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We found the occurrence of thermophilic reversible �-resorcylate decarboxylase (�-RDC) in the cell extract
of a bacterium isolated from natural water, Rhizobium sp. strain MTP-10005, and purified the enzyme to
homogeneity. The molecular mass of the enzyme was determined to be about 151 kDa by gel filtration, and that
of the subunit was 37.5 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis; in other words, the
enzyme was a homotetramer. The enzyme was induced specifically by the addition of �-resorcylate to the
medium. The enzyme required no coenzyme and did not act on 2,4-dihydroxybenzoate, 2,5-dihydroxybenzoate,
3,4-dihydroxybenzoate, 3,5-dihydroxybenzoate, 2-hydroxybenzoate, or 3-hydroxybenzoate. It was relatively
thermostable to heat treatment, and its half-life at 50°C was estimated to be 122 min; furthermore, it catalyzed
the reverse carboxylation of resorcinol. The values of kcat/Km (m��1 � s�1) for �-resorcylate and resorcinol at
30°C and pH 7 were 13.4 and 0.098, respectively. The enzyme contains 327 amino acid residues, and sequence
identities were found with those of hypothetical protein AGR C 4595p from Agrobacterium tumefaciens strain
C58 (96% identity), 5-carboxyvanillate decarboxylase from Sphingomonas paucimobilis (32%), and 2-amino-3-
carboxymuconate-6-semialdehyde decarboxylases from Bacillus cereus ATCC 10987 (26%), Rattus norvegicus
(26%), and Homo sapiens (25%). The genes (graA [1,230 bp], graB [888 bp], and graC [1,056 bp]) that are
homologous to those in the resorcinol pathway also exist upstream and downstream of the �-RDC gene.
Judging from these results, the resorcinol pathway also exists in Rhizobium sp. strain MTP-10005, and �-RDC
probably catalyzes a reaction just before the hydroxylase in it does.

Hydroxybenzoate decarboxylases (EC 4.1.1.x) are found in
various microorganisms (1, 10, 12, 34, 36, 43) and catalyze the
conversion of hydroxybenzoates, such as 2,3-dihydroxybenzo-
ate (18, 30, 36), 2,5-dihydroxybenzoate (12), 3,4-dihydroxyben-
zoate (15), 4,5-dihydroxyphthalate (24, 29, 34), and 4-hydroxy-
benzoate (14, 16), to the respective phenol derivatives. Most
hydroxybenzoate decarboxylases catalyze the reaction revers-
ibly (14, 15) and require neither a cofactor nor a carbonyl
group for catalytic activity (15, 36). Interestingly, the enzyme
acting on 2,6-dihydroxybenzoate (�-resorcylate) has never
been reported.

Rhizobium is the typical genus of a tubercle-forming bacte-
rium; it grows in symbiosis with the root of a plant, such as
Astragalus sinicus, Trifolium repens L., or Medicago polymorpha
Linn to fix nitrogen in the air (3). Therefore, much attention
has been paid to the study of the Rhizobium enzymes and genes
related to the regulation of symbiosis (13, 22, 39), but little
information is available about the molecular structure, func-
tion, and detailed properties of the enzymes of the other met-
abolic pathways.

During the course of a screening experiment, we isolated a
microorganism, identified as Rhizobium sp. strain MTP-10005,
that shows a high level of �-resorcylate decarboxylase (�-RDC)
activity. The enzyme also catalyzes the reversible reaction and

is specifically induced by the addition of �-resorcylate; in ad-
dition, it is thermophilic. �-Resorcylate is an important inter-
mediate of medicine (33) and agricultural chemicals, but it is
very difficult to synthesize by traditional chemical methods,
since �- and �-resorcylate are produced as by-products. Fur-
thermore, it is practically impossible to separate the by-prod-
ucts from the product. Using the reverse carboxyl reaction of
�-RDC, it is expected that �-resorcylate can be produced spe-
cifically from resorcinol. To our knowledge, there is no report
on the metabolic pathway for the �-resorcylate catabolism in
bacteria and other living organisms.

We here first describe the purification and characterization
of �-RDC from Rhizobium sp. strain MTP-10005 and its gene
cloning and sequencing, with emphasis on the comparison with
other hydroxybenzoate decarboxylases.

MATERIALS AND METHODS

Materials. DEAE-Toyopearl 650 M and butyl-Toyopearl 650 M were products
of Tosoh, Tokyo, Japan. The plasmid purification kit was purchased from Bio-
Rad Laboratories Inc., and PCR reagents were products of Takara Bio Int.,
Kyoto, Japan. All other chemicals were purchased from Kanto Kagaku Co.
(Tokyo, Japan), Kishida Chemical Co. (Osaka, Japan), Sigma Chemical Co.,
Tokyo Kasei Kogyo Co. (Tokyo, Japan), and Wako Chemical Co. (Osaka, Japan)
unless otherwise stated.

Screening and culture conditions. �-Resorcylate (GR) medium was used for
the isolation of the �-RDC-producing bacterium. It contained �-resorcylate (3.0
g), urea (0.5 g), KH2PO4 (0.5 g), K2HPO4 (0.5 g), MgSO4 � 7H2O (0.2 g),
CaCl2 � 2H2O (0.1 g), NaFe-EDTA � 3H2O (42 mg), MnSO4 � 5H2O (25 mg),
ZnSO4 � 7H2O (10 mg), H3BO3 (10 mg), NiCl2 � 6H2O (25 �g),
Na2MoO4 � 2H2O (250 �g), CuSO4 � 5H2O (25 �g), CoCl2 � 6H2O (25 �g), nic-
otinic acid (5.0 mg), glycine (2.0 mg), pyridoxine hydrochloride (500 �g), thia-
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mine hydrochloride (500 �g), folic acid (500 �g), D-biotin (50 �g), calcium
pantothenate (500 �g), and vitamin B12 (500 �g) per 1 liter of deionized water.
The pH was adjusted to 7.5. The medium was solidified by the addition of agar
(1.5% [wt/vol]) when necessary. A small amount of soil suspended in 0.75% NaCl
solution (100 �l) or natural water (1 ml) was added to the GR medium (5 ml)
and incubated at 30°C with shaking (150 rpm). After the turbidity increased, 200
�l of the culture was inoculated into new GR medium (5 ml). This operation was
repeated several times. Subsequently, the culture was spread on a GR agar plate
to isolate a single colony. The �-RDC-producing bacterium, strain MTP-10005,
was selected from about 100 colonies and used throughout the course of this
study.

Characterization and identification of the strain. The morphological charac-
teristics, taxonomic characteristics, and 16S rDNA sequence were determined by
NCIMB Japan Co., Ltd. (Shizuoka, Japan). The phylogenetic analysis of the 16S
rDNA sequence was carried out with the ClustalW program (http://www.ddbj
.nig.ac.jp/search/clustalw-j.html).

Enzyme assays. The �-RDC and other hydroxybenzoate decarboxylase activ-
ities were assayed with a high-performance liquid chromatographer (HPLC)
(LC-10A system; Shimadzu, Kyoto, Japan) with an Inertsil ODS-2 column (0.46
by 25 cm; GL Sciences, Inc., Tokyo, Japan) and detected at 280 nm. The mobile
phase was 15% acetonitrile in water containing 0.1% trifluoroacetic acid (vol/
vol), with a flow rate of 0.6 ml/min. For decarboxylation, a reaction mixture (final
volume, 1 ml) containing 0.9 mM �-resorcylate or other hydroxybenzoates, 0.1 M
potassium phosphate buffer (pH 7.0), and enzyme (100 �l) was used. For car-
boxylation, a reaction mixture (final volume, 1 ml) containing 0.12 M resorcinol
or other hydroxyphenols, 0.5 M NaHCO3, 0.1 M potassium phosphate buffer (pH
7.0), and enzyme (100 �l) was used. The reaction was started by the addition of
enzyme and was incubated at 30°C with shaking (70 rpm). After 5 min, 0.2 ml of
5 N hydrochloric acid was added to stop the reaction. The mixture (10 �l) was
then subjected to HPLC. To find fractions containing the enzyme activity during
purification, the reaction mixture (3 �l) of carboxylation (total volume, 500 �l;
reaction time, 30 min) was mixed with 50 mM FeCl3 (100 �l) and deionized water
(597 �l), and the absorption derived from the formation of the Fe-resorcinol
complex was measured spectrophotometrically at 576 nm. One unit of the en-
zyme was defined as the amount of enzyme that produces 1 �mol of either
resorcinol or hydroxyphenols for decarboxylation or �-resorcylate or hydroxy-
benzoates for carboxylation per min.

Enzyme purification. All procedures were done at 4°C under aerobic condi-
tions, and column chromatographies were performed at a flow rate of 0.8 ml/min.

The cells were grown in GR medium supplemented with yeast extract (3.0 g)
(GRY medium). A single colony was inoculated into a test tube (1.8 by 18 cm)
containing GR medium (5 ml) and was cultivated on a reciprocal shaker (150
rpm) at 30°C. After 48 h, the culture was transferred into 2-liter Sakaguchi flasks
containing GRY medium (1 liter) and cultivated at 30°C for 26 h (stationary
phase). The cells were harvested by centrifugation (15,100 � g, 20 min) and
washed twice with a 10 mM potassium phosphate buffer (pH 7.0) containing
0.75% NaCl. The washed cells were suspended in a 10 mM potassium phosphate
buffer (pH 7.0) containing 0.02% 2-mercaptoethanol (Buffer A) and disrupted by
ultrasonication (model UD-201; Tomy, Tokyo, Japan) at about 4°C for 3 min.
The output was adjusted to 6, and the disruption was repeated eight times. The
cell debris was removed by ultracentrifugation (183,400 � g, 90 min), and the
supernatant was dialyzed against 5 liters of Buffer A and used as a crude enzyme.
The crude enzyme was put on a column of DEAE-Toyopearl 650 M (2.5 by 18
cm) equilibrated with Buffer A. After the column was washed with Buffer A
containing 80 mM NaCl (500 ml), absorbed proteins were eluted with a 500-ml
linear gradient of 80 to 300 mM NaCl in Buffer A. Fractions containing �-RDC
activity were combined and dialyzed against Buffer A containing 1.0 M
(NH4)2SO4 (Buffer B). This mixture was loaded onto a column (2.5 by 10 cm) of
butyl-Toyopearl equilibrated with Buffer B. The column was washed with Buffer
B (300 ml), and absorbed proteins were eluted with a 300-ml linear gradient of
1 to 0.3 M (NH4)2SO4. Fractions containing �-RDC were combined and dialyzed
against a 10 mM potassium phosphate buffer (pH 7.0) and then concentrated by
ultrafiltration (Advantec ultrafilter; PO200 membrane). The enzyme solution
was stored at �84°C until use.

Effect of carbon source on production of �-RDC. Strain MTP-10005 was
cultivated in GR agar plates or modified GR agar plates that contained various
other dihydroxybenzoates instead of �-resorcylate as sole carbon sources at 30°C
for 72 h. The colony formed was cultivated in the same liquid medium according
to the procedure of enzyme purification, and the corresponding enzyme activity
was measured with a crude extract.

Kinetics analysis. All procedures were done at 30°C and pH 7. For decarbox-
ylation, the maximum velocity (Vmax) and the Michaelis constant (Km) were
determined by Lineweaver-Burk double reciprocal plots. For carboxylation, the

initial-velocity experiment was carried out by using various concentrations of one
substrate at different fixed concentrations of the other substrate. The kinetic
parameters were determined from the secondary plots of intercepts versus the
reciprocal concentrations of the substrate.

N-terminal and internal amino acid sequences. The internal amino acid se-
quences were analyzed after the purified enzyme was digested with lysylendopep-
tidase (Lys-C). A reaction mixture (total volume, 202 �l) containing 18 �l of 1 M
Tris-HCl (pH 9.0), 40 �l of 8 M urea, 144 �g of purified enzyme, and 4 �l of
Lys-C was incubated at 37°C for 18 h. The clear solution obtained was dried by
centrifugal evaporation. The Lys-C-digested peptides (1.0 nmol) were separated
with a Wakosil 5C18-AR (4.6 by 250 mm; Wako Chemical Co., Kyoto, Japan) in
a Shimadzu LC-10A HPLC system. A 120-min linear gradient from 0 to 60%
(vol/vol) acetonitrile in 0.1% (vol/vol) trifluoroacetic acid was used to elute
peptides at a flow rate of 0.7 ml/min. Peptides were monitored at 215 nm. The
separated peptides (50 pmol) were transferred to a polyvinylidene fluoride mem-
brane (Sequi-Blot membrane for protein sequencing [0.2 mm]; Bio-Rad). To
determine the N-terminal amino acid sequence, 50 pmol of purified enzyme was
transferred to the same membrane. The N-terminal and internal amino acid
sequences were determined by Edman degradation with an automated sequencer
(PPSQ-21; Shimadzu).

Sequence analysis of the gene encoding �-RDC and putative resorcinol-me-
tabolizing enzymes upstream and downstream of the �-RDC gene. On the basis
of the N-terminal and internal amino acid sequences of the enzyme, two
oligonucleotides, RDCN [5�-ATG CAR GGN AAR GTN GC-3�] and
RDCK2 [5�-CKN GCD ATY TCD ATN GC-3�], were synthesized, and the
�-RDC gene was amplified from Rhizobium sp. strain MTP-10005 genomic
DNA (506 ng) with the oligonucleotides (20 pmol) by PCR. PCR amplifica-
tion was carried out with Ex Taq polymerase (Takara) in a Gene Amp PCR
system 9700 (PE Applied Biosystems, Piscataway, N.J.). The resulting 0.25-
kbp DNA fragment was extracted with an Ultra Clean15 DNA purification kit
from gels and solutions (MO BIO Laboratories, Inc., West Carlsbad, Calif.)
and ligated into a pT7 Blue T-Vector (EMD Biosciences, Inc., San Diego,
Calif.) with the DNA ligation kit version 2 (Takara). The plasmid obtained
was transformed into Escherichia coli (Novablue; EMD Biosciences, Inc.).
White ampicillin-resistant clone cells were picked and grown in 5 ml of
Luria-Bertani medium containing ampicillin (100 �g/ml). The plasmid was
purified and used as the template for sequencing. Based on the partial 0.25-kb
DNA sequence determined, four primers, RDCGWN1 [5�-GCA TTC AGC
GAC AGG ATC ATG GT-3�], RDCGWN2 [5�-CCA TCA GCT TCA GGC
GCG TAT C-3�], RDCGWC1 [5�-CTC GAA GAG CAT TTC GCA ATC
CC-3�], and RDCGWC2 [5�-GTG CCC GGT GAT TAC TGG AAG GAA
CT-3�], were designed, and genome-walking PCR was performed with the LA
PCR in vitro cloning kit (Takara). Chromosomal DNA extracted from Rhi-
zobium sp. strain MTP-10005 cells was digested with EcoRI or SalI and
ligated to an EcoRI or SalI cassette, respectively. The DNA fragments ob-
tained were used as the template for amplification by PCR. PCR and nested
PCR were carried out successively with RDCGWN1 and C1 (primer for
PCR), RDCGWC1 and C1, RDCGWN2 and C2 (primer for nested PCR),
and RDCGWC2 and C2. The PCR fragments obtained were sequenced to
determine the full-length DNA sequence of the �-RDC gene and the putative
resorcinol-metabolizing enzymes upstream and downstream of the �-RDC
gene by use of a DNA sequencer SQ5500E (Hitachi Electronics Engineering
Co.) with the Thermo Sequenase Primer Cycle sequencing kit (Amersham
Biosciences Corp.).

Analytical methods. Polyacrylamide gel electrophoresis (PAGE) and sodium
dodecyl sulfate (SDS)-PAGE were performed by the methods described by
Laemmli (23) and Tulchin et al. (38), respectively. Precision Plus Protein all blue
standards (Bio-Rad) were used as molecular mass markers for SDS-PAGE. The
proteins in gels were stained with Coomassie brilliant blue R-250. Molecular
mass was estimated by gel filtration with a column (1.6 by 60 cm) of Superdex 200
Hiload (Amersham Biosciences Corp.), with ferritin (450 kDa), catalase (240
kDa), aldolase (158 kDa), and bovine serum albumin (67 kDa) as standard
proteins. The column was equilibrated with 10 mM potassium phosphate buffer
(pH 7.0), and the void volume was estimated with blue dextran. Protein concen-
trations were measured by the method described by Bradford (4), with bovine
serum albumin as the standard. Absorption spectra were recorded with a V-550
UV/VIS spectrophotometer (Jasco Corporation, Tokyo, Japan).

Nucleotide sequence accession numbers. The DNA sequence of the gene
encoding Rhizobium sp. strain MTP-10005 �-RDC and the partial 16S rDNA
sequence are available from GenBank under accession no. AB170010 and
AB182998, respectively.
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RESULTS

Microorganism. We isolated strain MTP-10005, which uti-
lized �-resorcylate as a sole carbon source, from a natural
water sample taken from a river near Osaka, Japan. The first
morphological and biochemical studies showed that this organ-
ism is a motile, gram-negative, sporulation-negative, catalase-
positive, and oxidase-positive strain, and the cell form is a rod
0.7 to 0.8 by 1.5 to 2.0 �m in size. The strain formed round pale
yellow colonies on nutrient agar medium and fermented glu-
cose. These results suggested that MTP-10005 belongs to a
Pseudomonas group of bacteria. Additional biochemical tests
showed that strain MTP-10005 utilizes a variety of sugars and
sugar alcohols, shows cytochrome oxidase activity, lacks argi-
nine dihydrolase and gelatin hydrolase activities, and does not
produce indole. These characteristics of strain MTP-10005 are
similar to those of Agrobacterium tumefaciens (Rhizobium ra-
diobacter) except that the utilization of potassium gluconate is
negative. The partial 16S rDNA sequence determined is as
follows: TTGAGAGTTTGATCCTGGCTCGAACGAACG
CTGGCGGCAGGCTTAACACATGCAAGTCGAACGCC
CCGCAAGGGGAGTGGCAGACGGGTGAGTAACGCG
TGGGAATCTACCGTGCCCTGCGGAATAGCTCCGGG
AAACTGGAATTAATACCGCATACGCCCTACGGGGG
AAAGATTTATCGGGGTATGATGAGCCCGCGTTGGA
TTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCG
ACGATCCATAGCTGGTCTGAGAGGATGATCAGCCA
CATTGGGACTGAGACACGGCCCAAACTCCTACGGG
AGGCAGCAGTGGGGAATATTGGACAATGGGCGCAA

GCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGC
CTTAGGGTTGTAAAGCTCTTTCACCGGAGAAGATAA
TGACGGTATCCGGAGAAGAAGCCCCGGCTAACTTC
GTGCCAGCAGCCGCGGTA. The phylogenetic tree of the
16S rDNA gene sequence shows that the strain MTP-10005
locates far from A. tumefaciens and belongs to a new group
alone (Fig. 1). On the basis of these results, strain MTP-10005
was identified as a novel species of Rhizobium bacterium. Rhi-
zobium sp. strain MTP-10005 has been deposited in the col-
lection of the Fermentation Research Institute, National Insti-
tute of Advanced Industrial Science and Technology, Tokyo,
Japan, as strain FERM P-16375.

Inducible production of �-RDC. In addition to �-resorcylate,
Rhizobium sp. strain MTP-10005 also utilized 2,3-dihydroxy-
benzoate or 3,4-dihydroxybenzoate as carbon sources but not
2,4-, 2,5-, or 3,5-dihydroxybenzoate. �-RDC activity was not
detected when 2,3-dihydroxybenzoate or 3,4-dihydroxybenzo-
ate was used as a substrate for growth. These results suggest
that the enzyme was specifically induced by the addition of
�-resorcylate and used for degradation of �-resorcylate in the
growth of Rhizobium sp. strain MTP-10005.

Purification of �-RDC. �-RDC was purified about 12-fold,
with a yield of 38% (Table 1). The purified enzyme was
found to be homogeneous on PAGE and SDS-PAGE. The
specific activity for forward reaction was 0.391 U/mg (at
30°C). The enzyme was stored at �84°C in a 10 mM potas-
sium phosphate buffer (pH 7.0) without loss of activity for
several months.

FIG. 1. Phylogenetic tree of 16S rDNA of Rhizobium sp. strain MTP-10005.
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Molecular mass and subunit structure. The purified enzyme
migrated as a single band in SDS-PAGE with an apparent
molecular mass of 37.5 kDa (Fig. 2). The molecular mass of the
native enzyme on gel filtration with Superdex-200 was 151 kDa,
suggesting that the enzyme is a homotetramer.

N-terminal and internal amino acid sequences. Twenty-
three amino acid residues of the N-terminal position of the
enzyme were determined to be MQGKVALEEHFAIPET
LQDSAGF. The Lys-C digests of the enzyme were separated
by reversed-phase HPLC, and several internal peptide se-
quences were determined: K1, LMDAHGIETMILSLN; and
K2, AIEIARRANDVLAEE. These sequences were used for
the identification of the amplified DNA fragment. The BLAST
search program revealed that the N-terminal and two internal
amino acid sequences show high sequence similarity with those
of the hypothetical protein AGR_C_4595p from A. tumefa-
ciens strain C58.

Effect of temperature. The enzyme was relatively thermo-
stable. The thermal stability of the enzyme was examined at 50,
60, and 70°C (Fig. 3a). The half-life times at 50, 60, and 70°C
were estimated to be 122, 25.5, and 2.46 min, respectively. The
enzyme showed discontinuity in Arrhenius plots for decarbox-
ylation, with a transition temperature at about 47°C (Fig. 3b).
In the lower temperature range, the value of the activation
energy was calculated to be 51.0 kJ/mol, whereas in the higher
range, the value was about 21.5 kJ/mol. The maximum activity
for decarboxylation was observed at 70°C under the standard
assay conditions.

Effect of pH. The activity was determined under standard
assay conditions at various pHs (pH 5.0 and 5.5, piperazine-
HCl; pH 5.5, 6.0, and 6.5, MES-NaOH; pH 6.5, 7.0, 7.5, and
8.0, potassium phosphate; pH 8.0, 8.5, and 9.0, Tris-HCl; pH
9.0, 9.5, and 10.0, 2-[N-cyclohexylamino]ethanesulfonic acid–
NaOH). The enzyme showed activity in the pH range of 5 to 10
for the decarboxylation of �-resorcylate. The optimum pH (pH
8.0) was higher than that for the carboxylation of resorcinol
(pH 7.0). The enzyme showed high activity in neutral condi-
tions.

Substrate specificity and coenzyme requirement. The sub-
strate specificity for decarboxylation was studied in the pres-
ence of 0.9 mM concentrations of various substrates. In addi-
tion to 2,6-dihydroxybenzoate, the enzyme also catalyzed the
decarboxylation of 2,3-dihydroxybenzoate (relative activity,
132%) but did not act on 2,4-dihydroxybenzoate, 2,5-dihy-
droxybenzoate, 3,4-dihydroxybenzoate, 3,5-dihydroxybenzoate,
2-hydroxybenzoate, or 3-hydroxybenzoate. Only resorcinol was
carboxylated by the reverse reaction.

The coenzyme requirement for decarboxylation was also
examined in the presence of various coenzymes, such as 50 �M
thiamine PPi, 50 �M pyridoxal 5�-phosphate, 1 mM NAD�,
and 1 mM NADP�. The enzyme did not require any coenzyme
for decarboxylation. The absorption spectrum of the purified
enzyme (0.362 mg/ml in a potassium phosphate buffer [pH
7.0]) also showed a lack of coenzyme, and maximum absorp-
tion was observed only at 280 nm.

Effect of inhibitors. We examined the effect of 1 mM con-
centrations of various compounds on enzyme activity. The en-
zyme was inhibited by CuCl2 (remaining activity, 52%), mono-
iodoacetate (63%), and diethylpyrocarbonate (59%): the
imidazole groups are probably directly or indirectly involved in
the enzyme catalysis, as reported for other decarboxylases (19).
No significant effect on enzyme activity was observed with
CoCl2, FeCl3, MgCl2, MnCl2, NiCl2, ZnSO4, EDTA, 2,2�-bi-
pyridyl, 1,10-phenanthroline, hydroxylamine, semicarbazide,
5,5�-dithiobis(2-nitrobenzoate), N-ethylmaleimide, 2-mercap-
toethanol, or sodium borohydride.

Kinetics analysis. For decarboxylation, the Km values for
�-resorcylate and 2,3-dihydroxybenzoate were estimated to be
70.7 and 123 �M, and the Vmax values for �-resorcylate and
2,3-dihydroxybenzoate were determined to be 0.377 and 1.06
U/mg, respectively. For carboxylation, the Km and Vmax values
for resorcinol and NaHCO3 were calculated from the second-
ary plots of intercepts versus the reciprocal concentrations of
the other substrate. The Km values for resorcinol and NaHCO3

were estimated to be 45.7 and 22.2 mM, respectively. The Vmax

values for resorcinol and NaHCO3 were determined to be 1.78
and 1.75 U/mg, respectively. The kcat/Km (m	�1 � s�1) values
for �-resorcylate and resorcinol were 13.4 and 0.098, respec-
tively. These results show that the chemical equilibrium is
toward decarboxylation under standard assay conditions. How-

FIG. 2. SDS-PAGE of recombinant �-RDC. Lane 1, molecular
mass markers; lane 2, wild-type �-RDC; lane 3, crude extract of E. coli
BL21 (DE3) harboring pRDC; lane 4, crude extract of E. coli BL21
(DE3) harboring pET3b.

TABLE 1. Purification of �-RDC from Rhizobium sp. strain MTP-10005

Step Total activity (U) Total protein (mg) Specific activity (U/mg) Yield (%) Purification (n-fold)

Crude extract 5.41 166 0.0325 100 1
DEAE-Toyopearl 650 M 4.80 14.9 0.321 88.7 9.88
Butyl-Toyopearl 650 M 2.05 5.23 0.391 37.9 12.0
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FIG. 3. Effects of temperature on enzyme activity and stability. (a) Effects of temperature on stability. The enzyme solution was incubated in
10 mM potassium phosphate buffer, pH 7.0, at various temperatures, and the remaining activity was determined under standard assay conditions
for decarboxylation. F, 50°C; ■ , 60°C; Œ, 70°C. (b) Arrhenius plot. The activation energy for the decarboxylation of �-resorcylate to resorcinol was
calculated from the Arrhenius plot.

FIG. 4. Alignment of primary sequences of various decarboxylases. RDC, �-RDC; HP AGR_C_4595p, hypothetical protein AGR_C_4595p
from A. tumefaciens strain C58; 5-CVD, 5-carboxyvanillate decarboxylase; and 2-ACMSD, 2-amino-3-carboxymuconate-6-semialdehyde decar-
boxylase. The shaded areas show amino acid residues identical to those of �-RDC from Rhizobium sp. strain MTP-10005.
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ever, by the addition of organic solvent to the reaction mixture,
the equilibrium is dramatically changed toward carboxylation,
and this result suggests that this enzyme is practically applica-
ble to the biotechnological processes for �-resorcylate (H.
Shibaboto et al., unpublished data).

Cloning and sequence analysis of the enzyme gene. The
entire sequence of the enzyme gene was determined for both
strands, and the alignment of primary sequences of various
decarboxylases is summarized in Fig. 4. An open reading frame
of 984 bp was identified, corresponding to 327 amino acid
residues with a molecular weight of 37,422. The coding region
of the �-RDC gene is preceded by the sequence of a putative
bacterial Shine-Dalgarno ribosome-binding site (GGAGG) lo-
cated 8 bp upstream of the starting codon, ATG. The pyrim-
idine-rich region was not found at the 3� end. The G�C con-
tent of the �-RDC gene was 60.5%. The deduced amino acid
sequence was used for searching for identical sequences in the
GenBank and protein databases with the BLAST program.
Sequence identities were found with those of hypothetical pro-
tein AGR_C_4595p from A. tumefaciens strain C58 (96% iden-
tity), 5-carboxyvanillate decarboxylase from S. paucimobilis
(32%), and 2-amino-3-carboxymuconate-6-semialdehyde de-
carboxylases from B. cereus ATCC 10987 (26%), R. norvegicus
(26%), and H. sapiens (25%). His164 and His218 are well con-
served for all six proteins, and these residues are probably
essential for the catalytic activity of the decarboxylase, in con-
sideration of the results from the inhibitory study.

We also determined the DNA sequence upstream and
downstream of the �-RDC gene. The open reading frame
(graC, 1,056 bp) that is homologous to maleylacetate reductase
was found 3 bp downstream of the stop codon, TGA, of the
�-RDC gene (identity with maleylacetate reductase from: A.
tumefaciens strain C58, 91%; Bradyrhizobium japonicum
USDA 110, 57%; and Ralstonia sp. strain SJ98, 55%). The
hydroxyquinol 1,2-dioxygenase homologous gene (graB, 888
bp) was also located immediately downstream of graC (identity
with hydroxyquinol 1,2-dioxygenase from: A. tumefaciens strain
C58, 94%; Ralstonia pickettii, 49%; and Sphingomonas sp.,
44%). The phenol hydroxylase homologous gene (graA, 1,230
bp) exists immediately upstream of the �-RDC gene. This gene
is considered to be resorcinol hydroxylase.

Expression of the �-RDC gene in E. coli. A 986-bp NdeI-
BamHI fragment containing the Rhizobium sp. strain MTP-
10005 enzyme gene was ligated to pET 3b, and the pRDC
obtained was used for the production of the enzyme in E. coli
BL21 (DE3) cells under the control of the T7 promoter (Fig.
2). �-RDC was detected in the soluble fractions of the cell
extract (specific activity, 0.148 U/mg for decarboxylation).

DISCUSSION

We found that a bacterium, Rhizobium sp. strain MTP-
10005, isolated from natural river water, abundantly produces
�-RDC, and we purified its enzyme to homogeneity for the first
time. The enzyme is an inducible enzyme that occupies about
8.3% of the total soluble protein produced in the presence of
20 mM �-resorcylate. �-RDC was relatively thermostable to
heat treatment. When the enzyme was incubated with a 10 mM
potassium phosphate buffer (pH 7.0) at 50°C, more than 50%
of the initial activity remained after 2 h. The activation energy
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for the decarboxylation of �-resorcylate was calculated to be
51.0 kJ/mol (15 to 45°C), which is higher than those of hy-
droxybenzoate decarboxylases reported so far (15). The max-
imum temperature of �-RDC (70°C) was higher than those of
other hydroxybenzoate decarboxylases, such as Clostridium hy-
droxybenzoicum 4-hydroxybenzoate decarboxylase (50°C) (14),
C. hydroxybenzoicum 3,4-dihydroxybenzoate decarboxylase
(50°C) (15), and Aspergillus niger 2,3-dihydroxybenzoate decar-
boxylase (42°C) (30). Rhizobium �-RDC consists of four iden-
tical subunits with molecular weights of about 37,500. This is
not so different from the subunit structure of other hydroxy-
benzoate decarboxylases, which have �2, �4, �5, or �6 struc-
tures (Table 2). The differences between these enzymes in
subunit structure does not reflect the difference in the thermo-
stability of Rhizobium �-RDC. A psychrophile, Cytophaga sp.
strain KUC-1 isolated from Antarctic seawater, grows opti-
mally at 15°C and cannot grow above 30°C. This organism
produces abundantly the paradoxical thermophilic NAD(P)�-
dependent aldehyde dehydrogenase and aspartase (21, 41).
From an evolutionary point of view, Rhizobium sp. strain MTP-
10005, Cytophaga sp. strain KUC-1, and other thermophilic-
enzyme-producing nonthermophiles were probably affected
genetically by a thermophile in the ancient past, and the char-
acteristics derived from it would remain for various enzymes of
nonthermophiles, not exceptionally in �-RDC of Rhizobium sp.
strain MTP-10005.

Similar to other hydroxybenzoate decarboxylases (15, 18,
24), �-RDC shows high substrate specificity. In addition to
�-resorcylate, the enzyme only acts on 2,3-dihydroxybenzoate.
The �-RDC does not require any coenzyme for catalytic activ-
ity and also contains no bound carbonyl group. Therefore, the
reaction mechanism is probably different from that of decar-
boxylases dependent on thiamine PPi (6), pyridoxal 5�-phos-
phate (40), NAD� (25), NADP� (17), or pyruvoyl (32). In
cofactor-independent hydroxybenzoate decarboxylases, both
the carboxyl and hydroxyl groups of a substrate are considered
to be involved in binding to the active site of the enzymes (1,
19). Especially the position of the hydroxyl group(s) on the
benzene ring of a substrate might be important for the deter-
mination of substrate specificity. The 2,3-dihydroxybenzoate
decarboxylase from A. niger is specific for 2,3-dihydroxybenzo-

ate and does not act on salicylate, anthranilate, 2,3-dihydroxy-
benzaldehyde, 2,4-dihydroxybenzoate, 3-hydroxyanthranilate,
3-hydroxybenzoate, 3,4-dihydroxybenzoate, benzoate, or 4-hy-
droxybenzoate (18). The hydroxyl groups in both the C-2 and
C-3 positions of the benzene ring are necessary for a substrate
(20). The 4-hydroxybenzoate decarboxylase from C. hydroxy-
benzoicum acts only on 3,4-dihydroxybenzoate, 3-F-4-hydroxy-
benzoate, and 3-methoxy-4-hydroxybenzoate (vanillate) (14).
This result suggests that the C-4 position of the benzene ring is
essential for a substrate. In addition, the �-RDC from Rhizo-
bium sp. strain MTP-10005 catalyzes the decarboxylation of
2,3- and 2,6-dihydroxybenzoate (�-resorcylate) but does not
act on 2,4-dihydroxybenzoate, 2,5-dihydroxybenzoate, 3,4-di-
hydroxybenzoate, 3,5-dihydroxybenzoate, 2-hydroxybenzoate,
or 3-hydroxybenzoate. These results suggest that, for a sub-
strate, it is necessary for two hydroxyl groups to exist on the
benzene ring and for one of them to exist at the C-2 position.
It is essential that all substituents on the benzene ring be
adjacent to each other. Further X-ray crystallographic analysis
would be needed to clarify the reaction mechanism of �-RDC.

The primary structure of Rhizobium �-RDC is not so similar
to that of other previously reported decarboxylases, such as
5-carboxyvanillate decarboxylase from S. paucimobilis (32%
identity) (28) and 2-amino-3-carboxymuconate-6-semialde-
hyde decarboxylases from B. cereus ATCC 10987 (26%) (31),
R. norvegicus (26%) (37), and H. sapiens (25%) (8). In contrast,
interestingly, the primary structure of Rhizobium �-RDC is
highly similar to that of the hypothetical protein
AGR_C_4595p from A. tumefaciens strain C58 (identity 96%;
accession number AAK88260). This protein would also func-
tion like �-RDC, since the homologous genes of hydroxyquinol
1,2-dioxygenase, maleylacetate reductase, and the hypothetical
resorcinol hydroxylase for the catabolism of the resorcinol exist
in both Rhizobium sp. strain MTP-10005 and A. tumefaciens
strain C58 (11). Recently, �-RDC was purified from A. tume-
faciens strain IAM12048, which strongly supports our hypoth-
esis (42). His164 and His218 were conserved in all the enzymes
(Fig. 4). This result agreed well with the inhibitory study.

Various pathways for the biodegradation of hydroxybenzo-
ates have been reported for several microorganisms. The 2,4-
dihydroxybenzoate pathway exists in Pseudomonas sp. strain

FIG. 5. Proposed metabolic pathway of �-resorcylate in Rhizobium sp. strain MTP-10005. A, B, and C represent resorcinol hydroxylase,
hydroxyquinol 1,2-dioxygenase, and maleylacetate reductase, respectively.
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BN9 (35) and Sphingomonas sp. strain RW1 (2), while the
protocatechuate (3,4-dihydroxybenzoate) pathway has been re-
ported for Rhizobium and Agrobacterium and extensively stud-
ied for Roseobacter, and so on (5, 26, 27). In the 2,4-dihydroxy-
benzoate pathway, 2,4-dihydroxybenzoate is converted into
3-oxoadipate by 2,4-dihydroxybenzoate hydroxylase (1-mono-
oxygenase) (EC 1.14.13.x), hydroxyquinol 1,2-dioxygenase (EC
1.13.11.37), and maleylacetate reductase (EC 1.2.1.32). In con-
trast, in the protocatechuate pathway, acetyl-coenzyme A
(CoA) and succinate are produced from protocatechuate by
the catalytic activity of protocatechuate 3,4-dioxygenase (EC
1.13.11.3), �-carboxy-cis-cis-muconate lactonizing enzyme (EC
5.5.1.2), �-carboxymuconolactone decarboxylase (EC 4.1.1.44),
�-ketoadipate enol-lactone hydrolase (EC 3.1.1.24), �-ketoa-
dipate succinyl-CoA transferase (EC 2.8.3.6), and acetyl-CoA
acetyltransferase (EC 2.3.1.9) and then metabolized in the
citric acid cycle. In addition to these pathways, the resorcinol
pathway is known in Pseudomonas putida (7) and Trichosporon
cutaneum (9) but not in Rhizobium sp. bacteria. In the resor-
cinol pathway, resorcinol is converted into 3-oxoadipate via
resorcinol hydroxylase (EC 1.14.13.x), hydroxyquinol 1,2-di-
oxygenase (EC 1.13.11.37), and maleylacetate reductase (EC
1.3.1.32). We found that the homologous genes of hydroxyqui-
nol 1,2-dioxygenase and maleylacetate reductase, and the hy-
pothetical resorcinol hydroxylase, exist immediately upstream
and downstream of the �-RDC gene. To our knowledge, there
is no report on the metabolic pathway for �-resorcylate catab-
olism in bacteria and other living organisms. Judging from
these results, the resorcinol pathway, which is similar to that of
P. putida and T. cutaneum, also exists in Rhizobium sp. strain
MTP-10005, and �-RDC probably catalyzes a reaction just
before the hydroxylase in it does (Fig. 5).

We are currently trying to analyze the regions upstream and
downstream of the �-RDC gene to elucidate the physiological
function of �-RDC from Rhizobium sp. strain MTP-10005 and
the three-dimensional structure of the enzyme by means of
X-ray crystallographic analysis to clarify the reaction mecha-
nism of the enzyme.
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