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Sphingobium sp. strain SYK-6 converts various lignin-derived biaryls with guaiacyl (4-hydroxy-3-methoxy-
phenyl) and syringyl (4-hydroxy-3,5-dimethoxyphenyl) moieties to vanillate and syringate. These compounds
are further catabolized through the protocatechuate (PCA) 4,5-cleavage (PCA45) pathway. In this article, the
regulatory system of the PCA45 pathway is described. A LysR-type transcriptional regulator (LTTR), LigR,
activated the transcription of the ligK-orf1-ligI-lsdA and ligJABC operons in the presence of PCA or gallate
(GA), which is an intermediate metabolite of vanillate or syringate, respectively, and repressed transcription
of its own gene. LigR bound to the positions �77 to �51 and �80 to �48 of the ligK and ligJ promoters,
respectively, and induced DNA bending. In the presence of PCA or GA, DNA bending on both promoters was
enhanced. The LigR-binding regions of the ligK and ligJ promoters in the presence of inducer molecules were
extended and shortened, respectively. The LTTR consensus sequences (Box-K and Box-J) in the ligK and ligJ
promoters were essential for the binding of LigR and transcriptional activation of both operons. In addition,
the regions between the LigR binding boxes and the �35 regions were required for the enhancement of DNA
bending, although the binding of LigR to the �35 region of the ligJ promoter was not observed in DNase I
footprinting experiments. This study shows the binding features of LigR on the ligK and ligJ promoters and
explains how the PCA45 pathway genes are expressed during degradation of lignin-derived biaryls by this
bacterium.

Lignin is the most abundant aromatic compound in nature,
and its biodegradation represents a key step in carbon cycling.
It is thought that white rot fungi initiate the biodegradation of
native lignin, and the resultant low-molecular-weight products
are further catabolized by soil bacteria (19, 21). Sphingobium
sp. strain SYK-6 (formerly Sphingomonas paucimobilis SYK-6)
is one of the best-characterized degraders of lignin-derived
aromatic compounds, and this strain is able to utilize various
lignin-derived biaryls, including �-aryl ether (44), biphenyl
(37), and diarylpropane, as sole sources of carbon and energy
(28). In SYK-6, lignin-derived biaryls with guaiacyl (4-hydroxy-
3-methoxyphenyl) and syringyl (4-hydroxy-3,5-dimethoxyphe-
nyl) moieties are converted to vanillate and syringate, respec-
tively (see Fig. 1A) (28). After O demethylation of vanillate
and syringate, protocatechuate (PCA) and 3-O-methylgallate
(3MGA) are generated, respectively (1, 30). PCA is further
degraded to pyruvate and oxaloacetate via the PCA 4,5-cleav-

age (PCA45) pathway (11, 12, 29, 31, 33). On the other hand,
3MGA is degraded through multiple ring cleavage pathways;
however, eventually the 3MGA catabolic pathway conjoins
with the PCA45 pathway (13–15). Therefore, the PCA45 path-
way is essential for the catabolism of lignin-derived compounds
in SYK-6.

The PCA45 pathway was enzymatically characterized by
Kersten et al. (17) and Maruyama and colleagues (22–26). To
date, the PCA45 pathway genes have been isolated from
SYK-6 (33), Sphingomonas sp. strain LB126 (55), Comamonas
testosteroni BR6020 (41), Pseudomonas straminea NGJ1 (27),
and Arthrobacter keyseri 12B (7). Our research group charac-
terized all of the enzyme genes of the PCA45 pathway in
SYK-6 and reported that the PCA45 pathway genes consist of
four transcriptional units, which are the ligK-orf1-ligI-lsdA
operon, ligJ-ligA-ligB operon, and monocistronic ligC and ligR
(12). LigR shows similarity to proteins belonging to the family
of the LysR-type transcriptional regulator (LTTR) (45). Dis-
ruption of ligR led to significant growth retardation of SYK-6
on vanillate and syringate (12), suggesting that LigR plays a
crucial role in the regulation of the PCA45 pathway genes.
However, regulatory system of the pathway genes remains un-
known for all the strains mentioned above.

LTTR is one of the most common types among prokaryotic
regulators. Proteins belonging to this family typically activate
the expression of a target gene(s) in response to a small in-
ducer molecule and repress their own gene expression. In
solution, LTTRs are homodimers or homotetramers, and their
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DNA binding forms are suggested to be tetramers (20). LTTRs
associate with two distinct binding sites at the target promoter
(45). The recognition binding site (RBS) contains the LTTR
consensus binding sequence (T-N11-A) within an interrupted
inverted repeat. The RBS is often centered at position �65
relative to the transcription start site and is commonly essential
for the binding of LTTR. The activation binding site (ABS) is
generally located between the RBS and the target promoter.
This site is important for transcriptional activation and is
thought to be involved in assisting DNA binding (40). A large
number of LTTRs have been shown to induce DNA bending
upon binding of the protein. Binding of inducer provokes a
conformational change and typically alters the binding region
and DNA bending angle (49).

In this study, we characterized for the first time the tran-
scriptional regulation of the PCA45 pathway genes. This study
provides an insight into how the downstream pathway of bac-
terial lignin degradation is controlled. In addition, results of
the binding analysis demonstrate that the behavior of LigR
with respect to DNA protection and DNA bending is distinct
from that of well-characterized LTTRs, and they also suggest
the importance of LigR binding to the �35 regions in tran-
scriptional activation.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plasmids
used in this study are listed in Table 1. Sphingobium sp. strain SYK-6 was grown
in Luria-Bertani (LB) medium or in W minimal salt medium (36) containing 10
mM vanillate or SEM (10 mM sucrose, 10 mM glutamate, and 50 mg of methi-
onine/liter) at 30°C. The SYK-6 mutants were grown in LB medium. When
required, 50 mg of kanamycin/liter and 30 mg of chloramphenicol/liter were
added to the media. Escherichia coli JM109 was used for cloning experiments. E.
coli HB101 was employed to transfer the plasmids to SYK-6 and its derivatives.
E. coli BL21(DE3) was used for protein overproduction. E. coli strains were
grown in LB medium at 37°C. For cultures of E. coli cells carrying bla, the media
were supplemented with 100 mg of ampicillin/liter.

DNA manipulations and nucleotide sequencing. Plasmid preparation, restric-
tion enzyme digestion, DNA ligation, and transformation were all performed as
described by Sambrook et al. (42). The introduction of plasmids into SYK-6 was
carried out by the triparental mating procedure with a helper plasmid, pRK2013.
Nucleotide sequences were determined by the dideoxy termination method using
a CEQ2000XL genetic analysis system (Beckman Coulter, Fullerton, CA).

Induction. Cells of SYK-6 and its derivatives grown in W-SEM were washed
twice in 0.9% NaCl and resuspended in fresh medium to an absorbance at 600
nm (A600) of 0.2. The cells were incubated at 30°C until the A600 of the culture
reached 1.0. After the addition of 10 mM PCA or GA as an inducer, the cells
were further incubated for 3 h.

RNA preparation. Total RNA was isolated from cells of SYK-6 and its deriv-
atives using Isogen (Nippon Gene Co., Ltd., Tokyo, Japan) according to the
manufacturer’s instructions. To remove any contaminating genomic DNA, the
RNA samples were treated with RNase-free DNase I (Takara Bio Inc., Otsu,
Japan).

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Reference
or source

Sphingobium sp.
SYK-6 Wild type; Nalr Smr 16
DLR SYK-6 derivative; ligR::kan; Nalr Smr Kmr 12
AKB SYK-6 derivative; ligB::kan; Nalr Smr Kmr 38
RBB SYK-6 derivative; �desB ligB::bla; Nalr Smr Cbr 15

E. coli
JM109 recA1 supE44 endA1 hsdR17(rK

� mK
�) gyrA96 relA1 thi-1 �(lac-proAB) F��traD36 proAB� lacIq lacZ�M15) 57

HB101 recA13 supE44 hsd20(rB
� mB

�) ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 3
BL21(DE3) F� ompT hsdSB(rB

� mB
�) gal dcm (DE3) Novagen

Plasmids
pUC18 Cloning vector, Apr 57
pT7Blue Cloning vector, T7 promoter, Apr Novagen
pET21a(�) Expression vector, T7 promoter, Apr Novagen
pKT230 Broad-host-range vector, Kmr 2
pRK2013 Tra� Mob� Kmr 9
pPR9TT Translational fusion LacZ reporter vector, Apr Cmr 43
pQF50 Broad-host-range transcriptional fusion vector containing a promoterless lacZ, Apr 8
pPR9TZ pPR9TT with a 3.6-kb SmaI-ScaI fragment containing lacZ from pQF50 replacing the 3.2-kb BamHI fragment This study
pHN139R pUC18 with a 10.5-kb EcoRI fragment carrying ligK-orf1-ligI-lsdA, ligJAB, ligR, and a part of ligC 31
pVA01 pKT230 with a 12.0-kb EcoRI fragment carrying ligK-orf1-ligI-lsdA, ligJABC, and ligR 16
pT7K pT7Blue with a 259-bp PCR fragment carrying the ligK-ligR intergenic region This study
pT7R pT7Blue carrying the same fragment as pT7K in the opposite direction This study
pT7JTN12 pT7Blue with a 164-bp PCR fragment carrying the ligJ promoter region This study
pT716 pT7Blue with a 1.4-kb PCR fragment carrying 16S rRNA gene of SYK-6 This study
pET21R pET21a(�) with a 1.3-kb NdeI-BamHI fragment carrying ligR This study
pT7KSD pT7K with site-directed mutations in Box-K This study
pT7JSD pT7JTN12 with site-directed mutations in Box-J This study
pZK pPR9TZ with a 0.3-kb HindIII-KpnI fragment carrying the ligK promoter region This study
pZKSD pZK with site-directed mutations in Box-K This study
pZR pPR9TZ with a 0.3-kb HindIII-KpnI fragment carrying the ligR promoter region This study
pZJTN12 pPR9TZ with a 0.2-kb HindIII-KpnI fragment carrying the ligJ promoter region This study
pZJTN12SD pZJTN12 with site-directed mutations in Box-J This study

a Nalr, Smr, Kmr, Cbr, Apr, and Cmr, resistance to nalidixic acid, streptomycin, kanamycin, carbenicillin, ampicillin, and chloramphenicol, respectively.
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Reverse transcription (RT)-PCR and real-time quantitative RT-PCR (qRT-
PCR). After 3 h of induction, total RNA was isolated from the cells of SYK-6.
A total RNA (5 �g) was reverse transcribed by ReverTra Ace reverse transcrip-
tase (Toyobo, Osaka, Japan) with random 9-mer primers (Takara Bio Inc.). For
each sample, a reverse transcriptase negative reaction was also prepared. The
synthesized cDNA was purified by phenol-chloroform extraction and ethanol
precipitation, and it was dissolved in 20 �l of DNase-free water. PCR was
performed with 1 �l of the cDNA mixture, specific primers listed in Table S1 in
the supplemental material, and ExTaq DNA polymerase (Takara Bio Inc.). A
control PCR was performed with reverse transcriptase negative samples to verify
no genomic DNA contamination. The resulting DNA was applied to 2.0%
agarose gel electrophoresis and visualized with ethidium bromide.

A qRT-PCR was performed using a SYBR green PCR master mix (Applied
Biosystems, Foster City, CA) with an ABI Prism 7000 sequence detection system
(Applied Biosystems). The specific primer pairs used for qRT-PCR analyses
were designed with the Primer Express version 2.0 software program (Applied
Biosystems) (see Table S1 in the supplemental material). Real-time PCR was
performed using 2 �l of cDNA sample, gene-specific primers (18 pmol), and
SYBR green PCR master mix (10 �l) in a total reaction volume of 20 �l.
Thermal cycling conditions were as follows: 15 min at 95°C, followed by 40
repeats of 15 s at 95°C and 1 min at 60°C. A change in the fluorescence emission
was detected and analyzed with an ABI Prism 7000 sequence detection system.
A melting-curve analysis was performed at the end of real-time PCR to verify the
specific amplification. To normalize the amount of RNA in each sample, 16S
rRNA was used as an internal standard. Each measurement was carried out in
triplicate, and the means and standard deviations were calculated.

Construction of promoter probe vector. The plasmid for promoter analysis was
designed on the basis of the broad-host-range lacZ translational fusion vector
pPR9TT. For the construction of a lacZ transcriptional fusion vector, pPR9TZ,
pPR9TT was digested at the BamHI sites and blunt ended to replace a 3.6-kb
SmaI-ScaI fragment containing full-length lacZ from pQF50.

LacZ reporter assay. After 3 h of induction, SYK-6 cells harboring reporter
plasmids were harvested by centrifugation (4,600 � g, 10 min, 4°C) and broken
by ultrasonication in 20 mM Tris-HCl (pH 8.0). The supernatant was collected by
centrifugation (19,000 � g, 30 min, 4°C). In order to determine the lacZ expres-
sion, �-galactosidase activities were measured using 4-methylumbelliferyl-�-D-
galactopyranoside. The product, 4-methylumbelliferone (4MU), was detected
with an RF-1500 spectrofluorophotometer (Shimadzu, Kyoto, Japan). One unit
of �-galactosidase activity was defined as the amount of enzyme that catalyzed
the production of 1 �mol of 4MU per min at 30°C. Specific activity was expressed
in units per milligram of protein. The protein concentration was determined by
the Bradford method (4). Each measurement was carried out in triplicate, and
the means and standard deviations were calculated.

Primer extension. After 3 h of induction, total RNAs were isolated from the
cells of SYK-6 and SYK-6 harboring pVA01. The primer extension reactions
were carried out with the Beckman dye D4 (D4)-labeled oligonucleotides
PEligK43 and PEligK70 (positions �19 to �43 and �51 to �70 relative to the
start codon of ligK, respectively) and PEligJ108 and PEligJ173 (positions �84 to
�108 and �153 to �173 relative to the start codon of orf2, respectively). The
primers (2 pmol) were annealed to total RNA (5 �g) after 5 min of denaturation
at 65°C and were extended with PrimeScript reverse transcriptase (Takara Bio
Inc.) at 42°C for 45 min. The enzyme was inactivated by being exposed to a
temperature of 95°C for 5 min. The extended products were purified by phenol-
chloroform extraction and ethanol precipitation and dissolved in 25 �l of CEQ
sample loading solution (Beckman Coulter) combined with 0.5 �l of DNA size
standard kit 400 (Beckman Coulter). Samples were analyzed utilizing a
CEQ2000XL fragment analysis system.

Overexpression and purification of LigR. The ligR coding sequence was am-
plified from pHN139F as a template with the ligR-NdeI-F and ligR-NdeI-R
primers (see Table S1 in the supplemental material). The 1.3-kb PCR product
was cloned into pT7Blue and confirmed by sequencing. The 1.3-kb NdeI-BamHI
fragment from the resulting plasmid was inserted into the corresponding sites of
pET21a(�) to yield pET21R. E. coli BL21(DE3) cells harboring pET21R were
grown overnight in LB medium, and then 1 liter of the same medium was
inoculated with 10 ml of overnight culture. After incubation at 30°C, isopropyl-
�-D-thiogalactopyranoside was added to the culture to a final concentration of 1
mM when the A600 of the culture reached 0.5. Gene expression was induced at
30°C for 3 h. The cells were harvested by centrifugation (4,600 � g, 5 min, 4°C),
resuspended in 50 mM Tris-HCl (pH 7.5) (buffer A), and broken by two passages
through a French pressure cell (Aminco, Urbana, IL). The supernatant was then
collected by centrifugation (27,200 � g, 30 min, 4°C) to remove cell debris, and
streptomycin was added to the supernatant to a final concentration of 1%
(wt/vol). The lysate was kept on ice for 10 min and centrifuged (27,200 � g, 30

min, 4°C). The supernatant was fractionated with ammonium sulfate (20 to
40%), and the precipitated proteins were resuspended in buffer A. The purifi-
cation procedures described below were carried out using a Bioassist eZ system
(Tosoh, Tokyo, Japan). A fraction containing LigR was applied to a TSKgel
SP-5PW cation exchange column (7.5 by 75 mm; Tosoh) previously equilibrated
with buffer A. The protein was eluted with 90 ml of a linear gradient of 0 to 1.0
M NaCl. The fractions containing LigR that eluted at approximately 0.4 M were
pooled and concentrated by ultrafiltration (Amicon Ultra-4; Millipore, Bedford,
MA). The purified protein sample was analyzed by SDS-PAGE.

Molecular weight determination of LigR. After the remaining precipitant of
the purified LigR sample was removed with an Ultrafree-MC filter (Millipore),
the supernatant was used for static light-scattering experiments. The 20 �l of
LigR protein (6.8 mg/ml) and each standard protein (10 mg/ml) were applied to
a gel filtration column (Superdex200 10/300 GL; GE Healthcare, Buckingham-
shire, United Kingdom) equilibrated with buffer A containing 0.4 M NaCl. The
separated proteins were introduced into a MiniDAWN Tristar detector (Wyatt
technology, Santa Barbara, CA) in order to measure the static light scattering at
690 nm. The absorbance at 280 nm and the refractive index (RI) were also
measured with an SPD-20A UV detector (Shimadzu) and an RID-10A RI
detector (Shimadzu), respectively. The ratio of the static light-scattering intensity
(LS) to the protein concentration, which was determined with the RI, was
proportional to the molecular weight of the protein (56). Each measurement was
carried out in triplicate, and the means and standard deviations were calculated.

EMSAs. Electrophoretic mobility shift assays (EMSAs) for LigR were per-
formed with a DIG gel shift kit (2nd generation) (Roche, Mannheim, Germany)
according to the manufacturer’s instructions. DNA fragments were generated by
PCR. Purified fragments were labeled at the 3� end with digoxigenin (DIG)-11-
ddUTP. The 29-bp DNA fragments, KRTN129, KRTN129SD, JTN129, and
JTN129SD, were obtained by annealing of complementary oligonucleotides. The
oligonucleotides used for EMSAs are listed in Table S1 in the supplemental
material. The DNA-protein binding reactions were carried out at 20°C in a final
volume of 10 �l containing 1 fmol of DIG-labeled probe, 1 �g of poly(dI-dC), 0.1
�g of poly-(L-lysine), and the LigR dimer (100 nM) in binding buffer (20 mM
HEPES, 1 mM EDTA, 10 mM (NH4)2SO4, 1 mM dithiothreitol [DTT], 0.2%
[wt/vol] Tween 20, and 30 mM KCl, pH 7.6) for 20 min. After incubation, 2.5 �l
of loading buffer (60% [vol/vol] 0.25� TBE buffer [89 mM Tris, 89 mM boric
acid, and 20 mM EDTA, pH 8.0], 40% [vol/vol] glycerol, and 0.2% [vol/vol]
bromophenol blue) was added, and samples were separated on a 10% native
Long Ranger polyacrylamide gel (FMC Bioproducts, Rockland, ME) in 0.5�
TBE buffer at 80 V at 4°C for 2 to 4 h. After electrophoresis, the labeled DNAs
were electroblotted onto Hybond-N� membranes and detected using a CSPD
detection system (Roche) with a LumiVision PRO image analyzer (Aisin Seiki
Co., Ltd, Kariya, Japan). The intensity of single bands was measured using the
LumiVision Analyzer software program (Aisin Seiki Co., Ltd). To determine the
apparent dissociation constants (Kd), EMSAs were performed using 8 concen-
trations of purified LigR (range, 0 to 500 nM) and the KRTN12 or JTN12 probe
in triplicate. The Kd values were estimated as the concentration of the LigR
dimer at which 50% of the free probe was shifted (18).

DNase I footprinting assays. DNA fragments used for DNase I footprinting
were generated by PCR. 5�-DIG-labeled and unlabeled primers FPKRR and
FPKRF were used to amplify the 238-bp DIG-labeled fragments containing the
ligK promoter region, and the primers FPJF and FPJR were used to amplify the
251-bp DIG-labeled fragments containing the ligJ promoter region (see Table S1
in the supplemental material). The binding reactions were carried out at 20°C in
a final volume of 100 �l containing 0.5 pmol of DIG-labeled probe, 100 �M
DTT, 2 �g of salmon sperm DNA, 5 �g of bovine serum albumin (BSA), and the
LigR dimer (100 nM) in binding buffer (20 mM Tris-HCl, 100 mM NaCl, 5 mM
CaCl2, 3 mM MgCl2, 100 �M EDTA, pH 7.9) for 20 min. After the reaction,
samples were preincubated at 25°C for 5 min, and partial digestion of the DNA
was initiated by the addition of 50 mU of DNase I (Takara Bio Inc.). The
incubation was continued for 1 min, and reactions were stopped by the addition
of 25 �l of stop solution (1.5 M sodium acetate, 20 mM EDTA, 100 �g/ml yeast
tRNA). The DNA was subsequently purified by phenol-chloroform extraction,
ethanol precipitated, resuspended in 4.5 �l of loading buffer (8 M urea, 50 mM
Tris-borate, 1 mM EDTA, 0.025% [vol/vol] bromophenol blue, 0.025% [vol/vol]
xylene cyanol, pH 8.3), and separated by gel electrophoresis on a 6% polyacryl-
amide-8 M urea sequencing gel with a G/A sequencing ladder. After electro-
phoresis, the labeled DNAs were contact blotted onto Hybond-N� membranes
for 60 min and detected as described above.

Circular permutation analysis. PCR-generated 200-bp fragments containing
Box-K or Box-J at different positions relative to the ends of the fragments were
labeled at the 3� end with DIG-11-ddUTP using a DIG gel shift kit (2nd gener-
ation) (Roche). After three independent EMSAs performed with these frag-
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ments, the mobilities of the LigR-DNA complexes were determined by measur-
ing the distance traveled from the well during electrophoresis. The relative
mobilities were plotted and fitted to a second-order polynomial curve. The
bending angles (	) were calculated using the formula �m/�e 
 cos(	/2), where
�m is the mobility of the LigR-DNA complexes with a bend at the center of the
fragment and �e is the mobility of the LigR-DNA complexes with a bend at the
end of the fragment (47). The bending center was calculated as a coordinate
corresponding to the minimal relative mobility in the fitted curve.

RESULTS

Transcriptional regulation of PCA45 pathway genes. In a
previous study, we estimated that the PCA45 pathway genes in

SYK-6 consist of four transcriptional units, which are the ligK-
orf1-ligI-lsdA operon, the ligJAB operon, and monocistronic
ligC and ligR (12). We reevaluated the operon structure of the
PCA45 pathway genes by reverse transcription (RT)-PCR
analysis using total RNA isolated from SYK-6 cells grown in
the presence of PCA. The amplification products were ob-
served from all the regions tested except the region between
ligR and orf2 (Fig. 1C). No amplification was detected with-
out RT. These results suggest that ligC is transcribed as part
of the orf2-ligJABC operon and the PCA45 pathway genes
consist of three transcriptional units, including the ligK-orf1-

FIG. 1. Catabolic pathway for vanillate and syringate and gene organization of the PCA45 pathway genes in Sphingobium sp. strain SYK-6.
(A) Catabolism of vanillate and syringate. Enzymes: LigM, vanillate/3MGA O-demethylase; LigA and LigB, small and large subunits of PCA
4,5-dioxygenase; LigC, CHMS dehydrogenase; LigI, PDC hydrolase; LigJ, OMA hydratase; LigK, CHA aldolase/oxaloacetate decarboxylase;
DesA, syringate O-demethylase; DesZ, 3MGA 3,4-dioxygenase; DesB, GA dioxygenase. Abbreviations: PCA, protocatechuate; CHMS, 4-carboxy-
2-hydroxymuconate-6-semialdehyde; 3MGA, 3-O-methylgallate; GA, gallate; PDC, 2-pyrone-4,6-dicarboxylate; OMA, 4-oxalomesaconate; CHA,
4-carboxy-4-hydroxy-2-oxoadipate. (B) Organization of the PCA45 pathway genes. Regulatory genes, enzyme genes, and unidentified genes are
indicated by black, gray, and white arrows, respectively. The bars and numbers below the genes indicate the locations of the amplified RT-PCR
products shown in panel C. (C) RT-PCR analysis of the PCA45 pathway genes from SYK-6. Total RNA isolated from SYK-6 cells grown in the
presence of PCA was used as a template. The sizes of molecular weight markers in lane M are indicated on the left. Lane numbers correspond
to the numbers of the amplified regions indicated in panel B. “�” and “�“, with or without reverse transcriptase, respectively.
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ligI-lsdA operon, the orf2-ligJABC operon, and monocis-
tronic ligR.

A quantitative RT-PCR (qRT-PCR) using total RNA iso-
lated from the cells of SYK-6 and the ligR insertion mutant
(DLR) was performed to measure mRNA levels of ligK, ligI,
ligR, ligJ, ligA, ligB, and ligC. Transcription of all the genes
except for ligR was induced 3- to 20-fold in the presence of
PCA in SYK-6; however, these inductions were not seen in the
ligR mutant strain DLR (Fig. 2). On the other hand, ligR was
transcribed at a very low and constant level (1 � 10�2- to 1 �
10�3-fold the basal transcript amount of each enzyme gene),
but DLR exhibited a higher transcriptional level of ligR than
the wild type. These results demonstrate that LigR activates
the transcription of the ligK and ligJ operons in the presence of
PCA while the transcription of ligR is repressed by its own
product. The mRNA levels of the PCA45 pathway genes in
DLR cells under the induced condition were almost the same
as those in noninduced SYK-6 cells, suggesting that LigR is
required for the transcriptional activation of the ligK and ligJ
operons in the presence of PCA.

To determine whether PCA itself acts as an inducer, a qRT-
PCR analysis was performed using total RNA from the ligB
mutant (AKB), which lacks the ability to transform PCA (38).
The mRNA levels of ligK and ligJ in AKB were increased 8-
and 17-fold, respectively, in the presence of PCA (Fig. 2).
These results suggest that PCA itself is an inducer of the ligK
and ligJ operons.

In SYK-6, syringate catabolism conjoins with the PCA45 path-
way at 2-pyrone 4,6-dicarboxylate (PDC) or 4-oxalomesaconate
(Fig. 1A); therefore, expression of the ligK and ligJ operons is
essential for syringate catabolism. However, PCA does not ap-
pear in the syringate catabolic pathway. Based on these facts, an
alternative compound seemed to act as an inducer of the ligK and

ligJ operons in syringate catabolism. SYK-6 degrades syringate to
3MGA (30), which is further degraded via gallate (GA) (1, 15,
30). Due to the structural similarity of GA to PCA (Fig. 1A), the
ability of GA to induce the ligK and ligJ operons was examined
(Fig. 2). The mRNA levels of the PCA45 pathway genes in SYK-6
were increased 3- to 22-fold in the presence of GA. To examine
whether or not GA itself acts as an inducer, the desB ligB double
mutant (RBB), which lacks GA transformation activity (15), was
subjected to a qRT-PCR analysis. RBB grown in the presence of
GA exhibited the transcriptional induction of ligK and ligJ, de-
monstrating that GA is also an inducer of the ligK and ligJ
operons.

Determination of the ligK and ligJ promoters. In order to
determine the promoter regions of the ligK and ligJ operons
and ligR, we constructed the lacZ reporter plasmids pZK,
pZJTN12, and pZR, which carry a 204-bp region upstream of
the start codon of ligK, a 160-bp region upstream of the start
codon of orf2, and a 212-bp region upstream of the start codon
of ligR, respectively. The expression of the ligK, ligJ, and ligR
promoters in SYK-6 cells harboring the reporter plasmids was
determined by means of �-galactosidase activity assays (Table
2). The ligK and ligJ promoter activities were increased 3.6- and
2.8-fold, respectively, in the presence of PCA. These results
suggested that pZK and pZJTN12 contain the regions suffi-
cient for the induction of the respective promoters in response
to PCA. On the other hand, the ligR promoter activities were
similar in the presence or absence of PCA, but the values were
significantly higher than those of the ligK and ligJ promoters.

The transcription start sites of the ligK and ligJ operons were
determined by primer extension analyses using fluorescently
labeled oligonucleotides (see Table S1 in the supplemental
material) and total RNA isolated from SYK-6 cells. Due to the
fact that no significant extension product was obtained, we

FIG. 2. qRT-PCR analysis of the expression of the PCA45 pathway genes. Total RNA was isolated from SYK-6 and its derivatives (�ligR, DLR;
�ligB, AKB; and �ligB �desB, RBB) grown in the presence or absence of PCA or GA. Expression of the PCA45 pathway genes was measured using
a qRT-PCR. Values for each mRNA level were normalized to 16S rRNA and shown as a fold increase over that for uninduced SYK-6 cells (level
of 1.0). The data are mean values � standard deviations for three independent experiments.
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isolated total RNA from SYK-6 cells harboring pVA01, which
carries the PCA45 pathway gene cluster, to increase transcrip-
tion of the ligK and ligJ operons. When the primer PEligK43
was used, a 136-nucleotide (nt) fragment corresponding to a
transcript initiating at position �93 from the ligK start codon
was observed (Fig. 3A). Because it was suggested that the
transcription start site of the ligJ operon was located upstream
of orf2 by utilization of RT-PCR and promoter analyses, we
used a primer, PEligJ173, which annealed to positions �153 to
�173 relative to the start codon of orf2. A 167-nt fragment
corresponding to a transcript initiating at position �6 from the
orf2 start codon was observed (Fig. 3B). These transcription
start sites were confirmed by using different primers, PEligK70
and PEligJ108 (data not shown). The results obtained by

primer extension analysis indicated that the region containing
the orf2 translation start site is not transcribed from the ligJ
promoter. Due to the lack of other potential start codons, orf2
appeared not to be translated. The amount of extension prod-
ucts clearly increased in the PCA-induced cells, corresponding
to the results of the qRT-PCR analysis. Putative �35 and �10
sequences of the ligK and ligJ promoters were found upstream
of the transcription start sites (Fig. 3C). The LTTR consensus
binding sequences (45) of the ligK promoter (Box-K) and ligJ
promoter (Box-J) are centered at positions �65 and �69 rel-
ative to the transcription start site of each operon, respectively.
The locations of these motifs are consistent with those re-
ported for other LTTR-activated promoters (20, 45, 49). Fur-
thermore, Box-K is located immediately upstream of ligR (cen-
tered at position �18 relative to the start codon), suggesting
that the binding of LigR to the motif results in autorepression.
Alignment of the sequences upstream of the transcription start
sites of the ligK and ligJ operons with the corresponding re-
gions of the putative PCA45 pathway gene clusters in Sphin-
gomonas sp. strain LB126 and Novosphingobium aromati-
civorans DSM 12444 indicates that the �35, �10, and LTTR
consensus binding sequences are well conserved among all
these strains. We tried to determine the transcription start site
of ligR; however, no significant extension product was ob-
tained.

Purification of native LigR. The ligR gene was cloned into
the expression vector pET21a(�) to construct pET21R and

TABLE 2. Expression of the ligK, ligJ, and ligR promoters in SYK-6

Promoter Plasmid

�-Galactosidase activity
(mU/mg of protein)

SEMa SEM � PCA

Vector control pPR9TZ 0.2 � 0.0 0.2 � 0.0
ligK pZK 1.2 � 0.3 4.3 � 0.2

pZKSD 1.1 � 0.1 1.1 � 0.1
ligJ pZJTN12 1.6 � 0.2 4.5 � 0.3

pZJTN12SD 1.9 � 0.3 1.8 � 0.2
ligR pZR 78 � 4 85 � 3

a See Materials and Methods.

FIG. 3. Determination of the transcription start sites of the ligK and ligJ operons. (A and B) Primer extension analyses of the ligK operon
transcript using PEligK43 (A) or the ligJ operon transcript using PEligJ173 (B). Fluorescent primer extensions were performed with the D4-labeled
primer, and total RNA was isolated from SYK-6 harboring pVA01, which carries ligK-orf1-ligI-lsdA, ligJABC, and ligR, grown in the presence (left)
or absence (right) of PCA. Primer extension products were combined with DNA size standards and analyzed with the CEQ 2000XL fragment
analysis system. (C) Alignment of sequences upstream from the transcription start sites of the ligK and ligJ operons. Vertical lines indicate
conserved residues. Transcription start sites are indicated (�1). Putative �35 and �10 regions are underlined. Putative LigR binding sequences
are boxed. The start codons of ligK, ligJ, and ligR are shown by arrows. The stop codon of ligR is indicated with a double underline. The residues
indicated by dots were substituted nucleotides.
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expressed in E. coli BL21(DE3) under the control of the T7
promoter. Production of a 39-kDa protein was confirmed by
SDS-PAGE (Fig. 4A). The molecular mass of this product was
close to that predicted from the amino acid sequence of LigR
(41,907 Da). Recombinant LigR was purified in two steps:
ammonium sulfate precipitation and cation exchange chroma-
tography. To determine the molecular mass of LigR, we car-
ried out a static light-scattering experiment. LigR was eluted as
a single peak with a molecular mass of 83 � 0.3 kDa (Fig. 4B),
indicating that LigR is a dimer in solution. This feature is

similar to those reported for other LTTRs (45, 49). A static
light-scattering analysis was also performed in the presence of
PCA (see Fig. S1 in the supplemental material), but the
oligomeric state of LigR was not affected.

Binding of LigR to the ligK and ligJ promoters. LigR was
employed in electrophoretic mobility shift assays (EMSAs)
with DNA fragments containing the promoter region of ligK
(KRTN12; positions �120 to �13 relative to the transcription
start site of the ligK operon) and ligJ (JTN12; positions �166 to
�3 relative to the transcriptional start site of the ligJ operon)
(Fig. 5 and 6). Both fragments contained a putative LigR
binding site, Box-K or Box-J. Binding of LigR gave two shifted
complexes (complexes I and II) for both the promoters in the
absence of effectors. No further shifted complex was detected
even when the concentration of LigR was increased (data not
shown). The apparent dissociation constants (Kd) for LigR
were estimated to be 3.7 � 10�8 M for the ligK promoter and
7.9 � 10�8 M for the ligJ promoter. These values are similar to
those reported for other LTTRs (40, 46).

EMSAs were also performed in the presence of PCA or GA.
Interestingly, an additional retarded band (complex III) ap-
peared for both promoters (Fig. 5 and 6). We tested the effect
of vanillate, syringate, 4-carboxy-2-hydroxymuconate-6-semial-
dehyde, PDC, and 3MGA (Fig. 1) on LigR binding, but the
binding patterns of LigR for the ligK and ligJ promoters were
not changed (data not shown). These results demonstrated
that LigR directly and specifically recognizes PCA and GA.
Furthermore, it is also suggested that interaction of LigR with
PCA or GA altered the mode of protein-DNA interaction.

FIG. 4. Native molecular mass of LigR. (A) Purification of LigR.
Lanes: 1, molecular mass markers; 2, crude extract of E. coli
BL21(DE3) harboring pET21R; 3, 20 to 40% ammonium sulfate frac-
tion; 4, SP-5PW fraction. (B) Determination of the molecular mass of
LigR by the static light-scattering method. LS and RI represent the
intensity of static light scattering and the refractive index, respectively.
Molecular masses of standard proteins are as follows: a, RNase A (14
kDa); b, ovalbumin (43 kDa); c, bovine serum albumin (66 kDa); d,
dimer of ovalbumin (86 kDa); e, dimer of bovine serum albumin (132
kDa).

FIG. 5. EMSA of the binding of LigR to the ligK promoter region. (A) DNA fragments used for the EMSA. Binding (��, ���; thicker bars)
and nonbinding (�; thinner bars) of the respective fragments are indicated. “��” or “���” represents the observation of two or three
LigR-DNA complexes, respectively. The circled M in fragments KRTN12SD and KRTN129SD indicates that the T-N11-A motifs were changed
by mutation. (B) EMSA with purified LigR and DIG-labeled fragments containing the ligK promoter region. The presence (�) or absence (�)
of purified LigR (100 nM), PCA, and GA in the reaction mixtures is indicated. Inducers were added at a concentration of 1 mM in each reaction.
The positions of complex I (CP I), complex II (CP II), complex III (CP III), and free probe (F) are indicated.
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The localization of the LigR binding sites within the ligK and
ligJ promoter regions was determined by DNase I footprinting
on both strands of the 238-bp fragment (positions �182 to �42
relative to the transcription start site of the ligK operon) and
the 251-bp fragment (positions �177 to �74 relative to the
transcription start site of the ligJ operon). In the case of the
ligK promoter, LigR strongly protected a region on the coding
strand between �77 and �51 and also a region between �80
and �56 on the noncoding strand (Fig. 7A). A similar footprint
pattern showing protections of a region between �80 and �48
on the coding strand and a region between �83 and �52 on
the noncoding strand was observed with the ligJ promoter
fragment (Fig. 7B). The protected regions in both strands of
the ligK and ligJ promoter fragments overlapped Box-K and
Box-J, respectively, suggesting that LigR binds to these motifs.
LigR generated several DNase I-hypersensitive sites in the ligK
and ligJ promoters, which suggests that binding of LigR in-
duces DNA bending. Weaker protections were observed just
upstream and both upstream and downstream from the
strongly protected area in the ligK and ligJ promoters, respec-
tively. In the presence of PCA or GA, the 3� end of the
protected region of the ligK promoter was significantly ex-
tended from �51 to �36. Unlike the ligK promoter, the 3� end
of the protected region of the ligJ promoter was shortened
from �47 to �55.

Involvement of Box-K and Box-J in LigR binding and pro-
moter activities. In order to confirm the role of Box-K and
Box-J in binding of LigR to the ligK and ligJ promoter regions,
we performed EMSA using deletion probes (Fig. 5 and 6).
When the 29-bp fragments (KRTN129 and JTN129) which

contain Box-K and Box-J, respectively, were used as probes,
two shifted complexes were observed. However, these com-
plexes were no longer observed in the EMSA using fragments
which lack Box-K (KRTN2 and KRTN0) or Box-J (JTN2 and
JTN0) (data not shown). Furthermore, mutant probes bearing
three substitutions at Box-K (KRTN12SD and KRTN129SD)
or Box-J (JTN12SD and JTN129SD) gave no shifted complex.
These results demonstrated that Box-K and Box-J are essential
for binding of LigR to the ligK and ligJ promoters, respectively.

The reporter plasmids pZKSD and pZJTN12SD, harboring
mutations at the same positions as the mutant probes used in
the EMSA, were constructed to examine the effect of the
mutations on the promoter activities. LigR-mediated activa-
tion in response to PCA was abolished in the cells harboring
these mutated promoters (Table 2), suggesting that the binding
of LigR to Box-K and Box-J is critical for activation of the ligK
and ligJ promoters.

Bending of the ligK and ligJ promoter regions. A large num-
ber of LTTRs have been shown to bend DNA, and sometimes
inducers change the bending angle (20, 32, 45, 49). The ability
of LigR to bend DNA at its binding sites was examined by
circular permutation assays. As shown in Fig. 8A, the DNA
fragments used in the assays were prepared using PCR ampli-
fication in such a way that the position of Box-K and Box-J in
the probe could be changed while maintaining the same overall
length of the fragment. If binding of the protein induces a bend
in the DNA, a complex formed on a probe with the binding site
near the end of the probe will migrate faster than that in the
center of the probe. The mobility of complexes I and II was
minimal when the LigR-binding sites (Box-K and Box-J) were

FIG. 6. EMSA of the binding of LigR to the ligJ promoter region. (A) DNA fragments used for the EMSA. Binding (��, ���; thicker bars)
and nonbinding (�; thinner bars) of the respective fragments are indicated. “��” and “���” represent the observation of two or three
LigR-DNA complexes, respectively. The circled M in fragments JTN12SD and JTN129SD indicates that the T-N11-A motifs were changed by
mutation. (B) EMSA with purified LigR and DIG-labeled fragments containing the ligJ promoter region. The presence (�) or absence (�) of
purified LigR (100 nM), PCA, and GA in the reaction mixtures is indicated. Inducers were added at a concentration of 1 mM in each reaction.
The positions of complex I (CP I), complex II (CP II), complex III (CP III), and free probe (F) are indicated.
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centrally located and maximal when the site was closest to the
end of the fragment (Fig. 8B). The estimated bending angles
for complexes I and II were 41° and 51° on the ligK promoter
fragment and 31° and 46° on the ligJ promoter fragment, re-
spectively. The possible locations of the bend centers were
estimated to be in the middle of Box-K and the 5�-proximal
part of Box-J. To examine the effect of the inducers on DNA
bending by LigR, circular permutation assays were also per-
formed in the presence of PCA (Fig. 8C). The DNA bending
angles in complexes I and II were not affected by the presence
of PCA. On the other hand, the bending angles in complex III
(68° and 61° on the ligK and ligJ promoter fragments, respec-
tively) were significantly larger than those in complex II, al-
though the bending center was not changed. Almost the same
bending angles were estimated when GA was added to the
assay mixture (data not shown).

DNA regions required for formation of complex III. Com-
plex III was not observed in the EMSA when the short frag-
ments KRTN129 (positions �51 to �79 relative to the tran-
scription start site of the ligK operon) and JTN129 (positions
�55 to �83 relative to the transcription start site of the ligJ
operon) were used as probes (Fig. 5 and 6). To determine the
regions required for the formation of complex III, we per-
formed an EMSA using KC3-1 (positions �35 to �79) and
KC3-2 (positions �51 to �96) as the Box-K probes (Fig. 5) and
JC3-1 (positions �40 to �83) and JC3-2 (positions �55 to
�166) as the Box-J probes (Fig. 6). In the presence of PCA or
GA, complex III was observed only with the KC3-1 and JC3-1
probes. These results strongly suggest that the regions between
the LigR binding boxes and the �35 regions of the respective
promoters are essential for the formation of complex III.

DISCUSSION

qRT-PCR analyses demonstrated that LigR activates the
transcription of the ligK and ligJ operons in the presence of
PCA or GA and represses its own transcription. In SYK-6,
vanillate and syringate, which are the intermediate metabolites
of guaiacyl and syringyl lignins, are converted to PCA and
3MGA, respectively (Fig. 1). PCA is further degraded via the
PCA45 pathway, while 3MGA is catabolized through multiple
ring cleavage pathways (15); however, these pathways eventu-
ally conjoin with the PCA45 pathway. GA is only generated by
O demethylation of 3MGA catalyzed by LigM in the multiple
3MGA degradation pathways, indicating that the degradation
pathway for 3MGA via GA is crucial for the catabolism of
syringyl lignin.

EMSAs showed that binding of LigR produces two shifted
complexes (complexes I and II). Since LigR is a dimer in
solution and most LTTRs bind to the promoter DNA as a
dimer or a tetramer (32, 34, 35, 49, 50), it appears that com-
plexes I and II resulted from the binding of LigR as a dimer
and a dimer of dimers, respectively. The LTTR consensus
binding sequences (45), Box-K and Box-J, are centered at
positions �65 and �69 relative to the transcriptional start sites
of the ligK and ligJ operons, respectively. These motifs do not
contain apparent inverted repeats but are similar in locations
to those of other LTTRs (49). Substitution mutant analyses
demonstrated that Box-K and Box-J are essential for the bind-
ing of LigR and activation of the ligK and ligJ promoters. These
results suggest that Box-K and Box-J function as RBS of the
ligK and ligJ promoters. Because complex III was observed only
in the presence of effector, this complex seems to be the tran-

FIG. 7. DNase I footprinting of LigR binding to the ligK and ligJ promoter regions. The 238-bp fragment or the 251-bp fragment containing
the ligK (A) or ligJ (B) promoter region, respectively, was labeled with DIG on the coding (left) or noncoding (right) strands. The presence (�)
or absence (�) of purified LigR (100 nM), PCA, and GA in the reaction mixture is indicated. Inducers were added at a concentration of 1 mM
in each reaction. Thicker bars indicate strong protection by LigR, and thinner bars show weakly protected regions. The DNase I-hypersensitive
sites are shown with arrowheads. The colors of bars and arrowheads indicate the reactions performed in the absence (black) or presence (gray)
of PCA or GA, respectively.
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scriptionally active form. Complex III was observed in the
EMSA with the KRTN12, KC3-1, JTN12, and JC3-1 probes;
however, it was not detected with the KRTN129, KC3-2,
JTN129, and JC3-2 probes (Fig. 5 and 6). Therefore, the re-
gions between the LigR binding boxes and the �35 regions of
the respective promoters appear to contain the activation bind-
ing sites (ABS). DNase I footprinting and circular permutation
assays demonstrated that LigR protected the region encom-
passing the RBS and induced DNA bending on the ligK and ligJ
promoters. Interaction of LigR with effector extended the pro-
tected region to a position proximal to �35 and enhanced
DNA bending on the ligK promoter. On the other hand, the
shortening of the protected region was observed for the ligJ
promoter, while the bending angle was increased. The alter-
ations of hypersensitivity patterns observed in the presence of
the effector also differed between these promoters. These re-
sults may suggest that binding of effectors results in different
conformational changes in the LigR-DNA complex on the ligK
and ligJ promoters. However, the region required for the for-
mation of complex III was not protected in the footprint of the
ligJ promoter in the presence of effector. Further analysis will

be necessary to clarify the manner of binding of LigR with the
�35 region of the ligJ promoter.

The behavior of LigR toward both the ligK and ligJ promot-
ers is distinct from the model of well-characterized LTTRs,
such as AtzR, CbnR, OccR, and OxyR, known as the sliding
dimer model. The LTTRs cause the effector-dependent short-
ening of the protected region from positions �80 to �20 to
positions �80 to �30 and a relaxation of the DNA bending,
which are all thought to be important in the release of the
recognition site of RNA polymerase and the conformational
change of regulator-DNA complex suitable for transcriptional
activation (6, 40, 48, 51–54). TrpI is one exception to this
pattern (10). In the absence of an effector molecule, indole-
glycerol phosphate (InGP), TrpI protected a region between
�77 and �52 of the trpBA promoter. When InGP was present,
TrpI enhanced DNA bending with extended protection to �32
(5, 39). It was speculated that the extension of the binding
region proximal to �35 allowed the interaction of TrpI with
RNA polymerase (10). In the case of the ligK promoter, the
PCA- and GA-dependent structural alteration of the LigR-
DNA complex seems to cause the same effect as TrpI on
transcriptional activation. Even though the behavior of LigR
(binding to the ligK promoter) and TrpI with respect to DNA
protection and DNA bending are different from those of
LTTRs mentioned above, the eventual binding of a regulator
to the �35 region in response to an inducer appears to be
important for transcriptional activation by LTTRs.

The apparent Kds for LigR were determined to be 3.7 �
10�8 M for the ligK promoter and 7.9 � 10�8 M for the ligJ
promoter. Because LigR had an approximately 2-fold-higher
affinity for the ligK promoter than the ligJ promoter, LigR may
bind preferentially to the ligK promoter region in SYK-6 cells.
Considering the fact that the binding of LigR to the ligK pro-
moter region would be directly involved in the autorepression
of ligR, the higher affinity to the ligK promoter region may
represent a mechanism for keeping LigR low in abundance.
This hypothesis is consistent with the low level of ligR tran-
scription demonstrated by the qRT-PCR analysis. On the other
hand, the promoter activity of ligR was significantly higher than
those of the ligK and ligJ promoters despite a ligR promoter
fragment containing Box-K (Table 2). High-level ligR pro-
moter activity was also seen in SYK-6 cells harboring a ligR
expression plasmid (data not shown). These observations sug-
gest that the binding of LigR to Box-K is not sufficient for
maximal autorepression. It might be supposed that cooperative
binding of LigR to Box-K and Box-J facilitates the repression
of ligR transcription through protein-protein interaction. Fur-
thermore, Box-J overlaps with the stop codon of ligR. Binding
of LigR to Box-J may directly influence the transcription of
ligR. These hypotheses need to be addressed in a future study.
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