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The rol (designated for resorcinol) gene cluster rolRHMD is involved in resorcinol catabolism in Corynebacterium glutamicum,
and RolR is the TetR-type regulator. In this study, we investigated how RolR regulated the transcription of the rol genes in C.
glutamicum. The transcription start sites and promoters of rolR and rolHMD were identified. Quantitative reverse transcription-
PCR and promoter activity analysis indicated that RolR negatively regulated the transcription of rolHMD and of its own gene.
Further, a 29-bp operator rolO was located at the intergenic region of rolR and rolHMD and was identified as the sole binding
site for RolR. It contained two overlapping inverted repeats and they were essential for RolR-binding. The binding of RolR to
rolO was affected by resorcinol and hydroxyquinol, which are the starting compounds of resorcinol catabolic pathway. These
two compounds were able to dissociate RolR-rolO complex, thus releasing RolR from the complex and derepressing the tran-
scription of rol genes in C. glutamicum. It is proposed that the binding of RolR to its operator rolO blocks the transcription of
rolHMD and of its own gene, thus negatively regulated resorcinol degradation in C. glutamicum.

Based on the exploration of DNA and protein databases, TetR
family regulators are particular abundant in microbes ex-

posed to environmental changes, e.g., soil bacteria such as Nocar-
dia, Streptomyces, Pseudomonas, and Bacillus species (26). Conse-
quently, members of the TetR family are believed to be involved in
the adaptation to complex and changing environments. It has
been reported that TetR family regulators function as negative
regulators for physiological processes such as efflux pumping and
biosynthesis of antibiotics (9, 10, 15, 18, 29), osmotic stress (27),
and solvent resistance (6). Involvement of a TetR-type regulator
in cymene and biphenyl catabolism was reported in Pseudomonas
putida (7, 8, 24, 32). Recently, the gene rolR (tagged as ncgl1110 in
GenBank), encoding a TetR-type regulator and involved in resor-
cinol degradation, was identified in Corynebacterium glutamicum
(16). However, the regulatory mechanism of this TetR-type regu-
lator for aromatic catabolism has not been revealed.

Resorcinol and its derivatives occur in soil and other environ-
ments due to their extensive applications in adhesive production,
tire and rubber processing, and antiseptic and disinfectant prep-
arations (23). Besides industrial production via chemical synthe-
sis, resorcinol and its derivatives are produced in nature as sec-
ondary plant products (3, 5). Exposure of microbes to resorcinolic
compounds in environment leads to the evolution of metabolic
pathways and regulatory machines for resorcinol catabolism. In-
vestigations indicated that resorcinol was degraded via different
pathways in bacteria. In Azotobacter vinelandii, resorcinol was
converted into pyrogallol, and subsequently the aromatic ring was
cleaved by a pyrogallol 1,2-dioxygenase (13). P. putida, Rhizobium
species, and C. glutamicum converted resorcinol into hydroxy-
quinol, and hydroxyquinol was subsequently degraded by either
2,3,5-trihydroxytoluene 1,2-dioxygenase (meta-cleavage) or by
hydroxyquinol 1,2-dioxygenase (ortho-cleavage) (4, 16, 33). Our
previous study showed that the rolR gene, encoding a TetR-type
transcriptional regulator, together with rolH, rolM, and rolD that

encode resorcinol hydroxylase, maleylacetate reductase, and hy-
droxyquinol 1,2-dioxygenase, respectively, compose a gene clus-
ter involved in resorcinol catabolism in C. glutamicum (16). The
apo- and effector-bound (with resorcinol) crystal structures of
RolR were reported, showing that conformation variation of
DNA-binding domain occurs due to resorcinol binding (20). In
the present study we sought to reveal the regulatory mechanism of
RolR on the transcription of rol genes in C. glutamicum.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Bacterial strains and
plasmids used in the present study are listed in Table 1. Escherichia coli was
grown aerobically on a rotary shaker (180 rpm) at 37°C in Luria-Bertani
(LB) broth or on an LB plate with 1.5% (wt/v) agar. C. glutamicum was
routinely grown on a rotary shaker (150 rpm) at 30°C in LB medium or in
mineral salts medium (19), which was adjusted to pH 8.4 and supple-
mented with 0.05 g of yeast extract liter�1. Resorcinol was added at final
concentrations of 2 mM (sterilized by filtration through 0.2-�m-pore-
size filters) when they served as carbon and energy sources. Cellular
growth was monitored by measuring the turbidity at 600 nm. Antibiotics
were used at the following concentrations: kanamycin at 50 �g ml�1 for E.
coli and 25 �g ml�1 for C. glutamicum and chloramphenicol at 20 �g ml�1

for E. coli and 10 �g ml�1 for C. glutamicum.
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Analysis of sequence data. The genome sequence of C. glutamicum
ATCC 13032 (accession no. NC_003450 and NC_006958) was retrieved
from the GenBank database (http://www.ncbi.nlm.nih.gov/). Sequence
comparisons and database searches were carried out using BLAST pro-
grams at the BLAST server of the National Center for Biotechnology In-
formation (NCBI) website. For identification of rolO-like sequences, mo-
tif-based sequence analysis tool MEME (http://meme.sdsc.edu/meme/cgi
-bin/meme.cgi) was used according to the default parameters (1). The
continuous 600-bp fragments encompassing 300 bp upstream and down-
stream of the start codon of the rolR-like genes were used.

Nucleic acid extraction and manipulation. Genomic DNA of C. glu-
tamicum was isolated using DNA extraction kit (SBS, Beijing, China).
DNA manipulation, plasmid isolation, and agarose gel electrophoresis
were routinely carried out according to standard methods. Total RNA was
extracted from cells grown at late log phase by use of TRIzol reagent RNA
extraction kit (Invitrogen, Carlsbad, CA). Cells were disrupted with liquid
nitrogen grinding. The total RNA was quantified by NanoDrop ND-100
UV/Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Restriction endonucleases, ligase, and DNA polymerase were used ac-
cording to the manufacturer’s instructions. Vectors were electroporated
into cells of E. coli and C. glutamicum according to previously described
methods (31). The restricted DNA fragments amplified by PCR were sep-
arated by agarose gel electrophoresis and purified using an agarose gel
DNA fragment recovery kit (Tiangen, Beijing, China). Target DNA frag-
ments were PCR amplified using Pyrobest DNA polymerase (TaKaRa,
Dalian, China) or Taq DNA polymerase (Promega, Madison, WI). The
PCR products were ligated into T-vector using a pEASY-T1 cloning kit
(Transgen, Beijing, China).

Primer extension. Prior to reverse transcription, RNA was treated
with DNase I (Promega) for 30 min at 37°C, followed by heat inactivation
of DNase I. For primer extension of the rolHMD and rolR genes, primer
PE11 and PE10 (see Table SA1 in the supplemental material) were labeled
with [�-32P]ATP using T4 polynucleotide kinase (Promega) according to
the manufacturer’s protocol. Reverse transcription was carried out with
10 pmol of 5=-32P-labeled primers and 30 �g of total RNA extracted from
C. glutamicum cells cultivated with resorcinol. After annealing at 65°C for
10 min, deoxynucleoside triphosphates and Moloney murine leukemia
virus transcriptase (Promega) were added, followed by incubation at 45°C

for 60 min and then at 65°C for 10 min for denaturing the transcriptase.
The reaction mixture was treated with phenol, precipitated with ethanol,
and resuspended with loading buffer. The dissolved sample was separated
on a 6% polyacrylamide gel containing 8 M urea. The DNA-sequencing
reaction mixtures were set up using the same labeled primers and a silver
stain sequencing kit (Promega).

Promoter activity assay. The putative promoter ProlR was PCR ampli-
fied from genomic DNA and ligated into plasmid pXMJ19-lacZ (34) to
generate pXMJ19-ProlR-lacZ. In order to overexpress rolR, plasmid
pTRCmob-rolR was constructed by ligating PCR-amplified rolR into
pTRCmob vector (21) and was electroporated into C. glutamicum. Prim-
ers for PCR amplification are listed in Table SA1 in the supplemental
material. The C. glutamicum strains RES167�rolR/pXMJ19-ProlR-lacZ
(rolR mutant carrying plasmid pXMJ19-ProlR-lacZ) and RES167�rolR/
pTRCmob-rolR/pXMJ19-ProlR-lacZ (rolR mutant carrying plasmid
pTRCmob-rolR and pXMJ19-ProlR-lacZ) were grown in LB broth, and the
cells were harvested at late log phase to determine the �-galactosidase
activity. The �-galactosidase activity was determined as previously de-
scribed (10).

RT-PCR. One microgram of total RNA was incubated with gDNA
Eraser (TaKaRa) at 42°C for 2 min to remove genomic DNA and then
reverse transcribed using PrimeScript RT Enzyme (TaKaRa) in a volume
of 20 �l with random primer to generate first cDNA. For quantitative
reverse transcription-PCR (RT-qPCR), the cDNA was diluted 20 times as
a template, and PCR was performed by use of SYBR Premix Ex Taq II kit
(TaKaRa) according to the instructions in an ABI Prism 7000 Fast Real-
Time PCR System. Housekeeping gene rpoB of C. glutamicum was used as
an internal control. The relative expression levels of target genes of wild-
type and mutant under defined culture conditions to their expression
levels of wild-type RES167 grown in the presence of glucose were evalu-
ated by using the 2���CT method (22). To determine whether genes rolH,
rolM, and rolD are cotranscribed, the first cDNA of strain RES167 grown
with resorcinol as the sole carbon source was used as a template to amplify
the fragments spanning the intergenic region between rolH and rolM or
between rolM and rolD. Primers used in RT-PCR are listed in Table SA1 in
the supplemental material.

Purification of His6-RolR. The coding sequence of rolR was amplified
by PCR from genomic DNA of C. glutamicum. After endonuclease treat-

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or reference

Strains
E. coli

JM109 recAl supE44 endAI hsdR17 gyrA96 relAI thi �(lac-proAB) F=(traD36 proAB
lacIq lacZ�M15)

Stratagene (catalog no. 200235)

BL21(DE3) hsdS gal (�cIts857 ind-l Sam7 nin-5 lacUV5-T7 gene 1) Novagen (catalog no. 69387–3)
C. glutamicum

RES167 Restriction-deficient mutant of ATCC 13032, �(cglIM-cglIR-cglIIR) University of Bielefeld
RES167�rolR A fragment of DNA encoding for amino acids 105 to 215 of rolR was deleted 16
RES167�rolR/pXMJ19-ProlR-lacZ For ProlR activity determination in the absence of RolR This study
RES167�rolR/pTRCmob-rolR/

pXMJ19-ProlR-lacZ
For ProlR activity determination in the presence of RolR This study

Plasmids
pXMJ19 E. coli-C. glutamicum shuttle expression vector (Camr Ptac lacIq pBL1

oriVC.g. pK18 oriVE.c.)
17

pXMJ19-lacZ pXMJ19 carrying lacZ 34
pXMJ19-ProlR-lacZ pXMJ19 carrying ProlR and lacZ, and lacIq and Ptac were deleted This study
pET28a Expression vector with N-terminal hexahistidine affinity tag Novagen
pET28a-rolR pET28a derivative for expression of N-His6-tagged RolR in E. coli This study
pTRCmob E. coli-C. glutamicum shuttle expression vector (derived from pEC-XK99E,

harboring mob region)
21

pTRCmob-rolR pTRCmob derivative for expression of rolR in C. glutamicum This study
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ment, the rolR fragment was ligated into pET28a, generating plasmid
pET28a-rolR. Expression of protein RolR with a His6 tag at its N terminus
was induced in E. coli BL21(DE3) by 0.6 mM IPTG (isopropyl-�-D-thio-
galactopyranoside) at 30°C for 3 h. His6-RolR was purified by Ni2�-NTA
chromatography, followed by fast protein liquid chromatography with a
gel filtration column and then quantified by using the Bradford method
(2). The native molecular mass of purified His6-RolR was determined by
gel filtration on a Superdex 75 10/300 GL column using a buffer (50 mM
Tris-HCl, 150 mM NaCl [pH 7.5]) with a gel filtration calibration kit (low
molecular weight; GE, United Kingdom). The calibration curve was plot-
ted by use of the Kav versus the logarithm of the molecular weight.

EMSA. The primers listed in Table SA1 in the supplemental material
were labeled with [�-32P]ATP using T4 polynucleotide kinase (Promega)
according to the manufacturer’s protocol. The 32P-labeled DNA frag-
ments used in an electrophoretic mobility shift assay (EMSA) were ob-
tained by PCR amplification with labeled primers and C. glutamicum
genomic DNA as a template. Approximate 0.5 pmol of 32P-labeled DNA
fragment and His6-RolR protein with different amounts were mixed in a
total volume of 20 �l, followed by incubation at room temperature (about
25°C) for 30 min. The binding buffer contained 10 mM Tris-HCl (pH
7.5), 50 mM KCl, and 1 mM dithiothreitol (DTT). For the addition of
effectors, all chemicals were added at 10 pmol and incubated together with
32P-labeled DNA and His6-RolR protein. The binding mixture was loaded
onto a native gel (5% polyacrylamide). Electrophoresis was performed at
room temperature with Tris-borate-EDTA buffer (0.5�) as a running
buffer. After electrophoresis, the gels were dried and subjected to autora-
diography.

DNase I footprinting. The DNA fragment containing the operator
and promoters of rolR and rolHMD was amplified with 5=-32P-labeled
FP11F and FP11R (see Table SA1 in the supplemental material) from
genomic DNA. The obtained 32P-labeled DNA fragment (1 pmol) was
mixed with His6-RolR (10 pmol) in 50 �l of binding buffer (10 mM
Tris-HCl, 50 mM KCl, 1 mM DTT [pH 7.5]). The mixture was incubated
for 30 min at 25°C. Then, 10 mU of DNase I (Promega) was added for 3
min at 25°C. Then, 50 �l of DNase I stop buffer was added to the reaction
mixture. After the treatment with phenol, the mixture was precipitated
with ethanol at �70°C overnight. The sediments were resuspended with
loading buffer. The dissolved sample was separated on a 6% polyacryl-
amide gel containing 8 M urea. The DNA-sequencing reaction mixtures
were set up using the same 32P-labeled FP11F and a silver stain sequencing
kit (Promega).

SPR. All DNA fragments used in surface plasmon resonance (SPR)
experiments are double stranded and are listed in Table SA1 in the sup-
plemental material. The oligonucleotides were synthesized and annealed
with equal amounts of sense and antisense DNA strands to produce dou-
ble-stranded fragments. SPR experiments were performed on a Biacore
3000 apparatus (GE) with a running buffer composed of 25 mM HEPES,

FIG 1 Promoters and transcription start site (TSS) analysis of rolR and
rolHMD. (A) Depiction of the regulatory region of rolR and rolHMD genes.
The TSS, the �10 and �35 regions, and the translational start points (TLP) of
rolR and rolH genes are shown. The �10 and �35 regions of rolR and rolHMD
genes are indicated in boldface italics. The rolO sequence is boxed. The TSSs
were determined using primer extension of rolR (B) and rolHMD (C). Lanes 1
and 2 of panels B and C show reverse transcription products loaded with
different concentrations.

FIG 2 RolR negatively regulates the expression of rolHMD and of its own
gene. (A) RT-qPCR analysis of gene relative expression level in wild-type
RES167 grown with glucose (WT-gluc) or resorcinol (WT-res) or in mutant
RES167�rolR grown with glucose (�rolR-gluc) or resorcinol (�rolR-res) as the
sole carbon source. The housekeeping gene rpoB of C. glutamicum was used as
an internal control. The relative expression levels of target genes of the wild-
type and mutant under defined culture conditions to their expression levels of
wild-type RES167 grown in the presence of glucose are shown. (B) rolR pro-
moter activity analysis at different backgrounds using �-galactosidase reporter
gene (lacZ). C. glutamicum strains RES167�rolR/pXMJ19-ProlR-lacZ (without
RolR) and RES167�rolR/pTRCmob-rolR/pXMJ19-ProlR-lacZ (with RolR)
were grown in LB broth, and the cells were harvested at late log phase to
determine the �-galactosidase activity. In panel A, error bars show the stan-
dard deviations of three technical replicates. In panel B, standard deviations of
three technical replicates are 	0.01.
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100 mM NaCl, and 0.005% Tween 20 (pH 7.4). To determine the binding
of RolR with different double-stranded DNA (dsDNA) fragments, His6-
RolR was immobilized on a CM5 sensor chip (GE, Sweden), and the
individual DNA fragment (50 �M, 20 �l) was injected at a flow rate of 20
�l/min. For the detailed analysis of the association and dissociation of
operator rolO and RolR with the addition of effectors, a 5=-end biotinyl-
ated rolO dsDNA fragment was immobilized on a streptavidin-coated SA
sensor chip (GE) and His6-RolR (38.8 nM, 60 �l) with resorcinol (1 mM,
60 �l) or hydroxyquinol (1 mM, 60 �l) or running buffer were injected
with a “COINJECT” pattern at a flow rate of 30 �l/min. At the end of each
cycle, the sensor chip was regenerated by injecting 5 �l of running buffer
plus 0.01% sodium dodecyl sulfate. The dissociation rate (kd) were deter-
mined using BIAevaluation 4.1 software.

RESULTS
The rolHMD gene cluster is transcribed as one whole transcript.
Previous study found that the gene cluster rolRHMD (ncgl1110 to
ncgl1113) is involved in resorcinol catabolism (16). According to
DNA sequence analysis, the rolR gene is located upstream of rolH
gene and has a transcriptional direction opposite to that of
rolHMD. There is an intergenic DNA fragment of 153 bp between
the coding regions of rolR and rolHMD genes (Fig. 1A). To iden-
tify whether rolH, rolM, and rolD are cotranscribed, RT-PCR anal-
ysis was performed using the total RNA of RES167 cells grown in
the presence of resorcinol. With the addition of reverse transcrip-

tase, the fragments spanning the intergenic region between rolH
and rolM or between rolM and rolD were amplified, whereas no
product was found without reverse transcriptase (see Fig. SA1 in
the supplemental material), indicating that rolH, rolM, and rolD
are transcribed as one continuous transcript, so we named the
transcript rolHMD. In order to determine the transcription start
sites of rolR and rolHMD, primer extension was carried out (Fig.
1B and C). The results indicated that the transcription of rolHMD
starts at a G (corresponding to a C of the complementary chain in
Fig. 1C), which is located 157 nucleotides (nt) upstream of the
rolH translational start point (ATG). The transcription of rolR in
the opposite direction also starts with a G (corresponding to a C of
the complementary chain in Fig. 1B), which is located 129 nt up-
stream of its own translational start point. Therefore, the rolR and
rolHMD genes are transcribed in opposite directions, and their
transcripts overlap for 132 nt. With the identified transcription
start sites, the promoters (�10 and �35 regions) of rolR and
rolHMD were deduced (Fig. 1A). It is noteworthy that ProlHMD

(the promoter of rolHMD) is located in the coding region of rolR
and that ProlR (the promoter of rolR) overlaps with the start codon
of rolHMD.

RolR negatively regulates the transcription of rolHMD and
of its own gene. Our previous study suggested that RolR might

FIG 3 Pinpointing the binding site of RolR by use of EMSA and DNase I footprinting. (A) Delineation of chromosomal DNA regions interacting with RolR.
Distances are approximately drawn to scale. Further below are shown the EMSA results. Approximate 0.5 pmol of 32P-labeled DNA fragment was used, and the
loading of His6-RolR protein to each lane was 0, 0.25, 0.5, 1, 2, and 4 pmol, respectively. (B) Involvement of three inverted repeats in the binding of RolR to DNA.
REP1, REP2, and REP3 are shown in boldface, italics, and underlined, respectively. (C) DNase I footprinting assay of RolR on chromosomal DNA region. Lanes
C, T, A, and G are sequencing ladders. Lane “�” and “�” are DNase I digestion patterns of the intergenic fragment between rolR and rolHMD genes with or
without RolR, respectively. One pmol of 32P-labeled DNA fragment and 10 pmol of His6-RolR protein were used. The sequences of three REPs and the protected
region of RolR are shown on the right. The two bases (TT) that are not protected by RolR are shown in the box.
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negatively regulate rol genes (16). In order to obtain direct evi-
dence for the regulation of RolR on rolHMD, quantitative RT-
PCR was performed with wild-type strain RES167 and the
ES167�rolR mutant strain grown with glucose or resorcinol at
concentration of 2 mM as the sole carbon source. When RES167
was grown with resorcinol, the expressions of rolH, rolM, and rolD
increased 
300-fold compared to growth with glucose (Fig. 2A).
Regardless of glucose or resorcinol, the expressions of rolH, rolM,
and rolD in the mutant RES167�rolR were much higher than in
RES167 grown with glucose (Fig. 2A), indicating that RolR indeed
negatively regulated the expression of rolHMD gene. Further, the
deduced promoter ProlR was PCR amplified and ligated into
pXMJ19-lacZ to generate pXMJ19-ProlR-lacZ. The effect of RolR
on promoter (ProlR) was evaluated by determination of the �-ga-
lactosidase activity in the cells of RES167�rolR/pTRCmob-rolR/
pXMJ19-ProlR-lacZ (with RolR) and RES167�rolR/pXMJ19-ProlR-
lacZ (without RolR). The ProlR promoter showed lower
transcriptional activities in the presence of RolR than in the ab-
sence of RolR (Fig. 2B), indicating that RolR negatively regulated
the transcription of its own gene.

RolR specifically binds to a 29-bp sequence (rolO) located at
the intergenic region of rolR and rolHMD. To further analyze the
function of RolR, the rolR gene was cloned and expressed in E. coli
BL21(DE3) cells. N-terminal His6-tagged RolR (His6-RolR) was
purified by Ni2�-NTA chromatography and gel filtration (see Fig.
SA2A in the supplemental material). The purified, native His6-
RolR showed a molecular mass of 64.8 kDa (see Fig. SA2B in the
supplemental material), suggesting a homodimer of native RolR.
To identify the binding site of RolR regulator in promoter region,
EMSA was performed with His6-RolR protein and three DNA
fragments (Fig. 3A). The EMSA results showed that RolR specifi-
cally bound to the DNA fragment M, but not fragments U and D,
suggesting that RolR binding site is located in the intergenic re-
gion of rolR and rolHMD genes.

The binding sites (operators) of TetR-type regulators are fea-
tured by palindrome sequences (26). Careful examination of frag-
ment M revealed three inverted repeats—REP1 (TGAACCCTT-
GTTCA), REP2 (TTCATTTATGAA), and REP3 (TGAATCA
TGATTCA)—which might be related to the RolR operator. Dif-
ferent combinations of the inverted repeats were synthesized and
used for EMSA analysis. The EMSA results showed that DNA frag-
ments containing the inverted repeats REP1 and REP2 (F1
F2
and F4
F6) could bind His6-RolR protein (Fig. 3B). When REP1
and/or REP2 were truncated, as represented by F3, F7, and F8
fragments, binding between His6-RolR and DNA fragments was
not observed (Fig. 3B). However, disruption of the inverted repeat
REP3 (as in the case of F6) did not affect the binding of His6-RolR,
indicating that REP3 was not essential for RolR binding (Fig. 3B).
This result demonstrates that REP1 and REP2 are essential for the
binding of RolR and may be part of the operator.

Furthermore, DNase I footprinting results revealed that a
29-bp DNA region was protected by His6-RolR protein from di-
gestion (Fig. 3C). The 29-bp DNA fragment was termed as oper-
ator rolO. The rolO is located between the transcription start sites
and translational start points of both rolR and rolHMD genes and
covered the entire REP1 and REP2 and partial REP3 sequences
(Fig. 3C). Further SPR assay indicated that His6-RolR could only
bind to the rolO fragment rather than any single inverted repeat
(REP1, REP2, or REP3) (see Fig. SA3 in the supplemental mate-
rial). These results demonstrated that the binding of RolR with

DNA needed the whole rolO region rather than a single inverted
repeat.

Resorcinol and hydroxyquinol affect the binding of RolR to
rolO. Previous study has reported that resorcinol is an effector of
RolR (20). To identify other effectors that affect the binding of
RolR with rolO, a range of chemicals, including metabolic inter-
mediates (hydroxyquinol, succinate, aconitic acid, and �-ketoglu-
tarate) and chemical analogs (protocatechuate, catechol, and gen-
tisate), were tested by EMSA. The results showed that resorcinol
and hydroxyquinol clearly reduced the binding of His6-RolR with
rolO, and the other chemicals did not show any observable effect
(Fig. 4A). The effect of resorcinol and hydroxyquinol on dissoci-
ation of His6-RolR-rolO complex was further examined by SPR
assay. As shown in Fig. 4B, both resorcinol and hydroxyquinol
initiated the dissociation of His6-RolR-rolO complex. The kd val-
ues for His6-RolR-rolO complex on resorcinol and hydroxyquinol
were determined to be 1.41 � 10�2 s�1 and 7.34 � 10�3 s�1,
respectively, indicating that resorcinol had a stronger effect on

FIG 4 Resorcinol and hydroxyquinol affect the binding of RolR to rolO. (A)
Effects of different chemicals on the binding affinity of RolR to the intergenic
fragment between rolR and rolHMD, as determined by EMSA. The DNA used
in this EMSA was fragment M in Fig. 3A. (B) Resorcinol or hydroxyquinol can
dissociate RolR-rolO complex. The 5=-end-biotinylated rolO dsDNA fragment
was immobilized on a streptavidin-coated SA sensor chip (GE). His6-RolR
(38.8 nM, 60 �l) in running buffer was injected at a flow rate of 30 �l/min. The
effector resorcinol (1 mM, 60 �l) or hydroxyquinol (1 mM, 60 �l) was injected
immediately after His6-RolR by using the “COINJECT” pattern. Running buf-
fer alone or combined with His6-RolR was injected as a blank controls at the
same flow rate (30 �l/min). The arrows show the start points of injection of
His6-RolR or effectors. The response is measured in resonance unit (RU) and
is proportional to the mass and numbers of molecules binding to the sensor
chip.
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dissociation of His6-RolR-rolO complex than did hydroxyquinol.
These results indicate that resorcinol and hydroxyquinol are able
to dissociate the binding of RolR with its operator rolO and that
they are the effectors for RolR regulation of resorcinol metabolism
in C. glutamicum.

DISCUSSION

In this study, we investigated how RolR regulated the transcrip-
tion of the rol genes in C. glutamicum. The results indicated that
RolR repressed the transcription of rolHMD and of its own gene
by binding to a 29-bp operator rolO. The rolO was the sole binding
site for RolR, and it was located at the intergenic region of rolR and
rolHMD. The binding of RolR to rolO was affected by resorcinol
and hydroxyquinol, which are the metabolic substrates of resor-
cinol catabolic pathway. These two compounds were able to dis-
sociate RolR-rolO complex, thus releasing RolR from the complex
and derepressing the transcription of rol genes in C. glutamicum.

RolR was reported to be a member of the TetR family regula-
tors (16). The typical TetR in Gram-negative bacteria represses the
transcriptions of tetA and of its own gene (tetR) by binding to two
operators that locate at respective promoter region of tetA and of
tetR and overlap RNA polymerase binding site, so that RNA poly-
merase cannot bind to promoters to start transcription (25, 28). A
different regulatory mechanism was found for QacR in the Gram-
positive Staphylococcus aureus, which negatively regulated the
qacA that confers resistance to monovalent and bivalent cationic
lipophilic antiseptics/disinfectants such as quaternary ammo-
nium compounds (qac), but not qacR itself (11). The repression
happens through QacR binding to the operator IR1 (overlapping
the region from �6 to �21) and thus not affecting the binding of
RNA polymerase to qacA promoter but preventing the transition
of RNA polymerase-promoter complex into a productively tran-
scribing state (11, 12). Based on our results, the regulatory mech-
anism of RolR in C. glutamicum is different from that of the pre-
viously known TetR-type repressors. First, RolR binds to only one

operator rolO and simultaneously represses the transcription of
both rolR and rolHMD. Second, the operator rolO is located in the
intragenic region of rolR and rolHMD and is not at the promoter
region or overlapping with the transcription start site. Due to the
position of rolO distant to the transcription start sites of both
genes (the overlapping �66 to �94 region for rolHMD and the
�40 to �68 region for rolR), it is likely that RolR represses the
transcription of rolHMD and of its own gene by a roadblock
mechanism as PurR in E. coli (14).

The TetR-type transcriptional repressors usually form ho-
modimer and then bind to target promoters (26). It is likely that
there is a direct relationship between the number of multimeriza-
tion of TetR-type repressor and the length of operator. For exam-
ple, the typical TetR binds to a 15-bp operator tetO as one ho-
modimer (25). Unlike the TetR, QacR recognizes the 28-bp
operator IR1, which is nearly twice the length of tetO, and binds to
it as a pair of homodimers (30). The EthR of Mycobacterium tu-
berculosis binds to a 55-bp operator IG-55 cooperatively as a
homo-octamer (9). Our results showed that RolR recognized the
29-bp operator rolO, which is nearly the same length to the oper-
ator IR1 (28 bp) of S. aureus (30). Since, in addition, we found that
RolR occurred as a homodimer in its native form (20), we propose
that RolR binds to rolO as a pair of homodimers. Given the DNase
I footprinting result that the bases “TT” in the middle of rolO was
not protected by RolR, it is very likely that each RolR homodimer
docks on one arm of rolO.

Recently, the crystal structure of RolR was determined in its
effector-bound (with resorcinol) and apo forms. The structure
revealed that resorcinol-binding initiated a 4.5-Å decrease in cen-
ter-to-center separation of the two recognition helices (h3-h3=)
with the result that RolR was not suitable for DNA binding (20).
Based on previous data and data presented here, a model explain-
ing the regulation of resorcinol catabolism by RolR in C. glutami-
cum is proposed and illustrated in Fig. 5. When there is no resor-
cinol in environment (state 1), a pair of RolR dimers bind to the

FIG 5 Proposed working model of the regulation of resorcinol catabolism in C. glutamicum by RolR.
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operator rolO and block the advancement of RNA polymerase,
thus repressing the transcription of both rolR and rolHMD. When
resorcinol occurs in the environment (state 2), it binds to the RolR
dimer and results in the res-RolR dimer released from the opera-
tor rolO. This derepresses the transcriptions of rolR and of
rolHMD. Due to the discovery that hydroxyquinol could disasso-
ciate the RolR-rolO complex and functions as an effector alterna-
tive to resorcinol, we deduce that hydroxyquinol plays the same
role that resorcinol does.

Previously, sequence similarity analysis revealed 29 RolR ho-
mologs (e-value 	 10�4) by using the C-domain (73 to 229 amino
acids) of RolR in the nonredundant protein sequence database
from the genomes of Burkholderia, Mycobacterium, Rhodococcus,
and Streptomyces species (20). Motif searches on continuous
600-bp fragments around the start codon of rolR-like genes iden-
tified 29-bp sequences (Fig. 6A) that shared a similar structure and
were named as a rolO-like motif (Fig. 6B). The rolO-like motif is
composed of a long inverted repeat with two 13-bp arms separated
by two bases in the middle, and there is one imperfect short in-
verted repeat within each 13-bp arm (Fig. 6B). This structure of
rolO-like motif might be an important configuration for RolR-like
regulator recognition and binding. When the genetic organization
around the rolO-like motif was examined, it was found that 24 of
the 27 genomes were similar to the rol gene cluster in C. glutami-

cum. The rolR-like regulatory genes are oriented to the opposite
direction of its potential target genes, and the rolO-like motifs are
located at the intergenic regions of the rolR-like and structural
genes (see Fig. SA4 in the supplemental material). The identifica-
tion of rolO-like motifs and similar genetic organizations in those
bacteria suggests that they might share a similar regulatory mech-
anism.
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