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Abstract: The catalytic domain encoding sequences of large multicomponent phenol hydroxylase (LmPH)

was amplified and its base sequence was determined from two chlorophenol-degrading bacteria, P.

aeruginosa AT2 and Alcaligenes sp. OS2. Amplification targeting the 195 to 815 region downstream from

the start site of LmPH gene (corresponding to dmpN of Pseudomonas sp. CF600 resulted in a 600 bp

covering particularly region from 387 to 747 encoding amino acids of active centre of mPH. The amplified

fragments from P. aeruginosa AT2 and Alcaligenes sp. OS2 were cloned and their base sequences were

determined. The LmPH active center encoding sequence from P. aeruginosa AT2 was found to have

98.8% sequence similarity with that from P. putida BH (pheA4), while that from Alcaligenes sp. OS2 was

found to have 88.7% sequence similarity to afpN of A. faecalis. Alignment of deduced amino acids of

LmPH active site encoding sequence from P. aeruginosa AT2 and Alcaligenes sp. OS2 revealed a high

degree of similarity to other mPHs. Alignment with other bacterial monooxygenase, revealed a typical two

DE(D)XRH motifs with an approximately 100 amino acid interval suggesting the diiron-oxo cluster

binding site. Multiple sequence alignment of obtained sequences with related ones in NCBI GenBank and

construction of the phylogenetic tree revealed clustering of LmPHAT2 and LmPHOS2 with those encoding

LmPHs of meta-degradation pathway. No homologies were detected to sequences of neither ortho-pathway

type nor single-component PH genes, confirming that catalytic domain encoding sequences from both

strains were of the multicomponent type with genetic organization similar to mPH of the reference strain

Pseudomonas sp. CF600.
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INTRODUCTION

Chlorophenols are toxic environmental pollutants

that are released into the environment as by-products of

chlorine bleaching process in the pulp and paper

industry , the chlorination of waste-water and[4 6 ]

drinking-water, and the incineration of municipal

waste . Chlorophenols due to their toxicity,[1 0 ]

carcinogenicity and recalcitrant nature are listed as

priority pollutants and therefore desire effective

removal .[4 ,15]

Degradation of chlorophenols by aerobic bacteria

is generally divided into an upper pathway, which 

produces dihydroxylated aromatic intermediates by the 

action of monooxygenases, and a lower pathway, which 

processes these intermediates down to molecules that 

enter the citric acid cycle . Chlorophenols are[3]

therefore converted into nontoxic intermediates of the

T C A  v ia an  o rth o -  o r  m e ta -pa thway .[ 2 1 , 3 6 ]

Monooxygenases are key enzymes in the upper

pathway and catalyze hydroxylation of the aromatic 

ring at d ifferent positions . Such type of[3 3 ]

monoxygenases is usually referred to as phenol

hydroxylase (PH) or phenol 2-monooxygenase. PHs are

divided into two groups; (1) Monocomponent PHs and

(2) Multicomponent PHs (mPHs), among them mPHs

are considered the major ones in the environment .[34 ,47]

M ultico m p o nent  P H s co nta in  a t  lea s t  two

components , one responsible for hydroxylation (the[35 ,12]

oxygenase that binds substrate and oxygen), the other

responsible for electron transfer from NAD(P)H to the

oxygenase (the reductase that binds NAD(P)H). The

active site must contain a strong hydroxyl-generating

unit, i.e. a dinuclear iron center in which an oxygen

atom is complexed with two iron atoms Fe-O-Fe . It[13]

was reported that the general structure of hydroxylase

complexes is dimeric, and each single monomeric unit

is made up of two or three protomers .[9]

In general mPHs are classified into two types

according to the genetic organization of their operons;

(1) the dmp type followed by genes for a ferredoxin-

like protein and a catechol 2,3-dioxygenase (C23O)[43]

and (2) the mop type followed by a gene for C12O

without a gene for a ferredoxin-like protein .[12]
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Multicomponent PHs have been isolated and

characterized from different bacteria.  PH from

Pseudomonas sp. CF600 is a complex enzyme

consisting of six polypeptides, which are encoded on a

megaplasmid . Gene products of dmpLMNOP are all[31]

required for in vitro PH activity. DmpP, comprises the

reductase component of the mPH and is a FAD

flavoprotein that contains a [2Fe-2S] center of the

ferredoxin type . The DmpL-DmpN-DmpO proteins[35]

are believed to form the oxygenating component of the

hydroxylase. DmpN considered the largest subunit of

mPH (LmPH) and possesses conserved Asp, Glu and

His ligands that have been postulated to co-ordinate a

binuclear iron center and it contains the catalytic

domain of the mPH . DmpM, is a small essential[17 ,36]

polypeptide, (regulatory component) and required to

regulate the overall enzyme activity, via the direct

interaction with the substrate itself . PH from[37 ,17]

Acinetobacter calcoaceticus NCIB8250 is encoded on

the chromosome and designated as mopKLMNOP .[12]

The polypeptides encoded by the six open reading

frames (ORFs) are similar to the dmpKLMNOP gene

products from Pseudomonas sp. CF600. Acinetobacter

radioresistens S13 is able to grow on phenol as the

sole carbon and energy source via the ortho-pathway .[20]

By structural alignment with the catalytic subunits of

methane monooxygenase (MMO) , it was proposed[44]

that PHO-á contains the enzyme active site, harboring

a dinuclear iron centre Fe-O-Fe, as also suggested by

spectral analysis . Comamonas testosteroni TA441 has[11]

s truc tura l genes encoding mP H  and  C 2 3 O

(aphKLMNOPQB), and a regulatory gene of the NtrC

family (aphR), located in a divergent transcriptional

organization on the chromosome .[2]

The structural genes encoding mPH and C23O in

P. putida H were also characterized and designated as

phlABCDEFGH . P. stutzeri OX1 has two different[23]

monooxygenases in its genome; PH  and toluene o-[3]

xylene monooxygenase . Southern hybridization[5 ,6]

analysis with the dmp genes coding for PH subunits of

Pseudomonas sp. strain CF600, gave evidence that P.

stutzeri cluster is homologous to that of Pseudomonas

sp. strain CF600  and of the multicomponent type .[3] [9]

Subunits L, N, and O of P. stutzeri OX1 PH constitute

2a dimeric (LNO)  subcomplex . PH-OX1 consists of[9]

a 200–255 kDa dimeric hydroxylase component of the

2form (áâã) , a cofactorless 10–16 kDa regulatory

protein that enhances catalytic turnover by 30–150-fold,

and a FAD- and [2Fe-2S]-containing 38–40 kDa

reductase that supplies the hydroxylase with electrons

by consuming NADH . The active sites in the[27 ,32 ,41]

resting states PH contains a diiron center coordinated

by Thr and Asn residues. The regulatory component in

this system may influence reactivity by inducing

different structural changes at or near the diiron active

site. In addition to enhancing the catalytic rate, the

regulatory protein alters the substrate regiospecificity ,[30]

influences the spectroscopic and redox properties of the

diiron center , governs movement of the substrate and[32]

product to and from the active site pocket , and[42]

couples NADH consumption by the reductase with

substrate hydroxylation at the diiron center . [30]

In this study, the catalytic domain encoding

sequences of large multicomponent phenol hydroxylase

(LmPH) from two chlorophenol-degrading bacteria, P.

aeruginosa AT2 and Alcaligenes sp. OS2 were

characterized.

MATERIALS AND METHODS

Culture Conditions and Analytical M ethods:

Bacterial strains were cultured on basal mineral

medium  with 100 mg/l chlorophenols as a main[14]

carbon source at 30°C in shacking incubator.

Chlorophenols concentrations were measured using the

4-aminoantipyrine colorimetric method based on the

procedure detailed in Standard Methods for the

Examination of Water and Wastewater . Detection of[19]

chlorophenol degradation products, specifically,

m ax  chloromuconate semiladehyde, ë at 380, was

determined using UV-VIS spectrophotometer (Unicam

UV-300, UK). Spectra were recorded between 200 and

600 nm.

PCR Amplification of LmPH Encoding Gene: A

PCR was set to amplify LmPHs encoding gene using

a set of degenerate primers targeting conserved

sequences in LmPHs encoding genes . A loopful of[17]

overnight grown cells was transferred to 50 µl TE

buffer and boiled for 5 min. Then, 1 µl of cell

suspension was used as template for PCR reaction. A

p a i r  o f  d e g e n e r a t e  p r i m e r s ,  p h e U f  ( 5 ' -

CCAGG(C/G)(C/G/T)GA(G/A)AA(A/G)GAGA(A/G)

G A A ( G / A ) C T - 3 ' )  a n d  p h e U r  ( 5 ' -

CGG(A/T)A(G/A)CCGCGCCAGAACCA-3'), were used

to amplify LmPHs encoding genes. PCR was

performed in MyCycler thermal cycler (Bio-Rad, UK)

using Premix Taq (Ex Taq Version, Takara, Japan)

according to instruction manual. The PCR conditions

were: 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. PCR was terminated after the program was

completed and amplified genes were electrophoresed

out on a 1% agarose gel with size markers (DNA

ladder, Promega, USA).
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Cloning of LmPHs Encoding Genes: Amplified

LmPHs encoding genes were ligated to pGEM-T Easy

vector (Promega, USA) according to instruction

manual. Constructed vectors were used to transform

competent E. coli cells (JM 109, Takara, Japan).

Briefly, competent E. coli cells was mixed with 5µl

ligation reaction and incubated for 30 min on ice. Cells

were heat-shocked at 42°C for 30 s, and then 900 µl

SOC medium were added. After 1 h incubation at

37°C, transformation culture was plated onto

LB/ampicillin/IPTG/X-Gal plates. Plates were incubated

at 37°C overnight. White colonies containing inserts

were picked up and inoculated into 5 ml LB-ampicillin

broth medium and incubated at 37°C overnight. For

checking successful insertion, colony PCR was

performed by transferring white colonies developed on

LB/ampicillin/IPTG/X-Gal plates to PCR tubes, and

used as template in the reaction. PCR was set using

v e c t o r  s p e c i f i c  p r i m e r s ,  M 1 3 F  ( 5 ' -

CGCCAGGGTTTTCCCAGTCACGAC-3') and M13R

(5 '-T CACACAGGAAACAGCT AT G AC-3 ') .  PCR

products were electrophoresed on 1% agarose gel with

size marker (ladder 100, Wako, Japan) using TAE

buffer (45 mM Tris-acetate, 1 mM EDTA, pH8.0) at

100 V.

Isolation of Recombinant Plasmids: Recombinant

plasmid DNA was isolated using standard plasmid

miniprep procedure based on Wizard plus plasmid

DNA purification system (Promega, USA) according to

instruction manual and used for subsequent sequence

base determination.

Sequencing of LmPHs Encoding Genes: The

nucleotide sequence of LmPHs encoding genes from

selected clones were determined by automated

florescent dye terminator sequencing method originally

developed by Sanger et al.  (DYEynamic ET[3 9 ]

Terminator Cycle Sequencing Kit, Amersham

Pharmacia Biotech). Dye terminator-based sequencing

was performed using PCR-amplified segments with

M13F vector specific primer with the following

program (95°C, 20s; 50°C, 15s; 60°C, 60s for 25

cycles). Amplified DNA was purified by ethanol

precipitation to remove unincorporated dye-labeled

terminators. Pellet was then dissolved in 20µl

formamide loading dye, heat shocked at 95 °C for 2

min, and injected to genetic sequence analyzer, model

ABI 310 (Applied Biosystems, CA, USA) according to

user manual.

Sequence Analysis: Obtained sequences were analyzed

by Genetyx-Win MFC application software version 4.0.

Related sequences were identified using BLAST search

program, National Center fo r  B io techno logy

Information (NCBI), National Library of Medicine,

USA . Sequence alignments were performed by[1]

Clustal W1.83 XP software and phylogenetic trees were

constructed using neighbor-joining method  using[38]

MEGA3 software.

Nucleotide Sequence Accession Numbers: The

obtained sequences in this study have been deposited

in NCBI GenBank under accession numbers AB474002

and AB474003.

   

RESULTS AND DISCUSSION

Amplification of Catalytic Domain Encoding

Sequence of LmPH: PH catalyzes hydroxylation of

mono and dichlorophenols into the corresponding

chlorocatechols. This reaction is considered to be the

first and rate limiting step in the aerobic chlorophenols

biodegradation . The catalytic domain of mPH has[24]

been found to exist in largest subunit (LmPH), as

exemplified in DmpN of Pseudomonas sp. CF600 .[17 ,36]

Fig. 1 shows a generalized genetic organization of

genes involved in the catabolism of substituted phenols

including genes encoding mPH, modified from

Shingler . Sequences coding for the catalytic domain[43]

of LmPH was determined from two chlorophenol

degrading bacteria, P. aeruginosa AT2 and Alcaligenes

sp. OS2 (LmPHAT2 and LmPHOS2 respectively). A

PCR amplification of target sequences was successful

using specific primers for LmPHs (pheUf and pheUr)

targeting position from 195 to 815 downstream from

the initiation site of LmPH  gene. The PCR

amplification of LmPH active center from P.

aeruginosa AT2 and Alcaligenes sp. OS2 gave a

product of ~ 600 bp (Fig. 2). The pheUf/pheUr primers

were originally developed to track down phenol-

degrading bacteria , however, it was successful to[17]

also detect chlorophenol-degrading bacteria using same

primes indicating a somehow broad substrate range for

corresponding phenol hydroxylase. 

Cloning and Sequence Analysis of LmPH Active

Center Encoding Sequences: Obtained PCR fragments

were cloned into pGEM-T Easy vector for subsequent

sequencing. Four clones were selected and sequenced

from each strain. When compared to other sequences

in GenBank, the obtained sequences were found to

encode amino acids of active center of mPH.

Alignment of deduced amino acids of LmPH active site

encoding sequence from P. aeruginosa AT2 revealed

a high degree of similarity to other mPHs reported in

GenBank. LmPHAT2 showed a 98.9% sequence

similarity to phenol hydroxylase component pheA4

from P. putida BH . However, active site encoding[4 5 ]

sequence  from  Alcaligenes sp. OS2 showed a lower
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Fig. 1: A schematic representation of the genetic organization of dmp operon encoding catabolic meta-pathway

of substituted phenols modified from Shingler . The hydroxylation of aromatic ring is catalyzed by[43]

dmpKLMNOP encoding mPH, while the subsequent meta-cleavage is catalyzed by dmpQBCDEFGHI.

DmpR and DmpT are phenol (chlorophenol) and HMS sensing transcriptional activators respectively. The

sequenced region in this study covering up the catalytic domain within LmPH gene is indicated. 

Fig. 2: PCR amplification of catalytic domain encoding sequence of LmPH gene from P. aeruginosa AT2 (A),

Alcaligenes sp. OS2 (B). Lane M represents the size marker.

degree of similarity to corresponding ones. LmPHOS2

showed an 88.7 % sequence similarity to LmPH (afpN)

from A. faecalis . The conservation of the active site[49]

encoding sequence was found to be maintained with

most mPHs. The mPH gene clusters have been cloned

and characterized from some bacteria .[7 ,9 .22 ,,25 ,29 ,40]

Comparing active site encoding sequences from P.

aeruginosa AT2 and Alcaligenes sp. OS2 with other

mPHs encoding genes from corresponding strains

revealed a high degree of conservation especially at the

diiron coordination center (Fig. 3).

Alignment of metal coordination encoding regions

from P. aeruginosa AT2 and Alcaligenes sp. OS2 with

h o m o l o g o u s  d i n u c l e a r  o x o - i r o n  b a c t e r i a l

monooxygenases, revealed a typical two DE(D)XRH

motifs (Fig. 4). These motifs are found in several

enzymes which catalyze reactions involving activated

oxygen . These regions were identified by a pair of[16]
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Fig. 3: Alignment of deduced amino acids sequence of LmPH active site encoding region from P. aeruginosa

AT2 and Alcaligenes sp. OS2 with other mPHs showing highly conserved regions.  Sequences used in

this alignment are; LmPH.IS-46 , LmPH.KL33 , MopN , AfpN , DmpN  and PheA4 .[50] [28] [12] [49] [31] [45]

Fig. 4: Multiple sequence alignment of deduced amino acids sequence of LmPH active site and metal coordination

encoding regions from P. aeruginosa AT2 and Alcaligenes sp. OS2 with homologous dinuclear oxo-iron

monooxygenases showing a typical two DE(D)XRH motifs (indicated by asterisks below the columns).

Sequences of mPHs used in this alignment are; LmPH.IS-46 , LmPH.KL33 , MopN , AfpN ,[50] [28] [12] [49]

DmpN , PheA4 , TmoA from toluene-4-monooxygenase , TbmD from toluene/benzene-2-[31] [45] [48]

monooxygenase , TbuA1 from toluene-3-monooxygenas  and MmoX from methane monooxygenase .[26] [8] [18]

conserved domains with the amino acids sequence Asp-

Glu-X-Arg-His. The two DE(D)XRH motifs with an

approximately 100 amino acid interval have been

suggested to be the diiron-oxo cluster binding site .[42]

Phylogenetic Relationships: The obtained sequences

from both strains were used to construct a phylogenetic

tree to study the relationship between genes of LmPH

of Alcaligenes sp. OS2 and P. aeruginosa AT2 with

known sequences of LmPH and PHs found at NCBI

GenBank (Fig. 5). LmPHAT2 was clustered at the

same phylogenetic branch with those from P. putida

BH (PheA4)  and dmpN from Pseudomonas sp.[45]

CF600 , while LmPH active center encoding sequence[31]

from Alcaligenes sp. OS2 (LmPHOS2) was clustered

with those from A. faecalis (afpN)  and Alcaligenes[49]

sp. IS-46 . Both sequences from P. aeruginosa AT2[50]

and Alcaligenes sp. OS2 were clustered away from

analogous mPHs of ortho-pathway (mopN) and

almostly have no relation to monocomponent PHs.

Although, monocomponent and multicomponent PHs

are present, the multicomponent type is considered the
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Fig. 5: Neighbor-joining phylogenetic tree based on the nucleotide sequences of LmPHs, showing the relationship

between genes of LmPH of Alcaligenes sp. OS2 and P. aeruginosa AT2 with known sequences of LmPH

and PHs found at NCBI GenBank. The analysis shows that LmPH active center encoding sequence from

P. aeruginosa AT2 was clustered at the same phylogenetic branch with these from P. putida BH  and[45]

Pseudomonas sp. CF600 , while LmPH active center encoding sequence from Alcaligenes sp. OS2 was[31]

clustered at the same phylogenetic branch with those from A. faecalis  and Alcaligenes sp. IS-46 .[49] [50]

Genes pheA. BR219, tbuD . PKO1 and pheA. EST1001 are examples for monocomponent PHs. The bar

represents 0.2 nucleotide substitution per 100 nucleotides

predominating one . Phylogenetic analysis confirmed[47 ,34]

that both sequences LmPHAT2 and LmPHOS2 belong

to multicomponent phenol hydroxylases of meta-

pathway.  It also suggests that the catabolic genes for

chlorophenols degradation in both strains P. aeruginosa

AT2 and Alcaligenes sp. OS2 are consistent with those

of phenol degradation with the genetic organization

characteristic to mPHs and subsequent meta-degradation

pathway typical of Pseudomonas sp. CF600 type

(dmpKLMNOPQBCDEFGHI) .[36 ,43]
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