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Abstract: Bacterial metabolism shifts from aerobic respiration to fermentation at the transition from expo-
nential to stationary growth phases in response to limited oxygen availability. Corynebacterium glutamicum,
a Gram-positive, facultative aerobic bacterium used for industrial amino acid production, excretes
L-lactate, acetate, and succinate as fermentation products. The IdhA gene encoding L-lactate dehydro-
genase is solely responsible for L-lactate production. Its expression is repressed at the exponential
phase and prominently induced at the transition phase. IdhA is transcriptionally repressed by the
sugar-phosphate-responsive regulator SugR and L-lactate-responsive regulator LIdR. Although IdhA
expression is derepressed even at the exponential phase in the sugR and /[dR double deletion mutant,
check for a further increase in its expression is still observed at the stationary phase, implicating the action of
updates additional transcription regulators. In this study, involvement of the cAMP receptor protein-type
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Corynebacterium glutamicum is a nonpathogenic, Gram-positive, facultative anaerobic
bacterium harboring a high GC content and belonging to the suborder Corynebacterineae
within the class Actinobacteria. It is an important industrial bacterium that is widely used
for amino acid production, including glutamate and lysine [1,2]. Complete genomic DNA
sequencing, understanding of bacterial metabolism and its regulation, and development of
published maps and institutional affil- ~ §€Netic tools for metabolic engineering have expanded the portfolio of bioproducts by C.
{ations. glutamicum and have made this bacterium a promising platform for microbial production

of valuable products, including organic acids, biofuel, proteins, commodity chemicals,

and healthcare products [3-9].
The high productivity of several such products is achieved by virtue of the ability of
this bacterium to metabolize sugars without growth under oxygen deprivation. On the
basis of these properties, we developed a bioprocess in which cells are packed at high cell
density to create an oxygen-limiting environment by their own respiration [10]. As proof
of concept, we achieved the highest known productivity of organic acids and amino acids
via this bioprocess [11-14].
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metabolic pathways. For C. glutamicum, L-lactate is a major fermentation end product
produced by lactate dehydrogenase (LDH)-mediated pyruvate reduction [10]. In addi-
tion to lactate, acetate and succinate are produced by C. glutamicum. Acetate is produced
from pyruvate by pyruvate quinone oxidoreductase or from acetyl-CoA by acetate kinase
and phosphotransacetylase shunt as well as CoA transferase [15]. Succinate is produced
from the anaplerotic reaction mediated by phosphoenolpyruvate carboxylase, followed by
reductive TCA cycle reactions mediated by malate dehydrogenase, fumarase, and succinate
dehydrogenase [10].

Expression analysis during the metabolic shift revealed the upregulation of the gapA-
pgk-tpi-ppc operon encoding the glycolytic enzymes glyceraldehyde-3-phosphate dehydro-
genase, phosphoglycerate kinase, and triosephosphate isomerase; the anaplerotic enzyme
phosphoenolpyruvate carboxylase [10,16]. Consistent with the accumulation of organic
acids, the IdhA and mdh genes encoding lactate and malate dehydrogenase, respectively,
both of which are involved in the production of fermentation products, were upregu-
lated [10,16]. By contrast, genes encoding the oxidative TCA cycle—including citrate
synthase, aconitase, isocitrate dehydrogenase, and 2-oxoglutarate dehydrogenase—and
ATP synthase were downregulated, indicating that aerobic respiration metabolism is sup-
pressed under these conditions, whereas glycolytic metabolism is activated.

The gapA promoter of the gapA operon is regulated by multiple transcriptional reg-
ulators. SugR, a DeoR-type transcriptional regulator, represses gapA expression in the
absence of sugar [17], where the glycolytic pathway is not essential. Sugar phosphates,
including fructose-1-phosphate, glucose-6-phosphate, fructose-6-phosphate, and fructose-
1,6-bisphosphate, that are generated via phosphotransferase system (PTS)-mediated sugar
uptake and glycolysis negatively control the binding of SugR to the DNA, thereby reliev-
ing SugR-mediated repression [18-21]. The LuxR-type transcriptional regulator RamA
positively regulates gapA expression [22], and its DNA binding is inhibited by reducing
equivalent NAD(P)H, indicating that it is capable of sensing the cellular redox state [23].
GIxR, a cAMP receptor protein (CRP)-type transcriptional regulator, also positively regu-
lates gapA expression [24]. Intracellular cAMP levels are controlled by the adenylate cyclase
CyaB producing cAMP from ATP and the phosphodiesterase CpdA, degrading cAMP to
AMP [25,26]. Although its physiological role remains elusive, the GntR-type regulator
GntR1 binds to the gapA promoter in vivo and in vitro [22,27].

Transcriptional regulation of IdhA has also been extensively studied, and it has been shown
that /dhA expression is repressed by SugR in the absence of sugar [18,20,21], similar to gapA
expression. In addition, the FadR-type transcriptional regulator LIdR represses IdhA
expression [28]. It was first identified as a transcriptional repressor of the L-lactate uti-
lization operon, which is induced in the presence of L-lactate [29]. LIdR binding to target
promoters is inhibited by L-lactate. SugR is the predominant repressor as IdhA is still
repressed in the absence of sugar and the presence of L-lactate, under which LIdR-mediated
repression of the L-lactate utilization operon is alleviated. The binding site of SugR over-
laps the —10 region of the IdhA promoter, and that of LIdR overlaps the —35 region [28],
consistent with the predominance of SugR over LIdR.

The IdhA promoter activity is suppressed at the exponential phase and upregulated
during the transition to stationary phase [16]. This growth phase-dependent upregulation
was observed even in the sugR and lldR double deletion mutant, in which IdhA expression
is derepressed at the exponential phase [28]. This indicates the involvement of additional
transcriptional regulators in IdhA expression. In silico and in vitro analyses have previ-
ously detected the binding site of the global regulator GIxR in the IdhA promoter region
(Figure 1) [30]. This binding site is upstream of those of SugR and LIdR. However, the phys-
iological role of GIxR in the transcriptional regulation of IdhA expression has not yet been
examined. In this study, we showed by mutational analysis of the GIxR-binding site that
GIxR acts as a transcriptional activator of I[dhA expression.
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Figure 1. The IdhA promoter region and transcriptional regulator binding sites. The intergenic regions between IdhA
and its upstream divergently transcribed gene cgR_2813 are indicated in lowercase, and the coding regions are indicated
in uppercase. Bent arrows indicate the 5 positions of the primers used for the amplification of the promoter region.
The transcriptional start site (TSS) of IdhA and the —10 and —35 regions of the IdhA promoter are indicated with bold letters,
and their positions with respect to the TSS are indicated in the sequence above. Transcription factor binding sites are
highlighted with direct or inverted repeat sequences indicated by arrows. The putative alternative promoter with the TSS
detected by RNA sequencing is indicated as +1". The —10 region of the alternative promoter is indicated as —10'.

2. Materials and Methods
2.1. Bacterial Strains, Plasmids, and Culture Conditions

The bacterial strains and plasmids used in this study are listed in Table S1. For genetic
manipulation, Escherichia coli strains were cultivated in lysogeny broth (LB) at 37 °C.
C. glutamicum strains were routinely precultured at 33 °C overnight in nutrient-rich medium
(A medium) [16] supplemented with 4% glucose. Cells were resuspended in fresh A
medium and inoculated into 100 mL of A medium containing 1% glucose in a 500 mL flask.
Growth was monitored by measuring the optical density (OD) at 610 nm. The antibiotic
concentration used for E. coli cultures included 50 pg of ampicillin mL~! and 50 ug of
kanamycin mL !, and for C. glutamicum, kanamycin (50 pg mL~!) was used.

2.2. Construction of Plasmids and Mutants

The oligonucleotides used in this study (Table S2) were obtained from FASMAC (Kana-
gawa, Japan). General recombinant experiments, including transformation of E. coli and
plasmid extraction, were performed according to standard protocols [31]. To construct plas-
mids for the IdhA promoter-lacZ fusions, DNA fragments encompassing various lengths of
the IdhA promoter region were amplified using the primers listed in Table S2 and cloned
into the integration vector pCRA741 to form translational fusion with the lacZ gene on the
vector. To modify the chromosomal GIxR-binding site, the binding site and both flanking
regions were amplified by PCR (Table S2). The resulting two fragments were fused via
overlapping PCR, digested with Sall, and cloned into the suicide vector pCRA725 [32].
Similarly, the flanking regions of the atIR gene were fused and cloned into pCRA725 to con-
struct the plasmid pCRC664 for the deletion of the at/R gene. For efficient transformation
of C. glutamicum, nonmethylated plasmids were obtained from E. coli JM110. C. glutamicum
was transformed with the plasmids via electroporation and screened for kanamycin resis-
tance in order to obtain the recombinants harboring chromosomal integration. To obtain
marker-free mutants, the transformants were sequentially screened for sucrose resistance
and kanamycin sensitivity as described previously [32]. The chromosomal mutations in the
resulting mutants were confirmed by PCR amplification of the [dhA promoter region and
direct sequencing of the PCR products using appropriate primers. To construct a plasmid
for glxR overexpression, the glxR coding region was PCR amplified and cloned into the
isopropyl-B-D-thiogalactopyranoside (IPTG)-inducible vector pCRB12iP [33]. The resulting
plasmid was electroporated into both wild-type and mutant cells carrying the mutagenized
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GIxR-binding site within the IdhA promoter region. Overexpression of gIxR was induced
by supplementing the exponentially growing culture with 0.5 mM IPTG.

2.3. B-Galactosidase Assay

-Galactosidase activity in C. glutamicum strains containing PldhA-lacZ fusion was de-
termined as described previously [16]. Briefly, cells permeabilized with toluene were incu-
bated with o-nitrophenyl-3-galactosidase in Z buffer (60 mM Na,HPO,, 40 mM NaH,POy,
10 mM KCl, 1 mM MgSO4, 0.28% (v/v) B-mercaptoethanol, which was added on use) at
30 °C. The absorbance values at 420 and 550 nm were monitored to calculate activity in
Miller units as previously described [34]. We confirmed that a strain carrying the vacant
vector pCRA741 containing the promoter-less lacZ had no LacZ activity.

2.4. Overexpression and Purification of His-Tagged GIxR and AtIR

Overexpression of His-tagged proteins was performed as described previously using
the cold-inducible expression system [24]. Briefly, E. coli BL21(DE3) was transformed with
PCRC620 or pCRCH65 and grown at 37 °C in LB medium to an ODgg of 0.5. After cooling
and incubation at 15 °C, 0.5 mM IPTG was added for induction of His-tagged protein,
which was purified by affinity chromatography on Ni-NTA agarose (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The PD-10 column (GE Healthcare
Bioscience, Piscataway, NJ, USA) was pre-equilibrated with buffer A (50 mM Tris-HCl,
pH 7.5, 10 mM MgCl,, and 1 mM EDTA) to desalt the protein sample. The protein concen-
tration was determined by Bio-Rad protein assay (Bio-Rad Laboratories Inc., Hercules, CA,
USA) using bovine serum albumin as a standard.

2.5. Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed as described previously [24]. Briefly, Cy3-labeled DNA frag-
ments used as probes in EMSA were generated by PCR using pCRC656, pCRC659,
and pCRC660, containing the IdhA promoter region with or without the mutated GIxR-
binding site as a template. GIxR was incubated with cAMP prior to incubation with the
labeled probe. The resulting DNA-protein complexes were loaded onto a 5% polyacrylamide
gel and visualized using a Typhoon TRIO Variable Mode Imager (GE Healthcare Bioscience).

2.6. RNA Extraction and Quantitative Reverse-Transcription Polymerase Chain (qRT-PCR)

For RNA stabilization, the sampled culture was mixed with an equal volume of
RNAprotect bacterial reagent (Qiagen). After incubation at room temperature, cells were
collected by centrifugation and stored at —80 °C. Total RNA was isolated using NucleoSpin®
RNA (MACHEREY-NAGEL, Diiren, Germany) according to the manufacturer’s instruc-
tions. Purified RNA was further treated with DNasel (Takara Bio Inc., Shiga, Japan),
ethanol precipitated, and suspended in RNase-free water as described previously [35].

qRT-PCR was performed using the 7500 Fast Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) and Power SYBR® Green PCR Master Mix with MuLV
Reverse Transcriptase and RNase Inhibitor from the GeneAmp RNA PCR Kit (Thermo
Fisher Scientific) as described previously [17]. The primers listed in Table S2 were used.
The comparative threshold cycle method (Thermo Fisher Scientific) was used to quantify
relative expression, and the relative expression ratios of each gene were normalized using
the values for 165 rRNA.

2.7. Analytical Method

Organic acids in culture supernatants were quantified using the Prominence 20A high-
performance liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan) equipped
with TSKgel OApack-A and OApack-P columns (Tosoh Corporation, Tokyo, Japan) and a
photodiode array detector. All organic acids were detected at 210 nm. The flow rate of the
mobile phase of 10% acetonitrile with 3.0 mM HClO4 was 0.8 mL/min, and the column
temperature was set at 40 °C.
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Glucose concentrations were determined using the enzyme electrode glucose sensor
(BF-5; Oji Scientific Instruments, Hyogo, Japan).

3. Results
3.1. Involvement of the Putative GlxR-Binding Site in Transcription of IdhA

To examine whether the GIxR-binding site was involved in the transcriptional regula-
tion of IdhA at the transition from the exponential to stationary phase, we constructed a
series of PldhA-lacZ fusion constructs. The constructs using primers F2 and F2-1 contained
the intact GIxR-binding site, and the construct generated using the primer F2-2 lacked
a portion of the site (Figure 1). The fusion constructs were individually integrated into
the chromosome of the wild type. At the exponential phase (4 h) during cultivation in
A medium supplemented with 1% glucose, the promoter activities of all of the fusion
constructs were comparably low. Both F2 and F2-1 fusions exhibited an increase in pro-
moter activity at the stationary phase (8 h) (Figure 2). By contrast, the increase in the
activity of the F2-2 promoter fusion at the stationary phase was much smaller than that
of the other fusions (Figure 2). This indicates that the GIxR-binding site is involved in
the ldhA upregulation at the onset of the stationary phase and that GIxR functions as a
transcriptional activator.

120
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B-Galactosidase activity (Miller U)

Figure 2. The promoter activity of lacZ fusions of a series of the I[dhA promoter fragments. The IdhA
promoter regions amplified with the primers F2/RV (black), F2-1/RV (gray), or F2-2/RV (white)
were fused with lacZ and integrated into the wild-type chromosome. The resulting strains were
grown in A medium supplemented with 1% glucose. 3-Galactosidase activities of the cells at 4 h
(i.e., exponential) and 8 h (i.e., stationary phase) were determined. Mean values obtained from three
independent cultivations are shown with their standard deviations. p-values were calculated using
an unpaired f-test. (*) p < 0.05; (**) p < 0.01 (comparison with F2/RV construct).

To investigate the importance of the GIxR-binding site for IdhA promoter activity,
we introduced mutations into the site upon the promoter—lacZ fusion. We modified the
GIxR-binding site to inhibit (mutl) and enhance the binding of GIxR (mut2) by exchanging
nucleotides at the conserved position in the binding site (Figure 3a). The lacZ fusions
were individually integrated into the chromosome of the wild type. The F2 promoter—lacZ
fusion carrying the mutation mutl exhibited lower activity than the native one (Figure 3b).
By contrast, the F2 promoter—lacZ fusion carrying the mutation mut2 showed higher activity
than that of the native promoter fusion. The same fusion constructs were also integrated
into the chromosome of the sugR-IldR double deletion mutant, in which the IdhA promoter
was derepressed. As observed in the wild-type background, the mutation mutl reduced
promoter activity, and the mutation mut2 increased activity in the sugR-IIdR deletion
mutant background (Figure 3b). These findings indicate that GIxR acts as a transcriptional
activator by binding to the site, and its function is independent of the known repressors.
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Consensus: TGTGANNNNNNTCACA
Native: TGTGATTTTTTCAACA
Mutl: TTCTATTTTTTCATGA
Mut2: TGTGATTTTTTTCACA
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Figure 3. Effects of mutations in the GIxR-binding site. (a) Mutations introduced into the GIxR-
binding site in the IdhA promoter. Consensus binding site (top) is shown for reference. The mutation

mutl was designed to exchange highly conserved nucleotides, and the mutation mut2 was designed
to create the consensus site. (b) Promoter activity of the lacZ fusions with the IdhA promoter carrying
the native (black), mutl (red), or mut2 (blue) GIxR-binding site in either the wild type or sugR-IIdR
double deletion mutant. Overnight culture of each strain in A medium supplemented with 4%
glucose was used for the LacZ assay. Mean values with standard deviations from more than four
clones are shown. p-values were calculated using an unpaired t-test. (**) p < 0.01 (comparison with the
native constructs). (c) Electrophoretic mobility shift assay using His-tagged GIxR. The Cy3-labeled
probes (10 nM) encompassing the I[dhA promoter region used for the construction of the lacZ fusions
were incubated with varying amounts of His-tagged GIxR: 0.5, 1.0, and 2.0 uM. Free DNA probe
and DNA-protein complex are indicated with white and black arrowheads. The probes contain
nonspecific bands.

The effects of the mutations on GIxR binding were investigated using EMSA (Figure 3c).
After incubation with GIxR and cAMP, the same DNA probe encompassing the IdhA pro-
moter region as was used for the F2 promoter—lacZ fusion construct yielded a smeared
band shift on the gel, indicating the interaction of GIxR with the IdhA promoter. The DNA
fragment carrying the mutation mutl showed no shifted band. Incubation with the DNA
fragment carrying the mutation mut2, in contrast, resulted in a much clearer band shift
than the native one. This demonstrated that the mutations mutl and mut2 inhibited and
enhanced GIxR binding, respectively, as expected.
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3.2. Effects of Chromosomal Mutations in the GIxR-Binding Site in the IdhA Promoter

The GIxR regulon consists of more than 200 genes. Probably because of its large impact
on the transcriptome, the glxR deletion mutant shows severely retarded growth compared
with the wild type [24]. This prevents the investigation of the physiological function of
GIxR using the knockout mutant. To directly examine the GIxR role in the regulation
of IdhA, we introduced the same mutations (i.e., mutl and mut2) into the binding site
on the chromosome and investigated their effects on IdhA expression. The chromosomal
mutations had no effect on growth (Figure 4a). As we have shown that IdhA expression
is highly upregulated at 6 h compared with that at 3 h [21], RNA was extracted at these
time points. The mutant carrying the mutation mutl in the GIxR-binding site exhibited
lower expression of IdhA than the wild type at both the exponential (3 h) and transition
(6 h) phases (Figure 4b). By contrast, the presence of mut2 in the GIxR-binding site showed
apparently but not significantly increased expression of IdhA compared with the wild type
at the transition phase (p = 0.097, 6 h). Thus, the GIxR-binding site was required for the
upregulation of IdhA at the stationary phase. The same mutations were introduced into the
chromosome of the sugR-IIdR deletion mutant. As [dhA expression is fully derepressed in
this mutant, IdhA expression can be observed even at the exponential phase. As observed
in the wild type, the mutation mutl reduced IdhA expression, whereas mut2 enhanced it
(p = 0.054, 3 h) (Figure 4b). This result showed that GIxR activated IdhA expression at the
exponential phase as well as at the stationary phase.

3.3. Effects of the Deletion of the cyaB Gene Encoding Adenylate Cyclase

GIxR belongs to a CRP-type transcriptional regulator family and binds to target bind-
ing sites in a cCAMP-dependent manner in vitro [30,36,37]. In the C. glutamicum genome,
a sole adenylate cyclase is encoded by cyaB [25,38]. To examine the effect of cCAMP defi-
ciency on IdhA expression, a cyaB deletion mutant was constructed, which grew slightly
slower than the wild type (Figure Sla). The IdhA expression level in the cyaB mutant was
comparable to that in the wild type at the exponential and transition phases (Figure S1b),
indicating that the upregulation observed at the transition phase does not require cAMP.
The aceA gene encoding isocitrate lyase in the glyoxylate shunt has been shown to be
repressed by GIxR and affected by intracellular cAMP levels [26,37]. The expression of aceA
in the cyaB deletion mutant was higher than that in the wild type (Figure S1b), confirming
deregulation of GIxR in the mutant. We also deleted the cyaB gene in the background of the
sugR deletion mutant. The growth of the cyaB—sugR deletion mutant was slower than that
of the wild type and transiently stalled at 12 h of cultivation, but the OD at 24 h reached
the level of the wild type (Figure Sla). The IdhA expression in the mutant was higher than
that in either the wild type or sugR-IIdR double deletion mutant, in which IdhA expression
is derepressed, at the exponential phase (3 h) (Figure S1b). However, IdhA expression in
the cyaB-sugR double mutant was lower than that in the sugR-/[dR mutant at the transition
phase (6 h). The combination of the sugR deletion with cAMP deficiency by deletion of
cyaB likely caused pleiotropic effects on gene expression. This was possibly reflected by the
observation that the expression of the aceA gene, derepressed in the cyaB single deletion
mutant, was lowered in the cyaB—sugR deletion mutant compared to that in the wild type.

3.4. Effects of the Overexpression of GIxR on IdhA Expression

To examine the effects of glxR overexpression on the expression of IdhA, the plas-
mid containing gIxR under control of the IPTG-inducible tac promoter was constructed.
The plasmid was introduced into both the wild type and mutants containing mutations
(mutl and mut2) in the GIxR-binding site. The glxR gene was induced with 0.5 mM IPTG,
and the expression levels of [dhA were determined via qRT-PCR. Before IPTG supplemen-
tation, IdhA expression in the mutl and mut2 strains was lower and higher than that in
the wild type, respectively. The expression of glxR was, as expected, increased by approxi-
mately 20-fold following 15 min of IPTG supplementation. However, the overexpression
of glxR had almost no effect on the expression of IdhA in the wild type (data not shown).
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The glxR overexpression plasmid was introduced into the sugR-IIdR deletion mutant
as well as the strain containing the mutated GIxR-binding site (mutl and mut2) on the
chromosome. After 30 min of IPTG supplementation, IdhA expression under the control
of the native promoter in the sugR-IIdR mutant was apparently but not significantly
upregulated compared with the control strain carrying the blank vector (p = 0.11, Figure 5).
In the mutants with the mutated binding site (mutl and mut2), the overexpression of
gIxR had no effect on IdhA expression. Whereas GIxR was unable to bind to the IdhA
promoter and affect IdhA expression in the mutl strain, the wild-type level of GIxR was
likely high enough for the activation of IdhA expression in the mut2 strain. In contrast
to the deletion of the cyaB gene, the overexpression of glxR resulted in the reduction
of aceA expression, confirming that the regulation mediated by GIxR was promoted by
IPTG-induced overexpression.

3.5. Effects of Chromosomal Mutations in the GIxR-Binding Site on Organic Acid Profiles

The mutations in the GIxR-binding site in the IdhA promoter region altered IdhA
expression. The effects of this modification of the expression on organic acid excretion
were investigated. Organic acids in the culture supernatant from the transition (6 h)
to stationary (10 h) phases were quantified by HPLC. At the exponential phase (4 h),
few organic acids were produced. The mutant with the mutations mutl, in which IdhA
expression was suppressed, excreted a significantly lower amount of lactate than the wild
type (Figure 6). The consumption of glucose was comparable for all strains. In the sugR-
IIdR deletion mutant background, in which the repression of IdhA was relieved, the mutl
mutation similarly lowered the amount of excreted lactate, but the effects were smaller
than those in the wild-type background and the difference was not significant after 8 h.
The reduced lactate production in the mutl promoter mutant was likely compensated for by
the increased production of other organic acids—succinate, acetate, and fumarate—compared
with that produced by the native promoter strains. This is consistent with the fact that the
excretion levels of these organic acids by the sugR-IldR deletion mutant derivatives were
lower than those by the wild-type derivatives. The mutants with the mutations mut2 excreted
lactate in an amount comparable to that of the native promoter strains. At the sampling points
in this study, the increase in IdhA expression in the mut2 mutants had no effect on organic acid
production, suggesting that the LDH expression was not rate limiting for L-lactate production
in the wild type and sugR-/IdR deletion mutant background.
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Figure 4. Effects of mutations in the GIxR-binding site on IdhA expression. (a) Growth of the wild
type (circles) and the sugR-IldR deletion mutant (diamonds) with the native (black), mutl (red),
or mut2 (blue) GIxR-binding site in the IdhA promoter in A medium supplemented with 1% glucose.
RNA was extracted from bacterial culture samples at 3 h and 6 h. (b) Transcript levels of the IdhA
gene in the wild type and the sugR-IIdR deletion mutant with the native (black), mutl (red), or mut2
(blue) GIxR-binding site in the I[dhA promoter were determined by quantitative reverse-transcription
polymerase chain reaction analysis. The transcript level in the wild type with the native promoter at
3 h was standardized to 1. Mean values obtained from three independent cultivations are shown
with their standard deviations. p-values were calculated using an unpaired f-test (**) p < 0.01.
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Figure 5. Overexpression of glxR elicited a positive effect on IdhA expression. The sugR-IIdR deletion
mutants harboring the native (N), mutl (M1), or mut2 (M2) GIxR-binding site in the IdhA promoter
were transformed with either the control vector pCRB12iP (vec) or the plasmid pCRC663 for glxR
overexpression (glxR) and were induced with 0.5 mM isopropyl 3-D-1-thiogalactopyranoside for 30
and 60 min at the exponential growth phase (3 h from the beginning of cultivation). The transcript
levels of the IdhA (top), aceA (middle), and gi/xR (bottom) genes were determined by quantitative
reverse-transcription polymerase chain reaction analysis. Transcript levels in the wild type carrying
the vector before induction were standardized to 1. Mean values obtained from three independent
cultivations are shown with their standard deviations. p-values were calculated using an unpaired
t-test. (*) p < 0.05; (**) p < 0.01 (comparison of gIxR overexpression strains with vector strains at the
same sampling points).
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Figure 6. Organic acids and glucose in culture supernatants. The wild type and sugR-IIdR deletion
mutant with the native (black), mut1 (red), or mut2 (blue) GIxR-binding site in the IdhA promoter
were grown in A medium supplemented with 1% glucose. The culture supernatants at 6, 8, and 10 h
were analyzed. Mean values obtained from at least three independent cultivations are shown with
their standard deviations. p-values were calculated using an unpaired t-test. (*) p < 0.05; (**) p < 0.01
(comparison with the parental wild type).

4. Discussion

In this study, we showed that the key fermentative gene IdhA is directly activated
by GIxR. GIxR was not obtained by previous DNA affinity purification using the IdhA
promoter region as a ligand [20,21], which identified the two repressors SugR and LIdR.
This is probably because the binding site found in the IdhA promoter region incompletely
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matches the consensus binding motif: 5-TGTGA-N6-TCACA-3'. Indeed, the shifted
band observed in EMSA was smeared, although it was cAMP dependent (Figure 3c).
The similar smeared shifted bands have been observed in previous studies on GIxR [30,36].
The mutations of nucleotides at the conserved position in the binding motif (mutl) com-
pletely inhibited GIXR binding and reduced IdhA expression. Previous studies have simi-
larly introduced the mismatch mutations in the GIxR-binding site to investigate the regula-
tory role of GIxR [24,26,39,40]. By contrast, in this study, the exchanging of two nucleotides
to match the conserved motif (mut2: TGTGATTTTTTCAACA —> TGTGATTTTTTTCACA)
drastically improved GIxR binding, as shown by the clear shifted band. The same mu-
tations increased IdhA promoter activity and IdhA expression. Thus, to the best of our
knowledge, this is the first case of a GIxR regulon, whose expression was shown to be
modified by the affinity of the target binding site.

The mutations of the GIxR-binding site in the IdhA promoter may affect the binding of
other transcription factors, resulting in the alteration of IdhA expression. Previous DNA
affinity purification using the IdhA promoter region as a ligand [20,21] identified AtIR,
a DeoR-type transcriptional regulator functioning as a repressor of the expression of the
arabitol/mannitol catabolic genes [41,42]. Our EMSA using the recombinant AtIR showed
that binding of AtIR to the IdhA promoter region was slightly inhibited by the mutl
mutation in vitro, but not affected by mut2 (Figure S2a). We constructed the at/R deletion
mutant based on the sugR-IIdR double deletion mutants carrying the native, mut1, or mut2
GIxR-binding site in the IdhA promoter and assessed the effects of the deletion on IdhA
expression. The atIR deletion had no effect on IdhA expression in any genetic background,
indicating that the mutations mutl and mut2 had no effect on AtIR function, if any, in IdhA
regulation (Figure S2b). A previous study also showed that single deletion of at/R had no
effect on IdhA expression [20].

During growth on acetate, expression of IdhA is repressed by SugR. Moreover, as in-
tracellular cAMP levels during growth on acetate are lower than those on glucose [25],
GIxR-mediated activation of IdhA would be alleviated to save cellular resources.
Similarly, the glycolytic genes pfkA encoding phosphofructokinase and the gapA-pgk-tpi-ppc
operon encoding glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase,
triose phosphate isomerase, and phosphoenolpyruvate carboxylase were regulated by
both SugR and GIxR [17,24,43]. These two global regulators coordinately control the
glycolytic pathway and redox balance. In other bacteria, lactate dehydrogenase expression
is important during anaerobic metabolism and is regulated by redox-sensing transcrip-
tion factors [44—46]. How the intracellular cAMP levels of C. glutamicum are controlled in
response to environmental changes merits further investigation for the understanding of
the global regulatory role of GIxR.

Even in strains containing the mutl mutations, I[dhA expression showed more than
a threefold increase at the transition phase (Figure 4). The group 2 sigma factor SigB is
likely responsible for this upregulation. We have previously shown that deletion of sigB
reduced IdhA expression by twofold [47]. Comprehensive transcriptional start sites (TSSs)
determined by RNA-seq revealed another site upstream of the TSS previously identified
(shown as +1’ in Figure 1) [48,49]. This whole TSS determination by RNA-seq also found
characteristic promoter structures. Over 70% of SigB-dependent promoters contain a G at
position —5, two nucleotides downstream of the conserved —10 region, with respect to the
TSS [49]. Although the IdhA promoter investigated in this study does not contain a G at
this position, the upstream novel IdhA promoter does. Therefore, the novel promoter likely
functions as the SigB-dependent promoter and may upregulate IdhA expression at the
transition phase. SigB also controls the glycolytic genes under aerobic growth conditions
and oxygen deprivation [47]. Investigation of the function of the upstream promoter and
involvement of SigB in transcription from the promoter will provide further insights into
the regulatory mechanism of fermentative genes in C. glutamicum.



Microorganisms 2021, 9, 550 13 of 15

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-260
7/9/3/550/s1, Figure S1: Effects of cyaB gene deletion on IdhA expression, Figure S2: Effects of the
atIR gene deletion on IdhA expression, Table S1: Bacterial strains and plasmids used in this study,
Table S2: oligonucleotide primers used in this study.

Author Contributions: Designing and performing of experiments, K.T.; data analysis, K.T.; writing—
original draft preparation, K.T.; writing—review and editing, K.T. and M.I. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Acknowledgments: We thank Satoshi Hasegawa for assistance during HPLC analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hermann, T. Industrial production of amino acids by coryneform bacteria. J. Biotechnol. 2003, 104, 155-172. [CrossRef]

2. Kinoshita, S.; Udaka, S.; Shimono, M. Studies on the amino acid fermentation. Part 1. Production of L-glutamic acid by various
microorganisms. J. Gen. Appl. Microbiol. 1957, 3, 193-205. [CrossRef]

3. Lee, MJ,; Kim, P. Recombinant protein expression system in Corynebacterium glutamicum and its application. Front. Microbiol.
2018, 9, 2523. [CrossRef]

4. Lee, ].-H.; Wendisch, V.E. Biotechnological production of aromatic compounds of the extended shikimate pathway from renewable
biomass. J. Biotechnol. 2017, 257, 211-221. [CrossRef] [PubMed]

5. Kogure, T.; Inui, M. Recent advances in metabolic engineering of Corynebacterium glutamicum for bioproduction of value-added
aromatic chemicals and natural products. Appl. Microbiol. Biotechnol. 2018, 102, 8685-8705. [CrossRef]

6. Hirasawa, T.; Shimizu, H. Recent advances in amino acid production by microbial cells. Curr. Opin. Biotechnol. 2016, 42, 133-146.
[CrossRef] [PubMed]

7.  Heider, S.A.; Wendisch, V.F. Engineering microbial cell factories: Metabolic engineering of Corynebacterium glutamicum with a
focus on non-natural products. Biotechnol. J. 2015, 10, 1170-1184. [CrossRef] [PubMed]

8.  Becker, J.; Rohles, C.M.; Wittmann, C. Metabolically engineered Corynebacterium glutamicum for bio-based production of chemicals,
fuels, materials, and healthcare products. Metab. Eng. 2018, 50, 122-141. [CrossRef]

9.  Wang, L.; Li, G,; Deng, Y. Diamine biosynthesis: Research progress and application prospects. Appl. Environ. Microbiol. 2020, 86,
01972-20. [CrossRef]

10. Inui, M.; Murakami, S.; Okino, S.; Kawaguchi, H.; Vertes, A.A.; Yukawa, H. Metabolic analysis of Corynebacterium glutamicum
during lactate and succinate productions under oxygen deprivation conditions. J. Mol. Microbiol. Biotechnol. 2004, 7, 182-196.
[CrossRef] [PubMed]

11. Tsuge, Y.; Kato, N.; Yamamoto, S.; Suda, M.; Jojima, T.; Inui, M. Metabolic engineering of Corynebacterium glutamicum for
hyperproduction of polymer-grade L- and D-lactic acid. Appl. Microbiol. Biotechnol. 2019, 103, 3381-3391. [CrossRef]

12.  Okino, S.; Noburyu, R.; Suda, M.; Jojima, T.; Inui, M.; Yukawa, H. An efficient succinic acid production process in a metabolically
engineered Corynebacterium glutamicum strain. Appl. Microbiol. Biotechnol. 2008, 81, 459—-464. [CrossRef] [PubMed]

13. Hasegawa, S.; Suda, M.; Uematsu, K.; Natsuma, Y.; Hiraga, K.; Jojima, T.; Inui, M.; Yukawa, H. Engineering of Corynebacterium
glutamicum for high-yield L-valine production under oxygen deprivation conditions. Appl. Environ. Microbiol. 2012, 79, 1250-1257.
[CrossRef]

14. Yamamoto, S.; Gunji, W.; Suzuki, H.; Toda, H.; Suda, M.; Jojima, T.; Inui, M.; Yukawa, H. Overexpression of genes encoding
glycolytic enzymes in Corynebacterium glutamicum enhances glucose metabolism and alanine production under oxygen deprivation
conditions. Appl. Environ. Microbiol. 2012, 78, 4447-4457. [CrossRef] [PubMed]

15.  Yasuda, K; Jojima, T.; Suda, M.; Okino, S.; Inui, M.; Yukawa, H. Analyses of the acetate-producing pathways in Corynebacterium
glutamicum under oxygen-deprived conditions. Appl. Microbiol. Biotechnol. 2007, 77, 853-860. [CrossRef]

16. Inui, M.; Suda, M.; Okino, S.; Nonaka, H.; Puskas, L.G.; Vertes, A.A.; Yukawa, H. Transcriptional profiling of Corynebacterium
glutamicum metabolism during organic acid production under oxygen deprivation conditions. Microbiology 2007, 153, 2491-2504.
[CrossRef] [PubMed]

17.  Toyoda, K.; Teramoto, H.; Inui, M.; Yukawa, H. Expression of the gapA gene encoding glyceraldehyde-3-phosphate dehydrogenase
of Corynebacterium glutamicum is regulated by the global regulator SugR. Appl. Microbiol. Biotechnol. 2008, 81, 291-301. [CrossRef]

18.  Engels, V.; Wendisch, V.F. The DeoR-type regulator SugR represses expression of ptsG in Corynebacterium glutamicum. J. Bacteriol.
2007, 189, 2955-2966. [CrossRef]

19. Gaigalat, L.; Schlueter, ].P.; Hartmann, M.; Mormann, S.; Tauch, A.; Piihler, A.; Kalinowski, J. The DeoR-type transcriptional
regulator SugR acts as a repressor for genes encoding the phosphoenolpyruvate:sugar phosphotransferase system (PTS) in
Corynebacterium glutamicum. BMC Mol. Biol. 2007, 8, 104. [CrossRef] [PubMed]

20. Dietrich, C.; Nato, A.; Bost, B.; Le Maréchal, P.; Guyonvarch, A. Regulation of Idh expression during biotin-limited growth of

Corynebacterium glutamicum. Microbiology 2009, 155, 1360-1375. [CrossRef] [PubMed]


https://www.mdpi.com/2076-2607/9/3/550/s1
https://www.mdpi.com/2076-2607/9/3/550/s1
http://doi.org/10.1016/S0168-1656(03)00149-4
http://doi.org/10.2323/jgam.3.193
http://doi.org/10.3389/fmicb.2018.02523
http://doi.org/10.1016/j.jbiotec.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/27871872
http://doi.org/10.1007/s00253-018-9289-6
http://doi.org/10.1016/j.copbio.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27151315
http://doi.org/10.1002/biot.201400590
http://www.ncbi.nlm.nih.gov/pubmed/26216246
http://doi.org/10.1016/j.ymben.2018.07.008
http://doi.org/10.1128/AEM.01972-20
http://doi.org/10.1159/000079827
http://www.ncbi.nlm.nih.gov/pubmed/15383716
http://doi.org/10.1007/s00253-019-09737-8
http://doi.org/10.1007/s00253-008-1668-y
http://www.ncbi.nlm.nih.gov/pubmed/18777022
http://doi.org/10.1128/AEM.02806-12
http://doi.org/10.1128/AEM.07998-11
http://www.ncbi.nlm.nih.gov/pubmed/22504802
http://doi.org/10.1007/s00253-007-1199-y
http://doi.org/10.1099/mic.0.2006/005587-0
http://www.ncbi.nlm.nih.gov/pubmed/17660414
http://doi.org/10.1007/s00253-008-1682-0
http://doi.org/10.1128/JB.01596-06
http://doi.org/10.1186/1471-2199-8-104
http://www.ncbi.nlm.nih.gov/pubmed/18005413
http://doi.org/10.1099/mic.0.022004-0
http://www.ncbi.nlm.nih.gov/pubmed/19332837

Microorganisms 2021, 9, 550 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Toyoda, K.; Teramoto, H.; Inui, M.; Yukawa, H. Molecular mechanism of SugR-mediated sugar-dependent expression of the IdhA
gene encoding L-lactate dehydrogenase in Corynebacterium glutamicum. Appl. Microbiol. Biotechnol. 2009, 83, 315-327. [CrossRef]
[PubMed]

Toyoda, K.; Teramoto, H.; Inui, M.; Yukawa, H. Involvement of the LuxR-type transcriptional regulator, RamA, in regulation of
expression of the gapA gene encoding glyceraldehyde-3-phosphate dehydrogenase of Corynebacterium glutamicum. J. Bacteriol.
2009, 191, 968-977. [CrossRef]

Tanaka, Y.; Ehira, S.; Teramoto, H.; Inui, M.; Yukawa, H. Coordinated regulation of gnd, which encodes 6-phosphogluconate
dehydrogenase, by the two transcriptional regulators GntR1 and RamA in Corynebacterium glutamicum. |. Bacteriol. 2012, 194,
6527-6536. [CrossRef] [PubMed]

Toyoda, K.; Teramoto, H.; Inui, M.; Yukawa, H. Genome-wide identification of in vivo binding sites of GIxR, a cyclic AMP receptor
protein-type regulator in Corynebacterium glutamicum. |. Bacteriol. 2011, 193, 4123-4133. [CrossRef]

Cha, PH,; Park, S.-Y,; Moon, M.-W.; Subhadra, B.; Oh, T.-K,; Kim, E.; Kim, J.F,; Lee, J.-K. Characterization of an adenylate
cyclase gene (cyaB) deletion mutant of Corynebacterium glutamicum ATCC 13032. Appl. Microbiol. Biotechnol. 2009, 85, 1061-1068.
[CrossRef]

Schulte, J.; Baumgart, M.; Bott, M. Identification of the cAMP phosphodiesterase CpdA as novel key player in cAMP-dependent
regulation in Corynebacterium glutamicum. Mol. Microbiol. 2017, 103, 534-552. [CrossRef]

Tanaka, Y.; Takemoto, N; Ito, T.; Teramoto, H.; Yukawa, H.; Inui, M. Genome-wide analysis of the role of global transcriptional
regulator GntR1 in Corynebacterium glutamicum. |. Bacteriol. 2014, 196, 3249-3258. [CrossRef]

Toyoda, K.; Teramoto, H.; Inui, M.; Yukawa, H. The IdhA gene, encoding fermentative L-lactate dehydrogenase of Corynebacterium
glutamicum, is under the control of positive feedback regulation mediated by LIdR. . Bacteriol. 2009, 191, 4251-4258. [CrossRef]
[PubMed]

Georgi, T.; Engels, V.; Wendisch, V.F. Regulation of L-lactate utilization by the FadR-type regulator LIdR of Corynebacterium
glutamicum. J. Bacteriol. 2008, 190, 963-971. [CrossRef]

Kohl, T.A.; Baumbach, J.; Jungwirth, B.; Piihler, A.; Tauch, A. The GIxR regulon of the amino acid producer Corynebacterium
glutamicum: In silico and in vitro detection of DNA binding sites of a global transcription regulator. J. Biotechnol. 2008, 135, 340-350.
[CrossRef]

Sambrook, ].; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory: Cold
Spring Harbor, NY, USA, 1989.

Inui, M.; Kawaguchi, H.; Murakami, S.; Vertes, A.A.; Yukawa, H. Metabolic engineering of Corynebacterium glutamicum for fuel
ethanol production under oxygen-deprivation conditions. J. Mol. Microbiol. Biotechnol. 2004, 8, 243-254. [CrossRef]

Toyoda, K.; Teramoto, H.; Gunji, W.; Inui, M.; Yukawa, H. Involvement of regulatory interactions among global regulators GIxR,
SugR, and RamA in expression of ramA in Corynebacterium glutamicum. J. Bacteriol. 2013, 195, 1718-1726. [CrossRef] [PubMed]
Miller, J.H. Experiments in Molecular Genetics; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1972.
Toyoda, K.; Inui, M. Extracytoplasmic function sigma factor sigma(D) confers resistance to environmental stress by enhancing
mycolate synthesis and modifying peptidoglycan structures in Corynebacterium glutamicum. Mol. Microbiol. 2018, 107, 312-329.
[CrossRef] [PubMed]

Kohl, T.A.; Tauch, A. The GIxR regulon of the amino acid producer Corynebacterium glutamicum: Detection of the corynebacterial
core regulon and integration into the transcriptional regulatory network model. |. Biotechnol. 2009, 143, 239-246. [CrossRef]
[PubMed]

Kim, H.-J.; Kim, T.-H.; Kim, Y.; Lee, H.-S. Identification and characterization of gIxR, a gene involved in regulation of glyoxylate
bypass in Corynebacterium glutamicum. J. Bacteriol. 2004, 186, 3453-3460. [CrossRef] [PubMed]

Wolf, N.; Bussmann, M.; Koch-Koerfges, A.; Katcharava, N.; Schulte, J.; Polen, T.; Hartl, J.; Vorholt, J.A.; Baumgart, M.; Bott, M.
Molecular Basis of growth inhibition by acetate of an adenylate cyclase-deficient mutant of Corynebacterium glutamicum. Front.
Microbiol. 2020, 11, 87. [CrossRef]

Chao, H.; Zhou, N.-Y. Involvement of the global regulator GIxR in 3-hydroxybenzoate and gentisate utilization by Corynebacterium
glutamicum. Appl. Environ. Microbiol. 2014, 80, 4215-4225. [CrossRef]

Panhorst, M.; Sorger-Herrmann, U.; Wendisch, V.F. The pstSCAB operon for phosphate uptake is regulated by the global regulator
GIxR in Corynebacterium glutamicum. J. Biotechnol. 2011, 154, 149-155. [CrossRef]

Laslo, T.; Von Zaluskowski, P.; Gabris, C.; Lodd, E.; Riickert, C.; Dangel, P.; Kalinowski, J.; Auchter, M.; Seibold, G.; Eikmanns,
B.J. Arabitol metabolism of Corynebacterium glutamicum and its regulation by AtIR. J. Bacteriol. 2011, 194, 941-955. [CrossRef]
[PubMed]

Peng, X.; Okai, N.; Vertés, A.A.; Inatomi, K.-I; Inui, M.; Yukawa, H. Characterization of the mannitol catabolic operon of
Corynebacterium glutamicum. Appl. Microbiol. Biotechnol. 2011, 91, 1375-1387. [CrossRef] [PubMed]

Engels, V.; Lindner, S.N.; Wendisch, V.F. The global repressor SugR Controls expression of genes of glycolysis and of the L-lactate
dehydrogenase LdhA in Corynebacterium glutamicum. . Bacteriol. 2008, 190, 8033-8044. [CrossRef] [PubMed]

Larsson, J.T.; Rogstam, A.; Von Wachenfeldt, C. Coordinated patterns of cytochrome bd and lactate dehydrogenase expression in
Bacillus subtilis. Microbiology 2005, 151, 3323-3335. [CrossRef] [PubMed]

Jiang, G.R; Nikolova, S.; Clark, D.P. Regulation of the I[dhA gene, encoding the fermentative lactate dehydrogenase of Escherichia
coli. Microbiology 2001, 147, 2437-2446. [CrossRef] [PubMed]


http://doi.org/10.1007/s00253-009-1887-x
http://www.ncbi.nlm.nih.gov/pubmed/19221735
http://doi.org/10.1128/JB.01425-08
http://doi.org/10.1128/JB.01635-12
http://www.ncbi.nlm.nih.gov/pubmed/23024346
http://doi.org/10.1128/JB.00384-11
http://doi.org/10.1007/s00253-009-2066-9
http://doi.org/10.1111/mmi.13574
http://doi.org/10.1128/JB.01860-14
http://doi.org/10.1128/JB.00303-09
http://www.ncbi.nlm.nih.gov/pubmed/19429617
http://doi.org/10.1128/JB.01147-07
http://doi.org/10.1016/j.jbiotec.2008.05.011
http://doi.org/10.1159/000086705
http://doi.org/10.1128/JB.00016-13
http://www.ncbi.nlm.nih.gov/pubmed/23396909
http://doi.org/10.1111/mmi.13883
http://www.ncbi.nlm.nih.gov/pubmed/29148103
http://doi.org/10.1016/j.jbiotec.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19665500
http://doi.org/10.1128/JB.186.11.3453-3460.2004
http://www.ncbi.nlm.nih.gov/pubmed/15150232
http://doi.org/10.3389/fmicb.2020.00087
http://doi.org/10.1128/AEM.00290-14
http://doi.org/10.1016/j.jbiotec.2010.07.015
http://doi.org/10.1128/JB.06064-11
http://www.ncbi.nlm.nih.gov/pubmed/22178972
http://doi.org/10.1007/s00253-011-3352-x
http://www.ncbi.nlm.nih.gov/pubmed/21655984
http://doi.org/10.1128/JB.00705-08
http://www.ncbi.nlm.nih.gov/pubmed/18849435
http://doi.org/10.1099/mic.0.28124-0
http://www.ncbi.nlm.nih.gov/pubmed/16207915
http://doi.org/10.1099/00221287-147-9-2437
http://www.ncbi.nlm.nih.gov/pubmed/11535784

Microorganisms 2021, 9, 550 15 of 15

46.

47.

48.

49.

Pagels, M.; Fuchs, S.; Pané-Farré, J.; Kohler, C.; Menschner, L.; Hecker, M.; McNamarra, PJ.; Bauer, M.C.; Von Wachenfeldt,
C.; Liebeke, M.; et al. Redox sensing by a Rex-family repressor is involved in the regulation of anaerobic gene expression in
Staphylococcus aureus. Mol. Microbiol. 2010, 76, 1142-1161. [CrossRef]

Ehira, S.; Shirai, T.; Teramoto, H.; Inui, M.; Yukawa, H. Group 2 sigma factor SigB of Corynebacterium glutamicum positively
regulates glucose metabolism under conditions of oxygen deprivation. Appl. Environ. Microbiol. 2008, 74, 5146-5152. [CrossRef]
Pfeifer-Sancar, K.; Mentz, A.; Riickert, C.; Kalinowski, ]. Comprehensive analysis of the Corynebacterium glutamicum transcriptome
using an improved RNAseq technique. BMC Genom. 2013, 14, 888. [CrossRef]

Albersmeier, A.; Pfeifer-Sancar, K.; Riickert, C.; Kalinowski, . Genome-wide determination of transcription start sites reveals new
insights into promoter structures in the actinomycete Corynebacterium glutamicum. J. Biotechnol. 2017, 257, 99-109. [CrossRef]


http://doi.org/10.1111/j.1365-2958.2010.07105.x
http://doi.org/10.1128/AEM.00944-08
http://doi.org/10.1186/1471-2164-14-888
http://doi.org/10.1016/j.jbiotec.2017.04.008

	Introduction 
	Materials and Methods 
	Bacterial Strains, Plasmids, and Culture Conditions 
	Construction of Plasmids and Mutants 
	-Galactosidase Assay 
	Overexpression and Purification of His-Tagged GlxR and AtlR 
	Electrophoretic Mobility Shift Assay (EMSA) 
	RNA Extraction and Quantitative Reverse-Transcription Polymerase Chain (qRT-PCR) 
	Analytical Method 

	Results 
	Involvement of the Putative GlxR-Binding Site in Transcription of ldhA 
	Effects of Chromosomal Mutations in the GlxR-Binding Site in the ldhA Promoter 
	Effects of the Deletion of the cyaB Gene Encoding Adenylate Cyclase 
	Effects of the Overexpression of GlxR on ldhA Expression 
	Effects of Chromosomal Mutations in the GlxR-Binding Site on Organic Acid Profiles 

	Discussion 
	References

