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Abstract Corynebacterium glutamicum is a non-pathogenic,
non-sporulating Gram-positive soil bacterium that has been
used for the industrial production of various proteins and
chemicals. To achieve enhanced and economical production
of target molecules, the development of strong auto-inducible
promoters is desired, which can be activated without expen-
sive inducers and has significant advantages for industrial-
scale use. Here, we developed a stationary-phase gene expres-
sion system by engineering a sigma factor B (SigB)-depen-
dent promoter that can be activated during the transition phase
between exponential and stationary growth phases in
C. glutamicum. First, the inducibilities of three well-known
SigB-dependent promoters were examined using super-folder
green fluorescent protein as a reporter protein, and we found
that promoter of cg3141 (P.43,4;) exhibited the highest induc-
ibility. Next, a synthetic promoter library was constructed by
randomizing the flanking and space regions of P.43,4;, and the
stationary-phase promoters exhibiting high strengths were iso-
lated via FACS-based high-throughput screening. The isolated
synthetic promoter (P4.n14) showed a 3.5-fold inducibility and
up to 20-fold higher strength compared to those of the original
cg3141 promoter. Finally, the use of the isolated P44 for
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fed-batch cultivation was verified with the production of glu-
tathione S-transferase as a model protein in a lab-scale (5-L)
bioreactor.
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Introduction

Corynebacterium glutamicum is a non-pathogenic, non-
sporulating Gram-positive soil bacterium that is generally rec-
ognized as a safe organism (GRAS) (Ikeda and Nakagawa
2003; Kalinowski et al. 2003). Due to its safety and perfor-
mance, C. glutamicum has been widely used as an industrial
producer of various proteins and biochemicals such as amino
acids, vitamins, nucleic acids, biofuels, and fine chemicals
(Becker and Wittmann 2012; Choi et al. 2015; Park et al.
2014). To increase the expression level of target genes, various
genetic engineering of this microorganism has been conducted
over the last decade (Liu et al. 2015; Woo and Park 2014; Yim
etal. 2013). One of the most effective tools for increasing gene
expression involves the engineering of promoters. In general,
for the heterologous gene expression in bacterial host, two
types of promoters are available: (i) constitutive promoters,
which are uncontrolled promoters with continuous transcrip-
tion of heterologous genes, and (ii) inducible promoters,
which are controlled promoters that turn on in response to a
specific inducer. Compared to constitutive promoters, induc-
ible promoters show many advantages for the production of
recombinant proteins (Mijakovic et al. 2005). Inducible pro-
moters can control the initiation time for the protein produc-
tion, so they can lower the metabolic load and allow fast
growth to high cell density (Lipscomb et al. 2004). In addition,
they are useful in the production of toxic chemicals.
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Although inducible promoters have many advantages over
constitutive promoters, there are also several drawbacks of
using inducible promoters. Adding inducers requires monitor-
ing of the cell density and the metabolic state (Nocadello and
Swennen 2012). In addition, inducers such as IPTG are often
toxic to the cells or too expensive to use in large amounts, so
inducible promoters are sometimes not preferred at industrial
scales (Donovan et al. 1996; Hansen et al. 1998). To solve
these problems, auto-inducible expression systems were de-
veloped as alternatives (Nocadello and Swennen 2012). Auto-
inducible promoters automatically turn on in response to an
effect of their own metabolism, such as nutrient, oxygen, pH,
and cell growth phase (Chou et al. 1995; Khosla and Bailey
1989; Miksch et al. 2005; Wanner et al. 1988). Several auto-
inducible gene expression systems have been developed in
other bacterial species, and their performances in the large-
scale production of recombinant proteins have been proven
(Cao and Xian 2011; Miksch et al. 2005; Nocadello and
Swennen 2012; Panahi et al. 2014). In Escherichia coli, an
effective stationary-phase promoter system was developed
which produced phloroglucinol with higher titer and lower
production cost compared to the inducible T7 promoter sys-
tem (Cao and Xian 2011). In Bacillus subtilis, a gene expres-
sion system based on a sigma factor B (SigB)-dependent na-
tive ohrB promoter was developed and produced xylanase via
high-cell-density fermentation (Panahi et al. 2014). However,
no suitable auto-inducible promoters have yet been developed
for C. glutamicum. Therefore, development of auto-inducible
promoters is necessary for heterologous gene expression in
C. glutamicum (particularly for industry applications).

Here, we sought to develop a SigB-dependent synthetic
stationary-phase promoter that turns on at a transition phase
between exponential and stationary growth phases and is suit-
able for heterologous gene expression in C. glutamicum.
C. glutamicum has seven sigma factors: the essential sigma
factor SigA and the non-essential sigma factors SigB, SigC,
SigD, SigE, SigH, and SigM (Kalinowski et al. 2003; Patek
etal. 2011). The primary sigma factor SigA is involved in the
transcription of the housekeeping genes. The activity of SigA
is high until the exponential growth phase and decreases after
the transition phase (Oguiza et al. 1997; Larisch et al. 2007).
The SigA-dependent promoters are therefore active in the ex-
ponential growth phase. The primary-like sigma factor SigB is
used for transcription of some housekeeping genes but mostly
has a role in response to stressed conditions from the environ-
mental changes during cell growth, especially during the tran-
sition phase (Ehira et al. 2008; Halgasova et al. 2002; Oguiza
et al. 1997; Larisch et al. 2007). The expression of SigA de-
creases at the transition phase, and SigB takes place of SigA
by increasing expression of genes with stress-protective func-
tions. So far, several SigB-dependent promoters have been
identified in C. glutamicum (Ehira et al. 2008; Larisch et al.
2007; Patek and NeSvera 2011), but their behaviors on
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recombinant protein production have not been studied yet.
In this study, we first examined SigB-dependent promoters
that can be used for heterologous gene expression during the
stationary phase in C. glutamicum. Next, using the
fluorescence-activated cell sorter (FACS)-based high-
throughput screening method, we tried to engineer the endog-
enous SigB-dependent promoter towards enhanced activity
and inducibility in C. glutamicum. Finally, the usability of
the engineered promoter for the production of recombinant
proteins in large-scale cultivation was validated with a gluta-
thione S-transferase (GST) as a model protein.

Materials and methods
Bacterial strains and culture conditions

All of the bacterial strains and plasmids used in this study are
listed in Table 1. E. coli XL1-Blue was used as the host for
cloning and plasmid maintenance. Wild-type C. glutamicum
ATCC 13032 was used as the main host for gene expression
and screening (Kinoshita et al. 1957). E. coli was cultivated at
37 °C in Luria-Bertani medium (BD, Franklin Lakes, NJ,
USA) containing 10 g tryptone, 5 g yeast extract, and 10 g
NaCl per liter. For plasmid transformation, C. glutamicum
was cultivated at 30 °C in recovery glucose (RG) agar plate
containing 40 g brain heart infusion (BHI, BD), 10 g glucose,
10 g beef extract, 30 g sorbitol, and 20 g agar per liter. For
protein production, C. glutamicum was cultivated in a defined
medium containing 20 g glucose, 2 g MgSO,, 3 g K,HPO,,
1 g KH,POy, 2 g urea, 10 g (NH4),SO,, 200 pg biotin, 5 mg
thiamine, 10 mg calcium pantothenate, 10 mg FeSO,, 1 mg
MnSOy, 1 mg ZnSO,, 200 ng CuSOy, and 10 mg CaCl, per
liter. For semi-defined medium, 2 g yeast extract (BD, Franklin
Lakes, NJ, USA) and 7 g casamino acids (BD, Franklin Lakes,
NJ, USA) per liter were added to defined medium. Kanamycin
(Km, 25 pg/mL) was used as a sole antibiotic.

Plasmid manipulation

All of the primer nucleotide sequences are described in the
Supplementary material, Table S1. A C1000™ thermal cycler
(Bio-Rad, Richmond, CA, USA) and PrimeSTAR HS poly-
merase (Takara Bio, Inc., Shiga, Japan) were used for poly-
merase chain reaction (PCR). The promoter region of cg0096
containing the 500 bp upstream region of the cg0096 gene was
amplified by PCR with two primers (P g9005-F and P gpg06-
sfGFP-R). The promoter region of cg/417 containing the
500 bp upstream region of the cgl/417 gene was amplified
by PCR with two primers (P.g;4;7-F and P_g;4;~-sfGFP-R).
Promoter regions of cg3/41 containing 300 or 500 bp up-
stream regions from the cg3/41 gene were amplified by
PCR with the forward primers P_.g3;4; (300)-F or Pegs,4;
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Table 1 Bacterial strains and
plasmids used in this study

Strain or plasmids Relevant characteristics Reference
Strains
E. coli XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 reld] Stratagene®

C. glutamicum
Plasmids
pCES208
PRM-GFP
pJHI11
pK19mobsacB

PCES-Pyy36-sfGFP

PCES-P 40096-sfGFP
PCES-P g4, 7-sfGFP
PCES-Pg3,4; (300)-sfGFP
PCES-Pg3/4; (500)-sfGFP
PCES-P 43,4, (Ndel)-sfGFP
pCES-SigB-P,43,4,-sfGFP
pK19mobsacB-AsigB
pCES-P, ns-sfGFP
PCES-P, n6-sfGFP
PCES-P4 n14-sfGFP
pCES-P4N14-GST

lac [F' proAB lacl"ZDM15 Tnl0 (Tet)]
Wild type (ATCC13032)

E. coli-C. glutamicum shuttle vector; Km"
CI inducible sfGFP, Amp"
GST-fused PA domain 4, Amp"

E. coli-C. glutamicum shuttle vector for construction
of insertion and deletion mutants in C. glutamicum
pCES208 derivative; P36, SEGFP

pCES208 derivative, P gp996, SFGFP
pCES208 derivative, P4/ 7, SFGFP
pCES208 derivative, P_g3,4;, StGFP
pCES208 derivative, P.g3;4/, StGFP
pCES208 derivative, P.g3;4/, StGFP
pCES208 derivative, P g3,4;, SFGFP, SigB
pK19mobsacB derivative, for knock-out of sigB
pCES208 derivative; P4ns, sStGFP
pCES208 derivative; Py.ne, SFGFP
pCES208 derivative; Py.n14, SFGFP
pCES208 derivative; P44, GST

(Kinoshita et al. 1957)

(Park et al. 2008)

(Huang et al. 2012)

(Park et al. 2013)
(Schafer et al. 1994)

(Yim et al. 2013)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

“ Stratagene (La Jolla, CA, USA)

"Resistance

(500)-F, respectively, and the same reverse primer P g3,4;-
sfGFP-R. All promoters were amplified from the chromosome
of wild-type C. glutamicum ATCC 13032 as a template DNA.
The sfgfp gene was amplified from PRM-GFP (Addgene plas-
mid 40127, Addgene, Cambridge, MA, USA) as a template
DNA by PCR with sfGFP-F and sfGFP-R primers (Pédelacq
etal. 2006; Huang et al. 2012). Each PCR-amplified promoter
was linked to sfgfp by overlapping PCR with each forward
primer (Pgoo96-F, Pegrs17-F, Pegsrqas (300)-F, and Pig3;4;
(500)-F) and sfGFP-R. The PCR products were digested by
the restriction enzymes Kpnl and Notl, and then they were
cloned into the E. coli-C. glutamicum shuttle vector
pCES208 (Park et al. 2008) to yield pCES-P 4p995-sfGFP,
pCES-PCg1417-SfGFP, pCES-PCg3]41 (300)-SfGFP, and pCES-
P.g3141 (500)-sfGFP. For easy cloning in library construction,
a cg3141 promoter (P.g3,4;) containing the Ndel site was cre-
ated using the primers P_q3,4; (500)-F and P_g3,4; (Ndel)
sfGFP-R from C. glutamicum chromosome. P..3;4; and
sfgfp were linked by PCR with P_g3,4; (500)-F and sfGFP R
primers. After digestion with Kpnl and Norl, the PCR product
was cloned into pCES208 to yield pCES-P 43,4, (Ndel)-
sfGFP. The sigB gene was amplified from C. glutamicum
chromosome by PCR using primers SigB-F and SigB-R.
After digestion with Ncol, the PCR product was cloned into
pCES-ch3/4] (500)-SfGFP to yleld pCES-SigB-P0g3141-
sfGFP. For the expression of the GST gene, GST gene was

amplified from pJHI1 (Park et al. 2013) by PCR with two
primers, GST-F and GST-R, and digested with Ndel and
Notl. The digested product of GST was cloned into the same
restriction enzyme sites of pCES-P 4 n14-sfGFP to yield pCES-
P4n14-GST (in which sfGFP was replaced with GST). All
plasmid constructions were performed in E. coli XL1-Blue,
and the purified plasmid was used for the transformation with
C. glutamicum by electroporation using Gene Pulser (Bio-
Rad). Manipulation of DNA, such as restriction enzyme di-
gestion, ligation, and agarose gel electrophoresis, was carried
out using standard procedures (Sambrook and Russel 2001).

Construction of the sigB-deficient strain

Deletion of the sigB gene in C. glutamicum chromosome was
performed by the double cross-over method using the
pK19mobsacB vector system (Schafer et al. 1994). First, the
500 bp-length flanking regions of sigB were amplified from
the chromosome of C. glutamicum using the primer pair SigB-
del-up-F and SigB-del-up-R and the primer pair SigB-del-
down-F and SigB-del-down-R, respectively. The flanking re-
gions of sigB were assembled by overlap PCR using the for-
ward primer SigB-del-up-F and the reverse primer SigB-del-
down-R. The PCR product was cloned into the HindIIl and
Xbal restriction enzyme sites of pK19mobsacB to yield
pK19mobsacB-AsigB. The constructed plasmid was
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transformed with C. glutamicum by electroporation, and the
screening of AsigB mutants was performed in 10 % (w/v)
sucrose LB plate. The presence of the mutation after curation
of the suicide vector was confirmed by screening both
kanamycin-sensitive and sucrose-resistant clones. Gene dele-
tion was verified by checking the sizes of the PCR fragments
using primers SigB-del-up-F and SigB-del-down R via colony
PCR.

Construction of synthetic promoter library

The synthetic promoter library was constructed using the for-
ward primer, Library-F, with degenerated oligonucleotide N,
and the reverse primer, Library-R. The upstream region of
cg3141 promoter was amplified from C. glutamicum chromo-
some using primers P_g3;4; (300)-F and Linker-R. The up-
stream region and the synthetic promoter library were attached
using the primers P.g3,4; (300)-F and Library-R. The PCR
product was digested with Kpnl and Ndel, then cloned into
PCES-P ¢34, (Ndel)-sfGFP, which was digested with the
same restriction enzymes. The ligated plasmids were trans-
formed into E. coli XL1-Blue by electroporation. The quality
of the randomization was checked by analyzing the sequences
of 20 random clones. The synthetic promoter library was pu-
rified with Nucleo Bond® Xtra Midi Plus EF (Macherey-
Nagel GmbH & Co. KG, Diiren, Germany). The purified
plasmid DNA was transformed into C. glutamicum by
electroporation.

FACS screening

The C. glutamicum library was inoculated into BHI medium
and cultivated overnight at 30 °C and 200 rpm. Then, 500 uL
of the fully grown cells was transferred into 50 mL of the
defined medium in 250 mL shake flasks and cultivated at
200 rpm for 18 h at 30 °C. The cells were harvested by cen-
trifugation at 6000 rpm for 10 min at 4 °C then were washed
twice with phosphate-buffered saline (PBS). The cells were
resuspended in PBS and sorted on FACS (MoFlo XDP,
Beckman Coulter, Inc., Miami, FL, USA) using sfGFP as
the reporter protein. The cells were excited by 488-nm laser
and detected through a 530/40 band-pass filter. In the first
four-round screening, cells showing high fluorescence in-
tensity (the top 1 %) were sorted (positive sorting) (Yim
et al. 2013; Park et al. 2012). The sorted cells were
poured directly into 50 mL BHI media and cultivated
overnight, and then the cells were transferred into
50 mL of defined medium for the next round of screening.
In the fifth-round screening, the cells showing low fluo-
rescence intensity (the bottom 1 %) were sorted (negative
sorting). After fifth-round sorting, the sorted cells were
spread on BHI agar plate and incubated at 30 °C.
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Protein preparation and analysis

C. glutamicum was inoculated in 5 mL. BHI medium and
cultivated at 30 °C and 200 rpm overnight. Then, 500 puL of
pre-culture was transferred into 50 mL of defined medium or
semi-defined medium in 250 mL shake flasks. The cells were
periodically collected during the cell culture. Cell growth was
monitored by measuring the optical density at 600 nm using a
spectrophotometer (Optizen POP, Mecasys, Daejeon, South
Korea). The cells were harvested to an optical density (OD)
value of 2 by centrifugation at 6000 rpm for 10 min at 4 °C.
The harvested cells were resuspended in 400 uL of PBS. The
fluorescence intensities of sSfGFP were detected at 488 nm of
excitation and 530 nm of emission wavelengths with the
TECAN Infinite M200 Pro (Tecan Group Ltd., Méannedorf,
Switzerland) in black 96-well plate. The fluorescence intensity
values are given in arbitrary units.

The production of recombinant proteins in C. glutamicum
were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot. For SDS-
PAGE analysis, the cytoplasmic proteins were prepared by
sonication (10 min at 50 % pulse and 20 % amplitude). The
protein samples were analyzed by using 12 % polyacrylamide
gels. Equal amounts of protein (10 pg) were loaded onto the
gel. After gel electrophoresis, the gels were stained for 1 h
with Coomassie brilliant blue staining solution, containing
50 % (v/v) methanol, 10 % (v/v) acetic acid, 1 g/L
Coomassie brilliant blue R-250, and then destained using a
destaining solution, containing 10 % (v/v) methanol and 10 %
(v/v) acetic acid. For Western blot, the proteins in the SDS-
PAGE gels were transferred to polyvinylidene fluoride
(PVDF, Roche, Basel, Switzerland) membranes using a Bio-
Rad transblot apparatus (Bio-Rad, Hercules, CA, USA) for
90 min at 70 mA. The membranes were blocked with 5 %
(w/v) skim milk in Tris-buffered saline with Tween-20 (TBS-
T, 10 mM Tris, 150 mM NacCl, 0.05 % (v/v) Tween-20) for 1 h
at room temperature. For the immunodetection of GST, anti-
GST antibody conjugated with horseradish peroxide (HRP)
(GE Healthcare, Little Chalfont, UK) was used. The mem-
branes were incubated with the skim milk solution containing
the antibody at 1:4000 dilution. The immunoreactive bands
were detected using enhanced chemiluminescence (ECL) re-
agents (Bionote, Hwaseong, Korea).

Fed-batch cultivation

C. glutamicum harboring pCES-P4.14-GST was inoculated
into 5 mL BHI medium and cultivated at 30 °C and 200 rpm
overnight. Then, 500 uL of cells was transferred to 50 mL of
defined medium in four 250 mL flasks. After 18 h of cultiva-
tion, the seed culture was inoculated into 1.8 L of fresh de-
fined media in a 5-L jar bioreactor (BioCNS, Daejeon, South
Korea). During the cultivation, the temperature was
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maintained at 30 °C, and the pH and dissolved oxygen (DO)
concentration were controlled at the set points by online mon-
itoring. The pH was controlled to 7.0 by adding 12.5 % (v/v)
ammonia solution. The DO concentration was maintained at
30 % (v/v) by automatically increasing the speed up from 200
to 1200 rpm and by supplying pure oxygen through a gas
mixer. Glucose solution (90 g in 150 mL) was manually added
to prevent glucose starvation and avoid the effect resulting
from glucose over-feeding. The glucose concentration was
monitored by a glucose analyzer (YSI 2700 SELECT™
Biochemistry Analyzer, YSI Life Science, Yellow Springs,
OH, USA).

Results
Investigation of SigB-dependent promoters

To investigate the activities of the SigB-dependent promoters
on recombinant protein production, we first tested the pro-
moters of the genes that were studied to show SigB-
dependent behaviors. We selected three promoters (Peg0996,
P.gr417, and P g3;4;) that are responsible for the expression
of cg0096, cgl417 (acetyltransferase), and cg3141
(flavohemoprotein) genes, respectively, whose genes were
previously studied to show a significantly elevated expression
during the transition phase only in the presence of SigB in the
microarray and the RT-PCR analyses (Larisch et al. 2007).
Since the exact promoter and regulatory regions of those
genes have not been fully defined yet, the 500 bp upstream
region from the start codon of each gene, which included the
promoter regions (—35 and —10) and regulatory regions, were
arbitrarily chosen. Then, the 500 bp upstream regions were
amplified from the chromosomal DNA of wild-type
C. glutamicum ATCC 13032 and cloned in the upstream of
sfGFP in plasmid pCES208. Next, the expression of the sfgfp
gene under each promoter in wild-type C. glutamicum was
analyzed. Each strain was inoculated in 5 mL BHI medium,
and after cultivation at 30 °C and 200 rpm for 24 h, 500 pL of
fully grown cells were transferred to 50 mL defined medium
in 250 mL shake flasks. As shown in Fig. 1, all strains showed
similar growth profiles, and among the three promoters,
P.gr417and Peg3,4; could mediate SigB-dependent expression
of the sfGFP. We found that P .34, exhibited a little faster
response to transition of growth phase, and higher inducibility
was also observed under the P.g3,4; than P.g;4;7. When the
cells entered the stationary growth phase (about 10 h), the
sfGFP began to be expressed immediately, and the content
of sfGFP continued to increase gradually during the stationary
growth phase (Fig. 1). In contrast, the use of P gpg0s did not
show any gene expression in this experiment. From this com-
parison, we chose Pg3;4, for further analysis.

100 2400
2000 2
10 g
1600 2
E £
g 1 1200 8
=) o
o o
800 O
0.1 _g
400

O —
0.01 0
0 5 10 15 20
Time (h)

Fig. 1 The expression of sfgfp gene under three SigB-dependent
promoters (ch()()gﬁ, ch1417, and ch3141) in w1ld-type C. glummicum.
Symbols: Circle (o) pCES208, triangle (2) pCES-P g0905-SfGFP,
square (0) pCES-P g,4;7-sfGFP, diamond (¢) pCES-P 43,4, (500)-
sfGFP. Closed and open symbols indicate the cell density (OD 600 nm)
and fluorescent intensities, respectively. The experiments were performed
in triplicates and standard deviation is indicated

SigB-dependency of cg3141 promoter

The SigB-dependent property of P..3;,4; was further investi-
gated by comparing the cell growth and the production yield
of sfGFP in wild-type C. glutamicum and sigB-deficient
C. glutamicum strains. In wild-type C. glutamicum, the
sfGFP level began to increase when the cells entered the sta-
tionary growth phase, and we also found that the expression of
sfGFP under P_.3;,; was further enhanced by co-expression of
the sigB gene (Fig. 2a). In contrast, the promoter activity of
P ¢3:4; Was significantly reduced in the sigB-deficient
C. glutamicum strain (Fig. 2b). Although cells were in the
stationary growth phase, the sfGFP level was not increased
in the sigB-deficient strain, but this reduced gene expression
could be restored again by the co-expression of sigB gene
(Fig. 2b). From these results, we concluded that P 3,4, is
strictly controlled by SigB and is a good candidate for the
development of stationary-phase gene expression system in
C. glutamicum.

Construction of promoter library and isolation
of the stationary-phase promoters by FACS

Although the promoter of the cg3/41 gene was determined to
be dependent on SigB by exhibiting an inducible behavior at
the transition phase (Fig. 2), the promoter was not strong
enough to be used for high-level production of recombinant
proteins at an industrial scale. Therefore, further engineering
of this promoter was necessary to increase the promoter
strength. By testing the promoter strengths and activities using
300 and 500 bp upstream regions of cg3/41 gene, the 300 bp
region was selected as the backbone for the library
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Time (h) containing the empty vector pCES208 was used as negative control

Fig. 2 The expression of sfgfp gene under the Pg3,4; in wild-type
C. glutamicum (a) and sigB-deficient (AsigB) mutant (b). Symbols:
circle (o) pCES208, triangle (») pCES-P g3;4; (500)-sfGFP, square (0)
pCES-SigB-P 43,4,-sfGFP. Closed and open symbols indicate the cell
density (OD 600 nm) and fluorescent intensities, respectively. The
experiments were performed in triplicates and standard deviation is
indicated

construction because the promoter activities using 300 bp re-
gion was similar to the activities using 500 bp region (data not
shown). To engineer the P,3,4;, a random library of promoter
was constructed using the 300 bp upstream region of the
cg3141 gene as a backbone for library construction. The de-
duced —10 and —35 regions of P.e3,,; were fixed to allow
SigB binding, and a total of 34 bp (the spacer and flanking
regions) were designed to have fully randomized sequences
(Fig. 3a) (Larisch et al. 2007). The randomized promoters
were cloned in the upstream of the sfgfp gene for the FACS
screening. E. coli XL1-Blue was transformed with the synthet-
ic promoter library, yielding 8 x 10° colonies, and then wild-
type C. glutamicum was transformed with the plasmids puri-
fied from the E. coli library, yielding 6 x 10° colonies. The
constructed library cells were cultivated in the defined medi-
um; at 18 h after inoculation, when the cells were in the sta-
tionary growth phase, the highly fluorescent cells which indi-
cated the stronger activity of promoters were selectively sorted
by high-speed FACS sorter. The fluorescence intensities of the
original library population were largely distributed from 10° to
over 10%, providing a much higher signal than the original
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(gray curve), and original P.,3,,, was represented by cyan curve. The
histograms of original library, first round sorted cells, second round sorted
cells, third round sorted cells, and fourth round sorted cells are
represented by red, orange, green, blue, and magenta curves, respectively

P.g374; (Fig. 3b). In the first round sorting, the population
showing the highest fluorescence signal (top 1 % of cells)
was selectively sorted and, after overnight cultivation, they
were used for the next round sorting. The screening was re-
peated up to fourth round until the highly fluorescent cells
were fully enriched (Fig. 3b). After the fourth round sorting,
the sorted cells were cultivated on agar plate, and 15 clones
were randomly picked for the characterization of individual
clones. For the sequence analysis, the entire promoter and
sfGFP regions were sequenced, and no mutations in the
sfGFP gene were found. From the sequence analysis, we
found that eight clones (4-1, 4-3, 4-4, 4-6, 4-9, 4-12, 4-13,
and 4-15) and two clones (4-8 and 4-10) were the same clones,
so a total of seven clones (4-1, 4-2, 4-5, 4-7, 4-8, 4-11, and 4-
14) were used for the characterization (All sequence informa-
tion is presented in Supplementary material, Fig. S1). During
cultivation, all the clones showed similar growth profiles by
entering the transition phase around 9 h (data not shown). The
fluorescence intensities were analyzed in two growth phases:
(i) the exponential growth phase (at 8 h after inoculation) and
(ii) the stationary growth phase (at 18 h). Although SigB-
dependent P ,3,,; promoter has the highest activity at the
transition phase (Larisch et al. 2007), we analyzed the fluores-
cent intensity at the stationary growth phase because sfGFP,
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which was used as a reporter, requires some time for matura-
tion. The induction ratio was also calculated by dividing the
fluorescence intensity value at the stationary growth phase by
the value at the exponential growth phase. As shown in Fig.
4a, all clones exhibited significantly enhanced levels of sfGFP
at both growth stages compared to that under the original
P g3;4;. However, the SigB-dependent inducibility of the iso-
lated promoters was very similar (around 2) or a little lower
compared to that of original P34, mainly due to high ex-
pression levels in the exponential growth phase (Fig. 4a).
Although we succeeded in isolating stronger promoters, those
promoters also mediated high-level gene expression in the
exponential growth stage as well as the stationary growth
stage, which is not suitable for the growth-dependent station-
ary-phase gene expression system.

To isolate a promoter which had a greatly reduced activity
in the exponential growth phase but maintained high activity
in the stationary growth phase, we decided to do one more
FACS screening with the fourth round sorted cells, but in this
trial, FACS screening was conducted at 8 h, which is the time
when the cells were still in the exponential growth phase. The
cells showing lower fluorescence intensities (the bottom 1 %
cells) at this time point were selectively sorted (negative
sorting), assuming those cells might have the promoters with
lower activity in the exponential growth phase. The cells from
negative sorting were cultivated on RG agar plates for individ-
ual analyses. A total of 15 clones were randomly picked, and,

among them, three clones (4-N2, 4-N3, 4-N13) were identified
as the same clones by sequencing. Finally, a total 13 individual
clones were characterized. (All sequence information
is presented in Supplementary material, Fig. S1). The
fluorescence intensities of the 13 clones were measured at the
exponential growth phase (8 h) and the stationary growth
phase (18 h), and the induction ratio was also calculated. The
cells after the negative sorting showed relatively lower activity
in the stationary growth phase (black bars) compared with the
cells sorted by positive screening (Fig. 4). However, most
clones in the negative sorting had a much lower expression
level at the exponential growth phase (white bars), thus having
relatively higher induction ratios (around 2.5 to 3.5) (Fig. 4b).
Among the 13 clones isolated by negative sorting, three clones
(4-N5, 4-N6, and 4-N14), which showed a relatively higher
induction ratio than the others, were chosen for further analysis.

Investigation of sigB-dependent properties of the isolated
promoters

From the three selected clones, plasmids were purified and
transformed into wild-type and sigB-deficient C. glutamicum.
Then, the sigB-dependency of the isolated promoters was fur-
ther investigated. In wild-type C. glutamicum, the fluores-
cence intensities stayed constant or decreased during the ex-
ponential phase (Fig. 5a). The cells reached the transition
phase at 9 h, and all strains showed a sudden increase of
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sfGFP expression immediately after the transition phase (Fig.
5a). In contrast, in the sigB-deficient strain, all isolated pro-
moters except for P4ne exhibited a low and constant level of
fluorescence intensities over the culture period (Fig. 5b),
which indicates that the isolated promoters were highly de-
pendent on the SigB. The promoter P44 exhibited relatively
higher activity than two other promoters in wild-type
C. glutamicum, but it also exhibited higher activity in the
sigB-deficient strain, which indicates that P4y is less control-
lable by SigB. Finally, P44 which exhibited strong promoter
activity (~20-fold higher than original promoter) and higher
induction ratio (~3.5-fold) than the other isolated promoters
was selected as a strong stationary-phase promoter.

Next, the promoter P4 N4 was compared with a strong
constitutive synthetic promoter Pyy34 (Yim et al. 2013) in two
different culture media: defined medium and semi-defined
medium. In both media, the expression of sfgfp gene under
P4n14 showed auto-inducible profiles, by showing a constant
sfGFP expression before the transition phase and rapidly in-
creasing expression after the transition phase, showing
3 ~ 3.5-fold higher sfGFP expression level (Supplementary
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Fig. 5 Time profiles of cell density and fluorescent intensities in wild-
type C. glutamicum (a) and AsigB mutant (b). Symbols: circle (0),
pCES208; triangle (»), pCES-P4.ns5-stGFP; square (o), pCES-P4ne-
stGFP; diamond (©), pCES-P4n14-sfGFP. Closed and open symbols
indicate the cell density (OD 600 nm) and fluorescent intensities,
respectively. The experiments were performed in duplicate and standard
deviation is indicated
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material, Fig. S2). In contrast, the sfGFP expression under
Pi3¢ Was constantly increasing throughout the exponential
and stationary growth phases.

Production of GST in fed-batch cultivation

To demonstrate the usability of the isolated promoter (P4n14)
in large-scale cultivation, a fed-batch cultivation of
C. glutamicum harboring pCES-P4x14-GST, in which GST
expression was controlled under P44, Was conducted in 5-
L lab-scale bioreactor. Cell-specific growth rate (1) was sig-
nificantly decreased (0.26 h™' — 0.02 h™") after the cells
reached the stationary phase (15 h) (Fig. 6a). During the cul-
tivation, cells were periodically collected and the production
of GST was analyzed by SDS-PAGE analysis and Western
blot. At the initial time point (0 h), the GST band was detected
in the SDS-PAGE and Western blot (lane 1 in Fig. 6b, c),
which might have been accumulated during the seed culture.
But over the entire exponential growth phase, GST bands
were not detected, which means the GST was not produced
in this period (lanes 2—7 in Fig. 6b, c). At 13 h after inocula-
tion, cells began to enter the stationary growth phase, and the
protein bands began to appear at 17 h, when cells were in the
stationary growth phase (lane 8 in Fig. 6b, c). The expression
level of GST stayed high throughout the stationary growth
phase (lanes 9-12 in Fig. 6b, c).

Discussion

For the microbial production of recombinant proteins, one of
the most important strategies is controlling gene expression by
promoters, and various types of promoters have been devel-
oped to increase production yield (Liu et al. 2015). Among
such promoters, auto-inducible promoters have many advan-
tages for the industrial-scale microbial production of recom-
binant proteins because they can allow fast initial growth of
the cells and the initiation of protein production at a desired
point without adding inducers (Nocadello and Swennen
2012). In several bacterial strains, different types of auto-
inducible gene expression systems have been studied that
are triggered by certain environmental changes, including nu-
trient, oxygen, and pH (Chou et al. 1995; Khosla and Bailey
1989; Miksch et al. 2005). In this work, by engineering the
SigB-dependent cg3 741 promoter, we successfully developed
a stationary-phase gene expression system that is suitable for
recombinant protein production in C. glutamicum. First, we
investigated the activities of the previously known SigB-
dependent promoters on recombinant protein production and
determined that P43,4; showed the most SigB-dependent be-
havior. Then, we constructed a synthetic promoter library
based on P.g3;4,, and the engineered inducible promoters
could be successfully isolated by a total of five rounds of
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FACS screening. The isolated promoters showed up to a 40-
fold increased sfGFP expression level compared to the origi-
nal cg37/41 promoter with high inducibility. Regarding the
poor activity of P.40996, We may consider the wrong prediction
of promoter for cg0096 gene. The promoter for cg0096 gene
was previously predicted based on RACE-PCR analysis
(Larisch et al. 2007); however, the activity of P 4996 has never
been examined in any other reports yet before our work.
Recently, Brune et al. (2012) suggested the possible relation
of Cg0096 (hypothetical protein) and biotin biosynthesis. The
cg0096 gene is located in the downstream of bioB gene (one
of the biotin biosynthesis genes), and they suggested that
cg0096 gene is organized as an operon with bioB and its

expression might be regulated together with the biotin biosyn-
thesis gene under the promoter located upstream of bioB gene.
If this hypothesis is correct, the 500-bp region which we used
for the expression of ¢g0096 gene does not function as a
promoter.

For isolation of the engineered stationary-phase promoters,
we used a FACS screening strategy that combined positive
and negative screening methods. Cells containing promoters
with strong activities were sorted in the first four consecutive
rounds of screening, and to isolate the promoters with high
inducibility, negative FACS sorting was performed in the final
round by sorting the clones showing the lowest stGFP signal
at the exponential growth phase. In the positive screening, the
cells containing stronger promoters could be isolated, but it
was not certain whether the higher fluorescent intensities in
the sorted cells resulted from the induction of gene expression
in just the stationary growth phase. As shown in Fig. 4a, most
clones exhibited a relatively low induction ratio, although
much higher gene expression levels (up to 65-fold compared
to original promoter) were achieved. Those false-positive
clones having strong activity but low inducibility could be
eliminated by one negative sorting in the final round. After
that negative sorting, the isolated clones showed a relatively
lower sfGFP signal than those in clones sorted by the former
positive screening, but a much higher inducibility (up to 3.5
fold) could be achieved (Fig. 4b). This induction ratio (3.5-
fold) is quite competitive compared to those of other auto-
inducible promoter systems used in other bacteria: about
3 ~ 4-fold increase of GFP and (3-galactosidase after the tran-
sition phase in E. coli using the strong synthetic stationary-
phase promoter (Miksch et al. 2005) and 6-fold increase of
xylanase activity in B. subtilis using SigB-dependent ohrB
promoter (Panahi et al. 2014).

Compared to the original cg37/41 promoter, the promoters
isolated by FACS screening exhibited 5- to 40-fold elevated
promoter strengths, but no consensus sequence was found in
the isolated promoters (Supplementary material, Fig. S1).
From these sequence information, it was not easy to find the
exact sequence changes that were critical for promoter activ-
ity, but this result indicates that the sequences of randomized
regions including flanking and spacer regions also have a
crucial role in modulating the promoter strength and induc-
ibility as previously described (Jensen and Hammer 1998;
Hammer et al. 2006). Also, we found that there was relatively
high-level background of target proteins in the lag or early
exponential phase, which was also observed in other auto-
inducible promoters previously developed in other bacterial
strains (Miksch et al. 2005; Panahi et al. 2014). Most auto-
inducible promoters have a characteristic of constitutive ex-
pression after turning the activity on and, because they lack a
shutdown regulation system, the proteins continue to be pro-
duced. When the solution from pre-cultivation was transferred
to a new fresh media, the proteins which were actually
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produced in the pre-cultivation remained in the new culture at
the lag or early exponential growth phase. For tighter control
of the cg3141-derived promoter, we can consider introducing
an additional regulation system, which would inhibit the acti-
vation of the promoter under aerobic and exponential growth
conditions. The cg3141 gene encodes flavohemoprotein to
detoxify the stress from nitrogen oxide at high cell densities
(Platzen et al. 2014), and it is known that the activity of P g3/4;
can be regulated by a transcriptional repressor AmR in addi-
tion to SigB (Nishimura et al. 2014; Nishimura et al. 2008).
Under aerobic conditions (mainly the exponential growth
phase), AmR represses the expression under P_g3;4;, and the
repression is relieved during nitrate respiration (transition and
early stationary growth phase). Introducing this additional
ArnR-based regulation system together with SigB can be a
good strategy to effectively regulate the stationary-phase gene
expression system. Although the stationary growth phase may
not be a preferable environment for cell growth and protein
production because of substrate exhaustion, accumulation of
waste metabolites etc., there are also many products which
production prefers the stationary phase than exponential
phase. For example, glutamate decarboxylase (GAD) neces-
sary for the biosynthesis of y—aminobutyric acid (GABA), has
the optimal pH around 4.5 which is much lower than the
optimal pH for growth of C. glutamicum (Okai et al. 2014).
So, direct conversion for GABA is often initiated in the sta-
tionary growth phase when the culture pH is lower (Takahashi
et al. 2012). The GAD enzyme is not necessary in the expo-
nential growth phase, so the production of this enzyme at
stationary phase may be useful.

In conclusion, we developed a strong stationary-phase pro-
moter useful for gene expression in C. glutamicum from the
SigB-dependent cg3741 promoter. The isolated promoter ex-
hibited high inducibility (~3.5-fold) which turned on at the
transition phase, and it also exhibited stronger (20-fold) activ-
ity compared to the original cg3 /41 promoter. To the best of
our knowledge, this is the first report on the development of a
synthetic stationary-phase promoter in C. glutamicum. We
believe this stationary-phase promoter will contribute to ex-
tend the usefulness of C. glutamicum in the industrial-scale
production of various recombinant proteins as well as value-
added biochemicals.
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