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Carbazole 1,9a-dioxygenase (CARDO) catalyzes the dihydroxylation of
carbazole by angular position (C9a) carbon bonding to the imino nitrogen
and its adjacent C1 carbon. This reaction is an initial degradation reaction
of the carbazole degradation pathway by various bacterial strains. Only a
limited number of Rieske non-heme iron oxygenase systems (ROSs) can
catalyze this novel reaction, termed angular dioxygenation. Angular
dioxygenation is also involved in the degradation pathways of carbazole-
related compounds, dioxin, and CARDO can catalyze the angular
dioxygenation for dioxin. CARDO consists of a terminal oxygenase
component (CARDO-O), and the electron transport components, ferre-
doxin (CARDO-F) and ferredoxin reductase (CARDO-R). CARDO-O has a
homotrimeric structure, and governs the substrate specificity of CARDO.
Here, we have determined the crystal structure of CARDO-O of
Janthinobacterium sp. strain J3 at a resolution of 1.95 A. The a; trimeric
overall structure of the CARDO-O molecule roughly corresponds to the a3
partial structures of other terminal oxygenase components of ROSs that
have the a3B3 configuration. The CARDO-O structure is a first example of
the terminal oxygenase components of ROSs that have the a3 configuration,
and revealed the presence of the specific loops that interact with a
neighboring subunit, which is proposed to be indispensable for stable o;
interactions without structural B subunits. The shape of the substrate-
binding pocket of CARDO-O is markedly different from those of other
oxygenase components involved in naphthalene and biphenyl degradation
pathways. Docking simulations suggested that carbazole binds to the substrate-
binding pocket in a manner suitable for catalysis of angular dioxygenation.
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Introduction

Carbazole (CAR) is the predominant N-hetero-
cyclic aromatic compound in coal tar creosote, and

is a recalcitrant molecule with mutagenic and toxic
activities." To achieve remediation of creosote-
contaminated soil, bacterial degradation of CAR
has been studied as reviewed by Nojiri & Omori.”
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Naphthalene

D1benzoth10phene

Figure 1. Oxygenations catalyzed by CARDO isolated
from various bacteria. Angular dioxygenation of CAR
(a) involves the addition of two hydroxyl groups with the
cis-configuration at the angular position, to yield the
unstable intermediates shown in parentheses. CARDO
also catalyzes lateral dioxygenation of naphthalene (b) to
yield cis-dihydrodiols of the parental substrate. For
dibenzothiophene (c), CARDO catalyzes monooxygena-
tion of a sulfur atom, while it also catalyzes lateral
dioxygenation of this substrate.

We have investigated extensively the degradation
reactions, the degradative enzymes, and the degra-
dation genes for CAR of Pseudomonas resinovorans
strain CA10. As shown in Figure 1(a), CAR is
initially dioxygenated at the C9a carbon, which is
bonded to the nitrogen atom (termed the angular
position), and its adjacent C1 carbon. This initial
reaction, which is termed angular dioxygenation, is
known to be involved in the degradation pathways
of several aromatic compounds with similar struc—
tures, such as CAR, dioxin, and fluorene.” This
novel reaction is catalyzed by some of the multi-
component-type Rieske non-heme iron oxygenase
systems (ROSs), which are designated specifically
as angular dioxygenases. The angular dioxygenase
for CAR, CAR 1,9a-dioxygenase (CARDO), consists
of a termmal oxygenase and electron transport
proteins.>* The terminal oxygenase of CARDO,
which hereinafter will be simply referred to as
CARDO-O, is a homotrimeric enzyme that contains
one Rieske [2Fe-2S] cluster (hereinafter referred to
simply as a Rieske cluster) and one active site iron
(Fe**) in a single subunit (CarAa). The electron
transport proteins of CARDO, which mediate
electron transport from NAD(P)H to CARDO-O,
comprise ferredoxin (CARDO-F; a monomer of
CarAc), which contains one Rieske cluster, and
ferredoxin reductase (CARDO-R; a monomer of
CarAd), which contams one FAD and one plant-
type [2Fe-2S] cluster.>* Angular dioxygenation of
CAR yields an unstable cis-hydrodiol (shown in

brackets in Figure 1(a)), which is spontaneously
converted to 2'-aminobiphenyl-2,3-diol.

With very few exceptions, ROSs catalyze the
incorporation of both oxygen atoms of molecular
dioxygen to tandemly linked carbon atoms on an
aromatic ring as two hydroxyl groups in the cis-
configuration. As distinct from angular dioxy-
genation, this type of dioxygenation is called lateral
dioxygenation. For example, the lateral dioxygena-
tion of naphthalene is shown in Figure 1(b). In
addition to lateral dioxygenation, several ROSs
have been reported to catalyze another type of
oxygenation. Thus, naphthalene 1,2-dioxygenase
(NDO) of Pseudomonas sp. strain NCIB9816-4 can
catalyze lateral dioxygenation, monooxygenation
(including sulfox1dat10n) desaturation, and
dealkylation.” CARDO has also been shown to
catalyze diverse oxygenation reactions within a
broad substrate range, including angular dioxy-
genation, lateral dloxygenatlon and monooxygena-
tion (Figure 1).° Although numerous ROSs have
been isolated and characterized to date, only a
limited number of these can catalyze angular
dioxygenation.

CARDO-O can also catalyze angular dioxygena-
tion to dibenzofuran and dibenzo-p- d10x1n which
are the parental compounds of dioxins.® In the
remediation of dioxin contamination, angular
dioxygenation represents an attractive and ideal
reaction, as compared to other degradation
reactions, since the former reaction forms an
unstable hemiacetal intermediate that spon-
taneously converts the hetero ring-cleaved com-
pound. In other words, single-step oxygenation
leads to the destruction of the planar structure of
dioxin, which determines its toxicity.” Thus, angular
dioxygenases and the bacteria that express them
could be important as tools for the remediation of
dioxin contamination. However, since the incre-
ment of chlorine substitutions drastically decreases
the oxygenation efficiency of CARDO-O, further
improvements to increase the conversion rate to
highly chlorinated dioxin congeners are needed.

ROSs have been classified into three major groups
based on the number of constltuent components
and the nature of the redox center.” The charac-
teristics of the electron transport chain suggest that
CARDO should be classified as class III in Batie’s
classification.* However, phylogenetic analysis
indicates that the amino acid (a.a.) sequence of the
CARDO-O monomer (CarAa) shares rather low-
level homology (<19% overall length-wise iden-
tity) with other known catalytic subunits of
terminal oxygenases of ROSs. In addition, while
typical class III ROSs contain the terminal oxy-
genase component that consists of both o and B
subunits with the o3B; (or a,B;) configuration,
CARDO-O consists of only the catalytic (o) subunit
with the o3 configuration. This homomultimeric
structure is typical of class IA ROSs, whose terminal
oxygenases have reported to have oy, a3, o4, Or o4
configurations.®’

Considering these properties of the CARDO,
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studies of substrate recognition, subunit assembly,
and electron transport are of great interest.
Although we have purified and partially character-
ized the respective components of CARDO,* the
detailed mechanism underlying the catalysis of
unique reactions has not been elucidated, owing to
a lack of information on the three-dimensional
structures of the CARDO components. Recently,
we succeeded in solving the crystal structure of
CARDO-F from P. resinovorans strain CA10.'% As
for CARDO-O, we have achieved the crystallization
of the native form from strain CA10 (termed
CARDO-Ocp10 or CarAacaio), and preliminary
X-ray diffraction data have been obtained."" To the
best of our knowledge, the crystal structures of
the terminal oxygenase components of NDO of
Pseudomonas sp. strain NCIB9816-4 (NahAcAd)"?
and biphenyl 2,3-dioxygenase (BDO) of Rhodococcus
sp. strain RHAI (BphAlAZ),13 and cumene
2,3-dioxygenase (CDO) of P. fluorescens strain IP01
(CumA1A2),"* have been reported (hereinafter
these three will be referred to as NDO-O, BDO-O,
and CDO-O, respectively). These terminal oxy-
genases have the a3B; configuration, and catalyze
lateral dioxygenation as a primary reaction.
Attempts to solve the CARDO-O structure by the
molecular-replacement method using the NDO-O
structure, have proven unsuccessful owing to the
low homology (17.1% overall length-wise identity
between the catalytic subunits CarAa and NahAc)
and the structural differences expected from
sequence alignments.

Here, we present the crystal structure of
CARDO-O (CARDO-Oy3) from the CAR-degrader
Janthinobacterium sp. strain J3,"> which was obtained
using multiple-wavelength anomalous dispersion
(MAD) methods. This is the first report on the
structure of the terminal oxygenase component of
angular dioxygenase. In addition, the CARDO-Oy;
structure is the first example of a terminal
oxygenase component of ROSs with the a3 compo-
sition.

Results and Discussion
Purification of histidine-tagged CARDO-0,3

CarAaj;, which is a subunit of CARDO-Op;,
contains 384 a.a. residues and is similar to
CarAacaio, with only three a.a. mismatches. No
functional differences have been observed between
CARDO-Oj; and CARDO-Ocao in terms of the
substrate specificities (data not shown). Although
the native (tagless) form was used in a previous
crystallization study,'" in the present study, the
C-terminal His-tagged form of CarAaj; was
expressed in Escherichia coli for rapid purification.
Approximately 3-4 mg of His-tagged CARDO-Oy;3
was obtained routinely from one liter of SB medium
culture.* The purified CARDO-Oj; was almost
homogeneous on SDS-PAGE (data not shown).
Gel-filtration analysis showed that CARDO-Oy;

was trimeric, as was CARDO-Ocaqp (data not
shown). Before crystallization, the purified
CARDO-Oyj; was confirmed to have retained the
angular dioxygenation activity for CAR when the
purified electron transfer proteins CARDO-Fca1o
and CARDO-Rca10 were supplied (data not
shown).

Crystallography

Using the hanging-drop, vapor-diffusion method,
the formation of red-brown square-shaped crystals
of CARDO-Oy; (0.2 mmX0.2 mmX0.2 mm) was
observed at 20 °C with a reservoir solution that
comprised 15-17.5% methyl-pentane diol (MPD),
0.1 M Mes (pH 6.2), and 15-25 mg/ml of protein.
The dissolved crystals of CARDO-Oy; retained
about 80-90% of the angular dioxygenation activity
for CAR of purified CARDO-Oj; (data not shown).
Also, the iron content in the dissolved crystals was
determined as 2.1(£0.5) mol/mol of monomeric
protein, while that was determined as 2.3(40.3)
mol/mol just after the purification. These results
clearly suggested that CARDO-Oj; exists as an
active and native form in the crystals obtained. The
diffraction data for these crystals were collected in a
nitrogen stream at 100 K using the BL41XU station
of SPring-8. Based on the results of the X-ray
diffraction analysis, the crystals of CARDO-Oy;
were assigned to the cubic space group P2,3
with unit cell parameters a=b=c=131.9 A and
diffracted to 1.95 A resolution (Table 1).

The structure of CARDO-O was determined by
the MAD technique, using a cubic crystal form of
selenomethionine (SeMet)-substituted CARDO-Oy3.
Once the phase of CARDO-Oj; in the SeMet-
substituted crystal was determined at 2.3 A
resolution, the structure of the non-substituted
CARDO-Oy; crystal was refined using the phase
from the MAD data against the diffraction data with
1.95 A spacing. The final refined model of CARDO-
Oy yielded a crystallographic R-factor of 19.4% and
Rgree factor of 20.5% (Table 1). The cubic crystal
contained one subunit per asymmetric unit. One
subunit in the final model contained 389 a.a.
residues and 320 water molecules; the last three
residues in the 6 X His-tag were not observed. The
quality of the present model was deemed to be
good, and more than 88% of all the non-glycine and
non-proline residues were in the most favorable
region of the Ramachandran plot, with no residues
in the disallowed region (data not shown).

Quaternary structure of CARDO-O

Gel-filtration analysis has demonstrated that
CARDO-Oy; has the as structure.* Based on our
findings and the data on the crystal structures of
NDO-O, BDO-O, and CDO-0,'*"* we believe that
the trimeric structure of the CARDO-O crystal
exists on a crystallographic 3-fold axis, although
the crystal contains one subunit per asymmetric
unit.
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Table 1. Crystal parameters, data collection statistics, and crystallographic refinement statistics

Se-Met CARDO-O]3

Data set CARDO-Oy3 Peak Edge Remote
A. Crystal data
Wavelength (A) 1.000 0.9794 0.9796 0.9820
Space group ) P2,3 P2,3
Cell parameter (A)

a 131.9 130.3

b 131.9 130.3

131.9 130.3

c
Resolution (A)?
No. of reflections

15.00-1.95 (2.02-1.95)

53.5-2.30 (2.42-2.30)

64.6-2.30 (2.42-2.30)

55.0-2.30 (2.42-2.30)

Observed 307,722 278,892 261,035 296,029
Unique® 55,045 (5516) 32,897 (4784) 32,786 (4752) 35,657 (5,151)
Completeness (%)° 98.7 (100.0) 99.8 (99.8) 99.8 (99.8) 99.8 (99.8)
Multiplicity® 5.6 8.5 (8.6) 8.0 (7.2) 8.3 (8.2)
1/6° 36.8 (4.5) 5.6 (2.3) 6.1 (2.3) 5.6 (2.7)

0.060 (0.300)

0.102 (0.352)

0.100 (0.368)

0.102 (0.303)

Rmcrgc (O/O)a
B. Refinement

Resolution (é'%) 14.94-1.95 (2.02-1.95)
)

R-factor (% 19.4 (24.8)
Reree (%)€ 20.5 (25.8)
No. of protein atoms 3137
No. of water molecules 320
R.m.s. deviations

Bond lengths (A) 0.005
Bond angles (°) 1.333

? Values in parentheses are for the outermost shell.
b R-factor is defined as R = =||Fps| — |Featc! [/2|Fops |-
¢ Rpree has been calculated using 5% of the unique reflections.

The overall shape of CARDO-O resembles that of
a 100 A wide doughnut, with a 30 A hole and 45 A
thickness (Figure 2(a) and (b)). The monomeric
structure in the asymmetric unit facilitates trimeric
interactions with neighboring asymmetric units
along the crystallographic 3-fold axis. The reported
structure of the a-subunits of NDO-O is shown in
Figure 2(c) and (d). Although there are some
apparent differences, such as subunit size and the
size of the centrally located hole, the subunit
interactions in the CARDO-O roughly resemble
those between the three o subunits of the hetero-
hexameric NDO-O. Based on the mushroom-like
overall structures of NDO-O, it seems likely that
this type of structure is common among the
terminal oxygenase components of class IB, II, and
III ROSs with the o3B; configuration. Based on the
crystal structure of CARDO-O (Figure 2(a) and (b)),
the doughnut shape is likely to be the common and
typical one for terminal oxygenase components in
the class IA ROSs that have the a5 configuration.

The subunit structure of CARDO-O

Each CARDO-O subunit contains the active site
mononuclear iron and the Rieske cluster, and has 14
d-helices and 22 B-strands that are numbered
consecutively (Figure 3(a) and (b)). The structure
of the CARDO-O subunit can be divided into two
distinct domains. The structure and the relative
arrangement of the two domains are common
among the a-subunits of previously solved terminal
oxygenases of ROSs. In the CARDO-O structure,
according to Kauppi et al.,'> one domain has a

Rieske cluster, which is termed the Rieske domain
(residues 27-143), and the other domain, which
contains non-heme iron at the active site, is termed
the catalytic domain (residues 1-26 and 144-384).

The Rieske domain

The Rieske domain contains a Rieske cluster that
is co-ordinated by Cys69, Cys90, His71, and His93.
This domain consists of three separate antiparallel
B-sheet structures (comprising 11 B-strands) that
have been numbered B, sheet (81, 10, and B11), B,
sheet (B2-4), and B; sheet (B5-9), respectively
(Figures 3(a) and 4(a)). The B; and B, sheets are
arranged in a B-sandwich topology as distal and
proximal sheets, respectively, to the Rieske cluster
in a single subunit. Two-loop structure protrudes in
a roughly perpendicular orientation with respect to
the B, sheet, and forms two fingers with the Rieske
cluster at their tips (Figure 4(a)). The first two iron
ligands for the Rieske cluster are positioned in the
loop between B4 and a4. The second pair of iron
ligands for the cluster is found in the loop between
B6 and B7 in the B3 sheet. In the Rieske domain of
the CARDO-O subunit, an additional long loop
(107-119 a.a. residues) provides the third and final
wall of the Rieske cluster. Although size varies
among the related proteins (see the following
section and Figure 4(b) and (c)), this additional
long loop corresponds to the Pro loop in BphF,
which is the ferredoxin component of BDO of
Burkholderia Sp. strain LB400 (hereinafter desig-
nated BDO-F).'®
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Figure 2. Comparison of the overall structures CARDO-O with the o subunits of NDO-O. Overall structures of
CARDO-O ((a) and (b)) and the a subunits of NDO-O from Pseudomonas sp. strain NCIB9816-4 ((c) and (d)). Three
subunits are colored by the combination of forest-green, blue, and red, or dark-green, dark-blue, and dark-red,
respectively. The Rieske cluster and an active site iron are shown in the CPK model representation (iron and sulfide ions
are shown in green and yellow, respectively). (a) and (c) The view along the molecular 3-fold axis. (b) and (d) Side-views

of the trimer molecule shown in (a) and (c), respectively.

Comparison of the Rieske domain of CARDO-O
with those of related proteins

The structure of the Rieske domain of the
CARDO-O subunit has a fold that is similar to
those of the corresponding parts of other related
proteins. Superposition of the Rieske domain of the
CARDO-O subunit onto the corresponding parts of
NDO-O" and BDO-O' resulted in a root-mean-
square difference (rmsd) of 4.3 A (115 C* atoms) and
4.1 A (103 C* atoms), respectively. However, there
are two noteworthy differences between the Rieske
domain structures of the three terminal oxygenases.
The first difference is in the structures of the regions
between the two loops that contain the ligands for
the Rieske cluster (Figure 4(b), red arrow). In these
regions, each oxygenase subunit has a single B
strand, i.e. B5 in the CARDO-O subunit, 9 in the
NDO-O «a subunit, and B7 in the BDO-O a subunit.
Since B5 of the CARDO-O monomer constitutes the
B3 sheet with 6 to B9 strands, the formed B; sheet is
clearly distinct from the basal B-sandwich structure
that is formed by the B; and B, sheets (Figure 4(a)
and (b)). On the other hand, in the structures of
NDO-O and BDO-O, the corresponding regions

form a loop, which extends to the basal B-sandwich
structure, and each B-strand in the region consti-
tutes the B-sheet that corresponds to the B, sheet in
the CARDO-O structure. Since, in the NDO-O and
BDO-O structures, these long loops are involved in
interactions with the respective B subunits (see the
section entitled Interactions between the subunits),
the above-mentioned difference may explain why
CARDO-O consists of only three molecules of
CarAa without B subunits. Additional differences
between the Rieske domains are seen for the size
and the position of the long loop that constitutes
the third wall at the tip of the Rieske domain
(Figure 4(b), blue arrow). The loops are more exten-
sive in NDO-O and BDO-O than in CARDO-O. In
the CARDO-O structure, B8 and B9, which are
located at the stem region of a long loop, constitute
the B3 sheet with B5 to B7 strands. This is the reason
why the position of the long loop is markedly
different from those in NDO-O and BDO-O. From
the NDO-O structure, the corresponding long loop
isinvolved, to a large extent, in the interactions with
the catalytic domain of the neighboring o subunit.
Therefore, the difference in this region is considered
to affect the interaction between the catalytic
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Figure 3. Structure of the CARDO-O monomer. (a) The secondary structure; a-helices are indicated by cylinders and
B-strands are indicated by arrows. The a-helices and B-strands are color-ramped from blue at the N terminus to red at the
C terminus. (b) Stereo diagram showing the flow of the chain. The iron and sulfide ions are shown as green and yellow
spheres, respectively. The Rieske cluster and an active site iron are shown in a ball-and-stick representation. This
diagram is color-ramped from blue at the N terminus to red at the C terminus.

subunits, which may correlate with the difference
between the a3 and o3B; configurations.

The crystal structures of the Rieske-type ferre-
doxins, BDO-F'® and CARDO-F' are currently
available. The C* folding of the entire Rieske
domain of CARDO-O can be superimposed upon
those of BDO-F and CARDO-F, with rmsd values of
the C* position of 4.3 A (108 C* atoms) and 4.9 A
(103 C* atoms), respectively, while the CARDO-O
Rieske domain shows only 20.3% and 17.5%
identities with the entire regions of BDO-F (a.a.
1-109) and CARDO-F (a.a. 4-107) (Figure 4(c)).
While the directions of the regions between the two
loops, which contain the ligands for the Rieske
cluster, are identical between CARDO-O and the

ferredoxins (Figure 4(c), red arrow), the sizes of the
third walls (Figure 4(c), blue arrow), differ. As
mentioned above, the third wall of the Rieske
domain is considered to function as a stabilizer of
head-to-tail contact between the o subunits. Since
the ferredoxins exist as monomeric proteins, this
difference may reflect differences in each quater-
nary structure.

Hydrogen bonds (H-bonds) around the Rieske
cluster

The Fel atom of the Rieske cluster is co-ordinated
by S” atoms of Cys69 and Cys90, whereas Fe2 is
co-ordinated by N°' atoms of His71 and His93
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Figure 4. Structures of the Rieske domain of CARDO-O, with superimposition on the corresponding parts of the
related proteins. (a) A stereoscopic ribbon structure of the Rieske domain of CARDO-O. The Rieske cluster and its
ligands are shown by ball-and-stick models. (b) Stereoview of the superpositioning of the Rieske domains of the terminal
oxygenases of three ROSs: CARDO-O (light-green), NDO-O (sky-blue), and BDO-O (salmon). In (c), the stereoview of
the superpositioning of CARDO-O (light-green) and the Rieske-type ferredoxins, BDO-F (magenta) and CARDO-F
(yellow), is shown. In (b) and (c), the positions of the regions between the two ligand-containing loops and the long loop,
which constitutes the third wall at the tip of the Rieske domain, are shown by red and blue arrows, respectively.
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(Figure 5(a)). There were H-bonds, i.e. bonds
between the main-chain nitrogen of residue Arg72
to one of the cluster sulfides (S2), and the main-
chain nitrogen atoms of residues His93 and Trp95 to
the other cluster sulfide (S1). H-bonds were also
observed between the S¥ atoms of the cysteinyl
ligands Cys69 and Cys90 and the main-chain
nitrogen atoms of His71 and Tyr92, respectively,
(Figure 5(a)). Both N*? atoms of His71 and His93
were H-bonded to Asp359 O and Aspl180 O,
respectively, although not illustrated in Figure 5(a).
A similar H-bond network is also formed in the
NDO-O structure (Figure 5(b)).

In higher redox potential Rieske cluster-contain-
ing proteins, such as mitochondrial cytochrome
be;'” (+300 mV) and chloroplast cytochrome byf'®
(+315mV), two polar amino acid residues, which
correspond to be; residues Ser163 and Tyrl65, were
mostly conserved in the vicinity of the Rieske
cluster. In the bc; structure, the side-chain atoms
of the two residues, Serl63 OY and Tyrl65 O",

formed H-bonds with the cluster sulfide S1 and S
of the cysteinyl ligand (Cys139), respectively
(Figure 5(d)). In the case of the CARDO-O structure,
while the serine residue is replaced with Trp95, the
tyrosine residue (Tyr97) is conserved, and Tyr97 O"
forms H-bond with S” of the first cysteinyl ligand
(Cys69) (Figure 5(c)). On the other hand, while the
two cluster-ligands-binding loops of the bc, frag-
ment connect to each other via a disulfide bond, the
two loops observed in CARDO-O are not connected
covalently due to the replacement of the cysteine
residues with Val74 and Tyr92 (Figure 5(c) and (d)).
The loss of disulfide bonding between the two loops
is a common feature among the known structures of
the terminal oxygenases and ferredoxins of ROS,
which constitute a class of the Rieske cluster-
containing proteins with lower redox potential.
Previous studies have indicated that H-bond with
the cluster is important in determining the redox
potential of the electron transfer proteins."”
Although the redox potential of the Rieske cluster

Figure 5. The network of H-bonds around the Rieske cluster of CARDO-O. (a) and (c) The structures of the Rieske
cluster-flanking region of CARDO-O in the C* backbone format. The view shown in (c) is rotated 90° about a vertical axis
relative to the view in (a). (b) The structure of the Rieske cluster-flanking region of NDO-O in the same view as (a).
(d) The structure of the Rieske cluster-flanking region of bovine bc; complex in the same view as (c). The Rieske cluster
and its ligands, along with several surrounding a.a. residues are plotted as a ball-and-stick representation, and the Fe
and S atoms are shown as green and yellow spheres, respectively. The H-bonds formed around the Rieske cluster are

indicated by the pink broken lines.
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in CARDO-O has not been measured, those of other
terminal oxygenase components of ROSs, i.e.
benzene dioxygenase and phthalate dioxygenase,
have been reported as —112(£15) mV % and
—150 mV,21 respectively. The a.a. residues involved
in the formation of H-bonds in the CARDO-O
structure are completely conserved in the
N-terminal half (roughly corresponding to the
Rieske domain) of the phthalate dioxygenase
oxygenase component (data not shown). Thus, it
is reasonable to assume that the redox potential of
CARDO-O is in the same range as that of phthalate
dioxygenase oxygenase.

The catalytic domain

The catalytic domain is dominated by a seven-
stranded antiparallel B-pleated sheet that extends
into the middle of the domain of the CARDO-O
subunit (Figure 3). The strand order is f12-22-21-20-
19-16-15 from the interface between the Rieske and
the catalytic domains to the bottom of the monomer
molecule (Figure 3(b)). The sheet has tight connec-
tions between the strands on the side that packs
against the Rieske domain, whereas all the inser-
tions between the strands and C-terminal region
are on the other side. The insertions between the
strands and the C-terminal a-helix contain the
ligands for mononuclear iron and form the active
site pocket (Figure 3). The active site pocket is
formed by four structural motifs, three of which are
a-helices (a6, a7, and «11-3), and the remaining
motif is a B-sheet. One side of the active site is
formed by the long helix, a11, which is broken into
three parts at a.a. 321-322 and a.a. 328-329, which
loop out from the helix. The helix covers one part of
the above-mentioned B-sheet in its full length.
Asp333, which is a ligand for mononuclear iron at
the active site, is located within the broken a11 helix
(a11-3). The three helices, a6-8, cover the other side
of the pocket between strands P12 and B13. The
helix a7 contains an additional two ligands for
mononuclear iron, His183 and His187. The con-
served Asp180, which may provide the direct route
for electron transfer, is located on the turn between
the a6 and a7 helices.

Thus, the structure of the catalytic domain of
CARDO-O is constructed by the sheet forming the
base, with one broken helix packing against it and
with other structural elements sticking out from the
sheet against this helix. This structure is roughly
similar to that of NDO-O, and the C* folding of the
entire catalytic domain of CARDO-O can be super-
imposed upon those of NDO-O with rmsd values of
the C” position of 13.1 A (264 C* atoms). However,
there are three noteworthy differences between the
two structures. The first difference is in the structure
of the N-terminal part of the catalytic domain,
which corresponds to residues 1-26 in CARDO-O
and residues 1-37 in NDO-O. While only two
a-helices are found in the CARDO-O structure,
there are two B-strands (Bl and B2) and two
a-helices in the NDO-O structure. In the case of

the NDO-O structure, together with the 23 that is
located within the long insertion of the P-sheet
(between B22 and B24), both strands constitute a
small sheet at the bottom of the molecule. The
second difference lies in the C-terminal region,
which is located after the long broken a-helix (a11-1
to a11-3). In the CARDO-O structure, there are three
helices (212, «13, and «14) within this region.
Following @11-3, the C* turns to the bottom of the
molecule, and after helix «12, it turns back and
extends towards the Rieske domain (Figure 3(b)).
On the other hand, following the above-mentioned
B23, there are two B- strands (24 and B25), both of
which are contained in the antiparallel B-sheet that
is located in the middle of the catalytic domain of
NDO-O, resulting in the nine-stranded [-sheet.
Following the B25 strand, the C* turns to the top
of the NDO-O molecule, and after a11, turns back to
the bottom of the molecule. The third difference
concerns residues 239-251, which constitute the
hook-like long loop structure between 16 and B19,
which extends toward the bottom of the monomer
molecule. This 13 a.a. long hook-like loop includes
one B-strand (B18).

Co-ordination of iron at the active site

The mononuclear iron at the active site is co-
ordinated by His183, His187, Asp333, and by a
water molecule (Figure 6). The co-ordination
geometry of the CARDO-O active site could be
described as a distorted octahedral bipyramid with
one ligand missing, as is seen for the active site of
oxygenase components of ROSs.

In the NDO-O structure, the ligand histidine
residues (His208 and His213) are H-bonded to the
side-chains of aspartic acid residues (Asp205 and
Asp361, respectively).'”” The corresponding histi-
dine ligands in the CARDO-O structure are not
bonded to aspartic acid, but are H-bonded to
carbonylic oxygen in the main chain. The N** of
His183 H-bonds to the main-chain oxygen atoms
of Asn177 and Asp180, and similarly His187 bonds
to Phe329 (Figure 6).

Electron transfer from the Rieske cluster to the
active site

Based on the CARDO-O structure, electron
transport between the Rieske cluster and the non-
heme iron of the neighboring subunit is considered
to be mediated by Aspl180. In the CARDO-O
structure, as shown in Figure 6, a carboxylic oxygen
of the side-chain of Asp180 binds to His93 of the
neighboring subunit, which is a ligand for the
Rieske cluster. Because the O and O atoms of
Asp180 are rather distant from the N°! of His183 (at
distances of 4.7 A and 5.3 A, respectively) (Figure 6),
H-bonds are probably not formed between these
atoms. Since the N°''in His183 forms an H-bond
to the main-chain carbonyl group of Asp180, the
electron transfer pathway between the CARDO-O
subunits can be proposed as follows: from the
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Chain C

Asp180
Asn177

Chain A water

Phe329

Chain A

Phe329

Figure 6. Stereoview of the iron co-ordination at the active site of CARDO-O, and the proposed electron transport
pathway from the Rieske cluster of the adjacent subunit. Chain A, which has a Rieske cluster, and chain C, which has an
active site iron, are distinguished by the bonds that are colored light green and sky-blue, respectively. The orange broken
lines indicate the proposed electron transport pathway. The Rieske cluster is plotted as a ball-and-stick rhombus, and the
iron ions, sulfides, and the ligand-bonded water molecule are shown as green, yellow, and small red spheres,
respectively. H-bonds between the histidine ligands of iron and the backbone nitrogen atoms of the surrounding a.a.

residues are shown as red, broken, thin lines.

imidazole N** atom of the His93 ligand for the
Rieske cluster to the O of Asp180 (distance of
2.6 A), then to the imidazole N°! atom of the active
site ligand His183 via the amide group of Asp180
(2.5 A), and finally, to the non-heme iron in the
active site (Figure 6). Based on the recent coordi-
nates of NDO-O (Protein Data Bank accession code,
107G), a similar electron transfer pathway, which is
mediated by Asp205, was proposed for NDO-O.*

Interactions between the subunits

When the two subunits of CARDO-O interact in
the head-to-tail manner, 13 H-bonds and many non-
bonded interactions are formed (Figure 7(a)). The
interface between CARDO-O subunits consists of 54
residues and the accessible area buried in the
interface is about 2300 A? for each subunit, which
was calculated by the program GRASP.** The area
buried constitutes 15% of the total surface areas of a
single subunit. Meanwhile, in the NDO-O structure,
the o subunits interface consists of 54 residues that
constitute 15 H-bonds and formed buried area with
approximately 2700 A? for each subunit (17% of the
total surface areas). These results suggested that
only the differences in interface area and the
number of H-bonds formed cannot explain the
difference in their tertiary structures. However,
there is a hook-like long loop at the bottom of the
catalytic domain in the CARDO-O structure
(Figure 7(a)). Although this region corresponds to
the insertion in the B-sheet (between 18 and $19) in
the NDO-O structure, a similar loop structure is not
formed (Figure 7(b)). When the two CARDO-O
subunits interact, one H-bond and non-bonded
interactions are formed between this hook-like
long loop in the catalytic domain and the long
loop in the Rieske domain of the neighboring
subunit (Figure 7(a)). In detail, Gly244 in the

hook-like long loop H-bonds to Aspl06 in the
Rieske domain, and two hydrophobic residues
(Ile243 and Val248) in the hook-like long loop
make hydrophobic interactions with Leul08 in the
Rieske domain. The structures of the regions
between the two ligand-containing loops are also
markedly different in CARDO-O and NDO-O. In
the NDO-O structure, this region constitutes the
loop and is localized close to the catalytic domain of
its own o subunit; the corresponding region in
CARDO-O lies close to its own Rieske cluster and
neighboring catalytic domain (Figure 4(b)). Due to
these structural differences, the corresponding part
(o4 helix) of the CARDO-O can interact with the
a11-3 of the neighboring a subunit (Figure 7(a)) by
the hydrophobic interaction (between Val78 and
Trp335) and several H-bond networks via water
molecules. However, in the NDO-O, it interacts
with the loop between B1 and B2 of the neighboring
B subunit (Figure 7(b)). In addition, Trp91, Tyr92
and Trp95 in the Rieske domain form hydrophobic
interactions with Tyr185, Ile186, Trp335, lle354 and
Phe356 in the catalytic domain.

In the CARDO-O structure, the above structures
may contribute, in the main, to the stabilization of
the appropriate interaction between the o subunits
for the effective transfer of electrons, in contrast to
the B subunit of terminal oxygenases, which have
the a3B3 configuration, as is the case with NDO-O.
As the result of the alignment analyses between the
a.a. sequences of CARDO-Oj; subunit (CarAay;)
and other oxygenase components of class IA ROSs
including phthalate dioxygenase, which is reported
to have the terminal oxygenase component with oy
or a configurations,® we could not clearly identify
the regions corresponding to those that contribute
to stabilize the o3 configuration of CARDO-O
(data not shown). Therefore, the above subunit
interaction might be specific for the CARDO-O
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Figure 7. Comparison of the subunit interactions between CARDO-O and NDO-O. Stereoview of the interfaces
between the subunits of CARDO-O (a) and NDO-O (b) is shown. The a-subunits are colored (a) forest-green and blue or
(b) dark-green and dark-blue. In (b), the B-subunits are colored magenta and orange. Regions that are involved in
subunit H-bonding or non-bonded interactions are emphasized. H-bonds formed between the subunits are indicated by
red broken lines. The Rieske cluster and an active site iron are shown in a ball-and-stick thombus or a CPK model
representation, and the iron and sulfide ions are colored green and yellow, respectively.

structure. To clarify this speculation, the structural
analysis of other terminal oxygenase components of
ROSs, which consist of only catalytic subunits, is
necessary.

Substrate-binding pocket

The active site iron is positioned approximately
18 A from the surface of the CARDO-O molecule
(Figure 8(a) and (b)). From the surface, a cavity
provides the substrate with access to the active site
iron. The entrance of this cavity consists of the a10
helix, p17 strand, and a loop between the B18 and
B19 strands; the CARDO-O cavity is larger than that
of NDO. The wall of the cavity is formed by three
helices (a6, a7, and «11-3), and the B-sheet located at
the middle of the catalytic domain.

The shape of the substrate-binding pocket of
CARDO-O (Figure 8(b)) is quite different from that
of NDO-O. The cavity is divided into two regions,
which are proximal and distal to the entrance
(designated as the P and D-regions, respectively),
by the active site iron. The P-region consists
primarily of hydrophobic residues, as does the

corresponding region of NDO-O, and the size is
approximately 8 AX11 AX18 A. This region
contains two iron-ligand histidine residues, as
well as the hydrophobic residues, 1le184, Ile186,
Phe275, and Phe329 occupying positions near the
active site iron. This hydrophobic environment
around the substrate-binding pocket seems reason-
able, since the enzyme prefers aromatic compounds
as its primary substrates. The D-region is made into
a forked shape by Glu284 and is narrower than the
P-region, with a width of about 5 A and a depth of
5 A. Hydrophobic residues (Leu270, Val 272 and
Ile334) are included in the D-region, although there
are also many polar residues (GIn282, Glu284,
Tyr286, Tyr296, Asn330, Arg337 and the iron-ligand
Asp333) in this region. Compared to the other
related enzymes, the presence of polar residues in
the D-region is an important and unusual charac-
teristic of CARDO-O, and may be related to its
origin. R

Superimposition of the residues located 10 A
from the active site iron in CARDO-O with those
in NDO-O is shown in Figure 8(c). Although the
three iron ligands and neighboring Asp residues
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Val272 -
Asp333

Phe275

lle184 le186

Ser190

<D-region sje— P-region —]

Phe275

8184 a1ae

Figure 8. The substrate-binding pocket of CARDO-O. (a) The surface plot of CARDO-O. The view shown in (a) is
almost identical with that shown in Figure 2(b). A long cavity leads from the surface of the molecule to the active site iron
(green). (b) The molecular surfaces of the long cavity of CARDO-O. The water molecule ligand-bound to the active site
iron (shown in the CPK model and colored green) and other water molecules are shown as large and small red spheres,
respectively. In (c), the stereoview of the superposition of the residues located at <10 A from the active site iron in
CARDO-O (light green) and NDO-O (sky-blue) is shown. The side-chains of the residues that form the substrate-binding
pocket are shown in the wire-frame model, and the catalytic mononuclear irons are shown in the CPK model. The
ligands for the active site iron (His183, His187, and Asp 333), Asp180, Ile184, Ile186, Ser190, Val272, Phe275, and Phe329
in CARDO-O are labeled and emphasized. The residues in NDO-O that correspond to the ten residues in CARDO-O are

also emphasized.

that are probably involved in electron transport
can be roughly superimposed, the remaining
residues that form the wall of the substrate-binding
pocket cannot be superimposed for these two
enzymes.

Substrate specificity of CARDO-O interpreted by
docking simulation

In order to deduce the mechanism of the reaction
specificity of CARDO-O from the shape and
physicochemical property of the substrate-binding
pocket, we performed docking simulations of CAR.
The predicted docking structures could be grouped
into two clusters. The rmsd values of non-hydrogen
atoms of the members of each cluster from its
cluster center were less than 0.5 A, and the rmsd
values between structures from different clusters
were about 1 A. The representative structures of
both clusters are shown in Figure 9(a) and (b). Both
binding conformations are stabilized by H-bonding
between the imino nitrogen and the carbonyl
oxygen of Gly178. Among the carbon atoms of the

substrate, those at the angular (C9a) and its adjacent
(C1) positions are closest to the oxygen atoms (O1
and O2, respectively) in both conformations. In all
the predicted docking structures, the distances
between C9a and O1 and between C1 and O2 are
3.07(£0.05) A and 2.84(£0.08) A, respectively. This
binding manner agrees with the fact that CARDO-O
catalyzes the angular dioxygenation for CAR. Note
that the simulated docking structures were con-
verged on either of the two binding conformations,
even when the distance restraints were imposed on
the carbon atoms at the lateral positions. Therefore,
the distance restraints used here did not bias the
distribution of the docking structures. Such dis-
tances between the oxygen atoms and the carbon
atoms attacked in the docking models are compar-
able to those reported for the NDO-O:dioxygen:
indole ternary complex.”” This suggests that the
mechanism of dioxygenation of CARDO-O is the
same as that of NDO-O. The difference in the sites
attacked is thus attributed to the difference in the
binding conformations of the substrates, which, in
turn, arises from the difference in the shapes and
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(b)

Figure 9. Computer-predicted docking structures of
CAR in the CARDO-O active site. (a) and (b) Two
representative binding conformations of CAR to dioxy-
gen-bound CARDO-O. Two models of CAR are colored
salmon and golden rod, and H-bonds formed between the
imino nitrogen of CAR and main-chain oxygen of Gly178
are indicated by red broken lines. The ligands for the
active site iron (His183, His187, and Asp 333) are shown
in the wire-frame model, and the catalytic mononuclear
irons are shown in the CPK model (green). The modeled
dioxygen-bound active site of CARDO-O is shown by
ball-and-stick models (red). In (c), the distances between
C9a and Ol1, and between C1 and O2 in the two
representative binding conformations are shown.

physicochemical properties of the substrate-bind-
ing pockets of CARDO-O and NDO-O.

To clarify the molecular mechanism underlying
the catalysis of other unique reactions,’ it will be
necessary to determine the binding positions of
other various substrates. In addition to the in silico
analysis, the determination of CARDO-O:substrate
complex and CARDO-O:substrate:dioxygen tern-
ary complex structures by X-ray crystallography
will also be important. Furthermore, to improve
the applicability of CARDO for bioremediation
of dioxin contamination, the structure-based
interpretation of the low capability of CARDO-O
to oxygenate highly chlorinated dioxin congeners
will be important.

Possible binding site with CARDO-F

Considering that the interactions between o
subunits are roughly conserved between CARDO-
O and NDO-O (Figure 2), it seems likely that these
two terminal oxygenases interact with their respect-
ive ferredoxins in similar manners. Since, in NDO-
O, the interface between the o and B subunits is
blocked from interacting with the ferredoxin
molecule, CARDO-F is believed to contact
CARDO-O at the top or side of the molecule. As
shown in Figure 10, there are two pronounced
depressions around each subunit interface. One of
the depressions is positively charged, and the other
is negatively charged. Considering that the Rieske
cluster of CARDO-O locates inside the negatively
charged depression, we assume CARDO-F binds
to this region in CARDO-O. If it is the case, the
distance between two Rieske clusters is about
15-20 A, whose distance is reasonable in the
electron transfer from CARDO-F to CARDO-O.

Materials and Methods
Expression of His-tagged form of CARDO-O

In order to express the CARDO-Oy; in the C-terminal-
histidine-tagged form, we used the pET-26b(+) vector
(Novagen, Madison, WI). Artificial Ndel and Xhol sites
were created at the 5 and 3'-ends of the carAa gene,
respectively, by PCR using template DNA (pBJ3001)"°
and the following primer set: 5'-CATATGGCGAACGTTG
ATGAGGCAAT-3' and 5-CTCGAGGCCCGAAACGTG
CGCTTGGGTCTGAATACCCTG-3' (Ndel and Xhol
restriction sites italicized). The resultant PCR amplicon
was ligated into the Ndel and Xhol sites of pET-26b(+), to
produce pEJ3AaC.

E. coli strain BL21(DE3) (Novagen) harboring 2pE]?;AaC
was grown in Luria-Bertani (LB) medium 4 or SB
medium® that was supplemented with kanamycin
(50 pg/ml) at 37°C for the initial incubation and at
25 °C for the induction of protein expression with shaking
at 120 rpm. When the absorbance at 600 nm reached
approximately 0.5, 0.5 mM isopropyl-B-p-thiogalacto-
pyranoside (IPTG) was added. After 15 hours incubation
with IPTG, the E. coli cells were harvested by centrifu-
gation. The SeMet substituent of CARDO-O;; was
expressed in the E.coli methionine auxotroph strain
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Figure 10. Surface electrostatic potentials and overall
shapes of CARDO-O. The view along the molecular 3-fold
axis, which is identical with that shown in Figure 2(a), is
shown. The negatively charged surface is colored red, and
the positively charged surface is colored blue.

B834 (DE3) (Novagen). E.coli strain B834 (DE3)
(pEJ3AaC) was grown in medium that contained
SeMet™ and harvested by centrifugation.

Preparation of purified CARDO-O

All of the purification procedures were carried out at
4 °C. Appropriate E. coli cells were suspended in TI buffer
(20 mM Tris-HCl (pH 7.5), 60 mM imidazole, 0.5M
NaCl). The crude cell extract, which was prepared by
sonication and subsequent centrifugation, was applied to
a HiTrap Chelating HP column (Amersham Biosciences,
Tokyo, Japan) according to the manufacturer’s recom-
mendation. After sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), the fractions that con-
tained CARDO-Oj; were pooled and concentrated by
ultrafiltration using Centriprep-10 (Millipore, Bedford,
MA). The resultant preparation was further purified by
gel-filtration chromatography (GFC) using a Superdex
200 column (26 mm X600 mm; Amersham Biosciences)
and GFC buffer (20 mM Tris-HCl (pH 7.5), 0.2 M NaCl,
10% (v/v) glycerol). Fractions that contained CARDO-Oj3
were concentrated, and buffer-exchanged with the 5 mM
Tris-HCI buffer (pH 7.5) for the crystallization exper-
iments.

Analytical methods

To determine the CAR-oxygenating activity of the
CARDO-O after the purification from crude cell extract
and after the crystallization, in vitro reconstitution assays
were performed: 1ml of the reaction mixture (50 mM
Tris-HCl (pH?7.5)) contained 100 nmol NADH, 1 nmol
FAD, 100 nmol Fe(SO,4)>(NH,),, 0.8 mg of crude cell
protein of E. coli J]M109 harboring pUCA14> expressing
both CARDO-F and CARDO-R, and 100 pg of the purified
or the dissolved CARDO-O protein. The reaction was
initiated by adding 60 nmol of CAR dissolved in 1 ul of
dimethyl sulfoxide. After incubation for two hours at

30 °C, the reaction was stopped by putting into ice. The
products were extracted with 2 ml of ethyl acetate, and
then applied to gas chromatography-mass spectrometry
to quantify the product formed as described.® The iron
content of the dissolved crystal of CARDO-O was
determined by iron-chelating reagent Feren S as
described.*

Crystallization and data collection

The initial crystallization trials of CARDO-Oj; were
carried out using the reservoirs from several commer-
cially available crystallization kits. The final crystal-
lization conditions for CARDO-Oyj; crystals were as
follows: 15-17.5% (= )-2-methyl-2,4-pentanediol (MPD),
0.1M Mes (pH 6.2), and 15-25 mg/ml protein at 20 °C.
After incubation for two to three days, the cubic-form
crystal was grown by hanging-drop, vapor-diffusion (1:1
(v/v) ratio of precipitating solution to protein). The X-ray
diffraction data for the non-substituted CARDO-Oy;
crystals were collected at 100 K on the BL41XU station
of SPring-8 at the Japan Synchrotron Radiation Research
Institute (JASRI). The diffraction data were processed
with the HKL2000 software.”® The data collection and
processing statistics are given in Table 1.

MAD phasing

The CARDO-Oj; protein structure was determined
from the three-wavelength MAD experiment (peak
0.9794 A; edge 0.9796 A; and remote 0.9820 A) using the
anomalous scattering of Se in the SeMet-substituted
protein (Table 1). The collected data were processed and
scaled using DPS/MOSFLM.” The phase calculation
was performed by the Solve/Resolve program.”**’ The
positions of the six high peaks of Se (six Se/one molecule
per asymmetric unit) were determined at 2.3 A (FOM is
0.38). Density modification of the phase from the Solve
program was performed in DM in CCP4,* using solvent
flattening and histogram matching. After DM, the
electron density map was clearly interpretable.

Structure refinement

The ARP/wWARP program®' in CCP4 was applied to
the modified phase in combination with the 1.95A
diffraction data from the native crystal, for the initial
model building. The auto main-chain tracing routine
produced five polypeptide fragments (375 residues, 96%)
and a connectivity index of 0.97. Model rebuilding and
refinement in the electron density map was carried out
with the QUANTA (Accelrys, San Diego, CA) and
Xtalview® programs. Refinement was carried out using
the Refmac5 programs in CCP4 and CNS 1.1,% by
gradually adding water molecules. The stereochemistry
of the model was analyzed using the PROCHECK>* and
WHATCHECK® programs. The refinement statistics are
listed in Table 1. The F;gures were %enerated using
MOLSCRIPT,* Raster3D,” and PyMOL.”®

Structural comparisons were performed with the
QUANTA program. H-bonding and hydrophobic inter-
actions within the protein structures were predicted using
the LIGPLOT program.®® The area buried in the subunit
interface was calculated by the program GRASP.*
Calculation and drawing of the surface electronic
potentials were carried out with the SPOCK program.*’
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Docking simulation between CAR and the substrate-
binding pocket of CARDO-O

The structure of the CARDO:dioxygen:CAR ternary
complex was modeled as follows. The position of the
dioxygen was calculated, based on the assumption that
the dioxygen binds to the mononuclear iron at the active
site of CARDO-O in a manner similar to that observed in
the NDO-O:dioxygen complex. The coordinates of the
NDO-O:dioxygen:indole complex® (Protein Data Bank
accession code 107N) were translated and rotated to
minimize the rmsd value between the active center atoms.
The obtained positions of the oxygen atoms were used as
those in the CARDO-O active site.

The docking simulation of CAR to the active site of
CARDO-O was performed by using GOLD version 2.1.401
The search area was a sphere with a radius of 10 A
centered at the active center position near the mono-
nuclear iron determined by Pass version 1.1.*> During the
docking simulation, harmonic distance restraints were
imposed between the dioxygen and the carbon atoms at
the reaction sites of the substrate, when the distance was
greater than 3.5 A. All possible reaction sites, i.e. one
angular (C1-C9a), and two lateral (C1-C2 and C3-C4)
positions were tested and ten independent simulations
were executed for each condition. All of the predicted
docking structures were classified into clusters using
rmsd values between non-hydrogen atoms of the
substrate as a distance measure.

Protein Data Bank accession number

The co-ordinates for the structure of CARDO-O have
been deposited in the RCSB Protein Data Bank with
accession code TWWO.
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