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Background:Although the functional redundancy of catechol 1,2-dioxygenase (C12O) genes has been reported in
several microorganisms, limited enzymes were characterised, let alone the advantage of the coexistence of the
multiple copies of C12O genes.
Results: In this study, four novel C12O genes, designated catA, catAI, catAII and catAIII, in the
naphthalene-degrading strain Pseudomonas putida ND6, were cloned and characterised. Phylogenetic analysis
of their deduced amino acid sequences revealed that the four C12O isozymes each formed independent
subtrees, together with homologues from other organisms. All four enzymes exhibited maximum activity at
pH 7.4 and higher activity in alkaline than in acidic conditions. Furthermore, CatA, CatAI and CatAIII were
maximally active at a temperature of 45°C, whereas a higher optimum temperature was observed for CatAII at
a temperature of 50°C. CatAI exhibited superior temperature stability compared with the other three C12O
isozymes, and kinetic analysis indicated similar enzyme activities for CatA, CatAI and CatAII, whereas that of
CatAIII was lower. Significantly, among metal ions tested, only Cu2+ substantially inhibited the activity of these
C12O isozymes, thus indicating that they have potential to facilitate bioremediation in environments polluted
with aromatics in the presence of metals. Moreover, gene expression analysis at the mRNA level and
determination of enzyme activity clearly indicated that the redundancy of the catA genes has increased the
levels of C12O.
Conclusion: The results clearly imply that the redundancy of catA genes increases the available amount of C12O in
P. putida ND6, which would be beneficial for survival in challenging environments.
How to cite: Li S, Qin K, Li H, et al. Cloning and characterisation of four catA genes located on the chromosome and
large plasmid of Pseudomonas putida ND6. Electron J Biotechnol 2018;34.
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1. Introduction

Catechol dioxygenases play an essential role in the microbial
degradation of aromatic compounds; they are responsible for the
cleavage of the aromatic ring of catechol, which is a convergent point
of a number of aerobic biodegradation pathways such as benzoate,
aniline, phenol, naphthalene and pyrene [1,2,3]. Cleavage of the
aromatic ring of catechol can occur through the ortho- or the
meta-cleavage pathways, which are catalysed by catechol
idad Católica de Valparaíso.
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1,2-dioxygenase (C12O, EC 1.13.1.1) and catechol 2,3-dioxygenase
(C23O, EC 1.13.1.2), respectively. C12O enzymes use non-haeme ferric
ions as a cofactor and catalyse the intradiol addition of molecular
oxygen at the 1,2-(ortho-) position, thereby resulting in the
conversion of catechol to cis,cis-muconate [4]. The existence of more
than one C12O-encoding genes has been reported in several
environmental microorganisms, including Pseudomonas putida KT2440
[3], Acinetobacter lwoffii K24 [5], Acinetobacter radioresistens [6] and P.
putida DOT-T1E [7]. Different enzyme properties and induction
patterns of C12O isozymes have been reported in these organisms,
thus suggesting that they may be responsible for the metabolism of
different substrates [6]. Jose et al. analysed the function of the second
copy of the catA gene (coding for C12O) on the chromosome of P.
putida mt-2 and confirmed the role of CatA2 as important for survival
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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under conditions of excess catechol, along with the stable co-existence
of genes encoding themeta and ortho pathways [3].

P. putidaND6 iswell characterisedowing to its effectivemetabolismof
naphthalene, which is considered a model aromatic compound pollutant
[8,9,10,11,12]. Naphthalene isfirst converted to salicylate by the enzymes
encoded by the upper pathway operon (nahAaAbAcAdBFCED) on plasmid
pND6-1, and subsequently, the salicylate is oxidised to produce
catechol, which can be further degraded through either a
meta-cleavage pathway, catalysed by the catechol-2,3-dioxygenase
NahH (C23O), or ortho-cleavage pathway by the CatA enzyme [9,11].
Functional gene analysis of P. putida ND6 DNA sequences indicates
that there are three catA genes on its chromosome and one on the
naphthalene-degrading plasmid pND6-1. Bioinformatic analysis
revealed that the deduced amino acid sequences encoded by the four
catA genes in the ND6 strain shared 74–81% identity with one
another; however, the physiological function of the C12O isozymes in
ND6, and whether they exhibit redundancy, remains unclear. As the
lower operon on the plasmid pND6-1 encodes all enzymes necessary
for the catabolism of catechol, roles for the other C12O proteins in the
survival of the ND6 strain have not been demonstrated clearly.

In this study, we focused on the physiological properties of the
multiple C12O proteins in P. putida ND6. The four C12O-encoding
genes were cloned and expressed in Escherichia coli, and the enzymatic
properties of the purified C12O enzymes were characterised.
Phylogenetic analysis based on deduced amino acid sequences
revealed the evolutionary subfamilies to which each C12O protein
belongs. Furthermore, expression levels of the mRNAs encoding the
C12O proteins and their enzyme activities were investigated in the
presence and absence of the inducer salicylate. As few reports have
previously characterised four diverse C12O coding genes on a bacterial
chromosome and plasmid, this study provides novel information in the
field of environmental microbiology.

2. Materials and methods

2.1. Bacterial strains, media and plasmids

The strains and plasmids used in this study are listed in Table 1.
P. putida ND6 can utilise naphthalene as its sole carbon and energy
source. The genome of P. putida ND6 has previously been sequenced
and characterised, and the data are available from the NCBI GenBank
database (Accession number, CP003588) [8]. P. putida ND6 was
cultivated under agitation (180 rpm) at 30°C in a mineral medium
(MMB) containing either 0.5% glucose (w/v) or 2 g/L naphthalene as
Table 1
Bacterial strains and plasmids.

Strain/plasmid Genotype and description

Strains
E. coli DH5α F− ϕ80(lacZ) ΔM15 Δ (lacZYA-argF) U169 deoR recA1 e

BL21(DE3) F− ompT hsdS (rB− mB−) gal dcm(DE3)
ECAT E. coli BL21(DE3) containing plasmid pECAT
ECATI E. coli BL21(DE3) containing plasmid pECATI
ECATII E. coli BL21(DE3) containing plasmid pECATII
ECATIII E. coli BL21(DE3) containing plasmid pECATIII
ENAH E. coli BL21(DE3) containing plasmid pENAH

P. putida ND6 Cbr

Plasmids
pET21-b(−) Apr; expression vector
pET28-a(+) Kmr; expression vector
pECATA catA gene inserted into NdeI and XhoI site of pET21-b(−
pECATAI catAI gene inserted into NdeI and XhoI site of pET21-b(
pECATAII catAII gene inserted into NdeI and XhoI site of pET21-b(
pECATAIII catAIII gene inserted into NdeI and XhoI site of pET21-b
pENAH nahH gene inserted into NdeI and XhoI site of pET28-a(
carbon sources [12]. When appropriate, the antibiotics ampicillin (30
μg/ml) and kanamycin (50 μg/ml) were added to the media. Cell
growth was periodically monitored and determined on the basis of
optical density of the culture at 600-nm wavelength (OD600) using a
Model iMarker Microplate Reader (Bio-Rad, USA).

2.2. DNA manipulation

The genomic DNA of ND6 strain was extracted with Ezup Column
Bacteria Genomic DNA Purification Kit (Sangon Biotech, Shanghai,
China) according to the manufacturer's instructions. PCR was carried
out using a PC-320 thermal cycler (Bio-Rad, CA, USA) with Takara
PrimeSTAR HS DNA Polymerase (Takara Biotech, Dalian, China) in a
50-μL mixture. DNA agarose gel electrophoresis, plasmid DNA
transformation and isolationwere performed using standard procedures.

2.3. Construction of catechol dioxygenase expression vectors

To determine the characteristics of the five P. putida ND6 catechol
dioxygenases (four C12O s and one C23O), specific expression vectors
were constructed for each gene. The gene sequences encoding each
catechol dioxygenase were amplified by PCR using the primers listed
in Table S1. The resulting PCR products were digested with
appropriate restriction endonucleases, purified and ligated into the
pET21-b(−) or pET28-a(+) expression vectors. Nucleotide sequencing
was performed by Sangon Biotech Co., Ltd. (Shanghai, China).

2.4. Expression and purification of catechol dioxygenase

The vectors for the expression of each of the catechol dioxygenase
genes were transformed into E. coli BL21 (DE3) for expression
analysis; E. coli was cultured in Luria-Bertani medium containing
suitable antibiotics at 37°C to an OD600 of 0.6; then, the inducer
isopropyl β-D-1-thiogalactopyranoside (IPTG, 100 μmol/L) was added
to the medium. After cultivation at 18°C for 5 h, cells were harvested
by centrifugation (8000 g, 4°C, 10 min) and washed twice in
phosphate-buffered saline (PBS, pH 7.2). Bacterial cells were
subsequently disrupted by sonication. Insoluble cell debris was
removed by centrifugation (12,000 g, 4°C, 30 min), and the
supernatant was applied to a column packed with nickel-nitrilotriacetic
acid (Ni-NTA) for purification by metal-affinity chromatography under
native conditions, according to the manufacturer's instructions
(QIAGEN, Germany). Finally, the purity of the extracted proteins was
Source/reference

ndA1 hsdR17 (rK−, mK+) phoA supE44 λ− thi-1 gyrA96 relA1 Novagen
Novagen
This study
This study
This study
This study
This study
[8]

Novagen
Novagen

), Apr This study
−), Apr This study
−), Apr This study
(−), Apr This study
+), Kmr This study
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determined by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE).

2.5. Construction of a catechol dioxygenase phylogenetic tree

The relevant amino acid sequences of different catechol
dioxygenases were downloaded from the Protein Database of National
Center for Biotechnology Information. Sequence alignments were
generated by using the Clustal method [13]. Phylogenetic analysis of
catechol dioxygenase amino acid sequences generated in this study
was performed using MEGA 4.1 software [14].

2.6. Analysis of catechol dioxygenase enzyme activity and kinetics

C12O and 2,3-dioxygenase enzyme activities were assayed
spectrophotometrically at 25°C, following the formation of
cis,cis-muconic acid and 2-hydroxymuconic semialdehyde, by
measuring absorbance at 260-nm and 390-nm wavelengths,
respectively [4,15]. One unit of enzyme activity (U) was defined as the
amount of enzyme required to form 1 μmol of product
(cis,cis-muconic acid or 2-hydroxymuconic semialdehyde) per min.
Specific activity was defined as units per milligramme of protein (U/
mg). Protein concentrations were determined by the Bradford
method, using bovine serum albumin as a standard [16].

The Michaelis–Menten (Km) and maximal velocity (Vmax) kinetic
constants of C12O were calculated according to the Michaelis–Menten
equation at different concentrations of catechol, ranging from 0 to
30 μmol/L at 25°C. All independent measurements were performed
in triplicate for each substrate concentration.

2.7. Effect of pH and temperature on C12O and 2,3-dioxygenase activities

To determine the optimum pH, enzyme activity assays were
conducted across a pH range of 5–10 in a sodium acetate buffer
system (100 mmol/L) for 10 min. To evaluate pH stability, the purified
enzymes were mixed with a series of buffers at different pH values
(5.8–9.6) for 1 h. Catechol dioxygenase (both C12O and C23O) activity
was then determined under standard assay conditions (see above).
The highest activity was defined as 100%. Unless specifically stated,
enzyme activity was measured at 30°C using the spectrophotometric
assay described above. All experiments were performed in triplicate.

The optimum temperatures for C12O and C23Owere determined by
enzyme activity assays at different temperatures (25–60°C). For the
thermal stability experiments, purified enzymes were mixed with
100 mmol/L buffer systems (pH 7.2) and maintained at 35°C, 40°C,
45°C, 50°C, 55°C or 60°C for 10 min, and catalytic activity was
subsequently measured by using the method described above.

2.8. Effect of metal ions on C12O activity

The effect of various metal ions on the activity of C12O was
investigated by adding 0.5 mmol/L of different metal ions (FeCl3 ∙6H2O,
MnSO4 ∙H2O, CuCl2 ∙2H2O, ZnCl2, CaCl2 ∙2H2O, BaCl2 ∙2H2O, AlCl3 ∙6H2O
and NiSO4 ∙6H2O) to the standard assay conditions described above.
The resulting values were recorded as percentages of enzyme activity
at 0% concentration of metal ions. Reported values are the averages
from triplicate tests.

2.9. RNA isolation and real-time quantitative RT-PCR (qRT-PCR)

P. putida ND6 was cultivated under agitation (180 rpm) at 30°C in
MMB containing 0.5% glucose (w/v) in the presence or absence of
salicylate (200 mg/L) for 36 h. RNA from P. putida ND6 was isolated
using the TaKaRa MiniBEST Universal RNA Extraction Kit (Takara,
Dalian, China) and reverse transcribed into cDNA using a PrimeScript
™ II First Strand cDNA Synthesis Kit (Takara, Dalian, China) according
to the manufacturer's instructions. Transcript levels were determined
by qRT-PCR using SYBR® Fast qPCR Mix (Takara, Dalian, China).
The primers used are presented in Table S2. The expression levels
of the different genes were normalised with regard to those of 16S
rRNA.

3. Results and discussion

3.1. The arrangement of P. putida ND6 genes encoding
catechol dioxygenase

Catechol dioxygenase enzymes, which play key roles in the cleavage
of aromatic rings, include C12O (EC 1.13.11.1) and C23O (EC 1.13.11.2)
[17]. Based on the analysis of the P. putida ND6 complete genome
sequence, three diverse C12O-encoding sequences (catAI, catAII and
catAIII) were identified in the genome, and another C12O-encoding
sequence (catA) was found in the naphthalene-degrading plasmid
pND6-1 [8,9]. The genes catAI and catAII form operons with catBI and
catCI as well as catBII and catCII, respectively. The C23O-encoding gene
nahH was clustered with other naphthalene-degrading genes and
formed lower operon for naphthalene degradation in the pND6-1
plasmid (Fig. 1).

To examine the phylogenetic relationships among the four C12O
genes in the ND6 strain, a phylogenetic tree was constructed using
deduced amino acid sequences of C12O enzymes identified by a
BLASTp search of the GenBank database (Fig. 2). The resulting
phylogenetic neighbour-joining tree was clearly divided into four
clades, where the four C12O enzymes from the ND6 strain each
formed unique branches, together with related proteins from other
organisms (Fig. 2). CatAI exhibited more similarity with CatAIII than
with CatAII or CatA. Many C12O sequences from the GenBank database
showed similarity with CatAI or CatAIII, whereas fewer sequences were
homologous with CatAII or CatA, thereby indicating an increased
diversification of the CatAI and CatAIII isozymes. The three C12O
enzymes encoded in the genome of P. putida ND6 (CatAI, CatAII and
CatAIII) exhibited the highest similarity with C12O proteins from other
strains of P. putida, whereas the CatA amino acid sequence encoded in
the naphthalene-degrading plasmid pND6-1 showed similarity with
CatA from P. putida DOT-T1E and Stenotrophomonas rhizophila.

C12O is indispensable enzymes for processing various aromatic
compounds and is widely distributed among soil, water and sewage
microorganisms. Some catechol-degrading bacteria are reported to
possess several C12O proteins. It has been proposed that two
isozymes of C12O can be induced in numerous aromatic-degrading
bacterial strains including P. putida KT2440 [18], P. putida F1 [19],
P. putida LS46 [20] and A. lwoffii K24 [5]. Additionally, it has been
proposed that these two isozymes can be distinguished from
each other on the basis of their different chemical and catalytic
characteristics, regulation mechanisms and physiological significance.
Although four isozymes of C12O (CD-I, II, III-1 and III-2) were isolated
from Arthrobacter sp. BA-5-17, analysis of their NH2-terminal amino
acid sequences indicated that they were encoded by the same genes
and that the presence of the four isozymes was probably due to
post-translational modifications [21]. To our knowledge, there are
only two bacterial strains reported to harbour four diverse
C12O-encoding genes. One is P. putida DOT-T1E [7], where the four
C12O genes (catA) are all located on the chromosome, despite this
strain possessing a self-transmissible large plasmid, pGRT1. The other,
P. putida ND6, is described here, and it is the first bacterial strain
reported to have four catA genes separately distributed on both the
chromosome and a large degrading-plasmid with diverse patterns of
organisation. The four CatA proteins of P. putida ND6 shared extensive
similarity with the corresponding enzymes in P. putida DOT-T1E
(approximately 99%). Among them, two of the catA genes were
organised with other salicylate-degrading genes in two catBCA clusters
(located at 1910696–1913716 bp and 5,994,152–5,996,572 bp in



Fig. 1. Location of genes encoding catechol dioxygenase in P. putida ND6. The four catA gene clusters (three in the genome and one in plasmid pND6-1) and one nahH cluster in plasmid
pND6-1 are shown. Gene homologues are indicated by the same colour. catA: catechol 1,2-dioxygenase genes; catB: muconate and chloromuconate cycloisomerase gene; catC:
muconolactone delta-isomerase gene; catR: transcriptional regulator gene; benR: AraC family transcriptional regulator gene; benA: benzoate dioxygenase gene, alpha subunit; benB:
benzoate 1,2-dioxygenase gene, beta subunit; benC: benzoate 1,2-dioxygenase electron transfer component gene; benD: 1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate
dehydrogenase gene; benK: benzoate transporter gene; benE: putative benzoate transporter gene; benF: methyltransferase gene; nahF: salicylaldehyde dehydrogenase gene; areB:
benzyl alcohol dehydrogenase gene; nahG: salicylate hydroxylase gene; nahT: chloroplast ferredoxin gene; nahH: catechol 2,3-dioxygenase gene; nahI: hydroxymuconic semialdehyde
dehydrogenase gene; nahN: hydroxymuconic semialdehyde hydrolase gene; nahL: 2-oxopent-4-enoate hydratase gene; nahM: 4-hydroxy-2-ketovalerate aldolase gene; nahK:
4-oxalcrotonate decarboxylase gene.
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DOT-T1E as well as 5,079,403–5,081,811 bp and 5,837,099–
5,839,519 bp in ND6), and this organisation was also observed in
other P. putida and Pseudomonas monteilii strains [22,23]. Of the two
other catA genes identified in the ND6 and DOT-T1E strains, one
(catAIII) exhibited 98% identity with the catAII gene of KT2440 and was
clustered with the benRABCDK genes, which encode proteins involved
in benzoate degradation. This organisation was also identified in other
P. Putida strains including GB1, F1, LS46 and TRO1, which also have
clusters containing ben and cat genes. This observation indicates that
the ND6 and DOT-T1E strain catAIII genes may have been acquired
through horizontal gene transfer, independently of other catA genes.
Of particular interest, the fourth catA gene was found only in the ND6
and DOT-T1E strains. Analysis of the amino acid sequences of the CatA
proteins from the two strains indicated that they were homologues
and the encoding genes both clustered with genes encoding
salicylate-degrading proteins (Fig. 2); however, the catA gene of P.
putida DOT-T1E was located on the chromosome, whereas catA of P.
putida ND6 was located on the large plasmid pND6-1, which harbours
the operons encoding naphthalene-degrading enzymes. Further
DNA-based comparative analysis revealed that a large segment of the
ND6 strain pND6-1 plasmid DNA sequence shared extensive similarity
to part of the genome of P. putida DOT-T1E, thus indicating that this
fragment was acquired through horizontal gene transfer. The presence
of different C12O gene arrangements and coding sequences can likely
be ascribed to bacterial evolution and environmental adaption.

3.2. Effect of pH on P. putida ND6 C12O enzyme activity and stability

To determine the effect of pH on the activity of the four C12O
enzymes, we detected their activities at pH values ranging from 5.0 to
9.6 using catechol as a substrate. All four C12O enzymes exhibited
maximum activity at pH 7.0–7.4 and higher activity under alkaline
than under acidic conditions (Fig. 3a); however, the decrease in the
rate of CatAIII activity under increasing acidity was much more
pronounced than that of the other C12O enzymes. The activity of
CatAIII was close to zero at pH 5.8, whereas the residual activities of
CatA, CatAI and CatAII were 62%, 60% and 78%, respectively, under the
same conditions. Moreover, tests of pH stability (Fig. 3b) demonstrated
similar trends among the four C12O enzymes, with all exhibiting
greater stability under alkaline than under acidic conditions. All
four C12O isozymes from the ND6 strain were stable in a pH range of
7.4–9.6, with only an 18% reduction in activity after 1-h incubation at
pH 9.6 compared to almost 100% of activity lost after 1 h at pH 5.8.

A similar phenomenon was observed in Candida tropicalis JH8 [15],
as recombinant C12O from this strain was unstable below pH 5.0 and
stable from pH 7.0 to 9.0 and had an optimum pH value of 7.5. By
contrast, purified C12O from the phenol-degrading Acinetobacter sp.
Y64 was more stable under acidic conditions and lost only 18% of its
activity after 6-h incubation at pH 5, whereas at pH 4, approximately
50% activity was lost after 6 h [4].

3.3. Effect of temperature on P. putida ND6 C12O enzyme activity
and stability

The effect of reaction temperatures of 25–60°C on C12O activity
was determined under standard assay conditions using catechol as
a substrate. CatA, CatAI and CatAIII exhibited maximum activities at
45°C, whereas a higher optimum temperature (50°C) was observed
for CatAII (Fig. 4a). The results of temperature stability experiments
suggested similar trends for the four C12O enzymes, which were all
sensitive to temperature change. The residual activities of all four
C12O enzymes from the ND6 strain decreased rapidly with
increasing temperature (Fig. 4b), with the purified enzymes losing
25–35% of their activities when incubated at 40°C for 1 h. CatAI lost
all of its enzyme activity after exposure to 45°C for 1 h, whereas
the activities of the other three C12O isozymes decreased to zero at
50°C.

In general, the catalytic activities of enzymes are highly influenced
by reaction conditions, particularly pH and temperature. As reported
previously, the majority of C12O isolated from wild bacteria such as
Acinetobacter sp. Y64 [4], C. tropicalis JH8 [15] and Corynebacterium
glutamicum [24] exhibit optimum temperatures of 30–37°C, similar to



CatAI Pseudomonas putida str. Idaho (WP020192327)

CatAI Pseudomonas putida TRO1 (WP003256110)
CatAI Pseudomonas putida F1 (WP003256110)
CatAI Pseudomonas putida LS46 (WP003256110)
CatAI Pseudomonas putida ND6 (WP014756247)
CatAI Pseudomonas putida DOT-T1E (AFO47594)

CatAI Pseudomonas putida KT2440 (WP010954549) 

CatAI Pseudomonas putida GB1 (WP012271855)
CatAI Pseudomonas putida S16 (WP013973065)

CatAII Pseudomonas putida S16 (WP013972674)
CatAII Pseudomonas putida GB1 (WP012272320)

CatAII Pseudomonas putida KT2440 (WP010954053)
CatAII Pseudomonas putida str. Idaho (WP020192426)
CatAIII Pseudomonas putida ND6 (WP014756671)
CatAII Pseudomonas putida F1 (WP012052357)
CatAII Pseudomonas putida TRO1 (WP004576272)
CatAII Pseudomonas putida LS46 (WP004374336)
CatAIII Pseudomonas putida DOT-T1E (AFO46915)

CatA Pseudomonas sp. GM16 (WP007910374)
CatA Pseudomonas sp. 37 R 15 (WP065953513)

CatA Pseudomonas monteilii (WP063977237)
CatAII Pseudomonas putida ND6 (WP014756784)

CatAII Pseudomonas putida DOT-T1E (ADI95354)
CatA Pseudomonas putida ND6 (WP011154379)

CatA Stenotrophomonas rhizophila (WP061203275)
CatA Pseudomonas sp. ES3-33 (WP045058475)

CatA Pseudomonas fluorescens (WP019689164)
CatA Pseudomonas sp. GM33 (WP007980495)

0.05

CatA Pseudomonas putida DOT-T1E (WP011154379)

Fig. 2. Phylogenetic tree based on the four C12O sequences of P. putida ND6. The amino acid sequences of CatA enzymes from the ND6 strain are indicated in red. Different C12O enzyme
sequences from the ND6 strain and related species formed unique clades, indicated by different background colours. The tree was constructed by using the neighbour-joining method,
with1000 replicate bootstrap tests. Bar, 0.05 substitution amino acids per site.
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the temperatures at which these species grow; however, the optimum
reaction temperatures for the C12O enzymes from the ND6 strain
were between 45°C and 50°C, which is higher than the optimum
growth temperature for this strain (30°C). Furthermore, among the
four C12O enzymes, the optimum reaction temperature of CatAII was
slightly higher than that of the other three proteins. We propose that
Fig. 3. The pH dependency of P. putida ND6 C12O enzymes. (a) Optimum pH, (b) pH stability
activity of each enzyme was determined by the standard assay and compared with the highes
the diverse optimal reaction temperatures among the C12O isozymes
may represent a beneficial adaptation of the ND6 strain to varying
environmental conditions. There are a few other reports describing
thermophilic C12O proteins. The C12O enzyme from Streptomyces
setonii ATCC 39116 exhibits thermophilic enzyme activity, within a
broad temperature range from 25°C up to 65°C (maximum activity at
. The values shown represent averages from triplicate experiments. The residual relative
t activity of the enzyme exhibited at different pH values.



Fig. 4. Temperature dependency of P. putidaND6 C12O enzymes. (a) Optimum temperature, (b) Temperature stability. Data are presented as averages of triplicate experiments. Error bars
represent the standard deviation. The residual relative activity of each enzyme was determined by the standard assay and compared with the highest activity of the enzyme exhibited at
different temperatures.
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45°C). Notably, the optimal temperature of C12O from A. radioresistens
S13 shifted from 30°C for the free protein to 50°C for the immobilised
protein [25].
3.4. Effect of metal ions on the activity of P. putida ND6 C12O enzymes

Metal ions are often important cofactors for the stabilisation and
activation of enzymes. Some metal ions play roles within the active
centres of enzymes such as transferring electrons during the reaction
process, aiding in the formation of a stable transition state of the ternary
complex during the reaction between enzyme and substrate or reducing
the activation energy of the reaction. Moreover, other metal ions are not
necessary for the enzyme reaction, but rather have regulatory roles.

Our results indicated minimal influence of metal ions on the different
C12O isozymes from the ND6 strain, other than Fe2+ (Table 2). The
activities of all four C12O isozymes were slightly inhibited by Zn2+,
Ba2+, Ca2+, Fe3+ and Al3+, whereas they all lost 30–40% of their
activity in the presence of Cu2+. The activity of CatA was enhanced by
Mn2+ and Al3+, while that of CatAII increased with the addition of Ni2+

and Al3+. Many studies have revealed that heavy metals such as Cu2+

and Hg2+ are extremely effective inhibitors of C12O enzyme activity. In
Rhodococcus sp. NCIM 2891, the addition of Hg2+ or Cu2+ at a final
concentration of 1 mM resulted in complete loss of C12O activity [26].
In addition, the C12O proteins in Arthrobacter sp. BA-517 lost 56–81% of
their activity with addition of Cu2+ (0.1 mM) [21]. Of particular
significance, our findings demonstrate that none of the metal ions
tested, other than Cu2+, exhibited significant inhibition of activity of
these C12O isozymes, hence indicating that they could be useful for the
bioremediation of pollution with aromatics in the presence of metals.
Table 2
Effect of some metal ions on the enzyme activity of different C12Os.

Metal ions CatA CatAI CatAII CatAIII

Control 100 100 100 100
Mn2+ 106 ± 9 100 ± 8 100 ± 10 100 ± 6
Zn2+ 96 ± 6 95 ± 8 94 ± 4 99 ± 8
Cu2+ 62 ± 3 63 ± 6 66 ± 4 70 ± 6
Ba2+ 97 ± 5 95 ± 8 90 ± 8 92 ± 8
Ca2+ 100 ± 6 96 ± 5 90 ± 7 97 ± 6
Fe3+ 90 ± 7 93 ± 7 90 ± 6 90 ± 5
Fe2+ 143 ± 13 141 ± 11 139 ± 8 138 ± 12
Ni2+ 100 ± 11 100 ± 9 105 ± 12 100 ± 8
Al3+ 113 ± 8 100 ± 8 105 ± 9 100 ± 6

Data are expressed as mean ± standard deviation (n = 3).
3.5. Determination of the kinetic parameters of P. putida ND6 C12O
isozymes

The Km values of the ND6 strain C12O isozymes involved in
catechol ortho-cleavage were in the range of 1–2 μM with little
difference except CatA (Table 3) [27]. The minimum Km value,
0.019 μM, was that of CatA, which is significantly lower than that of
C12Os from other strains such as Stenotrophomonas maltophilia KB2
[28], Acinetobacter sp. Y64 [4] and Acinetobacter sp. DS002 enzymes
[26]. These results suggest that the ND6 C12O isozymes can
catalyse the catechol-cleavage reaction and achieve their maximum
rate at relatively low substrate concentrations.

Moreover, the enzyme activities of CatAI and CatAII were similar
(9.11 and 8.28 U/mg), whereas those of CatA and CatAIII were
lower (1.434 and 2.17 U/mg). By contrast, the four C12O enzymes
from Arthrobacter sp. BA-5-17 showed similar enzyme activities
(between 35 and 41 U/mg) [29], and the activities of the three
C12O isozymes from Pseudomonas arvilla C-l have also been
reported as similar [30].

The increasing reports of the presence of multiple C12O forms in
single microorganisms led us to consider the advantages and
disadvantages to the host of possessing multiple isozymes. The
four C12O proteins from P. putida ND6 exhibited very similar
enzyme activities; however, their different physical and chemical
properties such as pH and thermal stability may represent a
physiological advantage, thus enabling them to regulate their
metabolism in adaption to changes in the microenvironment.
Furthermore, C12Os encoded by catA, catAI, catAII and catAIII are
more adaptive to the change in pH and temperature than C23O
encoded by nahH. The adaptability and stability of C23O to
Table 3
Kinetic parameters of different C12O isozymes.

Enzyme Km (μM) Vmax (U/mg) Origin

CatA 0.019 1.434 [27]
CatAI 1.72 ± 0.13 9.11 ± 0.71 This study
CatAII 1.12 ± 0.18 8.28 ± 0.67 This study
CatAIII 2.07 ± 0.14 2.21 ± 0.19 This study
C12O from Candida tropicalis JH8 9.2 1.08 [15]
C12O from Acinetobacter sp. Y64 17.53 1.95 [4]
C12O from P. putida DSM 437 12.43 2.91 [28]
C12O from Stenotrophomonas
maltophilia KB2

12.18 1218.8 [27]

C12O from Acinetobacter sp. DS002 1.58 2 [26]

Errors (standard deviations) were calculated on the basis of at least three independent
experiments.
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Fig. 6. Catechol dioxygenase activity analysis. The ND6 strain was cultivated with glucose
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three replicate experiments, and error bars represent the standard deviation.
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temperature and pH are both less than those of C12O (Fig. 3 and Fig.
4). Much effort should be focused on basic research to identify
promoter regions and clarify the transcriptional mechanisms
regulating expression of these enzymes.

3.6. In vivo expression profile of P. putida ND6 strain genes encoding C12O
proteins

To elucidate the in vivo transcription levels and regulation profiles of
the four C12O isozymes in P. putida ND6, RT-PCR was performed using
template mRNA from ND6 cells cultured with glucose in the presence
or absence of the inducer salicylic acid. The results provided several
interesting insights into the transcriptional regulation of multiple sets
of catechol-dioxygenase genes. First, all five catechol-dioxygenase
genes (the C12O-encoding-genes catA, catAI, catAII and catAIII) and the
C23O-encoding gene nahH were expressed at low levels in the
absence of salicylic acid. When cells were cultured with glucose as the
sole energy and carbon source, mRNA expression levels of all five
genes were low in P. putida ND6 (Fig. 5). Second, the expression of the
four C12O-encoding genes in ND6 strain could be induced. Once
salicylic acid was added into the ND6 culture, the expression level of
the four C12O-encoding genes increased significantly. In particular,
the mRNA expression levels of catAII and catAIII increased by 1.3 and
2.7 times, respectively, on addition of salicylate. Similar results have
been reported for other related strains including P. putida KT2440 [3],
P. putida P8 [31] and Burkholderia sp. strain TH2 [32]. The third
interesting insight was that the expression of the C23O gene (nahH)
was not induced in the presence of salicylate. This result was not
consistent with previous observations of the other well-characterised
naphthalene-degrading plasmids NAH7 and pDTG-1.

Investigation of the regulatory mechanisms of
naphthalene-degrading genes demonstrated that salicylate bound to
NahR could initiate the transcription of both the upper and lower
operons (including nahH) by interacting with DNA enhancer
sequences upstream of the promoter region. It is surprising to note
that the transcription level of nahH in the ND6 strain did not exhibit
any apparent difference in response to salicylate. In accordance with
nahH induction analysis at the level of transcription, C23O enzyme
activity also did not alter according to the presence or absence of
salicylate (Fig. 6). These results strongly suggest that the
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Fig. 5. The relative mRNA expression levels of the C12O- and C23O-encoding genes of
glucose-grown P. putida ND6 in the presence (G + S) or absence (G) of salicylate. Levels
of 16S rRNA in each sample were used as an internal reference to normalise the data,
and mRNA expression levels are presented relative to their corresponding 16S rRNA
values. Data are presented as the means of three replicate experiments, and error bars
represent the standard deviation.
C23O-encoding gene, nahH, from the lower operon cannot be induced
by salicylate. These findings are consistent with observations in S.
maltophilia KB2, which can produce different enzymes of the
dioxygenase family. When cultivated with benzoate and catechol,
strain KB2 exhibited only C12O activity, whereas C23O enzyme
activity was detected after phenol induction [33]. The ability of
microorganisms to induce and express different dioxygenases in
response to diverse substrates or inducers under different conditions
is likely beneficial to their environmental adaptability and will
facilitate their use in the bioremediation of various contaminants.

Functional gene redundancy is believed to contribute to the
maintenance of genetic stability against mutations, thus generating
proteins with novel biochemical functions and improving adaption to
diverse environments. With the improvement of genome sequencing
and analytical methods, observations of functional gene redundancy
are increasingly reported in environmental bacteria, including diverse
gene clusters involved in benzoate degradation in Burkholderia
xenovorans LB400, various operons for benzoate and phthalate
metabolism in Rhodococcus jostii RHA1, and the redundancy of C12O
in the catechol-degrading pathways of several Pseudomonas species
[34,35]. In P. putida mt-2, two C12O-encoding genes (catA and catA2)
involved in the ortho-cleavage pathway were found in the genome,
whereas the C23O gene associated with the meta-cleavage pathway is
located on the plasmid pWW0 [3]. The expression of catA2 was found
to be enhanced after the pWW0 plasmid was eliminated, thus
reducing the accumulation of toxic intermediates (catechol).
Furthermore, if the catA2 gene was knocked out, P. putida mt-2 would
quickly lose the plasmid PWW0 when grown on toluene, thereby
suggesting an indispensable role for catA2 in maintaining the stability
of pWW0. These results clearly demonstrate that catA gene
redundancy helps to increase the levels of C12O and thus reduce
excess levels of catechol, thereby facilitating the adaption of the
organism to various growth conditions [3]. A similar phenomenon was
found in P. putida ND6. The presence of four diverse catA genes led to
an increase in the levels of active C12O, thus benefitting the survival
of ND6 cells under conditions of excess catechol. Moreover,
redundancy is recognised as a source of novel biochemical functions
[36]. Hence, catA gene redundancy could be associated with adaptive
interactions of the ND6 strain with its environment by increasing its
phenotypic diversity.
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4. Conclusions

In the present study, we cloned and characterised four catA genes
from P. putida ND6 for the first time. The results illustrate that all four
of the different genes encoded active C12O. Furthermore, the four
recombinant C12O isozymes possessed varying enzymatic properties
including optimum temperatures and pH values, thermal and pH
stabilities as well as kinetic parameters. Together with mRNA
expression levels and enzyme activity analysis, these results clearly
imply that the redundancy of catA genes increases the available
amount of C12O and will result in tangible benefits to facilitate
survival of P. putida ND6 in challenging environments.
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