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Polychlorinated dibenzo-p-dioxins and dibenzo-
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A gram-positive bacterium Terrabacter sp. strain
BF63 is able to degrade dibenzofuran (DF) via initial
ioxygenation by a novel angular dioxygenase. The
bfA1 and dbfA2 genes, which encode the large and
mall subunits of the dibenzofuran 4,4a-dioxygenase
DFDO), respectively, were isolated by a polymerase
hain reaction-based method. DbfA1 and DbfA2
howed moderate homology to the large and small
ubunits of other ring-hydroxylating dioxygenases
less than 40%), respectively, and some motifs such as
he Fe(II) binding site and the [2Fe-2S] cluster ligands
ere conserved in DbfA1. DFDO activity was con-
rmed in Escherichia coli cells containing the cloned
bfA1 and dbfA2 genes with the complementation of
onspecific ferredoxin and ferredoxin reductase com-
onent of E. coli. Under this condition, these cells ex-
ibited angular dioxygenation of DF and dibenzo-p-
ioxin, and monooxygenation of fluorene, but not
ngular dioxygenation of carbazole, xanthene, and
henoxathiin. Phylogenetic analysis revealed that
bfA1 formed a branch with recently reported large

ubunits of polycyclic aromatic hydrocarbon (PAH)
ioxygenase from gram-positive bacteria but did not
luster with that of other angular dioxygenases, i.e.,
xnA1 from Sphingomonas sp. strain RW1 [Armen-
aud, J., Happe, B., and Timmis, K. N. J. Bacteriol. 180,
954–3966, 1998] and CarAa from Pseudomonas sp.
train CA10 [Sato, S., Nam, J.-W., Kasuga, K., Nojiri, H.,
amane, H., and Omori, T. J. Bacteriol. 179, 4850–4858,
997]. © 2001 Academic Press

Key Words: angular dioxygenase; oxygenase compo-
ent; Terrabacter sp.; dibenzofuran degradation;
ibenzo-p-dioxin degradation; fluorene degradation.
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urans are highly toxic compounds (1, 2), and are
nown to be carcinogenic. Large quantities of dioxins
re released into the environment as contaminants in
esticides and herbicides, and as a result of the com-
ustion of waste. Dibenzofuran (DF) has been used as
model compound in the biodegradation of dibenzo-p-

ioxin (DD) (3–6), and the metabolism of DF has been
tudied intensively in recent years. Thus, the initial
tep of this metabolic pathway has been revealed to be
n angular dioxygenation catalyzed by dibenzofuran
,4a-dioxygenase (DFDO), which leads to a chemically
nstable intermediate that is spontaneously rearoma-
ized to 2,29,3-trihydroxybiphenyl (THB). Subsequent
ing cleavage of THB is catalyzed by extradiol dioxy-
enases yielding 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-
,4-hexadienoic acid, which is then hydrolyzed to
-hydroxypenta-2,4-dienoic acid and salicylic acid. Sal-
cylic acid is then metabolized via catechol or gentisic
cid (Fig. 1). Among these metabolic enzymes, initial
ngular dioxygenase, which can act at the angular
osition adjacent to the oxygen atom of DF, is a key
eterminant of the substrate range in the degradation
f heterocyclic aromatic compounds including chlori-
ated DDs and DFs (7, 8, Habe, H., Chung, J.-S., Lee,
.-H, Kasuga, K., Yoshida, T., Nojiri, H., and Omori, T.,
ubmitted). However, as compared with other initial
ioxygenases such as naphthalene dioxygenases, bi-
henyl dioxygenases, and toluene dioxygenases, there
s still a lack of knowledge concerning angular dioxy-
enases.
Until recently, genetic analyses of angular dioxyge-

ases involved in the degradation of dioxin-related
ompounds have been performed with only gram-
egative bacteria of the genera Sphingomonas and
seudomonas. Bünz and Cook (7) who purified DFDO
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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dioxin dioxygenase) from Sphingomonas sp. strain
W1, revealed that this enzyme consists of three com-
onents and belongs to the class IIA dioxygenases in
atie classification (9). The genes encoding the compo-
ents of this enzyme, dxnA1 and dxnA2, were cloned
nd identified; a number of identified catabolic genes
ere found to be dispersed over different genome seg-
ents (10). In an other study, the genes encoding an-

ther type of angular dioxygenase, carbazole 1,9a-
ioxygenase (carAaAcAd), were isolated from
seudomonas sp. strain CA10 which degrades carba-
ole (CAR), a structural analogue of DF, via anthranilic
cid and catechol (11). CarAaAcAd was revealed to be
three-component dioxygenase system belonging to

he class III dioxygenases, and was capable of cata-
yzing the conversion of DF and DD into THB and
,29,3-trihydroxydiphenyl ether (THDE), respectively.
etween these two angular dioxygenases, the sub-
trate specificities and the organization of terminal
xygenase component were quite different from each
ther (7, 8, 10, 11).
On the other hand, in gram-positive bacteria, three

istinct extradiol dioxygenases (meta-cleavage en-
ymes) from DF-degrader Terrabacter sp. strain
PO360 were purified and shown to be involved in

otal mineralization of DF (12). However, there have
een no reports on either the purification of DFDO or
he cloning of its genes, and angular dioxygenases from
ram-positive bacteria remain poorly understood.

FIG. 1. Proposed degradation pathway for dibenzofuran in Terra
,29,3-trihydroxybiphenyl; III, 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-
cid; VI, catechol; VII, gentisic acid.
196
Previously, we isolated Terrabacter sp. strain DBF63
strain DBF63 was formerly identified as Staphylococ-
us auriculans) on the basis of the ability to utilize DF
r fluorene (FN) as the sole source of carbon and en-
rgy, and proposed degradation pathways of DF and
N (6). We also have cloned and analyzed the genes for
xtradiol dioxygenase (dbfB) and meta-cleavage com-
ound hydrolase (dbfC) that were thought to be in-
olved in the degradation of DF (13). However, no
andidates for angular dioxygenase gene were found in
he neighboring region of the genes previously re-
orted.
In this paper, we report the isolation of the dbfA1

nd dbfA2 genes, which are terminal oxygenase com-
onents of the angular dioxygenase system in strain
BF63, and the determination of their nucleotide se-
uences. This is the first report on the cloning and
haracterization of the terminal oxygenase component
f angular dioxygenase from gram-positive bacteria.

ATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Strain
BF63 is a DF-degrading bacterium which was isolated from a soil

ample in Japan on the basis of its ability to grow on DF as the sole
ource of carbon and energy (6). E. coli strain JM109 [recA1, D(lac-
roAB), endA1, gyrA96, thi-1, hsdR17, relA1, supE44, F’ (traD36,
roAB, lacIqZDM15)] was used as host strains in DNA manipulation.
Strain DBF63 was cultivated as reported previously (13). Nutrient

roth, commercially available from Eiken Chemical (Tokyo, Japan),

cter sp. strain DBF63. Compound designations: I, dibenzofuran; II,
-hexadienoic acid; IV, salicylic acid; V, 2-hydroxypenta-2,4-dienoic
ba
2,4



was used as indicated by the manufacturer. E. coli strains were
c
s
b
c
T
(

p
A
C

p
t
e
t
m
i
r
a
s

p
a
s
s
R
C
v
G
9
i
w
m
f
p
t
d
a

s
w
f
g
g
d
a
a
a
c
p
s
P
l
h
c
f
4
s

h
g
5
p
t
(

CFMM buffer (containing 2.2 g of Na2HPO4, 0.8 g of KH2PO4, and
3
s
T
d
s
t
w
a
d
(
(

p
(
t
R

q
K
t
s
k
d
u
D
F
D
m
n
n
i
B
A

R

P

p
g
i
c
a
f
m
d
n
d
m
t
c
r
R
M
s
n
i

t

Vol. 283, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ultivated using LB broth, 2xYT medium, or Terrific broth, as de-
cribed by Sambrook et al. (14). Ampicillin sodium salt and isopropyl-
-D-thiogalactopyranocide (IPTG) were added to the media at final
oncentrations of 100 mg/ml and 100 mM, respectively, if necessary.
he cloning vector pUC119 was obtained from Takara Shuzo Co.

Shiga, Japan).

Chemicals. Chemicals used in this study were of the highest
urity commercially available (Merck, Darmstadt, Germany; Sigma-
ldrich, Steinheim, Germany; Kanto Chemical, Tokyo; Wako Pure
hemical, Osaka; Nacalai Tesque, Kyoto).

DNA manipulations. Total DNA from strain DBF63 was pre-
ared as reported previously (13). Plasmid DNAs were prepared by
he method of Birnboim (15) and purified as described by Sambrook
t al. (14). E. coli cells were transformed with plasmids according to
he method of Hanahan with some modifications (16). DNA frag-
ents were purified using a Geneclean II kit (Bio 101, Vista, CA) as

ndicated by the manufacturer. Other DNA manipulations were car-
ied out as described by Sambrook et al. (14), and commercially
vailable enzymes and kits were used as recommended by the re-
pective manufacturers.

Polymerase chain reaction (PCR). Degenerated primers for am-
lifying the DNA fragments containing the region homologous to
ngular dioxygenase genes were designed on the basis of the con-
erved amino acid sequence for Rieske [2Fe-2S] cluster in the large
ubunits of oxygenase components. Two degenerated primers,
ieskeF (59-TGYCGBCAYCGBGGSAWG-39) and RieskeR (59-
CAGCCGTGRTARSTGCA-39) were synthesized by commercial ser-
ice (Cruachem, Kyoto, Japan). PCR was carried out with AmpliTaq
old (PE Biosystems, Urayasu, Japan) and GeneAmp PCR System
700 (PE Biosystems). Appropriate negative controls were included
n each experiment. The cycling conditions for PCR amplification
ere as follows: 96°C for 10 min; followed by 40 cycles of 95°C for 1
in, 55°C for 1 min, and 72°C for 2 min; then by 72°C for 10 min,

ollowed by cooling down to 4°C. After the ligation of resultant PCR
roduct to the pT7Blue T-vector (Clontech Lab. Inc., Palo Alto, CA),
he nucleotide sequence of PCR products were determined, and the
educed amino acid sequences were verified for the conserved amino
cid residues and frames of codons.

Cloning of the DNA fragments containing genes encoding iron-
ulfur protein. Total DNA of strain DBF63 was partially digested
ith BamHI to obtain DNA fragments from 10 to 40 kb. The DNA

ragments ranging from 20 to 30 kb were extracted from an agarose
el following electrophoresis of the digested DNA, purified and li-
ated into a cosmid vector SuperCos1 (17) which had been previously
igested with XbaI, treated with calf intestine alkaline phosphatase,
nd then digested with BamHI. The resultant constructs were pack-
ged into l phage with Gigapack III Packaging Extracts XL (Strat-
gene) to infect the E. coli host strain. To screen for positive clones
arrying DNA fragments containing the region homologous to PCR
roduct, colony hybridization experiments were carried out as de-
cribed previously (13). The hybridizing probe was prepared from the
CR product of 78-bp products and labeled using Megaprime DNA

abeling system (Amersham Pharmacia Biotech, Chalfont, Bucking-
amshire, England) with [a-32P]dCTP (3000 Ci/mol, ICN Biomedi-
als, Costea, CA). Obtained positive clones were checked for the DNA
ragment that was hybridized with the probe. A restriction map of a
0-kb DNA region including angular dioxygenase genes was con-
tructed by using several restriction enzymes.

Resting cell reactions and analysis of the products. E. coli cells
arboring appropriate plasmids used for resting cell reaction were
rown on 100 ml of LB broth supplemented with ampicillin in a
00-ml Sakaguchi flask at 30°C on a reciprocal shaker at 120 strokes
er min. IPTG was added to induce the gene located down stream of
he lac promoter, if necessary. The culture broth was centrifuged
4000g), and the pelleted cells were washed twice with 100 ml of
197
.0 g of NH4NO3 per liter of distilled water) and resuspended in the
ame buffer to an optimum density (O.D.) 600 of approximately 10.
o 5 ml of the resting cell suspension in test tubes (18 mm in
iameter), each substrate from stock solutions dissolved in dimethyl
ulfoxide (1 mg/ml) was added to a final concentration of 1 mM, and
he tubes were incubated at 30°C for 18 h. The reaction mixtures
ere directly extracted with 5 ml of ethyl acetate. The extracts were
nalyzed by gas chromatography-mass spectrometry (GC-MS) after
erivatization with N-methyl-N-trimethylsilyltrifluoroacetamide
MSTFA). GC-MS analyses were performed as described previously
8, 13).

SDS–PAGE. Sodium dodecyl sulfate–polyacrylamide gel electro-
horesis (SDS–PAGE) was performed by the method of Laemmli
18), using 13% polyacrylamide gels. After the electrophoresis, pro-
ein staining of the gels was stained with Coomassie brilliant blue
-250.

Nucleotide sequencing and phylogenetic analyses. Nucleotide se-
uencing was carried out using Dye-Terminator Cycle Sequencing
it (PE Biosystems) and 373A DNA Sequencing System (PE Biosys-

ems). A series of unidirectionally deleted DNA fragments for the
equencing reaction were constructed using Kilo-sequence deletion
it (Takara Shuzo). The nucleotide sequence of PCR products was
etermined using a pT7Blue T-vector clone (Clontech) of PCR prod-
cts as a template. The results of sequencing were analyzed using
NASIS ver. 3.7 (Hitachi Software Engineering, Yokohama) and
ramePlot 2.3 (19). Homology was searched using Swiss-Prot and
DBJ, EMBL, and GenBank databases. Multiple sequence align-
ent was carried out using Clustal W ver. 1.8 (20), and a phyloge-
etic tree was constructed using PHYLIP ver. 3.5c (21), by the
eighbor-joining method (22). The nucleotide sequence data reported

n this article have been submitted to the DDBJ, EMBL, and Gen-
ank nucleotide sequence databases under the accession number
B054975.

ESULTS

CR Amplification and Detection of the Genes
Encoding Terminal Oxygenase Components
for Ring Hydroxylating Dioxygenases

The gene encoding a large subunit of oxygenase com-
onent in strain DBF63 was presumed to be homolo-
ous to either gene for large subunits of oxygenases
nvolved in PAH degradation, because strain DBF63
ould metabolize FN, phenanthrene and anthracene,
nd cometabolize biphenyl and naphthalene. There-
ore, we tried to clone the genes directly by PCR-based

ethod. Major members of the genes for PAH-
egradation were included in multiple alignment of
ucleotide sequence for oxygenase to design a set of
egenerated PCR primers. Resultant multiple align-
ent for the amino acid sequences of large subunits of

erminal oxygenase involved in the degradation of the
ompounds containing more than two aromatic rings
evealed the existence of two conserved regions in
ieske-type [2Fe-2S] cluster-binding sites [CRHRG(K/
)X14C(S/T)YHGW; X, any amino acid]. Therefore, a

et of degenerated primers was designed to amplify
ucleotide sequence for Rieske [2Fe-2S] binding sites

n oxygenase components.
The DNA fragment smaller than 100 bp was ob-

ained by PCR amplification and nucleotide sequence
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f the PCR product was determined. The size of the
CR product was 78 bp, indicating that the two primer
egions were separated in frame. The nucleotide se-
uences of four PCR products determined using the
T7Blue T-vector, were completely identical. The de-
uced amino acid sequence of this frame contained no
ermination codon and showed the highest identity
69.2%) with BphA1 from Pseudomonas sp. strain
KS102 (23).
When the PCR product was used for the probe in a

outhern blotting experiment of BamHI-digested total
NA of strain DBF63 at a high stringency, a strong

ignal at a size of approximately 8-kb fragment was
etected together with a weaker signal around 11 kb
nd a slight signal at 2.5 kb (data not shown). This
esult indicated that strain DBF63 contains at least
hree homologous genes encoding the components of
ing-hydroxylating dioxygenase.

loning of the Gene Involved in the Angular
Dioxgenation of DF

A cosmid library of the genomic DNA from strain
BF63 was constructed, and out of approximately
000 of the resultant colonies, more than 30 positive
lones having the sequence homologous to the PCR

FIG. 2. Physical map of the 19-kb DNA region containing two rin
entagons in the physical map indicate the size, location, and the
irection of transcription from the lac promoter of the cloning vecto
bsence (2) of angular dioxygenase activity for dibenzofuran is show
pnI; Sl, SalI; Sp, SphI; P, PstI.
198
roduct were obtained. Twenty cosmid clones were se-
ected for subjected to restriction mapping and hybrid-
zation analysis. As a result, nineteen of 20 cosmid
lones were found to contain both of the above men-
ioned 8- and 11-kb BamHI fragments containing pro-
osed terminal oxygenase genes. Mapping of these cos-
id inserts revealed that the two BamHI fragments
ere linked to each other as shown in Fig. 2. The DNA

ragment corresponding to a slight 2.5-kb signal in the
outhern blotting experiment could not be obtained in
his study.

The angular dioxygenase activity of these cosmid
lones for DF to produce THB was tested in resting cell
eaction and GC-MS analysis of the metabolite, but no
osmid clone exhibited the activity. Therefore, within
he region of the linked 8- and 11-kb BamHI frag-
ents, a series of subclones designated as pDF01 to

DF07, pDF20, and pDF32 were constructed using
ector pUC119 with lac promoter (Fig. 2). As all these
onstructs were hybridized with the PCR products,
hey were thought to contain the whole or part of the
egion of the large subunit of the terminal oxygenase
omponent. From hybridization analysis, the con-
erved regions of Rieske [2Fe-2S] cluster binding site
n large subunit were revealed to exist in approxi-

ydroxylating dioxygenases from Terrabacter sp. strain DBF63. The
ection of transcription of the ORFs. The solid arrows indicate the
UC119. pCC12 is one of cosmid clones shown. The presence (1) or
at the right. Restriction site designations: B, BamHI; Bg, BglII; K,
g-h
dir
r p
n
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ately 2.5-kb BglII-SphI region within the 8-kb
amHI fragment (Fig. 2, pDF32) and 850-bp PstI-SalI
egion within 11-kb BamHI fragment (Fig. 2, the re-
ion common to pDF07 and pDF20). Then, to investi-
ate whether E. coli harboring these constructs cata-
yze the angular dioxygenation of DF, we performed
xpression experiments in the presence of IPTG. As a
esult, E. coli harboring pDF04 exhibited activity to
roduce a small amount of THB, and E. coli harboring
DF32 showed strong activity for DF (Fig. 2). In both
ases, the mass spectrum having the principle frag-
ent ions at m/z 418 (M1, 34), 315 (67), and 73 (100)
as detected by GC-MS analysis of the product from
F (relative intensity expressed as percentage is given

n parentheses) (Table 1). This fragmentation pattern
nd the retention time (RT) of the trimethylsilyl (TMS)
erivative of the metabolite were identical to those of
HB (13). This confirmed that an approximately 2.5-kb
glII-SphI fragment contained the components of
FDO, which was capable of converting DF to THB by

ncorporating two oxygen atoms into an angular posi-
ion and the adjacent position of the DF molecule.
owever, E. coli JM109 harboring pDF01 and pDF02

ontaining a larger fragment including the whole re-
ion of the 4-kb SphI fragment did not exhibit any
ctivities of angular dioxygenation. In addition, E. coli
M109 harboring pDF05 and pDF06, which were
hought to contain the whole region of another large
ubunit, did not show angular dioxygenase activity for
F (Fig. 2).

ucleotide Sequence of the Gene Encoding
the Angular Oxygenase Component

Sequence analysis revealed that the 2.5-kb BglII-
phI fragment contained two possible ORFs (ORF1
nd ORF2), that had the same orientation (Fig. 2). The
educed amino acid sequence of ORF1 showed the
ighest identity (38%) with NidA from Rhodococcus sp.
train I24 [Accession No. AF121905] which is a large
ubunit of terminal oxygenase component of indene

GC Retention Times and MS Spectral Propertie
and Its Analogs by Resting Cell R

Substrate
RTa

(min) Principle fragment ionsb

ibenzofuran 10.1 418 (M1, 34), 315 (67), 73 (100)
ibenzo-p-dioxin 10.7 434 (M1, 23), 331 (49), 166 (15), 73 (10
luorene 8.9 254 (M1, 88), 239 (73), 165 (100), 74 (5
-Fluorenone 10.3 358 (M1, 34), 343 (6), 270 (17), 253 (47

223 (5), 180 (9), 147 (51), 73 (100)

a All products were analyzed by GC-MS after derivatization of MS
b Fragment ions are expressed as m/z values; relative intensities
c Relative conversion rate was calculated using the conversion rat
d Possible products of 9-fluorenone were suggested based on the r
199
ioxygenase, and shared homology with amino acid
equences of the large subunit of oxygenases involved
n the degradation of polycyclic aromatic hydrocarbons
PAHs) [36–37% identity with PhdA from Nocardio-
des sp. strain KP7 (No. AB017794), and NarAa from
hodococcus sp. strain NCIMB12038 (No. AF082663)].
he consensus sequence of Rieske-type iron sulfur proteins

or the binding of a [2Fe-2S] cluster (CXHX16–17CXXH)
24) was found in the deduced amino acid sequence of
RF1. The critical motif DX2HX4–5H, which was con-

idered to act as a mononuclear iron ligand at the site
f oxygen activation (25), was also conserved in the
educed amino acid sequence of ORF1 (data not
hown).
The deduced amino acid sequence of ORF2, which
as found just downstream of ORF1, showed homology
ith the amino acid sequence of the small subunit of

he oxygenase involved in the hydroxylation of aro-
atic ring compounds. The deduced amino acid se-

uence of ORF2 showed the highest identity of 40%
ith BphA2 from R. erythropolis strain TA421 (No.
88020) which is a small subunit of terminal oxygen-
se component of biphenyl dioxygenase, and shared
omology with amino acid sequences of the small sub-
nit of oxygenases involved in the degradation of
onoaromatics [34–36% identity with BnzB from P.

utida (No. P08085), TodC2 from P. putida strain F1
No. Y18245), McbAb from Ralstonia sp. strain JS705
No. AJ006307), BedC2 from P. putida strain ML2 (No.
F148496), and IpbA2 from R. erythropolis strain BD2

No. U24277)].
From these findings, the products of two ORFs were

uggested to be involved in the initial dioxygenation of
F molecule, thus ORF1 and ORF2 were designated as
bfA1 and dbfA2, respectively.

etection of the Products of DbfA1 (ORF1)
and DbfA2 (ORF2)

To confirm whether these genes could be translated
o polypeptides with the predicted sizes in E. coli cell,

f Major Compounds Formed from Dibenzofuran
ctions of E. coli Carrying DFDO

Relative conversion
rate (%)c Identified or possible productd

100 2,29,3-Trihydroxybiphenyl
98.7–99.6 2,29,3-Trihydroxydiphenyl ether
97.7–102 9-Fluorenol
79.4–84.2 1-Hydro-1,1a-dihydroxy-9-fluorenone or

1,2-Dihydro-1,2-dihydroxy-9-fluorenone

A.
ressed as percentages are given in parentheses.
f dibenzofuran as 100%.
lts reported by Monna et al. (1993).
s o
ea

0)
2)
),

TF
exp
e o
esu
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he cellular extract from the recombinant E. coli cells
arboring a plasmid containing ORF1 and ORF2
pDF32) (Fig. 2) were loaded on SDS-PAGE. As shown
n Fig. 3, the results indicate that the products of ORF1
49-k) and ORF2 (20-k) which corresponds to the pre-
icted molecular mass of ORF1 (49,518) and ORF2
19,761), respectively were expressed in the presence of
PTG at final concentrations of 0.1, 0.5, and 1 mM.

ubstrate Specificity of DbfA1A2

By means of the resting cell reaction using E. coli
arboring pDF32, the conversion of other aromatic
ompounds by DFDO was investigated (Table 1). E.
oli harboring pUC119 was used as a control. When
D was added as a substrate in transformation ex-
eriments, we detected a product exhibiting frag-
ent ions at m/z 434 (M1, 23), 331 (49), 166 (15),

nd 74 (100). This fragmentation pattern and the RT
f the TMS derivative of the metabolite were the
ame as those observed for the TMS derivatives of
HDE (13). In addition, FN was converted to a com-
ound having the fragment ions at m/z 254 (M1, 88),
39 (73), 165 (100), and 74 (52) and the RT of 8.9 min.
hese data were identical to those of the TMS deriv-
tive of the authentic 9-fluorenol, which is metabolic
ntermediate in FN degradation of strain DBF63 (6).
lso, 9-fluorenone was converted to a compound ex-
ibiting major fragment ions at m/z 358 (M1, 34),
53 (47), 147 (51), and 73 (100). This fragmentation
attern and relative intensity were identical with
hose of the metabolic intermediate of FN (desig-
ated FN-P5) reported by Monna et al. (1993), which

FIG. 3. Detection of products of DbfA1 (ORF1) and DbfA2
ORF2) expressed in E. coli JM109. Total cellular proteins of E. coli
trains were analyzed by SDS–PAGE. Lanes: 1 and 7, molecular
ass standards of 96,000, 67,000, 43,000, 30,000, 20,100, and 14,400

top to bottom); 2, JM109 (pUC119); 3, JM109 (pDF32) IPTG 0 mM;
, JM109 (pDF32) IPTG 0.1 mM; 5, JM109 (pDF32) IPTG 0.5 mM; 6,
M109 (pDF32) IPTG 1 mM.
200
r 1,2-dihydro-1,2-dihydroxy-9-fluorenone. On the other
and, it was revealed by GC-MS analysis that CAR,
anthene, and phenoxathiin were not converted to 29-
minobiphenyl-2,3-diol, 2,29,3-trihydroxydiphenylmeth-
ne, and 2,29,3-trihydroxydiphenyl sulfide, respectively,
y this angular dioxygenase. Moreover, no oxygenation
roducts were detected when PAHs, such as naphtha-
ene, phenanthrene, and anthracene, were used as sub-
trates.

omology Analysis of the Neighboring Region
of dbfA1A2 Genes

The genes for the electron transport proteins, ferre-
oxin and ferredoxin reductase, that transport electron
rom NAD(P)H to the oxygenase component, were not
ound within the 2.5-kb BglII-SphI region. In many
ases, these components of dioxygenase are clustered
ith the terminal oxygenase gene. Therefore, the nu-

leotide sequence of an approximately 8-kb BamHI
ragment containing dbfA1A2 was determined. Open
eading frame analysis of the region revealed the exis-
ence of 8 additional ORFs (Fig. 2).

(i) Putative hydrolase and dehydrogenase genes
ORF3 and ORF4). Although the nucleotide sequence
f the 39-terminal region has not been determined com-
letely (about 30-bp lack), the deduced amino acid se-
uence of ORF3, which was located just downstream
egion of dbfA1A2 genes, revealed to be closely related to
eta-cleavage compound hydrolase involved in the deg-

adation of monoaromatic, such as OhpC from Rhodococ-
us sp. strain V49 [3-(2-hydroxybiphenyl)propionic acid
egradation] (No. AF274045), CmtE from P. putida
train F1 (p-cumate degradation) (No. U24215), EtbD1
rom Rhodococcus sp. strain RHA1 (ethylbenzene degra-
ation) (No. AB004320), and NahN from P. stutzeri strain
N10 (catechol degradation) (No. AF039534), showing
8, 35, 33, and 32% identity, respectively. These homol-
gies strongly indicated that ORF3 encodes the meta-
leavage compound hydrolase, and a conserved pen-
apeptide motif of serine hydrolase is also conserved
GXSXG) (data not shown). On the other hand, the de-
uced amino acid sequence of ORF4, which was located
ust upstream of the dbfA1 and dbfA2 genes, exhibited
omology to acetoacetyl-CoA reductase (PhbB) from
seudomonas sp. strain 61-3 (No. AB014757) (33% iden-
ity), and alcohol dehydrogenase (CymB) from P. putida
train F1 (No. U24215) (32% identity). However, ORF4
id not show homology to dihydrodiol dehydrogenase in-
olved in the aromatic compound degradation.

(ii) Two putative regulatory genes (ORF5 and ORF6).
he deduced amino acid sequences of ORF5 and ORF6,
hat had the opposite direction of transcription (Fig. 2),
howed homology to transcriptional regulators. Com-
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ith those of the members of LysR-type transcriptional
egulators, such as TfdT of R. eutropha strain JMP134
No. U16782), ClcR of Ralstonia sp. strain JS705 (No.
J006307), and AphT of Comamonas testosteroni
train TA441 (No. AB029044) revealed 32, 27, and 26%
dentity, respectively. The homology was the highest in
he N-terminal helix-turn-helix motif which is pre-
umed to be the DNA-binding region of these proteins
26) (data not shown). On the other hand, the predicted
ene products of ORF6 shared 27-28% identity with
hose of PcaR of Rhodococcus opacus strain 1CP (No.
F003947) and P. putida (No. AJ252090), 28% with

hose of KdgR of Erwinia chrysanthemi (No. X62072),
nd 26% with those of IclR of E. coli (No. M31761). All
hese proteins belong to the IclR family of regulators,
nd these are activators of protocatechuate catabolic
ene cluster (pca) from the above two strains (27, 28),
epressor of the pectin catabolism pathway genes (29),
nd repressor of the acetate operon (30), respectively.
he ORF6 product possessed possible helix-turn-helix,
NA-binding motif in the N-terminus, and a conserved

egion in the C-terminus that corresponds to the sig-
ature pattern for the IclR family of proteins:

G/A]X3[D/S]X2EX6[C/S/A][L/I/V/M][G/S/A]X2[L/I/V/M]-
F/Y/H][D/N] (31), except for Ala222 and Ser223 in
RF6 product (data not shown). The putative helix-

urn helix and IclR family signature motifs are located
n ORF6 product between residues 42-61 (LTDVSKY-
GVASSTAHRLLA) and 202-223 (GFATSKEESEE-
VASLAVALAS), respectively (data not shown).

(iii) Ferredoxin reductase genes (ORF8). The de-
uced amino acid sequence of ORF8 exhibited homol-
gy (37–39% identity) to the ferredoxin reductase of the
ing-hydroxylating dioxygenases such as BphA4 from
. erythropolis strain TA421 (biphenyl degradation)

No. D88021) and PhdD from Nocardioides sp. strain
P7 (phenanthrene degradation) (No. AB017795), al-

hough the nucleotide sequence of the 59-terminal re-
ion has not been determined completely. The putative
DP-binding sites of FAD (FAD-binding sites) and
AD (NAD-binding sites) in the ferredoxin reductase
ere predicted from amino acid sequences in compar-

son with the proteins of the reductase family. The
onsensus sequences of the putative FAD- and NAD-
inding site (32) are conserved in the deduced amino
cid sequence of ORF8 with the completely conserved
otif GXGX2GX3A (33) (data not shown).

(iv) Other gene (ORF7). The deduced amino acid
equence of ORF7 showed homology to fuculose-1-
hosphate aldolase from Methanobacterium thermoau-
otrophicum strain Delta H (No. AE000903) (31% iden-
ity) and 2-hydroxy-3-carboxy-6-oxo-7-methylocta-2,4-
ienoate decarboxylase (CmtD) from P. putida strain
1 (No. U24215) (25% identity).
201
In this study, by PCR method with Rieske primers,
e successfully cloned the dbfA1 and dbfA2 genes,
hich is the first example of the genes encoding termi-
al oxygenase components of angular dioxygenase
rom gram-positive bacteria. Although sequence anal-
sis revealed that the insert of pDF32 (2.5-kb BglII-
phI fragment) contained neither the gene encoding

erredoxin nor that encoding ferredoxin reductase of
FDO, E. coli cells harboring pDF32 exhibited angular
ioxygenase activity for DF (Fig. 2). Until now, there
ere some examples showing that the absence of the
lectron transporting proteins was complemented with
he presence of some electron transporters derived
rom E. coli host cells, e.g., incomplete naphthalene
ioxygenases from P. putida strain NCIB9816 (34),
sopropylbenzene dioxygenases from P. putida strain
E204 (35), phenanthrene dioxygenase from Burk-
olderia sp. strain RP007 (36), and toluene-4-
onooxygenase from P. mendocina strain KR1 (37)

these were encoded by recombinant plasmids lacking
he ferredoxin and/or ferredoxin reductase genes). In
FDO from strainDBF63, also angular dioxygenase
ctivity was achieved with the complementation of
onspecific ferredoxin and ferredoxin reductase compo-
ent of E. coli.
Phylogenetic analysis revealed that DbfA1 did not

luster with most of the known large subunits of dioxy-
enases but formed a branch with recently reported
arge subunits of PAH dioxygenase from gram-positive
acteria, i.e., NidA from Rhodococcus sp. strain I24
38), PhdA from Nocardioides sp. strain KP7 (39), and
arAa from Rhodococcus sp. strain NCIMB12038 (No.
F082663) (Fig. 4). On the other hand, phylogenetic
nalysis of the small subunit, DbfA2, did not give a
luster similar to that for large subunits, i.e., DbfA2
id not form a cluster with NidB from strain I24 (38)
nd PhdB from strain KP7 (39), but with BphA2 from
hodococcus sp. strains TA421 (No. 88020) and RHA1

40), and TodC2 from P. putida strain F1 (41), that are
mall subunits of biphenyl or monoaromatics dioxyge-
ases (data not shown). Whether this phylogenetic dif-
erence between DbfA1 and DbfA2 has a physiological
r evolutionary significance remains unclear.
The substrate specificity of DbfA1A2 was investigated

nd compared with those of the well-investigated angular
ioxygenases. DFDO (dioxin dioxygenase), which was pu-
ified from Sphingomonas sp. strain RW1, was reported
o catalyze the angular dioxygenation of DF and DD but
ot of CAR, and this enzyme could not oxidize PAHs such
s naphthalene (7). Similar to DFDO from strain RW1,
bfA1A2 also catalyzed the angular dioxygenation of DF
nd DD but not of CAR, and produced no oxygenation
roducts of PAHs, such as naphthalene, phenanthrene
nd anthracene. It converted 9-fluorenone to a compound
aving major fragment ions at m/z 358 (M1, 34), 253 (47),
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147 (51), and 73 (100) by DbfA1A2 (Table 1). This frag-
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entation pattern was identical with that of a metabolite
designated FN-P5), which was determined to be
-hydroxy-1,1a-dihydroxy-9-fluorenone or 1,2-dihydro-
,2-dihydroxy-9-fluorenone, by Monna et al. (1993). Con-
idering the facts that DbfA1A2 apparently showed
ngular dioxygenase activity and did not exhibit cis-
ihydroxylase activity toward FN, naphthalene, phenan-
hrene and anthracene, this metabolite converted by
bfA1A2 was speculated to be 1-hydroxy-1,1a-dihydroxy-
-fluorenone. Also, by DFDO from strain RW1,
-fluorenone was converted to the compound, which was
resumed to be cis-diol derivative of 9-fluorenone (7). The
bove results indicated that the substrate specificity of
FDO from strain DBF63 is very similar to DFDO from

train RW1. However, while FN was not oxygenated by
FDO from strain RW1 (7), DbfA1A2 could convert FN to
-fluorenol. This finding showed that DFDO from strain
BF63 could catalyze the monooxygenation of the meth-
lenic group of FN. On the other hand, the substrate
pecificity of DbfA1A2 was quite different from that of
nother type of angular dioxygenase, CarAaAcAd from
seudomonas sp. strain CA10 (11). Both DbfA1A2 and
arAaAcAd could catalyze the angular dioxygenation of
F and DD, and the monooxygenation of FN. However,
ifferent from DbfA1A2, CarAaAcAd could catalyze the
ngular dioxygenation of CAR, xanthene, and phenox-
thiin, and the cis-dihydroxylation of PAHs including
aphthalene, anthracene, and fluoranthene (8). These
esults suggested that the amino acid residues involved
n the substrate recognition were probably different
mong these angular dioxygenases.
In our previous study, strain DBF63W, which is a

erivative of strain DBF63, was obtained by the con-
inuous culture of wild-type strain on nutrient broth.
his mutant utilized salicylic acid, but not DF as sole
ources of carbon and energy (13). We reported that in
outhern blotting analysis using a DNA fragment con-
aining dbfBC genes as a probe, no signals were de-
ected in the total DNA from strain DBF63W, whereas
easonably strong signals were detected in the total
NA from wild-type strain DBF63 (13). Similarly, in
outhern blotting analysis using the PCR product as a
robe, by which dbfA1 gene could be cloned, no signals
ere detected in the BamHI-digested total DNA from

train DBF63W, whereas a strong signal at a size of
pproximately 8-kb (DNA fragment containing both
bfA1 and dbfA2 genes), a weaker signal around 11-kb
DNA fragment containing another multicomponent
ioxygenase genes) and a slight signal at 2.5-kb were
etected in the BamHI-digested total DNA from wild-
ype strain (data not shown). These results indicate a
ossibility that DbfA1A2 as well as DbfBC is involved
n the degradation of DF by strain DBF63.

We also performed homology analysis of the neigh-
oring region of the dbfA1A2 gene. In the 3.8-kb up-
tream region of the dbfA1A2 gene, we found the ORF8
203
oxin reductase component of multicomponent dioxy-
enase. Although there is a possibility that DbfA1A2 is
omplemented with the product of ORF8, two putative
egulatory genes that had the opposite direction of
ranscription exist between dbfA1A2 gene and ORF8.
his fact indicates that dbfA1A2 gene and ORF8 are

ocated on different transcriptional units. In addition,
ased on hybridization analysis, another large subunit
f multicomponent dioxygenase system was thought to
xist around 850-bp PstI-SalI fragment (Fig. 2, region
ommon to pDF07 and pDF20). Therefore, the product
f ORF8 is considered to function with another termi-
al oxygenase component. We are currently carrying
ut sequencing analyses of both upstream and down-
tream regions of 8-kb BamHI fragment to search for
erredoxin and ferredoxin reductase component of
FDO, and to reveal the genetic structure of another
ioxygenase system. These studies will reveal the func-
ion of these two dioxygenase systems and the relation-
hip between them.
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