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In Corynebacterium glutamicum, the ArgR protein, a transcriptional repressor, affects the expression level of
the argB gene through binding to its promoter region. The argB promoter region (positions —77 to —25) has
been found by in vitro electrophoretic mobility shift assay (EMSA) results and in silico analysis to be important
for the DNA binding of ArgR. Proline supplementation prevented the DNA binding of ArgR to the argB
promoter region and triggered an increase of the argB mRNA level. Additional mutational analyses of the argB
promoter region found nucleotides critical for ArgR binding (G located at position —58, C at position —55, and
A at position —41 of the argB promoter) in that region. Another transcriptional repressor, FarR, was also
demonstrated to bind to the argB promoter region. This binding was delimited to positions —57 to —77 on the
argB promoter. FarR has only one putative binding domain located at positions —57 to —77, but this region
exactly overlapped with the binding region located from positions —55 to —77 for the binding of ArgR within
the argB promoter; thus, if ArgR bound with the argB promoter first, the binding of FarR was not observed in
this region. However, if FarR bound to the binding domain located at positions —57 to —77 first, ArgR could
bind other binding sites located at positions —49 to —25 within the argB promoter. Finally, this study suggests
that ArgR can affect FarR binding to the argB promoter region, as protein binding is dominated by the protein

most able to do so.

The main regulator of a set of arg regulons (19), arginine
repressor (ArgR), acts as a transcriptional repressor by binding
to the hexameric structure of its target sequences, known as
“ARG boxes”(7). Detailed studies of ArgR have been con-
ducted with many bacteria, for example, Escherichia coli (19),
Pseudomonas aeruginosa (22), and Bacillus stearothermophilus
(6). In addition, the mechanism of ArgR is unusually well
conserved across a wide range of divergent bacteria: both
Gram-negative and Gram-positive bacteria (35).

Corynebacterium glutamicum is a Gram-positive soil bacte-
rium widely used in the production of amino acids (18, 32).
Bioinformatics tools have recently been used to detect the
potential transcription regulators of winged helix-turn-helix
(HTH) binding proteins, including ArgR, that were previously
predicted from the genome sequence (1, 2, 11). Experimental
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data and in silico analyses of a diverse range of bacteria show
a surprising conservation of the arginine repressor proteins
and their respective target sites. For instance, the identical
18.8-kDa polypeptides and the folded structure derived from
the amino acid sequence of ArgR molecules from C. glutami-
cum closely match the winged-helix structures and N-terminal
DNA-binding domains of several other species (14, 20).

Previous studies have shown that the biosynthesis of or-
nithine, an intermediate molecule of arginine’s biosynthesis,
depends upon the DNA binding of ArgR to the operating
regions of arg genes (14). In addition to its regulatory func-
tion, ArgR has a particular activity for the upstream region
of the argB gene, encoding the N-acetylglutamate kinase
enzyme, an enzyme relevant to ornithine biosynthesis in C.
glutamicum (14, 16).

Fatty acyl-responsive regulator (FarR) (30), a previously
uncharacterized transcription factor of the HTH GntR family
(27) similar to HutC/FarR, seems to be involved in the regu-
lation of amino acid biosynthesis in C. glutamicum (8). The
transcription of the argB gene was influenced by FarR. Inter-
estingly, both ArgR and FarR control ornithine and arginine
levels by repressing the transcription of the arg genes (8, 14).
However, the mechanism by which FarR stimulates argB tran-
scription remains unclear.

This paper’s focus is the ArgR-mediated regulation of argB
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TABLE 1. Bacterial strains and plasmids used in this study
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TABLE 2. Oligonucleotides used in this study

Strain or plasmid Relevant characteristic(s) Source or Primer and Sequence (5'-3") Description
reference purpose (reference)
Strains RT-PCR
C. glutamicum Wild type ATCC 13032 argB-F ATATTGGTTTGGTCGGAGA  Amplification of argB
C. glutamicum SJIC  Deletion of the argR, argF, and 10 argB-R TACAGTTCCCCATCCTTGT cDNA (this study)
8074 proB genes 16S rRNA-F TCCTGGTGTAGCGGTGAAA  Amplification of 16S
E. coli BL2I(DE3)  F~ ompT hsdSg(rg” mg™) gal ~ Novagen, Madison, 16S rRNA-R  CCCACCTTCCTCCGAGTTA rRNA (this study)
dem (DE3) WI
. ChIP assay
Plasmids . . . argC-F TGCACTTCCAGGTGGT PCR primers for ChIP
pET-21a Al;r; f1 origin; 6 histidyl NOVVVaIge“’ Madison, argC-R AGTTACACCATACACG detection of arg
usion vector
pEMBTL-SY0 pET-21a colntaining the argR 14 zlr,g_ﬁ 822?&%%&%?;;}2? genes (14)
structural gene i argB-F TCGAACCACTGACCTGA
pEMBTL-SY5 pET-21a containing the farR 13 argB—R CAGCGAGGACATTTGCG
structural gene argF-F TGGTGATCACCGACGAA
argF-R AAACCTCTGCCTGCTCT
argG-F GCACCACTTAAAGCG
argG-R AGAACGATGCGGTTAG
expression in C. glutamicum. To establish how ArgR’s operat- argH-F CTCCAAGATCGCTAACA
argH-R TCCATGTGGTGTTCTTC

ing site acts on the argB gene, the effects of ArgR on DNA-
binding affinity were examined in vitro. The effects of the DNA-
binding sites of FarR on the promoters of arg genes were also
analyzed by in vivo chromatin immunoprecipitation (ChIP)
assays of C. glutamicum. Furthermore, a new relationship of
the two transcriptional regulators FarR and ArgR to the argB
promoter is provided through the detailed analysis of the in-
teraction of FarR with the promoter site of the argB gene.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Table 1 lists the bacterial
strains and plasmids used in this study. Wild-type strain C. glutamicum ATCC
13032 (American Type Culture Collection, Manassas, VA) and mutant strain C.
glutamicum SJC 8074 (provided by Sangji University, South Korea) (10) were
grown at 30°C in Luria-Bertani medium (29) and, for the production of ornithine
and arginine, in mineral medium containing yeast extract (MMY) [0.8 g
KH,PO,, 10 g (NH,),SO,, 1 g MgSO, - 7H,0, 1.2 g Na,HPO,, 20 mg
MnSO, - H,0, 20 mg FeSO, + 7H,0, 10 mg ZnSO, - 7TH,0, 10 g yeast extract,
20 g CaCOs, and 60 g glucose liter™') (17). In a 250-ml shake flask, a 1-ml
preculture was inoculated into 50 ml of MMY medium. Cultivation was per-
formed at 30°C at 150 rpm on a rotary shaker. E. coli BL21(DE3) cells (Novagen
Chemicals, Inc., Germany) were grown at 37°C in Luria-Bertani medium (29).
Selection for the presence of plasmids was carried out by using ampicillin (50 pg
ml~! for E. coli). Shake flask culture growth was monitored by measuring the
optical density at 600 nm (ODy) using a UV/Vis spectrophotometer (Mecasys
Co., Ltd., South Korea).

Genetic manipulations. Chromosomal DNA was prepared from C. glutami-
cum by using a Wizard SV genomic DNA kit (Promega, Madison, WI). Plasmid
DNA was prepared from E. coli cells using an alkaline lysis technique with a
QIAspin miniprep kit (Qiagen, Germany). DNA modification, analysis by aga-
rose gel electrophoresis, and ligation were performed according to standard
procedures (29). The PCR experiments were carried out by using a T Gradient
thermocycler (Biometra, Germany), Ex Tag DNA polymerase (Takara Bio, Inc.,
Japan), and chromosomal DNA as the template. The PCR products were puri-
fied by using a QIAquick PCR purification kit (Qiagen, Germany). The oligo-
nucleotides used for PCR amplification were purchased from AccuOligo
(Bioneer Co., South Korea).

Purification of histidine-tagged ArgR and FarR. The construction of
pEMBTL-SYO carrying the argR coding region and pEMBTL-SY5 carrying the
farR coding region were described in previous studies (Table 1) (13, 14).
pEMBTL-SYS5 and pEMBTL-SY0, were used to transform E. coli BL21(DE3)
cells by electroporation. The syntheses of ArgR and FarR fused with a six-
histidine tag were induced in recombinant E. coli BL21 cells (pEMBTL-SY0 and
pEMBTL-SYS5, respectively) by the addition of 0.5 mM isopropyl-B-p-thiogalac-
topyranoside (IPTG) after the culture had reached an ODy of 0.6. The cells
were grown for 3 h, harvested, and then disrupted by using a Vibra Cell Sonic
disruptor (Sonics & Materials, Inc.). Purification of the fusion proteins was
carried out by Ni-nitrilotriacetic acid (NTA) affinity chromatography according
to the instructions provided by Qiagen (Hilden, Germany). The purified fusion
proteins were used directly for the production of polyclonal rabbit antibodies for

ChIP assays (Ab Frontier, Inc., South Korea) and electrophoretic mobility shift
assay (EMSA) experiments.

EMSAs. Short DNA probes that that were approximately 30 bp long were
generated by the annealing of complementary single oligonucleotides. For the
labeling of the DNA and the setup of the reaction mixture containing purified
Hiss-ArgR or Hisg-FarR for the EMSA, a digoxigenin (DIG) gel shift kit
(Roche, Mannheim, Germany) was used according to the manufacturer’s instruc-
tions. The oligonucleotides were blunt ended, since labeling were performed with
terminal transferase and digoxigenin-11-dUTP (DIG-ddUTP). The labeled and un-
labeled probes were incubated with Hiss-ArgR or Hiss-FarR. Binding reactions
were performed with binding buffer [20 mM HEPES (pH 7.6), 1 mM EDTA, 10 mM
(NH,),SO,, 1 mM dithiothreitol (DTT), 0.2% (wt/vol) Tween 20, 30 mM KClI, 1 pg
poly(dI-dC), 0.2 pg poly-L-lysine] for 30 min at room temperature. Separation by gel
electrophoresis was performed with native 6% polyacrylamide gels using 0.5X Tris-
borate-EDTA (TBE) buffer as a running buffer. Subsequently, the labeled DNA was
blotted onto a positively charged nylon membrane (Roche, Mannheim, Germany)
by electroblotting. For the detection of the labeled DNA, X-ray films were used.
Each sample was analyzed in triplicate.

DNA-protein cross-linking and ChIP assays. A previously described ChIP
protocol (14) was adapted as follows. Individual strains were grown at 30°C for
several generations in MMY medium. At an ODy, of 1.9 to 2.0, samples (10 ml)
from 100-ml cultures were transferred into new tubes and treated with formal-
dehyde to a final concentration of 1% and incubated for 10 min at 30°C with
gentle agitation. The cells were harvested by centrifugation (10 min at 1,618 X g
at 4°C) and washed twice in chilled phosphate-buffered saline. The cells were
resuspended in 0.5 ml of a solution containing 1% sodium dodecyl sulfate, 10
mM EDTA, 50 mM Tris-HCI (pH 8.1), 1 mM phenylmethylsulfonyl fluoride, and
5 wg ml~! RNase A. The cells were then incubated at 30°C for 10 min and chilled
on ice. The lysates were sonicated for 10 cycles, each lasting 20 s. The chromo-
somal DNA of the lysate was sheared to give a mean fragment size of 200 to
1,000 bp. The cell debris was used for the ChIP assay. The experiments were
performed by using a ChIP assay kit (Upstate) according to the manufacturer’s
protocol, and the DNA-protein complexes in the supernatant were immunopre-
cipitated by using 3 g ml~" affinity-purified polyclonal rabbit antibodies raised
against the purified hexahistidine-tagged ArgR or FarR protein. Subsequently,
PCR amplification of the immunoprecipitated DNA was carried out for 27 cycles
using the primers designed to amplify the six arg genes (Table 2). Each sample
was analyzed in triplicate.

RT-PCR. The levels of argB mRNA were quantified by real-time reverse
transcription (RT)-PCR using SYBR green PCR master mix (ABI 7700; Applied
Biosystems, CA). In brief, the total RNA from the same biomass of C. glutami-
cum was extracted by using TRIzol reagent (Gibco-BRL) according to the manu-
facturer’s instructions. Reverse transcription was first performed to synthesize
c¢DNA using total RNA (0.5 pg), random primers (16-mers) (Bioneer Co., Daejeon,
South Korea), deoxynucleoside triphosphates (ANTPs) (1 mmol/liter), 4.5 units of
avian myeloblastosis virus (AMV) reverse transcriptase (Promega Co.), and 20 units
of RNase inhibitor (Promega Co.). cDNA corresponding to 50 ng of RNA was then
added to SYBR green Ampli Tag master mix and 0.9 pmol/liter each specific primer
in a total volume of 50 pl. Table 2 lists the primer pairs used for argB and the 16S
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FIG. 1. Putative ARG box sequences. An alignment of the argB promoter region with the ARG box sequences in the arg/, artP, and hisJ
promoter from E. coli (Ec) (3) using the ClustalX program (31) and a picture representing the conservation of bases at each position in the inferred
consensus operator sequence (generated by WebLogo 2.8.2 software) (4) are shown. The conserved nucleotides in at least eight boxes are shaded
and asterisked. Bases substituted in the argB promoter region used for EMSAs are indicated, and the new base is shown above. Cg, C. glutamicum.

rRNA gene (internal standard). PCR was carried out with a real-time PCR cycler
(ABI 700; Applied Biosystems, CA). The thermal cycling conditions were 48°C for
30 min, 95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min. At the
end of each phase at 60°C, the fluorescence was measured and used for quantitation.
Each sample was analyzed in triplicate.

Determination of amino acid concentration. High-performance liquid chro-
matography (HPLC) (Waters Alliance 2690 analytical HPLC system; Waters
Co.) was used to determine amino acids. The system was equipped with a
Nova-Pak C,, column and a Waters 747 scanning fluorescence detector (Waters
Co.). All the results represent the data from at least three independent experi-
ments and include a mean value.

RESULTS

In vitro binding of ArgR to the argB promoter region. ArgR
is a transcriptional regulator that controls ornithine biosynthe-
sis through an interactive pathway of arginine biosynthesis in
C. glutamicum (19). As previously reported, DNA sites for
ArgR binding occur at four genes, located at the upstream
region of argC, argB, argF, and argG. It was also shown previ-
ously that the DNA-binding affinity of ArgR for the upstream
region of the argB gene is affected only by proline supplemen-
tation (14, 16). It was reported that ArgR not only recognizes
but also binds weakly conserved operator sequences of the
form 5'-TNTGAATwwwwATTCANW-3' (where N is any base
and W/w is A or T [with w in the linker region between two
palindromic sequences of ArgR binding sites]) in E. coli,
located in the three known arginine-inducible promoters (3,
19, 20). These promoters contain ARG boxes: the promoters
of artl (P,,,; g.), artPIOM (P,,,p ), and the hisJOMP operon
(Priss 5c) (3). An alignment of the three ARG boxes with the
argB promoter region of C. glutamicum showed the 27-bp con-
sensus sequence and highlighted the conserved nucleotides at
each position (Fig. 1). To corroborate this finding further,
EMSA was explored to see whether ArgR bound to the argB
promoter region in vitro (Fig. 2). The two subfragments (sub-
fragments B, and B,) of the promoter regions of the argB gene
were incubated with Hiss-ArgR (Fig. 2A). Competition and
supershift assays showed that ArgR did not bind to two other
sites located at positions —102 to —72 and —27 to +3 under
the promoter regions of argB (data not shown). These results
defined the ArgR-responsive sequence as subfragments B; and
B, located at positions —77 to —25 of the argB promoter. As
shown in Fig. 2B (right), Hiss-ArgR has clearly bound to the
two subfragments. However, competitive assays showed that
Hise-ArgR did not bind to the two subfragments. Therefore,
this suggests that an important site for the DNA binding of

ArgR is between positions —77 and —25 of the argB promoter
region.

The argB promoter region is regulated in response to pro-
line. Previous studies showed that a reduced DNA-binding
affinity of ArgR for the upstream region of the argB gene
provokes an increase in levels of ornithine biosynthesis (14,
16). Thus, the DNA-binding activity of Hiss-ArgR in vitro was
analyzed by using the electrophoretic mobility shift assay
(EMSA) technique, testing subfragments (subfragments B,
and B,) of the argB promoter region to verify whether the
DNA binding of ArgR to the argB promoter is affected directly
by proline (Fig. 3A). Consistent with previously reported re-
sults of in vivo experiments (14), the addition of proline had an
effect on DNA binding by His,-ArgR although dissolving the
affinity of Hiss-ArgR. Furthermore, to test whether proline
influences the expression of the argB gene, the transcriptional
activation of argB by proline was examined. Concurring with
data from previous studies, it was clear that under the 10 mM
proline-supplemented condition, the amount of argB mRNA
increased (Fig. 3B). In conclusion, the results indicate that
proline supplementation prevents the DNA binding of ArgR
to subfragments B, and B, but triggers an increase in the level
of argB transcription. Therefore, proline is a potent inducer of
argB gene transcription regulated by ArgR.

Mutational analysis of ArgR-binding sites within the argB
promoter region. Furthermore, to investigate which nucleo-
tides within the consensus sequence were necessary for ArgR
binding, single-nucleotide exchanges were made in the argB
promoter region (Fig. 1). The most conserved bases were sub-
stituted to introduce transversion from AT to CG and from
CG to AT: T,—G, Gs—T, Co—A, A,—C, T5s—G, A,,—C,
A,;—C, and A,,—C (Table 2). In addition, Cs, which was
previously identified as the major position for ArgR binding by
DNase I footprinting in E. coli (3), was also replaced with A.
As shown in Fig. 4, His,-ArgR clearly bound all DNA frag-
ments except G4T, CyA, and A,;C. In particular, the fragments
that contained C,A and A,;C belonging to the highlighted and
conserved nucleotides of Fig. 1 showed a very weak, or no,
band shift compared with subfragments B, and B, as wild-type
promoter regions of the argB gene (Fig. 2B). These results
define the C, and A,; nucleotides as major points of binding of
ArgR to the argB promoter.

FarR is related to the biosynthesis of ornithine and arginine
in C. glutamicum. Another transcriptional regulator, FarR, was
found previously to be involved in the glutamate and arginine



714 LEE ET AL.

APPL. ENVIRON. MICROBIOL.

A +1 (TL)
ATG
100 -§0 §0 -flO -20 B
AT T TR I ’ L @9
125 |4 AL x #—]|+264
77 I (Parc)
i a9k 25
T———————50 (B2) 9
(B4)
rCA-<-Gcrrm‘cc%\ccmmcmCAACTCCGCGTACAGCTa TTAAAAAGAAACAGCACTCCAACT{EACAAGCAG---CTG
GCACCTCTAGTTGAGGCGCATGTCGAG] | AATTTTTCTTTGTGCTGAGCTTGA
B B, + + 4+ B, + + 4+
ArgR - + + AgR - + +
Comp. - - + Comp. - - +
- .. J
Shift =»] bl shit =
Free “ Free
-> -»>
Probe |# % ' Probe

FIG. 2. Binding of ArgR to the putative ARG box sequence in the argB promoter region. (A) Schematic representation of the upstream region

of the argB gene. The numbers indicate the ends of the fragments rel
Vertical arrows indicate the positions of base substitutions (Fig. 1). The
recognition region of FarR binding, P,z indicates the DNA fragment u

ative to the proposed translational start site (position +1) in this study.
box indicates the putative ARG box, the gray bar represents the putative
sed for the in vivo DNA-binding affinities of ArgR (14) and FarR by ChIP

assays, arrows indicate the bases substituted in the argB promoter region, and asterisks represent missing contact probing of ArgR. (B) EMSAs
were performed with two subfragments (subfragments B, and B,) of the promoter region. Hiss-ArgR (2,400 nM) was incubated with the

DIG-labeled probe, and the protein-DNA complexes were resolved

by electrophoresis on native 6% polyacrylamide gels. Comp. denotes

competitor assays (40-fold excess DIG-unlabeled oligonucleotides) of ArgR.

metabolic pathway in C. glutamicum (8). As shown in Fig. 5B,
ChIP assays were used to measure the level of FarR binding to
promoter regions of arg genes in vivo. For this purpose, puta-
tive promoter regions of six arg genes (argC, argl, argB, argF,
argG, and argH) were selected in accordance with previously
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FIG. 3. Proline response of ArgR to the upstream regions of the
argB gene. (A) DNA-binding activity of Hiss-ArgR (2,400 nM) for
subfragments B, and B, by EMSA in the presence of 0 mM, 1 mM, 5
mM, and 10 mM proline. (B) RT-PCR analysis of the argB gene in 10
mM proline-treated C. glutamicum. The mRNA expression level of the
argB gene was calculated as a ratio of 16S rRNA gene expression. The
results are reported as the means of data from three experiments.

reported research (14). Compared with ChIP results and the
growth curve of C. glutamicum, the DNA-binding affinity of
FarR showed a gradual increase in trends at all target regions
until an early stationary growth phase (Fig. 5). Interestingly, 12
to 14 h after inoculation, the productions of both ornithine and
arginine reached a plateau (Fig. 5A). Additionally, the argB
promoter region is more repressed by FarR than by other
promoters during 12 h to 14 h due to the relative amount of
DNA of FarR for each promoter region. In previous studies,
another transcriptional repressor, ArgR, was shown to regulate
ornithine biosynthesis by binding to the upstream regions of
arg genes (15, 16). In particular, ornithine biosynthesis is highly
regulated when ArgR acts on the argB promoter region under
conditions of proline supplementation (14). This finding sug-
gests that FarR also governs ornithine and arginine biosynthe-
sis and the DNA binding of FarR to the argB promoter region,
which is important for the physiological mechanisms.

In vitro binding of FarR to the argB promoter region. Ac-
cording to data from previous studies, FarR binding to the gdh
promoter region was confirmed by gel retardation experiments
(positions —444 to —469 from the transcriptional start site) (8,
9). This study showed that FarR binds strongly to the gdh
promoter region in vivo (data not shown). This site consists of
a highly palindromic region with the sequence 5'-GCCAGGT
TATATAACCAGTC-3’ (8). Surprisingly, putative FarR-bind-
ing sites were located at positions —57 to —77 from the pro-
posed translation start site (position +1) of the argB promoter
(5'-ACGTGGAGATCAACTCCGCGT-3"), analyzed by mul-
tiple-sequence alignment with the FarR-binding site of the gdh
promoter region and the consensus binding motif (Fig. 2A).
HutC/FarR-type regulators of the GntR family bind by dimer-
ization at the palindromic region of the DNA sequence in an
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FIG. 4. EMSAs were performed with substituted DNA fragments of subfragment B, and B, regions of the argB promoter. His,-ArgR
(2,400 nM) was incubated with the DIG-labeled probe. ArgR-DNA complexes are indicated by arrows; Comp. denotes competitor assays
(40-fold excess mutated DIG-unlabeled oligonucleotides) of ArgR. Boxes represent alignments of subfragments B, and B, and their

substituted DNA fragments.

inverted-repeated manner (27). Thus, a comparison of the
sequence suggests that FarR may regulate the argB promoter
region by its direct interaction with the DNA site for ornithine
and arginine biosynthesis. Subsequently, to confirm the puta-
tive FarR-binding site, an EMSA was performed on purified
His,-FarR. Figure 6 shows that the presence of FarR, at a
1,169 nM concentration, led to a significant retardation of the
DNA fragment (subfragment B,) carrying the argB promoter
region between positions —50 and —77, suggesting that FarR
binds to the argB promoter region. The precise DNA binding
of FarR was determined by competitive assays. As shown in
Fig. 6, the binding of FarR to the argB promoter region was
specific, as this binding was significantly inhibited in a dose-
dependent manner by DIG-unlabeled subfragment B,.
Relationship of binding of ArgR and FarR to the argB pro-
moter region. From the mutational analysis of ArgR binding,
the results indicate that G,T, CyA, and A,;C are the three
critical sites for ArgR binding to the argB promoter region
(Fig. 2A and 4). Among them, GT at sites at position —58 of
the argB promoter is included in the putative FarR-binding
site, located at positions —57 to —77 within the argB promoter
region. Additionally, C,A (at sites at position —55 of the argB
promoter) was located in the vicinity of the putative FarR-
binding site (Fig. 2A). This finding suggests that ArgR and
FarR have some relation to regulate argB through the binding
of the argB promoter region as a transcriptional regulator.
Therefore, the binding of ArgR and FarR to the argB pro-
moter region was further investigated by comparing in vivo
ChIP assays with in vitro EMSAs. First, the DNA binding of
FarR to the arg genes was examined by ChIP at 14 h after C.
glutamicum SJC 8074 (argR mutant) inoculation, in order to
elucidate a correlation between the binding of FarR and the
binding of ArgR to the argB promoter region (Fig. 7A). The
DNA binding of FarR to the argB promoter region was also

clearly observed in the absence of ArgR in C. glutamicum, and
this phenomenon was observed for the promoter region of the
argB, argF, argG, and argH genes. This means that FarR did
directly bind to the argB promoter in C. glutamicum and not
indirectly through ArgR.

In addition, the effect of the binding of purified ArgR and
FarR to the argB promoter region was tested by EMSAs (Fig.
7B). Formations of protein-DNA complexes were observed for
the individual EMSAs of ArgR and FarR, using DIG-labeled
subfragment B, (positions —50 to —77). To further corrobo-
rate a relationship between these regulators, a different reac-
tion order of ArgR and FarR for contact with subfragment B,
was performed. In this assay, the ArgR-DNA complex was
observed only when FarR was incubated with the ArgR-DNA
complex after first binding ArgR with subfragment B, mean-
ing that FarR did not bind to the ArgR-DNA complex.
Whereas both ArgR and FarR formed a complex with the
DNA fragment (ArgR-FarR), they formed protein-DNA com-
plexes individually when ArgR was incubated with the FarR-
DNA complex after first binding FarR with subfragment B;.
This suggests that FarR has only one putative binding domain
located at positions —57 to —77, but this region exactly over-
lapped with subfragment B, for the binding of ArgR within the
argB promoter; thus, if ArgR bound with the argB promoter
first, the binding of FarR would be difficult. However, if FarR
bound to the binding domain located at positions —57 to —77
first, ArgR could bind other binding sites located at positions
—49 to —25 within the argB promoter.

DISCUSSION

Previous in vivo studies suggested that the upstream region
of the argB gene on the arg operon plays an important role in
interacting with ArgR under proline-supplemented conditions
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FIG. 5. Time profiles of in vivo DNA binding of ArgR. (A) Cell
growth and ornithine and arginine production during cultivation of C.
glutamicum. Cell growth is indicated by circles, and ornithine and
arginine concentrations are indicated by open and closed triangles,
respectively. The results are reported as the means =+ standard devi-
ations (SD) (n = 3). (B) In vivo binding of FarR to individual promoter
regions of arg genes analyzed by ChIP assays. The C. glutamicum
wild-type strain was treated with formaldehyde to cross-link FarR to
promoters and lysed, and FarR complexes were immunoprecipitated
for analysis.

in C. glutamicum (14, 16). Clarification of the specific effect of
the transcriptional repressor ArgR on the action of another
transcriptional regulator, FarR, on the argB promoter region in
C. glutamicum is the aim of this work.

In bacteria, the argB gene encodes N-acetylglutamate ki-
nase, a key enzyme for ornithine biosynthesis. The enzyme’s
importance comes from its feedback inhibition control: it reg-
ulates its own pathway (28, 34). The C. glutamicum argB gene
can be transcribed from an internal promoter located in its
upstream region (28). In the consensus C. glutamicum pro-
moter, the prominent feature is a conserved extended —10
region, tgngnTA(c/t)aaTgg (with the less-conserved nucleo-
tides lowercase), while the —35 region is much less conserved
(23). Caldara et al. previously described how liganded ArgR
and RNA polymerase effectively compete in vivo by binding to
partially overlapping sites (3). Sequence comparison allows the
observation that the hypothesized —35 region of the argB pro-
moter does not overlap the putative ARG box deduced by
EMSAs (data not shown). However, the argB gene is consid-
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FIG. 6. EMSAs were performed with a subfragment (subfragment
B,) of the promoter region in the argB promoter region. The His-
FarR protein was incubated with a DIG-labeled probe containing
subfragment B, and subjected to EMSA. (Left) Binding of Hiss-FarR.
The concentrations of FarR were 501 nM (lane 1), 835 nM (lane 2),
1,169 nM (lane 3), and 1,670 nM (lane 4). Lane 0, no protein. (Right)
Competitor assay of Hiss-FarR (1,670 nM) using excess DIG-unla-
beled oligonucleotides.

ered a member of the C. glutamicum ArgR regulon, even
though none of the core promoter elements overlap the ARG
boxes (3, 24).

The protein building block proline has other important func-
tions, including being a source of energy, carbon, and nitrogen
and being an osmolyte (21, 25). The first and controlling step
of the synthesis of proline from glutamate is catalyzed by glu-
tamate-5-kinase (G5P), and it was reported previously that this
enzyme is feedback inhibited by proline (25). A particularly
interesting finding from previous studies, which relates to this
work, was that proline also expedited ornithine biosynthesis, a
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FIG. 7. Comparative analysis of in vivo and in vitro bindings of
ArgR and FarR to the argB promoter region. (A) ChIP assay of FarR
binding to promoter regions of the argB gene. C. glutamicum strain
SJC 8074 (argR mutant) was treated with formaldehyde to cross-link
FarR to promoters and lysed, and FarR complexes were immunopre-
cipitated for analysis. (B) EMSAs of His,-ArgR and Hisg-FarR. EMSA
was done with subfragment B, as described in the legend of Fig. 2. The
vertical arrows indicate the order of incubation of His,-FarR (1,670
nM) and Hisg-ArgR (2,400 nM) with subfragment B;.
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catalyzed synthesis with glutamate as a primary metabolite in
C. glutamicum (14, 16). In this study, proline was observed to
improve argB gene transcription due to its ability to decrease
the efficacy of the binding of ArgR to the argB promoter region
(Fig. 3). The combined results support the hypotheses that the
enhancement of ornithine biosynthesis under conditions of
proline supplementation might be mediated by two physiolog-
ical effects: (i) metabolic flux from glutamate favors ornithine
biosynthesis rather than proline biosynthesis, as G5P is feed-
back inhibited by proline supplementation (25), and (ii) pro-
line acts as an antirepressor by binding to a specific region of
the ArgR structure (14). The determination of the three-di-
mensional (3-D) structure of the ArgR-proline complex, es-
sential for clarifying this issue, remains but a sought-after goal.

It has been known for some time that FarR is a fatty acid-
and fatty acyl coenzyme A (acyl-CoA)-responsive DNA-bind-
ing protein. Its new function might be connected to amino acid
biosynthesis and central carbon energy metabolism (8), since
the farR gene in the tricarboxylic acid (TCA) cycle gene cluster
of E. coli (gltA-sdhCDAB-sucABCD-farR) is autoregulated by
the FarR protein (26). The ChIP results provide evidence that
FarR binds to the upstream regions of arg genes (Fig. 6) as well
as to the gdh promoter, which converts an intermediate of the
TCA cycle to glutamate (15). Indeed, glutamate biosynthesis is
closely related to fatty acid synthesis (5). The inactivation of
DtsR (detergent sensitivity rescuer), which is assumed to be
involved in fatty acid synthesis, triggers glutamate overproduc-
tion in coryneform bacteria (12, 36). Thus, it would be bene-
ficial to clarify how FarR participates in fatty acid and amino
acid synthesis in C. glutamicum.

The ArgR and FarR proteins have calculated molecular
masses of 29.3 and 18.8 kDa, respectively (16, 33). In addition,
the FarR protein is predicted to form dimers, in accordance
with the behavior of other members of the GntR family of
transcriptional regulators (27). Therefore, it may be presumed
that ArgR and FarR in C. glutamicum have differing structures
as hexamers and dimers, respectively. This is a likely cause of
the distinct patterns of binding of ArgR and FarR to the argB
promoter region (Fig. 7B). This study tries to provide insight
into the complex regulation of argB expression. The regulator
proteins ArgR and FarR likely bind to the argB upstream
region in a manner similar to the previously reported upstream
binding of FarR to gdh (8). In addition to FarR, the expression
of gdh in C. glutamicum was also found to be regulated by the
binding of the global transcriptional regulator protein, AmtR,
to two separate sites in the gdh upstream region, at positions
—184 to —209 and —334 to —359 from the site of the start of
transcription, in a recent study of the stringent response (9).
Among the latter positions is a putative ARG box sequence
(14) as well as contact with the —10 to —35 region of the gdh
promoter (9). In this study, FarR has only one putative binding
domain located at positions —57 to —77, but this region exactly
overlapped with subfragment B, for binding ArgR within the
argB promoter; thus, if ArgR bound with the argB promoter
first, the binding of FarR would be difficult. However, if FarR
bound to the binding domain located at positions —57 to —77
first, ArgR could bind other binding sites located at positions
—49 to —25 within the argB promoter. Therefore, both ArgR
and FarR formed a complex with the DNA fragment (ArgR-
FarR) and formed protein-DNA complexes individually when
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ArgR was incubated with the FarR-DNA complex after first
binding FarR with subfragment B,.

In conclusion, these results demonstrate that C. glutamicum
ArgR regulates argB gene transcription as a repressor and that
this repression is regulated by the intracellular molecule pro-
line. Moreover, this study extends our understanding of the
molecular mechanisms involved in the transcription regulation
of the argB gene by demonstrating the interaction of ArgR with
another transcription factor, FarR. The findings have a num-
ber of hopeful implications for future studies of ArgR that may
elucidate its regulatory mechanisms in greater detail.
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