. The total RNA was
isolated using the RNA-prep Pure Plant Kit (Tiangen
Biotech Co. Ltd., Beijing, China) according to the manufac-
turer’s protocol. The quantity of harvested RNA was measured
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Fig. 1 Design and construction of the promoter library. a Schematic
diagram of the designed random promoters. The promoters with an
overall 80-bp length were designed with random bases (indicated with
N) at strategic positions. The yellow, red, and green regions indicate the

using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, USA). Quantitative reverse transcription PCR was
performed according to a previously described method (Du
et al. 2012). The transcription level of the /6S rRNA gene
was used as internal control to normalize the samples. For
comparison of the transcription strengths of different pro-
moters, the transcription level of the positive control, Trc pro-
moter, was defined as 1. The primers used for gPCR amplifi-
cation were listed in Table S1.

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis analysis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out to analyze the protein expres-
sion of the screened promoters according to the method de-
scribed previously (Yim et al. 2013). For protein preparation,
the cells were cultivated in LBHIS liquid medium at 30 °C for
48 h. Then, the samples were centrifuged at 8000xg for
10 min at 4 °C and resuspended in Tris-NaCl lysis buffer
(200 mM NacCl, 20 mM Tris HCI, pH 7.5). Following, the
cells were sonicated for 15 min on ice, and centrifuged at
15,000xg for 20 min at 4 °C. The supernatants were analyzed
by electrophoresis on an SDS-PAGE gel.

Construction of lacZ reporter system

The lacZ reporter system was also constructed to benchmark
the promoter library. The H36 and p7 promoters, previously

-~ onpuc ——

putative — 35, — 10, and ribosome binding site (RBS) regions,
respectively. b Integration of the promoter library within the reporter
plasmid pXMJ20 for promoter screening

shown to be strong promoters (Rytter et al. 2014; Yim et al.
2013), were embedded into the lacZ gene forward primer and
chemical synthesized by Genewiz Biotech Co., Ltd. (Suzhou,
China). After fusion of the selected promoter elements with
lacZ reporter gene, the fragments were cloned into pXMJ20
by Golden Gate assembly, respectively. Then, these plasmids
were transformed into the C. glutamicum RES 167 by elec-
troporation, respectively. The (3-galactosidase activity was
measured using the method described previously (Israclsen
et al. 1995), and calculated as Miller units (MU) (Rytter
et al. 2014).

Gene deletion and mutation in C. glutamicum

The genetic manipulation of C. glutamicum was performed
according to the standard methods (Sambrook et al. 2001).
For construction of the ilvA deletion strain, the upstream and
downstream flanking regions were, respectively, amplified
from the genomic DNA of C. glutamicum using the primers
ilvAUP-F/ilvAUP-R and ilvADn-F/ilvADn-R, and fused by
overlap extension PCR using the primers ilvAUP-F/ilvADn-
R. The final PCR product was digested with BamHI and Xbal,
ligated into the pCRD206 treated with the same enzyme to
yield the plasmid pCRDIilvA. C. glutamicum mutant strain
was achieved by a two-step homologous recombination using
the temperature-sensitive plasmid pCRD206 as described pre-
viously (Okibe et al. 2011). The i/vA deletion strain was con-
firmed by PCR with the primer pair ilvACF/CR. The metX
and tdcB deletion strains were created using the same strategy.
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The point mutation of LysC (T3111) was carried out to remove
the feedback inhibition by threonine. The upstream and down-
stream flanking regions containing the point mutation at
T3111 site were amplified from the genomic DNA of
C. glutamicum using the primers lysCUp-F/lysCUp-R and
lysCDn-F/LysCDn-R, respectively. Then, the fused fragment
was digested with BamHI and Xbal, and inserted into the same
sites of pCRD206 via to obtain the mutant plasmid
pCRMlysC. The point mutation of Hom (G378E) was imple-
mented according to the same method.

Promoter library-based module combination
for the optimization of threonine biosynthesis
pathway

For the stable expression of genes in C. glutamicum, the low-
copy plasmid pXMJ22 was developed by replacing the pBL1
replicon of pXMJ20 with the antisense RNA-mediated
pCGR2 replicon, the copy number of which has been demon-
strated to be less than three copies per chromosome (Okibe
et al. 2010) (Fig. S2). Taking into account the combination of
modules via Golden Gate assembly, the restriction enzyme
Bsal recognition sites of the relevant genes, asd, hom®
(homoserine dehydrogenase threonine-feedback-resistant mu-
tant), and #hrC, were silently mutated using the primers listed
in Table S1 and cloned into pXMJ20. For application of the
promoter library-based module combination (PLMC) technol-
ogy, the long primer pairs contained varied promoter se-
quences and T7 terminator were chemically synthesized and
used to amplify the threonine biosynthesis modules. The vec-
tor backbone pXMJ22 and various obtained modules were
mixed at equimolar concentrations in a 20 uL Golden Gate
reaction solution. The reaction was implemented with the
standard procedure as reported previously (Peccoud et al.
2011), and the ligation product was transformed into E. coli
DHS5« to obtain the recombinant plasmids. Subsequently, the
recombinant plasmids were electro-transformed into the
threonine-producing C. glutamicum rLHdAXB strain to de-
termine the optimal combination of multiple modules for bet-
ter productive performance.

Homoserine dehydrogenase activity assay

The activity of homoserine dehydrogenase was measured by
monitoring the absorbance of NADPH at 340 nm according to
the method published previously (Dong et al. 2016). The sam-
ple was harvested at 48 h, separated from the fermentation
medium by centrifugation, and resuspended in Tris-NaCl lysis
buffer. Subsequently, the harvested cells were sonicated for
15 min on ice and centrifuged at 15,000xg for 20 min at
4 °C. The resulting supernatants were used for enzyme activ-
ity assays. The protein concentration was determined by
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bicinchoninic acid (BCA) protein assay (Pierce, USA) accord-
ing to the manufacturer’s protocol.

Analysis of fermentation profiles

For fermentation analysis, threonine-producing strains were
activated in LBHIS liquid medium and cultivated in the seed
medium for 18 h at 30 °C. Then, the cells were inoculated into
50 mL of fermentation medium in a 500-mL Erlenmeyer
flask, and cultivated at 30 °C for 72 h. The initial ODggy was
adjusted to 1. The concentrations of amino acids were assayed
using a high-performance liquid chromatography (HPLC)
system (Agilent 1260, USA) with a ZORBAX Eclipse AAA
column (4.6 x 150 mm, 5 pum; Agilent, USA), according to
the standard methods described previously (Becker et al.
2011).

Results
Design and construction of the promoter library

The consensus core elements of C. glutamicum promoter were
designed to contain NNGNCN for the — 35 motif and
NNTANANT for the — 10 motif according to the key elements
of 0™~ and o®-dependent promoters, and the ribosome bind-
ing site (RBS), speculated as a common AAAGGA motif
(Zhang et al. 2015a), was also included. For the convenient
application of the synthetic promoter library, the Bsal recog-
nition sites and the forward primer of the EGFP reporter gene
were also fused into the random promoter (Fig. 1a). The ran-
dom synthetic promoter library with the EGFP reporter gene
was achieved by PCR amplification using the designed
primers, and inserted into pXMJ20 to construct the promoter
library (Fig. 1b). In order to improve the plasmid transforma-
tion efficiency, the restriction-deficient C. glutamicum
RES167 was used as the host for analysis of the promoter
library (Tauch et al. 2002). Finally, a large-size promoter li-
brary (about 5 x 10° clones) was constructed.

High-throughput screening of the promoter library

A three-step high-throughput screening method was
established for screening the promoter library. The samples
of library were firstly examined using FACS analysis to verify
the practicability of the library. As shown in Fig. 2a, the fluo-
rescence intensity of the positive control, Cg-Trc, was signif-
icantly higher than that of the negative control, Cg-pXMJ20.
Moreover, the fluorescence intensity of samples in the library
had a wide range, and was obviously higher than that of the
negative control, indicating that the FACS-based screening
strategy was reliable. In order to ensure the capacity and cov-
erage of the promoter library, about 5x 10" cells were
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screened by FACS. According to the fluorescence intensity,
the top 0.04% of the screened cells was sorted and cultivated
on LBHIS agar plates (Fig. 2b). Subsequently, the agar plate
screening was carried out for further evaluation of the
screened library based on the visible fluorescence signal of
EGFP reporter under excitation by blue light (Yang et al.
1996). As shown in Fig. 2c, the cells containing promoters
with various strengths were emitted distinctly different visible
fluorescent signal. Finally, the fluorescent intensity of the se-
lected cells was measured by the 96-well plate assay to deter-
mine the precise expression strength. The fluorescence inten-
sities of the sorted cells displayed a considerable range from
300 to 14,000 a.u. (Fig. 2d), suggesting that the three-step
screening process yielded a promoter library with a wide
range.

Detailed analysis of the promoter library

According to the fluorescence intensity measured, the sorted
promoter library was classified into three groups: high-
strength group (more than 8000 a.u.), medium-strength group
(3000-6000 a.u.), and low-strength group (200-2000 a.u.)
(Figs. 2d and 3a). A total of 30 promoters were randomly

selected from these three groups for further individual analy-
sis. Sequence analysis was carried out using BPROM soft-
ware (http://linux1.softberry.com/berry.phtml) (Fig. S3). The
result indicated that the — 10 motifs of the promoter library
were mostly conformed to the designed sequence
(NNTANANT) despite the different locations, whereas the
— 35 motifs of the promoter library were less conserved. The
distance between — 10 and — 35 motif was predicted to be 10—
16 bp, which was not quite consistent with the designed 17 bp.
Furthermore, the nucleotide usage frequency analysis of the
promoters from high-strength group exhibited that the whole
artificial 80-bp sequence was AT-rich, especially from 9 to
67 bp (Fig. S4), which was consistent with the promoters from
other prokaryotic bacteria (Patek et al. 2013). Finally, an ar-
chetypical strong promoter sequence was proposed based on
these statistics, which can be regarded as a universal promoter
element for the high regulatable expression of target genes in
C. glutamicum (Fig. S4).

In order to calibrate the expression strength of these artifi-
cial promoters, several native promoters of C. glutamicum
were selected and compared, including the promoters from
cg2195 encoding a putative membrane protein, cgl791
encoding glyceraldehyde 3-phosphate dehydrogenase,
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Fig. 2 Sorting of the synthetic promoter library using a three-step
screening procedure. a FACS analysis of the promoter library. Cg-
pXMJ20 (black curve) was used as the negative control, and Cg-Trc
(red curve) was used as the positive control. The blue curve represents
samples from the synthetic promoter library. Of the samples, 60,000
clones were used for FACS analysis. b FACS screening of the promoter

Fluorescence intensity
(flurescence/OD, )

library. The blue square refers to the top 0.04% of all screened cells. ¢
Visual agar-plate screening. The cells were cultivated on LBHIS agar
plates for 48 h before detection. d Ninety-six-well-plate screening. The
fluorescence intensities of 760 selected strains were measured by a multi-
detection microplate reader
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cg3219 encoding lactic dehydrogenase, cg0587 encoding
elongation factor Tu, and ¢g3237 encoding superoxide dis-
mutase (Kim et al. 2016). As shown in Fig. 3a, most of the
sorted promoters displayed higher fluorescence intensity than
that of the positive control (Pry.). Moreover, most of the pro-
moters from high-strength group exhibited higher fluores-
cence intensities than those of the commonly strong native
promoters, suggesting that the artificial promoters from high
group were more suitable for high-regulated gene expression.
Furthermore, the expression strengths of these artificial pro-
moters were also determined by qPCR, FACS analysis, and
SDS-PAGE (Figs. 3b, c and S5). The relative expression of the
promoters at the transcriptional level exhibited the same trend
as the fluorescence intensity data (Fig. 3b). The transcriptional
levels of promoters from high-strength group were obviously
higher than those of the promoters from medium-strength
group, which were also greatly stronger than those of the
promoters from low-strength group. The protein levels of
EGFP reporter were positively correlated with the strength

Q

of promoters, and the EGFP reporter from the high-strength
group showed the highest protein concentration at the transla-
tional level (Fig. S5). These observations were also demon-
strated by the mean fluorescence of promoters from different
groups (Fig. 3¢). Finally, the lacZ reporter system was used to
benchmark the promoter library. The (3-galactosidase activity
of H10 strain was 8978.6 + 531.3 MU, while the positive con-
trol pTrc only had an activity of 512.8 £ 50.2 MU (Fig. 3d). As
a comparison, the expression levels of previously described
strong promoters H36 and P7 were also measured (Rytter et al.
2014; Yim et al. 2013). The activities of H36 and P7 pro-
moters were 6887.6+401 and 5798.3 £312.5 MU, respec-
tively, which were obviously lower than that of H10 promoter.

PLMC technology for the optimization of multi-gene
biosynthesis pathways in C. glutamicum

Generally, unbalanced pathway fluxes are severe obstacles for
the high-level production of target chemicals (Ajikumar et al.
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Fig. 3 Analysis of the synthetic promoter library in C. glutamicum. a
Analysis of fluorescence intensities of the promoter library. Cg-
pXMJ20 was used as the negative control, and Cg-Trc was used as the
positive control. The native promoters of cg3219 (lactic dehydrogenase),
cg0587 (Tu elongation factor), cg3237 (superoxide dismutase), cg2195
(membrane protein), and cgl791 (glyceraldehyde 3-phosphate
dehydrogenase) were used to calibrate the synthetic promoter strengths.
b Real-time quantitative PCR analysis of the promoter library. The
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expression level of the Trc promoter was normalized as 1 as the positive
control. ¢ FACS analysis of three promoters from the different
groups. The fluorescence signals of L6, M6, and H6 were shown in green,
blue, and red, respectively. The Trc promoter shown in black was used as
the control. d The activities of 3-galactosidase under the control of
different promoters were measured. All data and standard errors were
derived from three independent biological replicates
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2010). Thus, the PLMC technology was developed for rapid
and efficient combination and optimization of modules in
multi-gene pathway in this study (Fig. 4). As shown in Fig.
4a, a pair of long primers, containing the varied promoters at
the 5’ end of the forward primer and the terminator at the 5'-
end of the reverse primer, was designed to facilitate the as-
sembly. With these primers, various modules regulated by the
designed promoters were achieved by one-step PCR amplifi-
cation (Fig. 4b). Subsequently, the multiple genetic modules
in the pathway were seamlessly assembled via Golden Gate
assembly to directly form an entire expression vector library
(Fig. 4c). Finally, a more efficient and balanced pathway could
be obtained according to the titer of the target product (Fig. 4d,
e). Therefore, the PLMC technology significantly reduces the
redundant and duplicated efforts for matching the control ele-
ments with target genes and constructing the various plasmids
in the combination and optimization of multi-module pathway
(Zhang et al. 2015a; Zhang et al. 2015Db).

a

Module optimization to improve threonine
production in C. glutamicum

The threonine-producing C. glutamicum strain was con-
structed as described in Fig. S1. Threonine dehydratase
encoded by ilvA and tdcB were firstly deleted to eliminate
the degradation of threonine. In order to remove the feed-
back inhibition by threonine, the aspartate kinase and
homoserine dehydrogenase were introduced the point mu-
tation, LysC™>'"" and Hom“*7®F, respectively. Homoserine
acetyltransferase (MetX) was also deleted to remove the
competitive pathway of precursor homoserine. Finally, the
initial strain TLHdAXB produced 2.1 g/L of threonine,
whereas this strain still accumulated 3.2 g/L of
homoserine and 2.3 g/L of lysine as the major by-prod-
ucts. The low titer was largely attributed to the unbal-
anced pathway fluxes, and overmuch metabolic flux was
wasted to generate by-products.

b
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Fig. 4 Schematic diagram of the promoter library-based module combi-
nation (PLMC) technology. a The primers designed for PLMC
technology. b Construction of varied modules. ¢ Combination of multi-
modules via Golden Gate assembly to generate a plasmid library. P

The titer of target products

Strains

promoter, 7 terminator, B Basl restriction sites. d, e Comprehensive
evaluation of the various clones. The best candidate was selected
according to the titer of the target production
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In order to improve the threonine production, the threonine
biosynthesis pathway was reconstructed and optimized using
the PLMC technology. To facilitate the construction of genetic
modules, three different strength promoters, L6, M6, and H6,
were randomly selected from three strength groups to regulate
the expression of genes (Fig. 3c). In C. glutamicum, the first
enzyme of threonine biosynthesis pathway, LysC® (LysC
threonine-feedback-resistant mutant), has been demonstrated
as the key node driving the carbon flux into the threonine
biosynthesis pathway (Dong et al. 2011). Hence, the key en-
zyme, LysCR, was expressed using high-strength promoter to
improve the metabolic flux of the pathway (Fig. 5a). A math-
ematical model describing the combinatorial approach was
applied to simplify the optimization of four genetic modules
as described previously (Zhang et al. 2015a) (Fig. 5b). The
various module combinations were scaled down from the the-
oretical 81 to 9, and assembled with the PLMC technology
(Fig. 5c¢).

The fermentation profile analysis of the candidate strains
was carried out with the initial strain TLHdAXB harboring the
empty plasmid pXMJ22 as the control. The results confirmed
the presence of clear variations on both threonine production
and growth among different module combinations (Fig. 6a).
In particular, the threonine titers of strains A, B, D, and H
reached 8.9, 10.1, 12.8, and 11.3 g/L, respectively, which
was distinctly higher than that of the control stain.

Fig. 5 Combination and
optimization of multi-module for
threonine biosynthesis. a The
structure and components of the
threonine biosynthetic modules.
The arrows in different colors b
indicate different expression

strengths of the genes. Red “7™

symbol represents the terminator.

b The mathematic model of

combinatorial approach for multi-

module optimization. Three

levels of promoter strength (H6,

M6, and L6) were selected to

control the expression of target

genes. ¢ Assembly of the

threonine biosynthesis pathway

modules. P promoter, 7

terminator

lysC

asd

hom

thrC

Importantly, strain D exhibited the highest threonine titer
among all of the strains, an almost 6.1-fold increase compared
with the control strain, indicating that the module
LuAyvHuBMCrL was the best combination for threonine bio-
synthesis in C. glutamicum. Moreover, the titer of the by-
product lysine was low in strain D (1.8 g/L), relative to other
strains (Fig. 6b). Besides, the variation of the by-product ly-
sine was correlated to the expression of Hom. It may be be-
cause the third enzyme of the threonine pathway, Hom, is
located at the metabolic node that competes for a common
substrate with the dihydrodipicolinatesynthase of the lysine
pathway (Fig. S1). Therefore, the activity of Hom for each
strain was also determined to demonstrate the hypothesis. As
shown in Fig. 6c, the activity of Hom under the control of
high-strength promoters exhibited almost 11-fold higher than
that under the control of low-strength promoters, supporting
the opinion that the high-level expression of Hom was more
propitious to drive fluxes toward threonine biosynthesis. In
addition, the biochemical stability of Hom-overexpression
strains was determined by evaluating the activities of Hom
after 20 generations of passage. There was no significant dif-
ference between the original and subcultured strains (Fig. S6),
revealing that the overexpression of hom with low-copy vec-
tor generated in this study was effective and stable as de-
scribed previously (Reinscheid et al. 1994). Nevertheless,
the by-product homoserine of the strain D was still found even

) —E lysC -|: asd T—r homLE thrBT—E thrCL

A B C D E F G H I
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Fig. 6 Fermentation profile analysis of C. glutamicum strains carrying
the different genetic module combinations. a Threonine production
(orange column) and cell growth (black circle) of the candidate strains.
Strain TLHdAXB harboring pXMJ22 was used as the control. b The titer
of by-products lysine and homoserine. ¢ The activity of homoserine
dehydrogenase (Hom) in various tested strains. All data and standard
errors were derived from three independent biological replicates

though it was much lower in comparison with the control
strain (Fig. 6b). This is mainly because the activity of ThrB
is competitively inhibited by threonine but is relieved with the
increase of homoserine (Dong et al. 2011). Therefore, the
optimized combination of ThrB expression and an appropriate
concentration of homoserine was required for threonine accu-
mulation. By contrast, the high expression of Asd and ThrC
led to only a marginal increase of threonine accumulation,

which was consistent with the previous reports (Dong et al.
2011; Eikmanns et al. 1991; Zhang et al. 2015¢).

Discussion

One important goal of synthetic biology is the develop-
ment of well-characterized, standardized, and reusable el-
ements that can be more easily and rapidly assembled into
an industrial organism with the desired properties (Xu et al.
2012). A number of elements have been established, de-
signed, collected, and registered in several databases, such
as the iIGEM Registry of Standard Biological Parts (http://
parts.igem.org) and the AddGene database (www.addgene.
org). However, the lack of well-characterized genetic con-
trol elements is still a limiting factor for the design of
platform strains and the assembly of desired pathways in
C. glutamicum (Li and Borodina 2015). In view of its in-
dustrial importance, the paucity of control biobricks for the
engineering of C. glutamicum is particularly pressing. In
the recent years, several research groups have developed
some promoter control elements to regulate gene expres-
sion in C. glutamicum (Yim et al. 2013; Rytter et al. 2014).
Yim et al isolated and characterized multiple potential pro-
moters of various strengths from fully synthetic random
sequences, including the strongest promoter H36 ever re-
ported in the literature. Rytter et al established synthetic
promoter libraries using the [3-galactosidase reporter to as-
sess promoter strength. However, PCR amplification bias
of fully random templates generally reduces the diversity
of the promoter library (Kanagawa 2003), and the single-
stage screening procedure of promoter library also makes
the assessment of promoter strength insufficiency and im-
precision. In order to develop a comprehensive promoter
library, the core sequence of an overall length of 80 bp was
designed to contain —35 NNGNCN motif, — 10
NNTANANT motif, and a common RBS AAAGGA motif
(Fig. 1a). A total of about 5 x 107 clones were screened by
a three-step, high-throughput screening method.
Fortunately, the promoter library exhibited an efficient reg-
ulatory capacity with a wide range. In particular, the (3-
galactosidase activity of H10 strain was 1.3 and 1.5 times
higher than those of H36 and P7, respectively (Fig. 3d). To
the best of our knowledge, H10 promoter is the strongest
promoter so far identified in C. glutamicum (Patek et al.
2003; Patek and Nesvera 2011; Yim et al. 2013).
According to the statistics of nucleotide usage frequency
in high-strength promoters, a high-strength RBS sequence
was also predicted as AAAGGAAGKRY (Fig. S4), which
could also be used for tuning gene expression at the trans-
lational level. However, the space distances between the —
10 and — 35 regions of the sorted promoters were 10—16 bp
(Fig. S3), which was not consistent with the designed 17 +
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1-bp space as described previously (Patek et al. 2013). The
most likely reason is that the available software for pro-
moter analysis was exploited with the general bacterial but
not C. glutamicum-specific, which probably made the pre-
diction imperfect (Yim et al. 2013). To sum up, the pro-
moter library exhibited advantages of wide-regulated range
with satisfied accuracy and simple constitute, making it be
efficiently applied to tune the expression of target genes for
metabolic engineering in C. glutamicum.

For engineering of cell factories, the unregulated expression
of several related pathway genes, whether native or heterolo-
gous, can cause a large metabolic burden due to the futile ex-
pression of a large number of enzymes or the accumulation of
toxic metabolic intermediates (Biggs et al. 2014). Many ad-
vanced strategies have been designed to optimize the carbon
flux toward the target product through systematic investigation
of pathway input variables (Biggs et al. 2014; Keasling 2012).
Xu et al. has combined the plasmid library with RBS elements
to tune gene expression for optimization of fatty acid produc-
tion (Xu et al. 2013). Moreover, the ePathbrick method was
developed to achieve a diversified combination library by iter-
atively integrating multiple regulatory biobricks into the
ePathBrick vector with compatible restriction enzyme (Xu
et al. 2012). However, their strategies are implemented through
several rounds of plasmid construction, which are time-
consuming and labor-intensive. Therefore, there is an urgent
need for convenient and practical tools that enable multivariate
modular metabolic engineering. In this study, the PLMC tech-
nology was developed, based on the Golden Gate assembly, to
streamline the process of reconstruction and optimization of
pathway modules in C. glutamicum (Fig. 4). Golden Gate as-
sembly is an efficient DNA construction method based on type
II restriction enzymes, which can cleave the target DNA frag-
ment outside the recognition site to form 3—4-bp cohesive ends
for fragment ligation (Engler et al. 2014; Peccoud et al. 2011).
In the assembly process, the irreversible ligation enormously
enhances the efficiency of assembly compared with the classi-
cal restriction-ligation methods (Werner et al. 2012). With the
rational design of the sticky-end nucleotides, the Golden Gate
assembly method is able to effectively generate a multi-gene
shuffled library spanning more than 30 kb (Engler et al. 2014;
Peccoud et al. 2011), which suggests that it is ideally suitable
for multi-gene assembly. Combined the Golden Gate assembly
and the practical promoter elements, the PLMC technology
significantly reduces the time and workload required for the
optimization of multi-gene pathways in C. glutamicum.

To date, many efforts have been made to improve threonine
production via overexpression of key genes, elimination of
feedback inhibition, weakening of the competing branches,
and reduction of intracellular consumption (Dong et al.
2011). Nevertheless, the imbalance of metabolic fluxes and
accumulation of toxic intermediates remain significant engi-
neering issues that need to be solved. In an innovative
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approach, a DNA scaffold system is designed to adjust the
spatial distribution of pathway enzymes, which improves thre-
onine productivity more than 3-fold, and decreases the accu-
mulation of the toxic intermediate homoserine about 15-fold
in E. coli (Lee et al. 2013). However, there are few reports
about the engineering of C. glutamicum for threonine produc-
tion, even though the workhorse has numerous intrinsic ad-
vantages. In this study, an efficient threonine cell factory was
constructed and optimized using the PLMC technology, and it
displayed the highest titer of threonine in C. glutamicum to
date (Fig. 6a). Besides the first enzyme LysC, both Hom and
ThrB nodes were also identified as the important control
valves of threonine biosynthesis through the analysis of fer-
mentation profiles, consistent with the results found in E. coli
(Zhang et al. 2015c). In order to construct a more cost-
effective threonine producer, reliving the feedback inhibition
of ThrB by threonine will need to be solved by protein engi-
neering. However, overexpression of ThrC had little effect on
threonine production (Fig. 6a), which was consistent with a
previous report in C. glutamicum (Dong et al. 2011), even if it
could improve the productivity in E. coli (Lee et al. 2013).
Although the titer of threonine was clearly lower compared
with that in E. coli, C. glutamicum is still a promising candi-
date for the industrial production of threonine, and its produc-
tivity can be further improved by future metabolic
engineering.

To sum up, a convenient and effective promoter element
library was successfully constructed with broad range of
strength in C. glutamicum. Based on the sorted promoter ele-
ments, a rapid and efficient module combination technology
was developed to fine-tune the expression of genes in multi-
gene pathway. Using the PLMC technology, the threonine
biosynthesis pathway was reconstructed and optimized. The
titer of threonine was significantly improved, demonstrating
that this is an efficient method to construct and optimize path-
ways in metabolic engineering. Additionally, the PLMC tech-
nology would be more efficient by combing with a high-
throughput screening method of target products. Fortunately,
with the development of synthetic biology, more and more
high-throughput screening technologies for several valuable
chemicals have been established based on biosensors,
riboswitches, and visible light (Mahr et al. 2015; Sang-Woo
and Min-Kyu 2015). Therefore, there is reason to believe that
the PLCM technology will be widely applied to optimize cell
factories and improve the production of target chemicals via
metabolic engineering in the future.
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