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Molecular Characterization of the Alpha Subunit of Multicomponent 
Phenol Hydroxylase from 4-Chlorophenol-Degrading Pseudomonas 
sp. Strain PT3

Multicomponent phenol hydroxylases (mPHs) are diiron 
enzymes that use molecular oxygen to hydroxylate a variety 
of phenolic compounds. The DNA sequence of the alpha 
subunit (large subunit) of mPH from 4-chlorophenol (4-CP)- 
degrading bacterial strain PT3 was determined. Strain PT3 
was isolated from oil-contaminated soil samples adjacent 
to automobile workshops and oil stations after enrichment 
and establishment of a chlorophenol-degrading consortium. 
Strain PT3 was identified as a member of Pseudomonas sp. 
based on sequence analysis of the 16S rRNA gene fragment. 
The 4-CP catabolic pathway by strain PT3 was tentatively 
proposed to proceed via a meta-cleavage pathway after hy-
droxylation to the corresponding chlorocatechol. This hy-
pothesis was supported by polymerase chain reaction (PCR) 
detection of the LmPH encoding sequence and UV/VIS spec-
trophotometric analysis of the culture filtrate showing ac-
cumulation of 5-chloro-2-hydroxymuconic semialdehyde 
(5-CHMS) with λmax 380. The detection of catabolic genes 
involved in 4-CP degradation by PCR showed the presence of 
both mPH and catechol 2,3-dioxygenase (C23DO). Nucleotide 
sequence analysis of the alpha subunit of mPH from strain 
PT3 revealed specific phylogenetic grouping to known mPH. 
The metal coordination encoding regions from strain PT3 
were found to be conserved with those from the homolo-
gous dinuclear oxo-iron bacterial monooxygenases. Two 
DE(D)XRH motifs was detected in LmPH of strain PT3 
within an approximate 100 amino acid interval, a typical 
arrangement characteristic of most known PHs.

Keywords: 4-chlorophenol, biodegradation, phenol hydroxy-
lase, catalytic domain, Pseudomonas

Introduction

Since their discovery, chloroaromatics represented a serious 
source of potentially hazard materials for both humans and 
the environment. Tens of thousands of such chemicals have 
been developed and have invariably found their way into 
the environment. Some are not readily biodegradable and 
become persistent. Because of their various health effects and 
the subsequent increase in public concern, careful moni-
toring and regulation of these pollutants is now generally 
required. Chlorinated phenols are common environmental 
contaminants; they have been extensively used as biocides, 
detergents, wood preservatives, bleaching agents, and disin-
fectants. They are subsequently released into the environment 
as by-products from many industrial activities (Tartakovsky 
et al., 2001).
  Chemical, physical, and biological methods have been es-
tablished for remediation purposes; however, an integrated 
chemical-biological and/or physical system for treatment of 
phenolic wastes could be very useful. In this regard, advanced 
oxidation processes like wet air oxidation, catalytic wet air 
oxidation, H2O2-promoted, catalytic wet air oxidation, ac-
tivated carbon were found to be a useful option to prepare 
the phenolic effluents before the biological remediation 
(Esplugas et al., 2002; Rubalcaba et al., 2007).
  Biological degradation of chlorinated phenols has been re-
ported and pathways for their degradation have also been 
elucidated (Harayama and Rekik, 1989; Arenghi et al., 2001). 
The key step in the degradation of a phenolic compound 
was found to be the initial hydroxylation via phenol hy-
droxylase (PH). PHs are known to initiate the catabolism 
of a vast array of phenolic compounds by hydroxylation to 
the corresponding catechols (Evans et al., 1971; Schwien 
and Schmidt, 1982). Such partially oxidized aromatic inter-
mediates may undergo ortho or meta cleavage via catechol 
1,2-dioxygenase (C12DO) or C23DO, respectively. The pro-
duced metabolites would then be mineralized to carbon dio-
xide and water in the subsequent reactions of the tricar-
boxylic acid cycle (Powlowski and Shingler, 1994; Cafaro et 
al., 2004).
  Enzymatic removal of phenolic compounds has been inves-
tigated. It has been shown that peroxidases are able to react 
with aqueous phenolic compounds and form non-soluble 
materials that could be easily removed from the aqueous 
phase, however; these processes suffer from enzyme inacti-
vation (Bodalo et al., 2006; Ulson de Souza et al., 2007; 
Zhang et al., 2007).
  Bacterial multicomponent monooxygenases are a diverse 
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family of enzymes that hydroxylate many aromatic com-
pounds including chlorinated phenols (Leahy et al., 2003; 
Notomista et al., 2003). PH belongs to the family of bacterial 
multicomponent monooxygenases with carboxylate-bridged 
diiron active sites (Sazinsky et al., 2006). mPHs have been 
isolated and characterized from different bacteria (Herrmann 
et al., 1995; Bertoni et al., 1996, 1998; Arenghi et al., 2001; 
Cafaro et al., 2004). mPH consists of a dimeric hydroxylase 
of the form (αβγ)2, a cofactorless regulatory protein and a 
FAD flavoprotein-[2Fe-2S] reductase that supplies the hy-
droxylase with electrons via NADH (Leahy et al., 2003; 
Notomista et al., 2003).
  The genetic organization of mPH encoding genes from 
Pseudomonas sp. CF600 revealed the presence of polypep-
tides encoded by the six open reading frames designated 
dmpKLMNOP (Powlowski and Shingler, 1994). The DmpL- 
DmpN-DmpO proteins are believed to form the oxygen-
ating component of the hydroxylase. DmpN is considered 
to be the largest subunit of mPH (LmPH) and possesses 
the enzyme active site, harboring the dinuclear iron center, 
Fe-O-Fe (Qian et al., 1997; Enroth et al., 1998).
  The aim of the present study was to elucidate the catabolic 
route for 4-chlorophenol degradation in Pseudomonas sp. 
PT3 and characterize the alpha subunit of the corresponding 
mPH as the catalytic domain responsible for overall enzyme 
activity.

Materials and Methods

Sampling and culture conditions
Chlorophenol contaminated soil samples were collected from 
three different oil stations in Almadina almonawarah, KSA, 
namely Alkurdi, Sabaa masajid, and alburg. Samples were 
collected in clean and sterile bottles, and then kept at 4°C 
until further microbiological analysis. Soil samples were 
enriched in basal mineral media (BMM) (10%) as previously 
described (Farrell and Quilty, 1999). Media were supple-
mented with either 100 mg/L phenol or chlorophenol as a 
sole carbon source and incubated at 30°C. Successive sub-
culturing was performed using a10-fold dilution until soil- 
free cultures were obtained showing a higher rate of phenol 
and/or chlorophenol degradation. Chlorophenol concen-
trations were measured using the 4-aminoantipyrine colori-
metric method based on the procedure detailed in Standard 
Methods for the Examination of Water and Wastewater 
(Greenberg et al., 1992).

Isolation of 4-chlorophenol-degrading bacteria
Aliquots from each enrichment culture were transferred 
onto basal mineral media supplemented with 4-chlorophenol 
and kept at 30°C. The obtained colonies were screened for 
isolates capable of removal of 4-chlorophenol after sub- 
culturing in a liquid medium. Sub-culturing of cultures show-
ing positive chlorophenol degradation in a fresh medium 
was continued until a stable culture was obtained showing 
consistent biodegradation of selected chlorinated phenols.

UV/VIS spectrophotometric analysis
For detection of intermediates, cell-free extracts were pre-
pared and assayed for enzymatic activities involved in 4-CP 
catabolism. Preparation of the cell extract was attained by 
harvesting cells by centrifugation at 5,000 rpm for 5 min and 
re-suspension in Tris-HCl buffer (pH 7.5). Crude extract 
was obtained after cell disruption by discontinuous sonica-
tion in an ice bath with a Branson Sonifier 250. The super-
natant was recovered by filtration through Whatman No. 1 
filters and used for assaying enzymatic activities. 4-CP deg-
radation and production of ring cleavage products were moni-
tored separately as described by Farrell and Quilty (1999) 
by mixing a crude cell extract with a substrate and measuring 
the absorbance from 200 to 600 nm with a scanning Unicam 
UV-300 spectrophotometer, UK. Phenol and 4-CP removal 
were detected by measuring the decrease in absorbance at 
260 nm while formation of hydroxymuconate semialdehyde 
(HMS) and 5-CHMS were detected by measuring the increase 
in absorbance at 375 and 380 nm, respectively.

Molecular identification of the 4-CP-degrading isolate
Molecular identification of strain PT3 was performed by 
amplification of 16S rDNA with eubacterial universal pri-
mers, 27F (5 -AGAGTTTGATCCTGGCTCAG-3 ) (Lane, 
1991) and 517R (5 -ATTACCGCGGCTGCTGG-3 ) (Muyzer 
et al., 1993). Amplification was performed in 25-μl reactions 
using Dream-Taq PCR master mix (Fermentas, USA) ac-
cording to the thermal cycler instruction manual (Applied 
Biosystems 2720, USA). The PCR conditions were adjusted 
to 5 min for initial denaturation at 95°C and then 35 cycles 
of 40 sec at 94°C, 40 sec at 54°C, and 40 sec at 72°C, and fi-
nally 10 min at 72°C. Amplified genes were subjected to 
electrophoresis on a 1% agarose gel loaded alongside size 
markers (DNA ladder, Promega, USA).

PCR amplification of LmPH encoding gene
The coding sequence of the alpha subunit of mPH was am-
plified by using primers flanking the LmPHs conserved se-
quence, pheUf (5 -CCAGG(C/G)(C/G/T)GA(G/A)AA(A/G) 
GAGA(A/G)GAA(G/A)CT-3 ) and pheUr (5 -CGG(A/T) 
A(G/A)CCGCGCCAGAACCA-3 ) (Futamata et al., 2001). 
Extraction of genomic DNA was performed according to 
Sambrook et al. (1989). PCR was performed with a thermal 
cycler (Applied Biosystems 2720, USA) using Dream-Taq 
PCR master mix (Fermentas, USA) according to the manu-
facturer’s instructions. The PCR reaction (in 25 μl) used the 
following program: step 1, 10 min of denaturation at 94°C; 
step 2, five cycles consisting of 1 min at 94°C, 1 min at 
58°C, and 1 min at 72°C; step 3, five cycles consisting of 1 
min at 94°C, 1 min at 57°C, and 1 min at 72°C; step 4, 25 
cycles consisting of 1 min at 94°C, 1 min at 56°C, and 1 
min at 72°C; step 5, 10 min of extension at 72°C. Detection 
of the C23DO encoding sequence by PCR was performed 
according to El-Sayed (1999). Amplified genes were sub-
jected to electrophoresis on a 1% agarose gel loaded along-
side size markers as described above (DNA ladder, Promega).
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                  (A)

                  (B)

Fig. 1. Catabolic intermediates of 4-CP degradation by strain PT3. (A) 
UV/VIS spectral analysis of intermediate metabolites of 4-CP degrada-
tion showing accumulation of 5-CHMS at a λmax of 380 nm. (B) Accumu-
lation of extradiol meta ring cleavage products of phenol and 4-CP deg-
radation by strain PT3.

                       (A)                               (B)

Fig. 2. Detection of the alpha subunit of mPH (dmpN) and C23DO en-
coding sequences from strain PT3 by PCR. (A) Lanes: 1, dmpN from 
strain PT3; 2, dmpN from reference P. aeruginosa AT2. (B) Lanes: 1, 
C23DO from strain PT3; 2, C23DO from reference P. aeruginosa AT2. 
Lane M1, M2 represent size markers; DNA ladder and ΦX174 DNA- 
HaeIII digest, respectively.

Sequencing and phylogenetic analysis
PCR amplicons for both 16S rRNA and LmPH encoding 
genes were used for subsequent sequence base determination. 
The nucleotide sequencing was determined by the automated 
florescent dye terminator sequencing method (Sanger et al., 
1977) using the ABI310 genetic sequence analyzer (Applied 
Biosystems, USA) according to the manufacturer’s instruc-
tions. The obtained sequences were aligned with the pub-
lished sequences from the BLAST search program supplied 
by the National Center for Biotechnology Information (NCBI) 
(Altschul et al., 1997) by using CLUSTAL-X (Thompson et 
al., 1997). Sequences were edited by using Genetyx-Win MFC 
application software version 4.0. Phylogenetic trees were 
constructed on the basis of the neighbor-joining methods 
(Saitou and Nei, 1987) by using MEGA version 3 (Kumar 
et al., 2004).

Nucleotide sequence accession numbers
The obtained sequences in this study have been deposited 
in NCBI GenBank under accession numbers AB824287 
and AB824288 for partial 16S rRNA gene sequence and the 
gene for alpha subunit of mPH of Pseudomonas sp. PT3, 
respectively.

Results and Discussion

Isolation and characterization of 4-CP-degrading strain PT3
From the screening of 4-CP-degrading bacteria from petro-
leum oil contaminated soils, strain PT3 was recovered. Soil 
samples enriched with 100 mg/L 4-CP showed the potential 
to catalyze biodegradation at a significant rate. Subsequent 
transfer from liquid to solid mineral agar plates supple-
mented with 4-CP resulted in the isolation of several different 
strains. A representative strain PT3 was selected because of 
its ability to biodegrade 4-CP as a sole carbon source. The 
ability of strain PT3 to degrade different concentrations of 
4-CP was determined in BMM containing 4-CP from 50 to 
500 mg/L as a sole carbon source. Growth was measured 
by cell counting and the decreases in 4-CP concentrations 
were monitored. Strain PT3 was able to grow and catabo-
lize 4-CP at concentrations up to 150 mg/L, above which, a 
dramatic decrease in the biodegradation was observed (data 
not shown). The decrease in biodegradation rate may be 
attributed to the cytotoxic effects of chlorinated phenols at 
high concentrations (Herrera et al., 2008).

Metabolic pathway for 4-CP degradation by strain PT3
Determination of the metabolic pathway for 4-CP degrada-
tion by strain PT3 was based on monitoring the removal of 
4-CP and production of potential ring cleavage metabolites 
spectrophotometrically. UV/VIS spectrophotometric analysis 
showed that strain PT3 degrades phenol or 4-CP via an ex-
tradiol meta-pathway. Firstly, phenol or 4-CP was hydroxy-
lated to the corresponding catechol, which was then cleaved 
via an extradiol meta-pathway to give a typical yellow HMS 
or 5-CHMS (Fig. 1A).
  By using cell-free extracts of cultures grown on 4-CP as a 
sole carbon source, a simultaneous decrease in A260 coupled 
with an increase in A375 or A380 was observed indicating the 
degradation of phenol or 4-CP and accumulation of HMS 
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(A)

(B)

Fig. 3. Genetic organization of mPH compo-
nents along with their corresponding catalytic 
reactions. (A) Genes encoding the reductase 
component (DmpP) that transfers electrons 
from NADH to a Rieske (2Fe-2S) protein and 
the α, β, and γ subunits of the oxygenase com-
ponents (DmpLNO) with their corresponding 
hydroxylation of the aromatic nucleus. (B) A 
schematic representation of the gene arrange-
ment of mPH from strain PT3 matching the 
canonical dmpKLMNOP type from Pseudomonas
sp. CF600. The nucleotide sequence and its de-
duced amino acids of the alpha subunit of strain
PT3 is indicated below the corresponding gene.

or 5-CHMS, respectively, as a major meta ring cleavage 
products. Figure 1B shows the absorption spectra of the 
cell suspension supernatant from strain PT3 grown on 4-CP 
showing the production of 5-CHMS with a λmax at 380 nm.
  HMS and 5-CHMS were also detected in cultures of cells 
growing on phenol or 4-CP, respectively, as a sole carbon 
source. The highest accumulation of 5-CHMS was achieved 
by the higher activity of C23DO, the key enzyme for meta 
ring cleavage of chloroaromatic compounds. Therefore, the 
metabolic pathway for 4-CP degradation by strain PT3 was 
elucidated to follow the classical meta cleavage route by 
C23DO after initial hydroxylation to the corresponding chlo-
rocatechol by PH. 4-CP biodegradation by strain PT3 via 
the meta cleavage pathway was confirmed by detection of 
the major corresponding catabolic genes. Positive PCR am-
plification of two major catabolic genes involved in the meta 
cleavage pathway, PH (dmpN) and C23DO, were obtained 
(Fig. 2). Kim et al. (2008) have stated that successful min-
eralization of 4-CP by bacteria is usually accomplished by 
the oxidation of 4-CP to 4-chlorocatechol, followed by aro-
matic ring cleavage, removal of chlorine, and transforma-
tion into products that are assimilated into the central me-
tabolism of the cell.

Characterization of LmPH encoding sequence
The first and rate-limiting step in the aerobic degradation of 

4-CP was found to be a hydroxylation reaction catalyzed by 
PH (Padilla et al., 2000). There are two types of PHs, single- 
component and multicomponent enzymes (Harayama et 
al., 1992). In the present study, we analyzed genes for the 
largest subunit of mPHs.
  Amplification of the catalytic domain encoding sequence 
of LmPH from strain PT3 was successful using specific pri-
mers for LmPH (pheUf and pheUr) targeting positions from 
195 to 815 downstream from the initiation site of the LmPH 
gene. When compared with other sequences, the LmPH active 
center encoding sequences from strain PT3 was aligned with 
a high degree of similarity to other LmPH active site encoding 
sequences reported in GenBank. LmPH-PT3 showed a 97% 
sequence similarity to the LmPH component of Pseudomonas 
sp. PND-1.
  The mPH gene clusters have been cloned and characterized 
from some bacteria (Heinaru et al., 2000; Cadieux et al., 2002; 
Jeong et al., 2003; Cafaro et al., 2004; Merimaa et al., 2006; 
Santos and Sá-Correia, 2007). PCR detection of both mPH 
and C23DO along with the high sequence similarities of 
LmPH of strain PT3 with those of the DmpN type sug-
gested that the genetic organization of genes involved in 
the catabolism of 4-CP by strain PT3 is consistent with that 
of Pseudomonas sp. CF600 type (dmpKLMNOPQBCDEFGHI) 
(Powlowski and Shingler, 1994) (Fig. 3).
  The active site encoding sequence of LmPH was considered 
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(A)

(B)

Fig. 4. Neighbor-joining phylogenetic trees.
(A) rooted tree of the alpha subunits of mPH 
from strain PT3 and the alpha subunits of rep-
resentative members of different groups of PH. 
(B) consensus tree based on 16S rDNA sequences 
analysis showing the relationship between isolate
PT3 and the representative species of the genus
Pseudomonas with other related genera. NCBI 
GenBank accession numbers for all sequences 
are indicated in parentheses.

to be conserved among most mPHs (Fox et al., 1993). Com-
paring active site encoding sequences from PT3 with other 
mPH encoding genes from corresponding strains revealed 
a high degree of conservation especially at the diiron coor-
dination center (Fig. 5). When the metal coordination enco-
ding regions from strain PT3 were compared with the homo-
logous dinuclear oxo-iron bacterial monooxygenases, two 
typical DE(D)XRH motifs were detected. These motifs are 
common in several PHs and are suggested to be the diiron- 
oxo cluster binding site (Sazinsky and Lippard, 2006). These 
regions were identified by their pair of conserved domains 
with the amino acid sequence Asp-Glu-X-Arg-His. Two 
DE(D)XRH motifs were detected in LmPH of strain PT3 
with an approximately 100 amino acid interval, a typical 
arrangement characteristic of most known PHs.

Phylogenetic analysis
The identity of strain PT3 was determined by using 16S 
rRNA partial gene sequencing. Partial sequencing was per-
formed to cover up the hyper-variable (V3) region where se-
quences have diverged over time through evolution. On the 
basis of 16S rRNA gene sequence comparisons, strain PT3 
was found to belong to the genus Pseudomonas. Strain PT3 
shared 99% sequence similarity to Pseudomonas sp. RF-66. 

Phylogenetic analysis allowed examination of the relation-
ship between strain PT3 and representative species of the 
genus Pseudomonas with other related genera (Fig.4B). In 
the neighbor-joining phylogenetic tree, strain PT3 was clus-
tered at the same phylogenetic branch with Pseudomonas 
sp. RF-66. Strain PT3 was also closely related to Pseudomonas 
sp. PND-1 and the chlorophenol-degrading isolate Pseudo-
monas aeruginosa AT2, a typical strain known to catabolize 
chlorophenols via a typical meta-cleavage pathway (El-Sayed 
et al., 2003). The phylogenetic relationship between genes 
of LmPH of Pseudomonas sp. PT3 with known sequences 
of LmPH and PHs found at NCBI GenBank was studied 
using the neighbor-joining phylogenetic approach (Fig. 4A). 
In Rooted tree, LmPH-PT3 was clustered at the same phy-
logenetic branch with that of LmPH from Pseudomonas sp. 
PND-1. The sequence was clustered away from analogous 
mPHs of the ortho-pathway (mopN) and essentially had no 
relation to monocomponent PHs. Although monocompo-
nent PHs and mPHs are present, the multicomponent type is 
considered the predominant one (Peters et al., 1997; Watanabe 
et al., 1998). Phylogenetic analysis confirmed the relation 
of LmPH-PT3 as a member of mPHs of the meta pathway 
type. This also suggests that the catabolic genes for chloro-
phenol degradation in strain PT3 is consistent with those 
of phenol degradation with genetic organization characteri-
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Fig. 5. Multiple sequence alignment 
of the deduced amino acid sequence 
of the alphasubunit (LmPH active site) 
and metal coordination encoding re-
gions from Pseudomonas sp. PT3 with 
homologous dinuclear oxo-iron mono-
oxygenases showing the conservation 
of the two typical DE(D)XRH motifs.

stics similar to mPHs and the subsequent meta-degradation 
pathway typical of Pseudomonas sp. CF66 type (dmpKLMN 
OPQBCDEFGHI) (Powlowski and Shingler, 1994).

Conclusion

A bacterial strain designated strain PT3 was isolated from 
oil-contaminated soil. Strain PT3 was able to grow using 
phenol and/or chlorophenol as sole carbon source. Strain 
PT3 was identified as a member of Pseudomonas sp. based 
on sequence analysis of the 16S rRNA gene fragment. Pseu-
domonas sp. PT3 was able to cataboliz chlorinated phenols 
via a meta-cleavage pathway after hydroxylation to the cor-
responding chlorocatechol. Both mPH and C23DO encod-
ing sequences were detected by PCR as catabolic genes for 
chlorophenol catabolism by strain PT3. Nucleotide sequence 
analysis of the alpha (large) subunit of mPH from strain 
PT3 revealed the presence of the metal coordination system 
homologous to dinuclear oxo-iron bacterial monooxygenases. 
Two DE(D)XRH conserved motifs characteristic of most 
known PHs were detected in LmPH of strain PT3 indicating 
its phylogenetic grouping with mPHs.
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