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GenR, an IcIR-Type Regulator, Activates and Represses the
Transcription of gen Genes Involved in 3-Hydroxybenzoate and
Gentisate Catabolism in Corynebacterium glutamicum

Hongjun Chao,*® Ning-Yi Zhou?

Key Laboratory of Agricultural and Environmental Microbiology, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, China®; University of Chinese

Academy of Sciences, Beijing, China®

The genes required for 3-hydroxybenzoate and gentisate catabolism in Corynebacterium glutamicum are closely clustered in
three operons. GenR, an IcIR-type regulator, can activate the transcription of genKH and genDFM operons in response to 3-hy-
droxybenzoate and gentisate, and it can repress its own expression. Footprinting analyses demonstrated that GenR bound to
four sites with different affinities. Two GenR-binding sites (DFMn01 and DFMn02) were found to be located between positions
—41 and —84 upstream of the —35 and —10 regions of the gen DFM promoter, which was involved in positive regulation of
genDFM transcription. The GenR binding site R-KHnO1 (located between positions —47 and —16) overlapped the —35 region of
the genKH promoter sequence and is involved in positive regulation of its transcription. The binding site R-KHn02, at which
GenR binds to its own promoter, was found within a footprint extending from position —44 to —67. It appeared to be involved
in negative regulation of the activity of the genR promoter. A consensus motif with a 5-bp imperfect palindromic sequence
[ATTCC-N"®-GGAAT] was identified among all four GenR binding sites and found to be necessary to GenR regulation through
site-directed mutagenesis. The results reveal a new regulatory function of the IcIR family in the catabolism of aromatic

compounds.

I socitrate lyase regulator-type (IcIR-type) transcriptional regula-
tors are widespread in both Gram-positive and Gram-negative
bacteria. They are involved in carbon metabolism, multidrug re-
sistance, virulence, quorum-sensing signals, and sporulation (1).
They have also been found in Archaea, indicating a wide taxo-
nomic distribution (1). Members of the IcIR family include re-
pressors, activators, and dual-function proteins that act as activa-
tors of certain genes and as repressors of others (including
autoregulation). The physiological roles of some of these proteins
have been elucidated for a limited number of these proteins using
genetic and biochemical approaches. The best-characterized ex-
ample in this family is the glyoxylate shunt repressor IcIR in Esch-
erichia coli, which regulates the aceBAK operon encoding enzymes
in its acetate utilization and autologous repression of ic/R gene
transcription (2—4). Another example is TtgV in Pseudomonas
putida which is a repressor for the expression of the tt¢gDEF and
ttgGHI operons encoding multidrug efflux pumps (1, 5). TtgV
crystallizes as a tetramer and undergoes large conformational
changes at the monomeric, dimeric, and tetrameric levels for
binding to its operator, revealing a general model for cooperative
DNA binding of tetrameric gene regulators (6). In the microbial
degradation of aromatic compounds, a number of IcIR family
members were found to play roles in the regulation of their cata-
bolic pathways (1, 7). Among the IcIR family members identified
in this category, PobR activates the expression of the pobA gene in
the p-hydroxybenzoate pathway and represses itself in Acinetobac-
ter sp. strain ADP1 (8, 9). PcaR and PcaU are involved in the
positive regulation of protocatechuate degradation, but both neg-
atively regulate themselves in Pseudomonas putida (10, 11) and
Acinetobacter sp. strain ADP1 (12, 13). MhpR positively regulates
the expression of enzymes involved in the degradation of 3-(3-
hydroxyphenyl) propionic acid in E. coli (14, 15). Up until now,
no consensus sequence has been found in the architecture of the
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DNA binding sites among the characterized regulators in the IcIR
family. The common mechanism of the binding of these IcIR-type
regulators to their promoters has not been revealed either.

The gentisate (2, 5-dihydroxybenzoate [GEN]) pathway is one
of the most important ring cleavage pathways in the catabolism of
alarge number of aromatic compounds, including 3-hydroxyben-
zoate (3-HBA) (16, 17), naphthalene, salicylate, 3,6-dichloro-2-
methoxybenzoate, and xylenol. The naphthalene catabolic genes
of Ralstonia sp. strain U2 and Polaromonas naphthalenivorans C]2
are all organized in a single operon, and a LysR-type transcrip-
tional regulator NagR, divergently transcribed from its structural
genes, activates the expression of nag catabolic genes (including
those for gentisate catabolism) in the presence of the inducer sa-
licylate (18, 19). The degradation of 3-HBA in Klebsiella pneu-
moniae Mb5al is accomplished by enzymes encoded by the
mhbTDHIM operon, which is positively regulated by a LysR-type
regulator, MhbR (20, 21).

Corynebacterium glutamicum ATCC 13032 utilizes 3-HBA or
GEN as its sole carbon and energy source, and its 3-HBA degra-
dation via the GEN pathway has been characterized at both the
biochemical and genetic levels, as shown in Fig. 1A (16, 22, 23).
The ring cleavage oxidation of GEN is catalyzed by genD-encoded
gentisate 1,2-dioxygenase (GDO). The ring fission product maley-
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FIG 1 (A) Catabolic pathway of 3-hydroxybenzoate and gentisate in Corynebacterium glutamicum ATCC 13032, together with the catabolic reaction catalyzed
by the gen gene products in vivo. The boxed diagram shows the GenK-mediated gentisate transportation. (B) Organization of the gen cluster and the physical
locations of RT-PCR products for transcriptional analysis, promoters for activity detection, and probes for EMSAs. The region of the DNA fragment is

indicated. (52).

Ipyruvate is isomerized to fumarylpyruvate by genM-encoded my-
cothiol-dependent maleylpyruvate isomerase. Then fumarylpyru-
vate is hydrolyzed to maleate and pyruvate by GenF, a
fumarylpyruvate hydrolase. GenK actively transports gentisate to
facilitate the utilization of GEN by this strain (22). GenH is a
3-hydroxybenzoate 6-hydroxylase (3-HBA 6-hydroxylase) cata-
lyzing the NADH-dependent hydroxylation of 3-HBA to GEN in
vitro (23).

GenR (formerly Ncgl2921) has been proposed as an IcIR-type
regulator involved in 3-HBA and GEN assimilation by disruption
and complementation in C. glutamicum RES167 (16). In this
study, we demonstrated that GenR is an IcIR-type regulator with
two types of activation and one type of autorepression, represent-
ing a novel regulatory mechanism in the IcIR family.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. The bacterial strains and
plasmids used in the present study are listed in Table 1, and primers are
listed in Table S1 in the supplemental material. C. glutamicum strains were
grown in LB medium supplemented with 2 g liter " of glucose or in
mineral salt medium (MM) (26). The mixture was kept at pH 8.4 and
30°C and supplemented with 0.05 g liter "' of yeast extract and appropri-
ate carbon sources. Aromatic compounds were added at a final concen-
tration of 2 mM as carbon and energy sources. For the generation of
mutants and maintenance of C. glutamicum, brain heart infusion broth
medium (BHIBM) was used (27). When required for selection, antibiotics
were added at the following concentrations: kanamycin, 50 wg ml ™" for E.
coliand 25 pg ml ™" for C. glutamicum; chloramphenicol, 30 g ml ™' for
E. coliand 10 wg ml ™! for C. glutamicum; ampicillin, 100 g ml™" for E.
coli; nalidixic acid, 50 pg ml ™! for C. glutamicum.
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Construction of plasmids and strains. Plasmid purification, DNA
manipulation, and agarose gel electrophoresis were carried out as de-
scribed previously (28). C. glutamicum cells were transformed by electro-
poration according to the method described by Eggeling and Reyes (27).
genR was amplified using primers ncgl2921e3 and ncgl2921e4 and di-
gested with BamHI and HindIII (Fermentas, Lithuania) before being
cloned into pXMJ19 (25) to produce plasmid pZWHJ001. Plasmid
PZWHJ002 was constructed by replacing lacI and Ptac with an lacZ frag-
ment of Rosetta(DE3)/pLysS at the Ehel and PstI (Fermentas) sites of
plasmid pXMJ19. The probable promoter regions DFMa, Ra, and KHa
were amplified using the primers listed in Table SI in the supplemental
material from the C. glutamicum genome and digested with BamHI and
HindIIl before being cloned into pZWHJ002 to produce plasmids
PZWHJ006, pZWH]J007 and pZWHJ008, respectively.

The genR gene was amplified using primers ncgl292lel and
ncgl2921e2, digested with BamHI and HindlIIl, and inserted into
pET28a(+) to produce plasmid pZWH]J003. The Ptac promoter was am-
plified using primers ptacr3 and ptacr4 from vector pXMJ19 and digested
with Xbal. It was then cloned into plasmid pZWHJ003 to generate plas-
mid pZWH]J005.

The GenR binding sites DFMn01 and DFMn02, subregions of the
DFMn binding site region, and R-KHn01 and R-KHn02, subregions of
the R-KHn binding site region, were mutated using the In-Fusion Advan-
tage PCR cloning method with pZWH]J006, pZWH]J007, and pZWHJ008
as the templates. To mutate site DFMn01, 10-bp substitutions (ATTCCN
’GGAAT to GGCAAN’AACGG) were generated using the mutagenic
primers pPDFMnmut01 and pDFMnmut02. The PCR fragment was am-
plified using TransStart Fast Pfu DNA Polymerase (TransGen, Beijing,
China) and joined using an In-Fusion Advantage PCR cloning kit (Clon-
tech, Beijing, China) to replace the wild-type fragments of pZWHJ006,
generating pZWHJ009. In the same manner, plasmid pZWHJ010 was
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TABLE 1 Bacteria and plasmids involved in this study

Bacteria or plasmid Relevant characteristics”

Reference or source

Bacteria
C. glutamicum strains
RES167 Restriction-deficient mutant of ATCC 13032 A(cglIM-cglIR-cglIIR) 24
RES167 AgenR Fragment of DNA encoding amino acids 52-243 of GenR (formerly Ncg12921) was deleted 16
E. coli strains
DH5a N~ $80dlacZAMI15 A(lacZYA-argF)U169 recAl endAl hsdR17(ry my ) supE44 thi-1 gyrA Gibco BRL
relAl
Rosetta(DE3)/pLysS Cam®; F~ ompT hsdSy(ry~ my ) gal dem (DE3), pLysSRARE vector (Cam") Novagen
Trans1-T1 phage F~ $80(lacZ)AM15 AlacX74 hsd R(r~ my ") ArecA1398 endAl tonA TransGen Biotech
resistant
Plasmids
pMD18-T Amp*, lacZo; cloning vector for sequencing TaKaRa
pET-28a (+) Expression vector; Kan', C/N-terminal His tag/thrombin/T7 tag, T, lac promoter, T7 Novagen
transcription start, f1 origin, lacl
pXMJ19 Cam?, Ptac lac?, pBL1 0riV¢,, pK18, 0riVy, t,,,5 of E. coli, E. coli-C. glutamicum shuttle 25
vector
PZWH]J001 Cam’, pXM]J19 carrying genR (formerly ncg12921) to generate complementation for genR This study
PZWH]J002 Cam’, pBL1, 0riV,, pK18, 0riVy, t,,,5 of E. coli, lacZ; promoterless derivative of pXMJ19 This study
with lacZ digested with the enzyme combination Narl/HindIII; deletion of Ptac lac;
shuttle vector
PZWH]J003 Kan'", 777-bp PCR fragment of genR cloned into pET-28a(+) HindIII/Xhol site, His tag This study
banding N-terminal GenR
PZWH]J005 Kan'; cloning Ptac promoter from pXM]J19 into the Xbal site of pET-28a-ncgl2921n to This study
enhance the expression of regulator GenR; His tag banding N-terminal GenR
PZWH]J006 Cam'"; derivative of pCH19 with 463-bp promoter of genDFM operon for detecting This study
promoter activation
PZWH]J007 Cam'; derivative of pCH19 with 457-bp promoter of genR operon for detecting promoter This study
activation
PZWH]J008 Cam’; derivative of pCH19 with 427-bp promoter of genKH operon for detecting promoter This study
activation
PZWH]J009 Cam'; pZWH]J006 with site DFMn01 mutated This study
PZWH]J010 Cam'; pZWHJ006 with site DFMn02 mutated This study
PZWH]J011 Cam"; pZWH]J006 with sites DFMn01 and DFMn02 mutated This study
PZWH]J012 Cam'; pZWH]J007 with site R-KHn01 mutated This study
PZWH]J013 Cam'; pZWH]J008 with site R-KHn01 mutated This study
PZWH]J014 Cam'"; pZWHJ007 with site R-KHn02 mutated This study
pZWH]J015 Cam'; pZWH]J008 with site R-KHn02 mutated This study

@ 0riVy,, E. coli oriV; oriVy , C. glutamicum oriV.

constructed by replacing ATTCCN’GGAAA with GGCAAN’AACGG at
site DFMn02 on pZWH]J006. Constructs pZWHJ012 and pZWHJ013
were constructed by replacing TTTCCN’GGAAT with GGCAAN’A
ACGG at the R-KHnO01 sites on pZWHJ007 and pZWH]J008, respectively.
Constructs pZWHJ014 and pZWH]J015 were made by replacing ATCAC
N’AGAAT with GGCAAN’AACGG at the R-KHn02 site on pZWHJ007
and pZWHJ008, respectively. Construct pZWH]J011, containing mutated
sites DFMn01 and DFMn02 (designated DFMn01m and DFMn02m, re-
spectively) was obtained by replacing the ATTCCN’GGAAA fragment
with the GGCAAN’AACGG fragment in pZWHJ009.

Enzyme assays. [3-Galactosidase activity was determined in Miller
units, as previously described (29, 30). The 3-HBA 6-hydroxylase activity
and GDO activity were determined as described previously (31, 32). Pro-
tein concentration was determined according to the Bradford method
(33). The '*C-labeled gentisate uptake assays were performed as described
previously (22).

GenR overexpression, purification, and immunoblotting. N-termi-
nal His-tagged GenR (His,-GenR) was expressed by E. coli Rosetta(DE3)
pLysS carrying pZWHJ005, containing promoters T7 and Ptac upstream of
genR. Overexpression of the cloned genR gene was achieved by transforming
the pZWHJO005 plasmid into E. coli Rosetta(DE3)/pLysS (Novagen, Madison,
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WI). The transformed cells were grown at 37°C to an optical density at 600 nm
(ODgq) 0f 0.8 in 1 liter of LB medium. Isopropyl-B-p-thiogalactopyranoside
(IPTG) was then added to a final concentration of 0.1 mM, and the cultures
were incubated at 16°C for another 16 h. His,-GenR from the supernatant
was purified using Ni-nitrilotriacetic acid (NTA)-agarose chromatography
(Novagen). Protein was monitored using SDS-PAGE. The purified protein
from pZWH]J005 was detected as a single 27-kDa band by Coomassie blue
staining and SDS-PAGE. This was verified by matrix-assisted laser desorption
ionization—time-of-flight (MALDI-TOF) mass spectrometry with a coverage
score of 56% (data not shown).

RNA preparation and transcription analysis. Total RNA from C. glu-
tamicum was isolated using the hot phenol method (34). For transcription
analysis, total RNA was digested with 1 U g~ ' of recombinant DNase I
(TaKaRa) for 1 hat 37°C, and 1 pg of RNA was reversely transcribed with
PrimeScript Reverse Transcriptase (TaKaRa). The resulting cDNA was
amplified using reverse transcription-PCR (RT-PCR) and quantitative
real-time PCR (RT-qPCR), using the primers listed in Table S1 in the
supplemental material. RT-qPCR was performed in a CEX Connect Real-
Time PCR Detection System (Bio-Rad) in 25-pl reaction volumes using
iQ SYBR green Supermix (Bio-Rad) with the primers listed in Table S1 in
the supplemental material at a final concentration of 200 nM each. All
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samples were run in triplicate in three independent experiments each.
Relative expression levels were estimated using the 2724 (where C; is
threshold cycle) method, and the 16S rRNA gene served as a reference for
normalization (35).

EMSA. Electrophoretic mobility shift assays (EMSAs) were performed
as described previously (36). Gels were dried and exposed in a cassette
(Yuehua, Shantou, China) using a phosphor storage screen (PerkinElmer,
Boston, MA). Images of radioactive filters were obtained and quantified
with a Cyclone Plus Storage Phosphor System and OptiQuant image anal-
ysis software (PerkinElmer).

Primer extension and S1 nuclease protection analysis. Primer exten-
sion reactions were performed as described previously (37), using 20 to 50
ng of RNA as the template, >*P-labeled oligonucleotides, and PrimeScript
Reverse Transcriptase (TaKaRa). The samples were run on 6% polyacryl-
amide-urea sequencing gels next to the corresponding sequencing ladder
with an AccuPower DNA Sequencing Kit (Bioneer, Seoul, South Korea).
After electrophoresis, the gels were dried and exposed to Kodak X-ray
film.

S1 nuclease protection analysis was performed as described previously
(38). The genKH probe was generated by PCR using the radiolabeled
pegenKHO04 and unlabeled pgenKHO02 oligonucleotides.

DNase I footprinting. Footprinting assays were performed as de-
scribed previously (39). The primers were also used in primer extension
assays.

Nucleotide sequence accession number. The DNA sequence of
PZWHJ002 was submitted to the GenBank under accession number
KC465961.

RESULTS

3-HBA and GEN stimulate their catabolic pathways. Previous
biochemical and genetic characterizations indicated that the ex-
pression of genDFM genes (formerly ncgl2918-ncgl2919-ncgl2920)
for 3-HBA and GEN catabolism was induced by 3-HBA and GEN
in C. glutamicum (16). In the current study, the expression of the
genKH genes (formerly ncgl2922-ncgl2923) was also investigated
under 3-HBA and GEN induction. C. glutamicum cells were found
to exhibit 3-HBA 6-hydroxylase (encoded by genH) at a specific
activity of 0.23 U/mg of protein in 3-HBA and 0.21 U/mg of pro-
tein in GEN. They expressed gentisate transporter (GenK) at an
activity of 2.48 = 0.12 nmol/min/mg of cell dry weight in 3-HBA
or 2.37 = 0.15 nmol/min/mg in GEN. In this way, both 3-HBA
and GEN served as inducers of the expression of each gene encod-
ing enzymes in the 3-HBA and GEN catabolism. In order to better
define the transcription of their catabolic genes, the organization
of the gen cluster was identified by RT-PCR from the strain
RES167. RT-PCR performed with RNA purified from RES167
cells grown in 3-HBA generated products that extended across the
boundaries between each gen gene. The presence of amplified
DNA fragments obtained with each primer pair suggested that the
genR gene was transcribed monocistronically (see Fig. S1 in the
supplemental material). The genDFM genes and genKH genes
constituted one operon each. The transcriptional arrangement of
these regions was then more precisely analyzed by RT-qPCR. As
shown in Fig. 2A, the transcription of genDFM and genKH was
increased significantly from that in RES167 cells grown in 3-HBA/
GEN. The level of genDFM mRNA expression was seven times
higher in GEN-grown cells and 14-fold higher in 3-HBA-grown
cells than in glucose-grown cells; genKH mRNA expression was
18-fold higher in cells grown in GEN and 36-fold higher in cells
grown in 3-HBA than in cells grown in glucose. This is consistent
with the levels of 3-HBA- and GEN-induced enzyme activity, as
shown above. To further confirm that 3-HBA and GEN induce
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specific pathways in strain RES167, transcriptional and transla-
tional lacZ genes fused to the probable promoter region of each
operon were constructed as described in Materials and Methods.
The results showed that the increased levels of B-galactosidase
activity were attributed to genDFM and genKH promoters in the
3-HBA- and GEN-induced cells. The enhanced B-galactosidase
activity observed under induction (Fig. 2C) was consistent with
the increased mRNA levels in the cells induced by 3-HBA and
GEN, demonstrating that 3-HBA and GEN induce the expression
of the genDFM and genKH operons in this pathway. The effects of
the genKH promoter were slightly more pronounced than those of
the genDFM promoter (Fig. 2A and C), as indicated by the results
of both RT-qPCR and B-galactosidase analyses.

Role of the genR gene in the 3-HBA and GEN pathway. It has
been proposed that GenR may activate the expression of genDFM
genes in C. glutamicum, based on genR disruption and comple-
mentation (16). In the current study, the biochemical activity of
proteins encoded by genKH was also assayed in the genR-dis-
rupted mutant and its complemented strain. No 3-HBA 6-hy-
droxylase activity was detected in the mutant RES167 AgenR, but
specific activities of 0.23 and 0.31 U/mg of protein were detected
in strain RES167 and the complemented strain RES167 AgenR/
PZWH]J001 under 3-HBA induction, respectively. In an uptake
assays using '*C-labeled gentisate, strain RES167 exhibited trans-
port activity of 2.48 = 0.12 nmol/min/mg of cell dry weight under
3-HBA induction. However, the mutant RES167 AgenR lost
nearly all ability to transport its targets. The complemented strain
retained this ability, showing an activity of 2.34 * 0.49 nmol/
min/mg of cell dry weight.

Transcription of each operon was also analyzed in the mutant
RES167 AgenR. Strain RES167 AgenR was transformed with plas-
mids pZWHJ006 and pZWH]J008 and induced by 3-HBA and
GEN for expression of (-galactosidase activity. As shown in
Fig. 2D, no activity was detected in the mutant strains containing
PZWH]J006 or pZWHJ008. Strains RES167 and RES167 AgenR,
which contained plasmid pZWHJ007 with the genR promoter re-
gion Ra (Fig. 1), were used to detect the effects of GenR on its own
expression. The level of B-galactosidase activity was found to be
similar in the wild-type strain. This indicated that genR transcrip-
tion was not enhanced by induction with growth substrates
3-HBA and GEN, as shown in Fig. 2C. B-Galactosidase activity
was approximately four times higher in strain RES167 AgenR than
in the wild-type strain, indicating that the genR promoter was
negatively regulated by its own gene product, GenR (Fig. 2C and
D). RT-qPCR was also performed to further assess the effects of
GenR on the expression of the 3-HBA and GEN catabolic operons.
As shown in Fig. 2A, transcription of genR was not increased in the
wild-type strain under the 3-HBA- and GEN-induced conditions.
However, genR transcription increased by 4-fold in the mutant
RES167 AgenR (Fig. 2A and B), indicating that GenR represses the
expression of genR.

All of these results indicate that GenR is involved in the activa-
tion of the 3-HBA and GEN catabolic pathways under 3-HBA-
and GEN-induced conditions, that it represses its own transcrip-
tion, and that it is unaffected by 3-HBA and GEN.

Identification of the transcription start sites of genDFM,
genR, and genKH operons. In order to identify the promoter re-
gions responsible for the regulation of the expression of the gen
genes, their transcription initiation sites (TSSs) were identified
using primer extension and high-resolution S1 mapping of
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FIG 2 Transcriptional analyses of genDFM, genR, and genKH of strains RES167 and RES167 AgenR in response to Glu (glucose), GEN, and 3-HBA. (A and B)
qRT-PCR analyses examining the transcription of genDFM, genR, and genKH (indicated as DFM, R, and KH, respectively, on the x axis) in strains RES167 and
RES167 AgenR. RNA samples were isolated from strains RES167 and RES167 AgenR induced on MM with 2 mM Glu, GEN, or 3-HBA overnight as described in
Materials and Methods. Cultures grown on MM with GEN or 3-HBA were collected for RNA isolation. The levels of gene expression in each sample were
calculated as the fold expression ratio after normalization to 16S rRNA gene transcript levels. The values are averages of two independent RT-qPCR experiments.
Error bars indicate standard deviations. (C and D) 3-Galactosidase activity driven by genDFM, genR, and genKH promoters. Strains RES167 and RES167 AgenR,
both containing pZWHJ006, pZWHJ007, and pZWH]J008, were grown in triplicate in BHIBM and transferred into MM at a 1.0% inoculum containing 2 mM
Glu, GEN, or 3-HBA for induction of B-galactosidase activity overnight. The mutant RES167 AgenR was first grown in BHIBM until mid-log phase and then
harvested and transferred to MM for induction of 3-galactosidase activity. B-Galactosidase activity was assessed using a Miller assay. The data are derived from

at least three independent measurements, and error bars indicate standard deviations.

mRNA from the wild-type strain grown under 3-HBA-induced
conditions. As shown in Fig. 3, the TSS of genDFM was located by
primer extension analysis. It was found to begin on a residue A,
108 bp upstream of the genD putative start codon (ATG) (Fig. 3A,
lane P). The TSS of genR was localized to a guanine residue 27 bp
upstream of the genR putative start codon (ATG) (Fig. 3B, lane P).
Mapping the 5" end of the genKH transcriptional unit resulted in
the unambiguous identification of a TSS using primer extension
analysis (Fig. 3C, lane P). High-resolution S1 nuclease protection
analysis (38) was then used to identify the genKH TSS, which
produced a single band. This allowed a definite identification of a
T residue as the TSS, 20 bp upstream of the genKH putative start
codon (ATG) (Fig. 3C, lane S1). Subsequent analysis of the area
upstream of genDFM and the intergenic region between the TSSs
of genR and genKH revealed the —10 and —35 regions of the
respective promoters, which are underlined and marked in Fig.
3D and E.
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The position of the TSSs relative to the genR and genKH oper-
ons indicated that the transcriptional units are separated by 20 bp.
This arrangement requires superimposition of the —10-bp and
—35-bp RNA polymerase (RNAP) binding sites for the transcrip-
tion of the genR and genKH operons (Fig. 3B and C).

GenR binds the upstream regions of the genDFM, genR, and
genKH operons. In order to investigate the manner in which
GenR regulates the transcription of the three operons, we per-
formed electrophoretic mobility shift assays (EMSAs) using the
233-bp DFMan probe of the upstream region of genDFM and the
226-bp R-KHan probe spanning the genR and genKH operons as
targets. The locations of these probes are shown in Fig. 1B. GenR
showed distinct patterns of binding to these regulatory regions at
protein concentrations ranging from 32 to 260 nM, and a 130 nM
saturating concentration of Hiss-GenR for the formation of a sin-
gle, stable protein-DNA complex was used to further examine the
specificity of binding to probes (Fig. 4). GenR formed a principal
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FIG 3 Determination of the transcription start sites of genDFM, genR, and genKH operons. **P-labeled pegenDFMO1, pegenR01, and pegenKHO04 primers for
the genDFM operon, genR operon, and genKH operon were used to identify the transcription start sites of the three operons using primer extension analysis and
high-resolution S1 mapping of wild-type RNA. Amounts of 20 to 50 g of total RNA were obtained from strain RES167 grown in 3-HBA. Lanes P in A, B, and
C show the product of primer extension. Lane S1 in C shows the product of high-resolution S1 mapping. The nucleotide sequence around the TSS (+1) is
indicated by brackets, and the 5 ends are enlarged and in boldface. (D and E) The location of the sequences upstream of the gen DFM operon and the genR-genKH
promoter regions are shown in detail. The first codon of each gene is given in italics. The TSSs are shown by + 1 and arrows. The putative —10 and —35 promoter
sequences are underlined, the regulator GenR primary binding sites are highlighted in gray, and their palindromic sequences are in boldface.

protein-DNA complex with the DFMan probe only in the pres-
ence of inducers 3-HBA and GEN (Fig. 4A). This was consistent
with in vivo observations of 3-HBA- and GEN-induced transcrip-
tion of the genDFM operon. Interestingly, GenR always formed a
single, principal protein-DNA complex with the R-KHan frag-
ment (Fig. 4B), regardless of the presence or absence of the induc-
ers 3-HBA and GEN. EMSAs with unlabeled specific and nonspe-
cific competitor DNA were used as controls for DFMan (see Fig.
S2A in the supplemental material) and R-KHan (see Fig. S2B).
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To determine the regulatory role of GenR in the expression of
gen clusters, the DNA binding sites of each operon were identified.
DNase I footprinting analyses revealed that His,-GenR protected
alarge region (designated DFMn) from —41 to —84 bp relative to
the genDFM TSS (Fig. 5A). This can be divided to two subregions,
DFMnO1 (from —41 to —61) and DFMn02 (from —62 to —84).
The footprint on the R-KH promoter region covered two regions,
one (designated R-KHnO01) from +28 to —4 bp relative to the
genR TSS and —47 to — 16 bp relative to the genKH TSS and the
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FIG 4 Electrophoretic mobility shift assays for determination of GenR binding sites upstream of the genDFM, genR, and genKH operons. (A and B) Effects of
3-HBA and GEN on the binding affinity of GenR for the upstream regions of genDFM, genR, and genKH operons. The probes for genDFM (DFMan in A), genR,
and genKH operons (R-KHan in B) were incubated with increasing amounts of His;-GenR while the amounts of GEN and 3-HBA remained constant. The
concentrations (nM) of purified His¢-GenR are indicated by numbers in parentheses, either with (+) or without (—) 300 nM GEN and 3-HBA. Glucose served
asa control. Each lane contained 0.5 ng (0.3 to 0.4 nM) of **P-labeled DFMan and R-KHan probes. The free probes are indicated by open arrows, and the retarded

DNA fragments are indicated by solid arrows.

other region (designated R-KHn02) from —44 to —67 bp relative
to the genR TSS and +25 to +48 bp relative to the genKH TSS. The
sequencing results produced using **P-labeled primers pegenRO01
and pegenKHO04 are shown in Fig. 5B and C. Nevertheless,
R-KHn01 was found to be protected at the lowest concentration of
GenR (32 nM) but R-KHn02 was not. These results imply that His-
GenR has preferentially bound to R-KHn01 over R-KHn02. This is
consistent with the results of competitive EMSAs (Fig. 6C and D).
Bioinformatics analysis of the DNA regions that interact with
GenR was performed using the motif-based sequence analysis tool
MEME (40). Results showed a consensus sequence in the form of
an imperfect palindrome [ATTCC-N’®-GGAAT] among GenR
binding sites. This consensus sequence was different from those

found to interact with other IcIR-type regulators, such as PcaU
(12), MhpR (15), PcaR (11), and PobR (8).

Affinity of GenR for different target sites. Of four target re-
gions detected for Hisg-GenR, competitive EMSAs (41) were per-
formed to examine the affinity of GenR for binding to different
target sites. Binding reaction mixtures containing a 100-fold or
150-fold molar excess of competitor DNA of probes DFMan01
spanning site DFMn01, DFMan02 (for site DFMn02), and
R-KHan01 (for site R-KHnO1) were incubated with His,-GenR
for 30 min at 25°C. The labeled probe R-KHan02 was dissociated
from the complex of Hiss-GenR and R-KHan02, using competi-
tive binding to its unlabeled counterpart. This occurred not only
when the cold probe R-KHan02 was at a concentration 100-fold
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FIG 5 Identification of the GenR binding sites upstream of genDFM, genR, and genKH operons by DNase I footprinting analysis. The reaction mixtures
contained approximately 200 ng of end-labeled PCR products. These were amplified with prnagRDO02 primer and **P-labeled pegenDFMO1 primer (A), pgenR01
and **P-labeled pegenRO01 (B), or pgenKH02 and **P-labeled pegenKHO04 (C). Before DNase I treatment, labeled DNA was preincubated with Hiss-GenR for 30
min in the presence of 300 nM 3-HBA. Standards were generated by sequencing with **P-labeled primers pegenDFMO01, pegenR01, and pegenKHO04, respectively.
The concentrations (wWM) of purified Hiss-GenR and the GenR-protected sequences are indicated. The nucleotide sequence around the TSS (+1) is shown by
solid arrows, and the GenR binding sites are represented by brackets. Arrows indicate the direction of transcription.

1604 jb.asm.org

Journal of Bacteriology


http://jb.asm.org

A
probe DFMan0l: + + + + + + + + + +
GenR: — + + + + + + + + +
cold probe:  — * ﬁ 4@' @I
" s ¢ Kol Gined M Wiad
= i
C
probe R-KHan01: + + + + + + + + + +
GenR: — + + + + + + + + +
cold probe: —  — @l @ @l @
- o .

= i e e ) -

IcIR-Type Regulator GenR in C. glutamicum

B

probe DFMan02: + + + + + + + + + +

GenR: — + + + + + + + 4+ +
cold probe: — — @I@]@@

e -

= | Hmﬂﬁﬁdmw

D
probe R-KHan02: + +
GenR: — + + + + + + + + +
cold probe: — — @I @ @ m
- e
= - o 0 - -

FIG 6 Comparison of the relative affinity of GenR for the different binding sites. The free probes are indicated by open arrows, and the retarded DNA fragments
are indicated by solid arrows. (A) EMSA of Hiss,-GenR with **P-labeled probe DFMan01 and unlabeled probes (DFMan01, DFMan02, R-KHan01, and
R-KHan02). (B) EMSA of Hiss-GenR with **P-labeled probe DFMan02 and unlabeled probes. (C) EMSA of Hiss-GenR with **P-labeled probe R-KHan01 and
unlabeled probes. (D) EMSA of His,-GenR with *?P-labeled probe R-KHan02 and unlabeled probes. Labeled probe and the unlabeled competitors were
incubated with 130 nM His,-GenR and 300 nM 3-HBA for 30 min at 25°C. Each lane contained 0.5 ng (0.3 to 0.4 nM) of **P-labeled probe.

or 150-fold higher than that of the labeled probe R-KHan02 but
also when the other three cold probes were at the same concentra-
tions (Fig. 6D). DFMan01 containing the GenR binding site
DFMnO01, DFMan02 (for site DFMn02), and R-KHan01 (for site
R-KHnO1) were used as probes. A Hiss-GenR-DNA complex cor-
responding to DFMan01, DFMan02, and R-KHan01 was partially
dissociated using R-KHan02 as a cold probe, but the degree to
which the His,-GenR-DNA complex corresponded to DFMan01,
DFMan02, and R-KHan01 was increased by using DFMan01,
DFMan02, and R-KHanOl1 as cold probes (Fig. 6A, B, and C).
These results indicated that the affinity of Hiss-GenR to site R-
KHan02 was the weakest among the four sites. A slight difference
in affinity was observed between the His,-GenR-DNA complex
containing probe DFMan01 and the complex containing
R-KHan01 (Fig. 6A and C). In addition, binding reaction mix-
tures containing a 25-fold or 50-fold molar excess of competitor
DNA were created to evaluate the affinity of His6-GenR to
DFMan01 and R-KHan01 probes. Results showed that the affinity
of Hiss-GenR to site DFManOl was stronger than to site
R-KHan01 (see Fig. S3B and C in the supplemental material). The
different intensities of GenR-DNA complexes indicated that
GenR probably has the most affinity for DFMn02, followed by
DFMn01, R-KHn01, and R-KHn02, in that order.

GenR was shown to bind to sites DFMn01 and DFMn02 and to
R-KHnO1 and R-KHn02 with different levels of affinity. This
raised the question of whether GenR binds to either pair via the
formation of a higher-order complex. Hiss-GenR was found to
bind to both DFMn01 and DFMn02 and to both R-KHn01 and
R-KHn02. These binding arrangements were examined using
EMSAs. However, the formation of the His,-GenR-DNA higher-
order complexes was not observed in either case when the concen-
tration of Hisg-GenR was gradually increased (Fig. 4A and B).

Role of the conserved sequence in GenR binding and tran-
scriptional regulation of genDFM, genR, and genKH operons.
An imperfect palindromic ATTCC-N"®-GGAAT sequence was
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shown to be in the binding site of GenR, but it did not match the
general consensus sequence found in other primary binding sites
of the IcIR-type regulator (1). To determine the importance of the
palindromic ATTCC-N”®-GGAAT sequences in the GenR-bind-
ing sites, site-directed mutation was introduced into each GenR-
binding site by changing the sites to GGCAA-N”*-AACGG.
Probes containing either wild-type sites or mutated sites were used
with purified Hisg-GenR in EMSAs. The data shown in Fig. 7A to
D indicated that the consensus sequence ATTCC-N’®-GGAAT
was an essential determinant of GenR binding activity.

In order to analyze the effects of mutation at DFMn01m,
DFMn02m, R-KHn01m, and R-KHn02m on the transcription of
each individual operon, the mutated consensus sequence [GGCA
A-N"®-AACGG] was introduced into pZWHJ006 (containing
the genDFM promoter), pZWHJ007 (containing the genR pro-
moter), and pZWH]J008 (containing the genKH promoter) to re-
place its natural counterparts. This produced pZWHJ009,
pZWH]J010, pZWHJ011, pZWH]J014, and pZWH]J015. These
were transformed into strain RES167. Because previous DNase 1
footprinting and S1 mapping results indicated that the —10 and
—35 regions of the transcription of genKH and the GenR binding
site R-KHnO1 overlapped, only pZWH]014 and pZWH]J015 (both
containing the mutated site R-KHn02m) were analyzed for B-ga-
lactosidase activity. As shown in Fig. 7E, approximately 60% {3-ga-
lactosidase activity was lost in the presence of promoters contain-
ing DFMn01m or DFMn02m, and the activity was completely lost
in the double mutant DFMn12m. A 4-fold 3-galactosidase activity
increase was observed with the genR promoter containing mu-
tated site R-KHn02m (Fig. 7E). It was set at a similar level to the
genR knockout strain (Fig. 2D). However, the level of activity was
similar to that observed in the presence of the genKH promoter
containing the mutated site R-KHn02m or its wild-type counter-
part (Fig. 2C). This suggests that the transcription of gen DFM was
positively regulated by the GenR binding sites DFMn01 and
DFMn02 and that the transcription of genR was negatively regu-
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DFMan02m, R-KHan01m, and R-KHan02m contained the mutated sites described in Materials and Methods. The amounts (nM) of GenR used in lanes 1 to 5
are indicated. The free probes are indicated by open arrows, and the retarded DNA fragments are indicated by solid arrows. (E) B-Galactosidase activity driven
by genDFM, genR, and genKH promoters with GenR binding sites in strain RES167. DFMa, Ra, and KHa are the wild-type GenR binding sites. DFMan01m,
DFMan02m, DFMan12m, Ran02m, and KHan02m are the mutated binding sites. The (3-galactosidase activity analyses were performed as described in the text.
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lated by the GenR binding site R-KHn02. The transcription of
genKH was not affected by the mutated GenR binding site R-
KHno02 (Fig. 7E), indicating that it is positively regulated by R-
KHnO1 rather than R-KHn02.

DISCUSSION

The gen genes required for degradation of 3-HBA and GEN in C.
glutamicum can be divided into three divergent and closely clus-
tered operons (Fig. 1B). GenR positively regulates the expression
of genDFM and genKH in the presence of 3-HBA and GEN in a
GenR-dependent manner (Fig. 2). But it represses the expression
of its own encoding gene (genR) without being affected by 3-HBA
and GEN (Fig. 2). Like that of PobR (8) and PcaR (11), the auto-
regulation of GenR was shown to be independent of the coinducer
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molecules glucose, 3-HBA, and GEN. The genR operon encoding
an IcIR-type regulatory protein is located between the genDFM
and genKH operons of the structural genes. This is notably differ-
ent from the usual arrangement of operons encoding the GEN
catabolic pathways in strains U2 (19) and M5al (21) or the oper-
ons that IcIR family members use to regulate the degradation of
aromatic compounds (1). NagR and MhbR have been reported to
regulate the expression of enzymes involved in naphthalene and
3-HBA catabolic pathways, respectively, via gentisate. Both belong
to the large family of LysR-type transcriptional regulators (19, 21).
In addition to regulating their own expression, members of the
IcIR family generally regulate the expression of a single operon of
structural genes, but they tend to do so in a different manner.
Among the representative members of the IcIR family (Fig. 8),
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FIG 8 Localization of the regulator binding sites of PobR, PcaU, MhpR, PcaR, and GenR. TSSs and transcriptional directions of the target genes are indicated
with the thin arrows. The —10 and —35 regions are marked, and the regulator primary binding sites are highlighted in black squares. The large arrows indicate
the direction of transcription of each operon (filled, structural genes; open, regulatory genes).

GenR was found to be distinct from other members, showing that
a peculiar arrangement and the formation of this arrangement can
lead to the transcription of the three operons evaluated here.

IcIR-type regulators typically take one of three formations
when they mediate regulatory circuits. (i) The regulator uses the
same binding sites to activate the transcription of the target genes
and repress its own gene transcription, as shown in Fig. 8 for PobR
(8) and PcaU (12). (ii) The binding sites activate transcription of
the target genes only when the regulatory gene is constitutively
expressed, as shown in Fig. 8 for MhpR (15). (iii) The regulator
uses two binding sites for activation of the transcription of the
target genes of a given operon and another binding site for repres-
sion of its own gene transcription, as shown in Fig. 8 for PcaR (11).
However, none of these three phenomena applies to the GenR
system, in which four binding sites regulate the transcription of
three operons. The association of the GenR-DNA complex with
probes containing site DFMn01, DFMn02, or R-KHn01 was af-
fected by 3-HBA and GEN, and the probes containing site R-
KHn02 was not (Fig. 4A and B; see also Fig. S3A in the supplemen-
tal material). Both GenR binding sites DFMn01 and DFMn02 are
necessary for positive regulation of the transcription of genDFM,
whereas the single binding site R-KHnO1 is required for upregu-
lation of the transcription of genKH. The GenR binding site R-
KHnO02 appeared to be involved in negative regulation of the ac-
tivity of the genR promoter.

Members of the IcIR family exert their diverse regulatory
mechanisms by using different forms of binding. PobR binds to a
single operator site in the pobA-pobR intergenic region containing
three 8-bp inverted repeat sequences (8). The regulator PcaU
binds a 45-bp sequence of three perfect 10-bp repeats, including
two palindromic repeats and one direct repeat (12). PcaR binds to
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its own promoter at site R1 and at sites R2 and R1 of the pcal]
promoter. A similar 15-bp target, R1, is centered in the —10 re-
gion of two promoters (11). The MhpR protects a region centered
at position — 58 with respect to the TSS of the Pa promoter, with a
17-bp imperfect palindromic motif (15). In the current study, a
consensus motif [ATTCC-N”*-GGAAT] with a 5-bp imperfect
palindromic sequence was identified within each of four GenR
binding sites. This site was notably different from sites of the other
IcIR-type regulators, such as PobR (8), PcaU (12), PcaR (11), and
MhpR (15). This palindromic motif in GenR binding sites is prob-
ably involved in sequence-specific recognition. Site-directed mu-
tagenesis indicated that the palindromic sequence ATTCC-N’®)-
GGAAT was essential to GenR binding activity (Fig. 7A to D) and
to expression of genDFM, genR, and genKH (Fig. 7E).

The three general mechanisms used for simple activation in
bacterial regulatory studies have been summarized in two reviews
(42, 43). In class I activation, the activator binds to sites located
upstream of the promoter —35 element and recruits RNAP
through direct interaction with the RNAP. In class II activation,
the activator binds to sites that overlap the —35 element and con-
tacts domain 4 of the RNAP o subunit, which results in recruit-
ment of RNAP to the promoter. This can affect other steps in the
initiation process. Class III activation takes place in cases in which
the binding of an activator may alter the conformation of the
promoter and so enable the interaction of RNAP with the pro-
moter —10 and/or —35 element. The NtrC-family PhhR is a
global regulator which acts as both a repressor and an activator in
Pseudomonas putida (44). Among the 13 PhhR regulons, the acti-
vator is potentially able to work via a class I- or a class II-like
mechanism (45). The Escherichia coli catabolite activator protein
(CAP) is also a global regulator that activates transcription at
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more than 100 promoters, which are generalizable to class I and
class 11 CAP-dependent promoters (46, 47). Until the present
study, no two of these mechanisms had ever been found to occur
in a single IcIR-family regulator. Here, both class I and class II
activation of GenR was observed. GenR was found to bind three
sites upstream of genDFM and genKH and to activate transcrip-
tion of these genes. On the genKH promoter sequences, the GenR
binding site R-KHnO1 (located from position —47 to —16) was
found to occlude the RNAP binding site from the —35 region (Fig.
5B and C), exhibiting a class II type activation. Although this over-
lap between the regulator binding site and the binding site of
RNAP is unusual among bacterial transcriptional activators (42,
43), such interaction has been established in the studies of several
regulatory proteins, including CAP (46, 47), PhhR (45), PcaR
(11), MerR (48), and SoxR (49). The two GenR binding sites
(DFMn01 and DFMn02) located from —41 to —84 are upstream
of the —35 and —10 regions of the genDFM promoter (Fig. 5A),
which is subject to class I activation. This presents a novel type of
regulation for a single catabolic pathway.

Given the relatively higher affinity of DFMn02 to GenR than
DFMnO01, it can be proposed that GenR binds first to the more
upstream binding site DFMn02, nucleating the occupation of the
entire site at higher GenR levels, leading to the obstruction of
RNAP binding. A similar case was reported for the involvement of
JadR1 in jadomycin B biosynthesis in Streptomyces venezuelae
(50). When a regulator binds to multiple sites for one regulated
process, binding sometimes takes place at different rates at differ-
ent sites. This is thought to be dependent on the affinity between
the regulator and the binding sites (41, 51). Based on the relative
affinities of GenR for different binding sites (Fig. 6), it is possible
that GenR binds to R-KHn02 in the absence of 3-HBA and GEN
and then to the R-KHnO1 in the presence of both. When 3-HBA
and GEN are present, GenR may first bind to DFMn02 and then to
DFMnO1. At these two sites, GenR can recruit RNAP to the pro-
moter region of genDFM and then initiate transcription. It can be
concluded that the binding of GenR to R-KHn01, DFMn02, and
DFMnO1 is critical to the transcriptional regulation of genDFM
and genKH in the presence of 3-HBA and GEN induction.
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