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ABSTRACT Cumene dioxygenase (CumDO) is an initial enzyme in the cumene degradation
pathway of Pseudomonas fluorescens IPO1 and is a Rieske non-heme iron oxygenase (RO) that
comprises two electron transfer components (reductase [CumDO-R] and Rieske-type ferre-
doxin [CumDO-F]) and one catalytic component (a;3;-type oxygenase [CumDO-Q]). Catalysis
is triggered by electrons that are transferred from NAD(P)H to CumDO-O by CumDO-R and
CumDO-F. To investigate the binding mode between CumDO-F and CumDO-O and to iden-
tify the key CumDO-O amino acid residues for binding, we simulated docking between the
CumDO-O crystal structure and predicted model of CumDO-F and identified two potential
binding sites: one is at the side-wise site and the other is at the top-wise site in mushroom-
like CumDO-O. Then, we performed alanine mutagenesis of 16 surface amino acid residues
at two potential binding sites. The results of reduction efficiency analyses using the purified
components indicated that CumDO-F bound at the side-wise site of CumDO-O, and K117 of
the a-subunit and R65 of the B-subunit were critical for the interaction. Moreover, these two
positively charged residues are well conserved in a;B5-type oxygenase components of ROs
whose electron donors are Rieske-type ferredoxins. Given that these residues were not con-
served if the electron donors were different types of ferredoxins or reductases, the side-wise
site of the mushroom-like structure is thought to be the common binding site between
Rieske-type ferredoxin and a;B35-type oxygenase components in ROs.

IMPORTANCE We clarified the critical amino acid residues of the oxygenase component
(Oxy) of Rieske non-heme iron oxygenase (RO) for binding with Rieske-type ferredoxin
(Fd). Our results showed that Rieske-type Fd-binding site is commonly located at the
stem (side-wise site) of the mushroom-like a;8; quaternary structure in many ROs. The
resultant binding site was totally different from those reported at the top-wise site of
the doughnut-like as-type Oxy, although a;-type Oxys correspond to the cap (a5 subu-
nit part) of the mushroom-like a;B;-type Oxys. Critical amino acid residues detected in
this study were not conserved if the electron donors of Oxys were different types of Fds e i e, S e e T
or reductases. Altogether, we can suggest that unique binding modes between Oxys University

and electron donors have evolved, depending on the nature of the electron donors, de- Copyright © 2022 Tsai et al. This is an open-
spite Oxy molecules having shared a;/3; quaternary structures. flfgecsf:a:'vcfgg;:::s;iii:iig neformwf
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romatic compounds are used by some microorganisms as carbon and/or energy sources Received 17 May 2022
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and are transformed into nonhazardous or less-hazardous substances (1). Bioremediation Published 13 July 2022
removes aromatic compounds from the environment using microorganisms and is safer and
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FIG 1 Potential binding sites of CumDO-F on CumDO-O. Two potential binding sites were predicted by
docking simulations using GRAMM-X. In panels A and B, CumDO-F models based on the crystal structures of
the TDO-F (PDB entry 4EMJ) (37) were used, while in panel C, the CumDO-F model prepared from BDO-F
(PDB entry 1FQT) (8) was used. The surfaces of the a- and B-subunits of CumDO-O (PDB entry 1WQL) are
shown in magenta and green, respectively. Homology-modeled CumDO-Fs are shown in blue in the ribbon
model. (A) Binding at the a-subunit interface at the top-wise site and (B and C) binding at the a- and
B-subunit boundary at the side-wise site are shown.

more economical than physical or chemical methods (2). Under aerobic conditions, microor-
ganisms overcome the resonance stabilization energies of aromatic ring systems using oxy-
genases, which are oxidoreductases that add one (monooxygenases, also called hydroxylases)
or two (dioxygenases) atoms of atmospheric oxygen to aromatic compounds to convert the
aromatic ring (3-5).

Rieske non-heme iron oxygenases (ROs) are implicated in generation of cis-dihydrodiol
metabolites at the initial step of degradation of various aromatic compounds, such as naph-
thalene, biphenyl, isopropylbenzene (cumene), and carbazole (6). ROs are composed of one
or two electron transfer components (reductase [Red] alone or both Red and ferredoxin
[Fd]) and a catalytic component (terminal oxygenase [Oxy]) (7). The reaction is triggered by
electrons from one molecule of NAD(P)H, which are transferred directly or via an Fd from
Red to the Oxy (6, 8) to dihydroxylate one molecule of substrate.

Red is the first component of the electron transfer chain of ROs. Red is a direct elec-
tron donor of Oxy in two-component ROs, which are classified in class | in Batie’s classi-
fication system (9). Three-component ROs have Fd as the second electron transfer
component, which shuttles electrons between Red and Oxy by noncovalent binding.
Three-component ROs are classified into class Il or lll based on the nature of their Red,
and the class Il ROs can be divided into class IIA or 1IB based on the type of Fd (9). The
Rieske cluster of the a-subunit of Oxy components receives electrons from the electron
transfer component and transfers them to the mononuclear iron (active center) of the
neighboring a-subunit. Most Oxy components also have an additional small B-subunit
with no prosthetic group, the function of which has been suggested to be structural
(10-15). All Oxy structures exhibit an «; doughnut-like or a;8; mushroom-like quater-
nary structure.

Electron transfer is essential for aromatic degradation by ROs and is related to catalytic
activity. The binding site of Red and Fd has been determined based on the structure of the
Red-Fd complex of biphenyl dioxygenase (BDO) from Acidovorax sp. strain KKS102 and the
Red-Fd complex model of toluene dioxygenase (TDO) from Pseudomonas putida F1 (16, 17).
The binding site between Fd and Oxy has been determined only for the Fd-Oxy complex of
carbazole 1,9a-dioxygenase (CARDO), which has an as-type Oxy (18). That is, Fd of CARDO
(CARDO-F) bound in the hydrophobic groove surrounded by charged residues at the a-sub-
unit interface of Oxy in the CARDO (CARDO-O) component. The interaction between Fd and
a5 B5-type Oxy has been predicted by docking simulations. Friemann et al. (17) and Khara et
al. (19) performed docking simulations of Fd and the a;f3;-type Oxy of TDO from P. putida
F1 and aromatic hydrocarbon dioxygenase from Sphingobium sp. strain PNB. The results
implied that Fd binds to Oxy at the interface of the a-subunit at the top-wise site (on the
cap of the mushroom-like structure; similar position to Fig. 1A) or the interface of the «- and
B-subunits at the side-wise site (at the stem of the mushroom-shaped structure; similar
position to Fig. 1B and C). Kumari et al. (20) performed docking simulations of Fd and «;35-
type Oxy components of 3-nitrotoluene dioxygenase (3NTDO) from Diaphorobacter sp.
strain DS2 and demonstrated that Fd binds at the a-subunit interface at the top-wise site
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(20). The putative binding site of the top-wise site roughly corresponds to that in the
CARDO complex (18).

Cumene dioxygenase (CumDO; EC 1.14.12.—) from Pseudomonas fluorescens IP01,
which is a three-component RO system, catalyzes the initial reaction of the cumene
degradation pathway. cumA71, cumA2, cumA3, and cumA4 genes, which encode the
CumDO three-component oxygenase system comprising «- and SB-subunits of Oxy, Fd,
and Red, have been isolated (21). Electrons are transferred from NADH via flavin ade-
nine dinucleotide (FAD) of the iron-sulfur flavoprotein Red (CumDO-R) and Rieske clus-
ter of Rieske-type Fd (CumDO-F) to the Rieske cluster of a;B;-type Oxy (CumDO-O).
CumDO-0O has an a;8; mushroom-like quaternary structure (22). CumDO is of class IIB
according to Batie’s classification (9), as are BDO and TDO, which also have Rieske-type
Fds and a5 B5-type Oxys (17, 23-28). CumDO proteins possess 64 to 74%, 50 to 59%, 50
to 77%, and 48 to 73% identities with the a- and B-subunits of Oxy, Fd, and Red of
BDO from Paraburkholderia xenovorans LB400 (formerly identified as Burkholderia xeno-
vorans), BDO from Rhodococcus jostii RHA1, and TDO from P. putida F1, respectively
(22). The structures of the a- and B-subunits of CumDO-O have root mean square devi-
ation (RMSD) values of 0.94 to 1.45 A for the full-length a-subunit and 0.89 to 1.43 A
for the full-length B-subunit of Oxy components of BDO and TDO, suggesting that
CumDO-O is structurally similar to those of BDO and TDO (17, 22, 24, 29). Therefore,
CumDO has potential as a model of the TDO/BDO subfamily (30, 31).

In the current study, we evaluated the mode of binding between Rieske-type Fd and
a;B5-type Oxy using the CumDO system. Electron transfer activities from CumDO-F to
alanine-substituted CumDO-O were determined to identify the residues essential for
component interactions. In addition, we discuss the binding mode between Fd and Oxy
in various ROs based on reported crystal structures and the conservation of important
amino acid residues identified by CumDO analysis.

RESULTS

Prediction of potential binding sites of CumDO-F on CumDO-O. The structure of
CumDO-F has not been determined. The structure of CumDO-F was generated by
homology modeling using SWISS-MODEL (32-36), based on the 2.4-A structure of Fd
of TDO (TDO-F [PDB entry 4EMJ]; 56% sequence identity to CumDO-F) (37) or the 1.6-A
structure of Fd of BDO (BDO-F [PDB entry 1FQT]; 78% sequence identity to CumDO-F)
(8). The QMEAN numbers of TDO-F-based and BDO-F-based model structures were
—1.33 and —0.87, respectively, indicating reliable model quality.

We performed docking simulations with CumDO-O and two homology-modeled
CumDO-Fs (TDO-F-based and BDO-F-based models). In total, 20 each docking modes
were generated by docking simulations. Electron transfer occurs when Rieske clusters
are separated by <14 A (38). In 17 simulations using the TDO-F-based model and 16
simulations using the BDO-F-based model, the two Rieske clusters were separated
by =18 A, preventing the transfer of electrons. Therefore, these binding modes were
excluded. When the TDO-F-based model was used, one simulation result, in which
CumDO-F bound at a side-wise site of CumDO-O (at the interface of the a- and B-sub-
units constituting the stem of the mushroom-like structure), showed an ~11-A dis-
tance between two Rieske clusters. When the BDO-F-based model was used, in four
simulation results, CumDO-F bound at a side-wise site of CumDO-O with a 14- to 16-A
distance between two Rieske clusters. On the other hand, in two simulation results
using the TDO-F-based model, CumDO-F bound at a top-wise site of CumDO-O (at the
interface of two a-subunits constituting the cap of the mushroom-like structure)
showed an ~16-A distance between two Rieske clusters. Although the observed dis-
tance was longer than the 14-A threshold (38), this binding mode was similar to those
of CARDO-F and CARDO-O (18). Moreover, one of the previous works found the best
docking model with a 16.1-A distance between two Rieske clusters (19). Thus, we con-
sidered that the proposed top-wise site may be the CumDO-F-binding position.

These two possible CumDO-F binding structures are shown in Fig. 1A (top-wise site

August 2022 Volume 88 Issue 15

Applied and Environmental Microbiology

10.1128/aem.00835-22

3


https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00835-22

Ferredoxin-Binding Site in «, 3,-Type Oxygenase

6,R89
\\.‘ ')
7

a,L35

Y

’ .‘” ‘.l =~

a,K258

-

B,W100

-~
ﬂ\% ‘(\LEGZLZM
B.RE5Y(

) S BiLos \lf a3D253
\ 7) i - \

h\

FIG 2 Amino acid residues of CumDO-O for alanine substitution. Each of 16 amino acid residues of CumDO-O
(light blue and yellow) was replaced with alanine. In both panels, the left images show the molecular surface
of CumDO-O, with the positions of the substituted residues and two potential binding sites indicated by
orange squares, and the right images show ribbon models of potential binding sites, in which alanine-
substituted residues are shown in sticks. Lys33, Leu35, Arg39, and Arg407 of « subunit 1 (a, subunit) and
Asp158, Trp159, Leu162, and Glu180 of neighboring « subunit 2 (a, subunit) were located at the top-wise site
(A). Lys117 and Lys141 of the «, subunit, Leu241, Asp253, and Lys258 of the «, subunit, Arg65 of B subunit 1
(B, subunit), and Leu98 and Trp100 of the neighboring B subunit 2 (8, subunit) were located at the side-wise
site (B). @- and B-subunits of CumDO-O are shown in magenta and green, respectively.

binding) and 1BC (side-wise site binding). In both potential CumDO-F binding sites on
CumDO-O, a hydrophobic groove was surrounded by several charged amino acid resi-
dues (data not shown). These features are similar to those of the CARDO-F-binding site
on CARDO-O (18), although the amino acid residues constituting the potential binding
sites were not conserved between the two Oxy molecules.

Effect of alanine substitutions on electron transfer efficiency between CumDO-O
and CumDO-F components. Alanine substitutions were introduced to the surface
amino acid residues of CumDO-O, which constitute two potential CumDO-F-binding
surfaces. Sixteen charged or hydrophobic residues were chosen for alanine substitu-
tion (Fig. 2). Eight residues (Lys33, Leu35, Arg39, and Arg407 on a-subunit 1 [«;] and
Asp158, Trp159, Leu162, and Glu180 on neighboring a-subunit 2 [«,]) were located at
the top-wise site. Eight residues (Lys117 and Lys141 on «;, Leu241, Asp253, and
Lys258 on a,, Arg65 on B-subunit 1 [3,], and Leu98 and Trp100 on B-subunit 2 [B,])
were located at the side-wise sites. Here, the single-alanine-substituted CumDO-Os are
designated o,K33A, ,L35A, a,R39A, a,R407A, a,D158A, a,W159A, a,L162A, a,E180A,
a,K117A, a,K141A, a,L241A, a,D253A, a,K258A, B,R65A, B,L98A, and B,W100A.
CumDO-O and its derivatives were tagged with six histidine residues at the C terminus,
considering that the C terminus of the a-subunit of CumDO-O was far away from the
a- and B-subunit interface of Oxy and the active pocket of CumDO-O. CumDO-O and
its derivatives contain 51-kDa «- and 21-kDa B-subunits and form a 150- to 200-kDa
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FIG 3 Reduction efficiencies of alanine-substituted CumDO-Os by CumDO-F. Panels A and B show the reduction
efficiencies of single-alanine-substituted CumDO-Os and double-alanine-substituted CumDO-Os, respectively. Results
for WT CumDO-O (set at 100%) are shown as gray bars. Black and white bars are the reduction efficiencies of
CumDO-O derivatives with amino acid substitutions at the top-wise and side-wise potential CumDO-F-binding sites,
respectively. Error bars indicate standard deviations from three independent experiments. The data were assessed
using Student's t test with P values of <0.005 (**) or <0.001 (***) for alanine-substituted CumDO-Os compared to
the WT.

complex in solution (see Fig. S1 in the supplemental material). This indicates that
CumDO-0 and its derivatives are hetero-hexamer in solution. Also, to confirm that the
secondary structure of CumDO-O was not disrupted by alanine substitution, circular
dichroism (CD) measurement was performed. There was no significant difference in CD
spectra (Fig. S2). Therefore, we can consider that His tag has no effect or a negligible
effect on the activity and formation of the hetero-hexamer.

To evaluate the contribution of the residues described above to electron transfer
between the Rieske clusters of CumDO-F and CumDO-O, the reduction efficiencies of
16 single-alanine-substituted CumDO-Os by wild-type (WT) CumDO-F were measured.
When CumDO-F binding with CumDO-O, the electron from Rieske cluster of CumDO-F
reduced the Rieske cluster of CumDO-O. The reduction of the Rieske cluster of
CumDO-O could be measured by absorbance at a 457-nm wavelength (Fig. S3A).

All single-alanine substitutions at top-wise sites showed no significant decrease in
reduction efficiencies compared with WT CumDO-O (Fig. 3A; Fig. S3). In contrast, the
reduction efficiencies of some CumDO-O derivatives with alanine substitutions at side-
wise sites were significantly decreased (Fig. 3A; Fig. S3). In particular, the efficiencies of
a,K117A (Fig. S3K) and B,R65A (Fig. S3P) decreased to 21% * 1.1% (n = 3) and 46% *
3.0% (n = 3) compared to WT CumDO-O. The efficiencies of «;K141A and B,W100A
decreased slightly but nonsignificantly (to 71 to 75%).

Based on the above findings, double-alanine-substituted CumDO-Os were constructed.
A total of eight residues was selected: four (a,D158A, a,W159A, a,E180A, and «,R407A) cor-
responding to the top-wise site and four (a;K117A, o;,K141A, B,R65A, and B,W100A) to
the side-wise site. Of the 12 double-alanine-substituted CumDO-Os, 9 (a,D158A «,E180A,
a,D158A a,R407A, a,E180A «,R407A, aK117A a,K141A, a,K117A B,R65A, a,K117A
B,W100A, «a,K141A B,R65A, . K141A B,W100A, and B,R65A B,W100A) were successfully
expressed in Escherichia coli and purified as for WT CumDO-O. CD measurement confirmed
that 9 double-alanine-substituted CumDO-Os showed similar CD spectra to the WT (Fig. S2),
implying no change in secondary structure. Three double-alanine-substituted CumDO-O
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derivatives, a,D158A a,W159A, a,W159A «,E180A, and «,W159A «,R407A, could not be
expressed in E. coli.

Three combinations of double-alanine substitutions at top-wise sites showed no signifi-
cant decrease in reduction efficiencies compared with WT CumDO-O (Fig. 3B; Fig. S3S to
U). In contrast, the reduction efficiencies of double-alanine substituents, which included
a;,K117A or B,R65A, were significantly decreased to <20%, while that of «,K141A
B-W100A was decreased 69% = 2.2% (n = 3) (Fig. 3B; Fig. S3V-AA). These results indicate
that the interaction between CumDO-F and CumDO-O is disrupted significantly when
a,K117 or 3,R65 was substituted for with alanine. This means CumDO-F binds at the side-
wise site of CumDO-O and transfers electrons to the Rieske cluster of CumDO-O.

«,K117 and B,R65 were conserved in most «;3;-type Oxy components of ROs.
The crystal structures of a;B;-type Oxy components of 10 ROs have been reported:
CumDO-O from P. fluorescens IPO1 (PDB entry TWQL) (22), TDO-O from P. putida F1
(PDB entry 3EN1) (17), BDO-O from R. jostii RHA1 (PDB entry 1ULI) (24), BDO-O from
Pandoraea pnomenusa B-356 (PDB entry 3GZY) (39), BDO-O from B. xenovorans LB400
(PDB entry 2XR8) (29), BDO-O from Sphingobium yanoikuyae B1 (PDB entry 2GBX) (40),
NDO-O from Pseudomonas sp. strain NCIB9816-4 (PDB entry 1NDO) (11), NDO-O from
Pseudomonas sp. strain C18 (PDB entry 4HJL), Oxy of nitrobenzene dioxygenase
(NBDO-0) from Comamonas sp. strain JS765 (PDB entry 2BMO) (41), and Oxy of PAH-
hydroxylation dioxygenase from Sphingomonas sp. strain CHY-1 (PDB entry 2CKF) (42).
These 10 ROs have a Rieske-type Fd as electron donors for the Oxy components. The
Oxy structures were superimposed by overlapping Rieske clusters and mononuclear
irons, and we compared the loci corresponding to the side-wise site at the a- and
B-subunit boundary, especially positively charged residues. The a- and B-subunit
boundary formed a groove in CumDO-O (Fig. 4A, orange). K117 of the a-subunit and
R65 of the B-subunit were at the edge of the groove. We found similar grooves in all
Oxy structures, and the positions of the positively charged residues were conserved in
all Oxy components (Fig. 4B to J). An amino acid sequence alignment was performed
for the a- and B-subunits of oxygenase components of the 10 ROs. Lys residues corre-
sponding to «;K117 in CumDO-O were conserved in all a;B5-type Oxy components
(Fig. 5, light blue). Although Arg residues corresponding to 3,R65 of CumDO-O were
not conserved in the B subunits of three ROs, there were two conserved Arg residues
at +2 and +3 from those corresponding to ;Arg65 in the B-subunits of five ROs,
including the three described above (Fig. 5, light green). The positions of two (or three)
Arg residues were shared with those of Arg residues, including B,Arg65, and all Arg
residues were situated at the edge of the groove (Fig. 4). Five ROs with the above two
(or three) Arg residues in the Oxy [B-subunits are Batie’s class Il (9), unlike CumDO
(class 11B). Also, the charged or hydrophobic amino acid residues which we substituted
for alanine (Fig. 5, black arrowheads) were likely to be more conserved at side-wise
sites than at top-wise sites.

Next, we assessed whether the Lys residue in the « subunit and Arg residue(s) in
the B subunit are conserved in a;B;-type Oxy components in RO systems. First, we
used 44 representative ROs coupled to Rieske-type Fds as electron donors (Batie’s class
IIB and IlI) (9) (Table S1). Figure 6 shows alignments of the corresponding regions of
the a- and B-subunits of CumDO and selected Oxys. Lys residues are conserved in «
subunits but replaced by Arg in RO Oxys for alkylbenzene (Rhodococcus sp. strain
DK17), tetralin (Sphingopyxis macrogoltabida TFA), and phenanthrene (Alcaligenes fae-
calis AFK2) (Fig. 6, left). In B-subunits, one to three Arg residues are conserved in all
Oxy components, excluding that of dibenzofuran dioxygenase from Novosphingobium
sp. strain KA1 (Fig. 6, right). The number of Arg residues is conserved in RO, depending
on the Batie's classification (9): one Arg is conserved in class 1IB ROs, and two Arg resi-
dues at +2 and +3 are conserved in class Ill ROs. These Lys and Arg residues are not
conserved in a;B;-type Oxy components whose electron donor proteins are different
types of Fd (Fig. S4A) or Red (Fig. S4B) proteins. These results suggest that, when
Rieske-type Fd is an electron donor, a;8;-type Oxy components share an Fd-binding
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ak114:§ «

FIG 4 Conserved charged residues in the structures of a,8;-type Oxy components. Structures of different a;B;-type Oxys of 10 RO systems are shown: (A)
CumbDO from P. fluorescens IPO1 (PDB entry TWQL), (B) TDO from P. putida F1 (PDB entry 3EN1), (C) BDO from R. jostii RHA1 (PDB entry 1ULI), (D) BDO from
P. pnomenusa B-356 (PDB entry 3GZY), (E) BDO from B. xenovorans LB400 (PDB entry 2XR8), (F) BDO from Sphingomonas yanoikuyae B1 (PDB entry 2GBX),
(G) NDO from Pseudomonas sp. strain NCIB9816-4 (PDB entry 1NDO), (H) NDO from Pseudomonas sp. strain C18 (PDB entry 4HJL), (I) NBDO from
Comamonas sp. strain JS765 (PDB entry 2BMO), and (J) PAH-hydroxylating dioxygenase from Sphingomonas sp. strain CHY-1 (PDB entry 2CKF) are shown in
the side view. a- and B-subunits are shown in magenta and green, respectively. The groove of the potential CumDO-F binding site is shown in orange in
panel A. Conserved positive-charged residues are in yellow.

mode, in which Fd molecules bind to the a- and B-subunit boundary region at the
stem (side-wise site) of mushroom-like Oxy structures. In addition, Lys residues in «
subunits and Arg residues in B subunits are involved in the specific binding between
a5 B5-type Oxy and Rieske-type Fd.

Conserved residues on the surfaces of Rieske-type Fds. We conducted multiple
alignments of the Rieske-type Fds involved in RO systems. To date, the crystal struc-
tures of seven Rieske-type Fds have been reported. The counterparts of five Fds—
BDO-F from B. xenovorans LB400 (PDB entry 1FQT) (8), BDO-F from S. yanoikuyae B1
(PDB entry 2I7F) (40), BDO-F from Acidovorax sp. strain KKS102 (PDB entry 2E4P) (16),
TDO-F from P. putida F1 (PDB entry 3DQY) (17), and NDO-F from Pseudomonas sp.
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a-subunit

Cumene dioxygenasepgq

Toluene dioxygenaser,

Biphenyl dioxygenasegpas

Biphenyl dioxygenaseg zs¢
Biphenyl dioxygenase g4
Biphenyl dioxygenaseg,
Naphthalene dioxygenaseycs 9g16-4
Naphthalene dioxygenasecg
Nitrobenzene dioxygenase s7g5

31EEKGLLDPR

EHAGRIDPR
ERTGRLDPR
QDNGKLDAR
QEKGLLDPR
TVNASQSRQ
ESGLSQKHL
ESGLSQKHL
EAGLTQKLL

PAH-hydroxylating dioxygenasecy.s TVNASQSRQ

162

167PLQA-RVDTYK

B-subunit

Cumene dioxygenase,pyq

Toluene dioxygenasegq

Biphenyl dioxygenasegyas

Biphenyl dioxygenaseg_as¢
Biphenyl dioxygenase, g4o9
Biphenyl dioxygenaseg;
Naphthalene dioxygenaseycs 9s16-4
Naphthalene dioxygenasecg
Nitrobenzene dioxygenase jg7¢5

60 THTS

PLKA-RVETYK
PLQA-RVETYK
PLQA-RVETYK
PLQA-RVATYK
AKSV-RVETYK
LKEVARVESFH
LKEVARVESFH
LKEVPRIESFH
AKSV-RVETYK

NKAME
TRIMRDSRLE
TRIMRETAQE
VRTAREQGLE
NRMIREGELE
QRLTRDRRPD
LRAASERRYK
LRAASERRYK
LRSTSERRYQ

PAH-hydroxylating dioxygenasecyy.s QRFVRDRRPD

17

141
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91 CRHRGMR | ER SDFGNAKSFT CTYHGWAYDT 141 KEAFCDKKEG DCGFDKADWG
CRHRGMR I CR ADAGNAKAFT CSYHGWAYDT AESFA----- - -CLNKKEWS
CRHRGMR I CR ADGGNAKSFT CSYHGWAYDT EQAFP----- -- GLRKEDWG
CRHRGMR | VR SDGGNAKAFT CTYHGWAYD | KEAFCDKKEG DCGFDKADWG
CRHRGMR | CR SDAGNAKAFT CSYHGWAYD | KEAFCDKKEG DCGFDKAEWG
CSHRGNQICH ADSGNAKAFV CNYHGWVFGQ SRCYHN---- - -SLDKQKLA
CRHRGKTLVS VEAGNAKGFV CSYHGWGFGS KDLYGE---- --SLNKKCLG
CRHRGKTLVS VEAGNAKGFV CSYHGWGFGS KDLYGE---- --SLNKKCLG
CRHRGKTLVH AEAGNAKGFV CGYHGWGYGS KELYGD---- --AIKKKCLG
CTHRGNQICH ADSGNAKAFV CNYHGWVYGQ SRCYHN---- - _-KLDKQELA

253 407

GLIFANWDTE 240HLSGVLSSLPP EMDLSQ--VKLP 401GYKARSRPLC

GL | FANWDEN HLSGILAGLPE DLEMAD- - LAPP GHKARSRPFN

GL | FANWDAD HLSGILAGLPD GVDLSE- -LAPP GHKARSRPFN

GLVFANWDPE HLSGVLAGLPP EMDLTQ--1QLS GHKAKSTSLC

GLVFANWDVQ HLSGILAGIPP EMDLSQ--AQIP GYKAKSQPLN

GF I FGCHDPE
GF I YGCFDQE
GF I YGCFDQE
GF I YGCFDAE
GF I FGCHDPE

YVPPGGNAHF
YSGSREYAHF
YSGAREYAHF
YVPAGANAHF
YSGDQDLAHF
PTPD-DAAILY
LNEA- -MNVY
LNEA- -MNVY
LNDA- -VNLY
PTPD-DAAILY

HAAALSQIGGE

LAGLAGNRADIP

HASSLRSGES| FSSLAGN-AALP
HASSLRSGES| FSSLAGN-AALP
HAAALRAGQSV FSSIAGN-AKLP

HAAALGQIGGP

LAGLAGNRADIP

GV I TRNGRMN
KYQSRDSDLL
KYQSRDSDLL
KYQSSNIDQI
GV | TRDGMMN

DETYESMRAR
DDDATMMKGR
DDNAQMMRGR
DDTHATMYGR
DETHETMYGR
NDDFGELKQR
NENFQQLKVR
NENFQQLKVR
NENYQQLKVR
NDDFEELKQR

98 ]100]

I RARVSGLNW 100

LRKITSDVSW
LRKITSDVSW
I RQKTSDLNW
IRKVTSDVGW
VERLYSGQVW
VEHQLDPQNW
VEHQLDPQNW
VEHQMDPQNW
VERLYSGQVW

FIG 5 Amino acid sequence alignments of a- and B-subunits of 10 structure-solved Oxys. Parts of amino acid sequence alignments of Oxy components of
10 RO systems are shown. Enzyme names followed by origins (subscripted) are shown at left. Alanine-substituted residues (arrowheads) at the top-wise
and side-wise sides are shown by light blue and yellow backgrounds, respectively. Conserved positive amino acid residues in the side-wise putative Fd-
binding site (Fig. 4) are shown in light blue and light green in the a- and B-subunit sequences, respectively. Cys and His residues in the a-subunit
sequences involved in the coordination of Rieske clusters are shown in red. Numbers at termini show the positions of terminal amino acid residues in

CumDO-O protein.

strain NCIB9816-4 (PDB entry 2QPZ) (43)—are a;B;-type Oxys. In contrast, those of
CARDO-F from Pseudomonas resinovorans CA10 (PDB entry 1VCK) (44) and CARDO-F
from Nocardioides aromaticivorans 1C177 (PDB entry 3GCE) (45) are a;-type Oxys. Their
crystal structures and surface electrostatic potentials are shown in Fig. 7. Images in the
middle are facing the binding surfaces of Oxy molecules, and the Rieske clusters in Fd
molecules are located close to the viewpoints. The molecular surface of Rieske cluster-
surrounding regions was negatively charged, and the positions of negatively charged
residues were conserved in all Rieske-type Fds (Fig. 7, left). Amino acid sequence align-
ment of the regions between the ligands for the Rieske cluster of the seven Fds and
CumDO-F (CumA3 protein) showed that many amino acid residues are conserved (Fig.
8), and the amino acid sequences of Fds with a;B;-type Oxy electron receptors are
likely to be more conserved. Electrostatic interactions are reportedly important for the
interaction between the Oxy and Fd components of class Ill CARDO (18, 45). Based on
the complex structure of CARDO-O and CARDO-F, the critical negatively charged residues
on CARDO-F were determined to be Glu55 and Glu64 (18) (Fig. 7F). Negatively charged Asp/
Glu residues were conserved in Fds, including CumDO-F (Fig. 8), and were at identical posi-
tions in all Fd molecules compared (Fig. 7). These data suggest that the conserved Asp/Glu

residues are involved in Oxy-Fd binding and that their binding mode is shared by ROs.
Proposed electron transfer pathway from CumDO-F to CumDO-O. Using a CumDO-F

model structure, a CumDO-F-binding structure at the side-wise site of CumDO-O was
modeled. Based on the modeled structure, we inferred a possible electron transfer path-
way between two Rieske clusters (Fig. 9). In the binding structure model, the distance
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Cumene dioxygenasepo1
Isopropylbenzene dioxygenasejri
Alkylbenzene dioxygenaseoias
Isopropylbenzene dioxygenasegreoa
Isopropylbenzene dioxygenasegp,
Alkylbenzene dioxygenasepkiz
Biphenyl dioxygenasea.4
Biphenyl dioxygenasexs7o7
Biphenyl dioxygenasegps
Biphenyl dioxygenase gaoo
Biphenyl dioxygenaseg.sse
Biphenyl dioxygenaserkioz
Biphenyl dioxygenaseas
Biphenyl dioxygenaseocy
Biphenyl dioxygenaseps
Biphenyl dioxygenaseryms2a1
Biphenyl dioxygenasegua1
Toluene dioxygenaser;
Benzene dioxygenasemi,
Benzene dioxygenasegs
Chlorobenzene dioxygenasepsiz
Chlorobenzene dioxygenases.;
Chlorobenzene dioxygenaseps:
Dibenzofuran dioxygenasekai
Carbazole dioxygenasecss
Tetralin dioxygenaserea
Naphthalene dioxygenasepaki
Naphthalene dioxygenaseanio
Naphthalene dioxygenasec),
Naphthalene dioxygenasey,
Naphthalene dioxygenasesy
Naphthalene dioxygenasenps
Naphthalene dioxygenasegszoz
Naphthalene dioxygenaseyciysis-a
Naphthalene dioxygenasecis
Nitrobenzene dioxygenasejszes
Nitrotoluene dioxygenasejsaz
Dinitrotoluene dioxygenasegsa
Dinitrotoluene dioxygenasegrasc
Phenanthrene dioxygenasear
PAH dioxygenaseoussa

PAH dioxygenasens

Biphenyl dioxygenaseg:

PAH dioxygenasecpy-1

a subunit Y

CRHRGMRIERSDFGNAGSFTCTYHGHA
CRHRGMRIERSNFGNABSFTCTYHGWA
CRHRGMRLERSDFGNARSFTCTYHGWA
CRHRGMRLERSDFGNARSFTCTYHGWA
CRHRGMRICRADGGNABSFTCSYHGWA
CPHRGNKVCFADAGNTRRFVCNYHGHS
CRHRGMRIVRSDGGNASFVCSYHGHG
CRHRGMRICRSDAGNARAFTCSYHGHWA
CRHRGMRICRSDAGNARAFTCSYHGWA
CRHRGMRICRSDAGNARAFTCSYHGWA
CRHRGMRIVRSDGGNARAFTCTYHGWA
CRHRGMRICRSDAGNARAFTCTYHGWA
CRHRGMRICRSDAGNABAFTCTYHGWA
CPHRGMRICRTDGGNARSFTCSYHGHA
CRHRGMRICRADGGNARSFTCSYHGWA
CRHRGMRICRAESGNAJSFTCSYHGWA
CRHRGMRICRADGGNAJSFTCSYHGWA
CRHRGMRICRADAGNARAFTCSYHGWA
CRHRGMRICRSDAGNARAFTCSYHGHA
CRHRGMRICRADGGNAJSFTCSYHGWA
CRHRGMRIERSDFGNARSFTCTYHGWA
CRHRGMRICRSDAGNARAFTCSYHGWA
CRHRGMRICRSDAGNARAFTCSYHGWA
CPHRGNQICVHDRGKTGFTCSYHGHS
CRHRGGALCRGESGNTRNFICTYHGWT
CPHRGNKVCHADGGNAFRFVCNYHGHA
CRHRGKTLVHAEAGNAJGFVCSYHGUG
CRHRGKTLVHAEAGNAJGFVCSYHGWG
CRHRGKTLVNAEAGNARGFVCSYHGHG
CRHRGKTLVHAEAGNARGFVCSYHGIHG
CRHRGKTLVNAEAGNAJGFVCSYHGUG
CRHRGKTLVSVEAGNAJGFVCSYHGHG
CRHRGKTLVSVEAGNARGFVCSYHGHG
CRHRGKTLVSVEAGNARGFVCSYHGHG
CRHRGKTLVSVEAGNARGFVCSYHGUWG
CRHRGKTLVHAEAGNARGFVCGYHGWG
CRHRGKTLVHTEAGNARGFVCGYHGHG
CRHRGKTIVDAEAGNARGFVCGYHGUG
ERERGKTIVDAEAGN?EGFVEGYEGWG
CTHRGARLVAAEAANAFAFSCTYHGWS
CRHRGKTLVNAEAGNAJGFVCSYHGUG
CTHRGNSTICSADSGNTRSFVCNYHGHY
CSHRGNQICHADSGNARAFVCNYHGHY
CTHRGNQICHADSGNAGAFVCNYHGHY

127
127
127
127
124
115
131
126
126
126
126
127
127
132
125
125
124
122
122
124
127
122
122
109
101
122
107
107
105
105
107
107
107
107
107
105
105
105
110
112
107
106
106
106
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B subunit Y

YWMPIRTTHTSRNKAMEY
YWMPIRTTHTSRNKAMEY
YWMPIRTSHTSRNKALEY
YWMPIRTSHTSRNKAMEY
YFMPIRTTRIMJEAEQEY
YYMPGVQTRYENDTTDTV
YFMPLRTNRMLEDAELEY
YFMPLRTNRMIQEGELEY
YFMPLRTNRMIREGELEY
YFMPLRTNRMIREGELEY
YWMPIRTVRTAREQGLEY
YWMPIRTTLHKRDSHKEY
YWMPIRTTLHKRDSHKEY
YFMPLRTNRTRRDOKLEY
YLMPIRSTRIMBEQOKEW
YFMPIRSTRIMREAHLEW
YFMPIRTTRIMJETAQEY
YFMPIRTTRIMRDSRLEY
YFMPIRTTRIMRDSRLEY
YFMPIRTTRIMJEAEQEY
YFMPIRTTRIMJDARLEY
YFMPIRTTRMMRDARLEY
YFMPIRTTRIMRDARLEY
YILPLRENLQGDVPPAGH
YOMPLRTDRIRFDERRLK
YFMP-NMETRFRADKSNI
YQIISRELRSASERRYOL
YQIISRELRSASERRYQL
YQVISRELRSTSERRYKL
YQVISREFRSTSERRYOL
YQVISRELRAASERRYKL
YQVISRELRAASERRYKL
YQVISRELRAASERRYKL
YQVISRELRAASERRYKL
YQVISRELRAASERRYKL
YQVISRELRSTSERRYOL
YQVISRELRSTSERRYOL
YQVISRELRSTSERRYQL
YQVI SRELRSTSEEYQL
YQAYFQOLRYRKDKRYKL
YQVISRELRAASERRYKL
YWMPVTERRYAKDKPEP
YWMPIYEQRLTEDERPDP
YWMP IYEQRFVDERPDP

71
71
71
71
72
68
72
98
98
73
71
78
78
72
71
73
72
72
72
72
72
72
72
56
71
67
81
81
81
81
81
81l
81
81
79
81
81
81
81
61
80
65
63
63

FIG 6 Amino acid sequence alignments of a- and B-subunits of CumDO Oxy with those of a;3;-type Oxys coupled with Rieske-type
Fds. Only the parts of Oxy including the potential important amino acid residues for binding to Rieske-type Fds are shown.
Conserved and similar amino acid residues at positions crucial for binding between «,B;-type Oxys and Rieske-type Fds (indicated by
arrowheads) are darkly and lightly shaded, respectively. Four ligands for the Rieske cluster in @ subunits are underlined. Numbers at
right show the positions of terminal amino acid residues. Enzyme names followed by origins (subscripted) are shown at left.

between the two Rieske clusters was 15 A, which is shorter than that between the CumDO-
F Rieske cluster and active site iron (19 A). The N&2 atom of His66, a ligand of the Rieske
cluster of CumDO-F, formed a hydrogen bond with the main-chain oxygen of Gly125, which
is adjacent to His124, a ligand of the Rieske cluster of CumDO-O. The electron is therefore
thought to be transferred through the route His66-Gly125-His124 (Fig. 9). Then, the electron
is thought to be transferred from the CumDO-O Rieske cluster to the active site iron at the

neighboring subunit via His124, Asn231, and His234. (The distance was 12 A).

DISCUSSION

Using CumDO as a model RO system containing «a;B5-type Oxy, we showed that
Rieske-type Fd binds at the a- and B-subunit boundary of Oxy, which corresponds to
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-5 kT/e N W 5 kT/e

FIG 7 Surface electrostatic potential of seven structure-solved Rieske-type Fds. Surface electrostatic potential of (A)
BDO-F from B. xenovorans LB400 (PDB entry 1FQT), (B) BDO-F from B. xenovorans B1 (PDB entry 2I7F), (C) BDO-F from
Acidovorax sp. strain KKS102 (PDB entry 2E4P), (D) TDO-F from P. putida F1 (PDB entry 3DQY), (E) NDO-F from
Pseudomonas sp. strain NCIB9816-4 (PDB entry 2QPZ), (F) CARDO-F from P. resinovorans CA10 (PDB entry 1VCK), and
(G) CARDO-F from Nocardioides aromaticivorans 1C177 (PDB entry 3GCE) are shown. Fds in panels A to E transfer
electrons to a;B;-type Oxys, and Fds in panels F and G transfer electrons to a,-type Oxys. Fd molecules in the middle
are facing the binding surfaces of Oxy molecules, and Rieske clusters are located at their tips. Positive and negative
potential regions are shown in blue and red, respectively. Positions of conserved Asp/Glu residues are also shown.
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CumA3po1 CTHGDWSLSEGGYL-EGDIVEBCSLEMG 68
BphFisa00 CTHGDWSLSEGGYL-EGDVVECSLEMG 68
BphA3ks102 CTHGEWSLSEGGYL-DGDVVECSLHEMG 68
TodBg; CTHGDWALS[-GYL-DGDIVECTLHFG 67
BphA3g; CTHGNAMLT-GYQ-DGTIIBCPFHGG 69
NahAbycieosies ~ CTHGSARMS[E-GYL-EGREIECPLHQG 69

y y

CarAccap ~ CTHGIASLSE-GTL-DGDVIECPFHGG 70
CarAcci7 ~ CSHAEAYLEMGVFHAESLEIECPLHVG 77

FIG 8 Amino acid sequence alignment of structure-solved Rieske-type Fds. The positions of two negatively
charged Glu residues (Glu55 and Glu64), reported to mediate electrostatic interactions with positively
charged amino acid residues of Oxy in the Oxy-Fd complex crystal of CARDO (18) are shown by black
arrowheads and the corresponding Asp/Glu residues in other Fds by gray arrowheads. Amino acid residues
identical or similar to CumDO-F (CumA3 protein) in other Fds are shaded in black and gray, respectively.
The four conserved ligands for the Rieske cluster are underlined. Numbers at right show the positions of
terminal amino acid residues. Protein names of Fds and their origins (subscripted) are shown at left.

the side-wise site of the mushroom-like Oxy molecule (Fig. 4A). The conclusion is based
on the amino acid replacement analyses, followed by the amino acid sequence com-
parison with other related enzymes. Unfortunately, the direct elucidation by structural
analysis of the complex structure of CumDO-O and CumDO-F has not been successful,
but we could propose the common binding manner of Rieske-type Fd to «;8;-type
Oxy in ROs. Based on the docking simulation, we can propose the electron transfer
pathway between the CumDO-F and CumDO-O (Fig. 9).

Before the first crystal structure of the Oxy component of RO was reported in 1998 (11),
there was debate over the function of the 3-subunit of a;3;-type Oxys of ROs. The 3-subu-
nit of a;B5-type Oxys of BDO from Pseudomonas pseudoalcaligenes KF707, 2,4-dinitrotolu-
ene dioxygenase from Burkholderia sp. strain DNT, 2-nitrotoluene 2,3-dioxygenase from

CumDO-0O
a subunit 1

FIG 9 Possible electron transfer pathway from the Rieske cluster of CumDO-F to the non-heme iron
of CumDO-0. The hydrogen bonds that mediate the electron transfer are indicated by red dashed
lines. The atoms involved in the electron transfer and in the coordination with the iron ions are
shown in a stick model. Nitrogen, oxygen, sulfur, and iron atoms are colored blue, red, yellow, and
orange, respectively. Carbon atoms in CumDO-F are colored cyan, and those in a-subunits 1 and 2 of
CumDO-0O are colored green and brown, respectively. Distances among three electron transfer
centers, two Rieske clusters, and an active site iron are shown by black dotted lines.
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Pseudomonas sp. strain JS42, chlorobenzene dioxygenase from P. putida F1, and NDO from
Pseudomonas sp. strain NCIB9816-4 did not influence substrate specificity and activity (10—
14). However, the B-subunit in a;B;-type Oxys of toluate 1,2-dioxygenase from P. putida
and BDO from Pandoraea pnomenusa B-356 was reported to affect their substrate specificity
(46, 47). In these studies, oxygenation activities for the original substrates were determined
in the reconstituted RO systems, which have an Oxy component consisting of the original
a-subunits and B-subunits of different origins. If the degradation rate was decreased by
replacement, the B-subunit was considered to be a determinant of substrate specificity. In
fact, the B-subunit of the a;B5-type Oxy of TDO from P. putida F1 was essential for activity
(48). The crystal structures of a;B;-type Oxy components indicate that B-subunits are far
from the substrate-binding pockets (6), suggesting a structural role. This hypothesis is sup-
ported by the presence of as-type Oxy in CARDO (15) and 2-oxoquinoline 8-monooxygen-
ase (49). However, when Arg65 of the B-subunit of CumDO-O was substituted for with
alanine, the Rieske cluster of Oxy was not significantly reduced by Fd. Given that the impor-
tant arginine residues were conserved in the B-subunits of most «;B5-type Oxys (Fig. 5 and
6), the B-subunit of a;B5-type Oxys is implicated in Fd recognition and stabilization of Oxy-
Fd complex formation.

The a,K117 and 3,R65 residues played critical roles in the interaction between CumDO-F
and CumDO-0O and are conserved in most «;B5-type Oxys (Fig. 5 and 6). Also, their positions
are conserved on the surfaces of structure-solved a;B5-type Oxys (Fig. 4). Therefore, the Fd-
binding mode is likely to be conserved in a;3;-type Oxys and Rieske-type Fds in Batie’s class
IIB and Ill ROs (9). Some three-component RO systems include non-Rieske-type Fds, like [3Fe-
4S] or [4Fe-4S] ferredoxin and rubredoxin (31). Class | ROs lack a ferredoxin, and their Oxys
receive electron directly from Red components (9). Interestingly, most Oxys coupled with
[3Fe-4S] or [4Fe-4S] Fd, rubredoxin, and directly with Reds lacking Lys and Arg residues (see
Fig. S4 in the supplemental material). These data indicated the evolution of a unique binding
mode between Oxy and the electron donor, depending on the nature of the electron donors,
despite Oxy molecules having shared «; 35 quaternary structures.

Surface Asp/Glu residues of the Rieske-type Fd CARDO-F are important for binding
to the a;-type Oxy CARDO-O (18). Given that these Asp/Glu residues are conserved in
Fds, they are likely to be important in Oxy-Fd binding in each system. The interaction
between these Asp/Glu residues of Fds and Oxy surface residues (including Lys/Arg
residues) needs to be investigated. In addition, the effects of amino acid replacements
at @,K117 and B,R65 residues on the physical binding to Fd should be quantified in
future, but our data may suggest that the binding mode between Rieske-type Fds and
Oxys is shared by ROs, irrespective of the quaternary structures of their Oxy compo-
nents. This may be a good example of convergent evolution of RO Oxy molecules.
Interestingly, besides ROs, similar networks of negatively charged residues on the ferre-
doxins and positively charged residues on the oxygenases have also been reported
with cytochrome P450 enzymes and their ferredoxins (50, 51).

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. E. coli strains BL21(DE3) (Novagen, WI) or JM109
(DE3) (Toyobo, Osaka, Japan) harboring plasmid pET-26b(+) (Novagen), pUC118 (TaKaRa Bio, Inc., Shiga,
Japan), or their derivatives were cultivated in Luria-Bertani (LB) medium (52) and SB medium (53).

Construction of plasmids. The C terminus of a-subunit of CumDO-O (CumA1) and N termini of CumDO-F
(CumA3) and CumDO-R (CumA4) were tagged with six histidine residues. The B-subunit of CumDO-O (CumA2)
was expressed as nontagged protein. An artificial Xbal site, stop codon, Shine-Dalgarno (SD) sequence, Ndel
(5"-end), and Sall (3'-end) sites were created at the termini of cumA7-containing DNA fragments using the primer
set in Table 1 and plasmid pIP103 (21) as the PCR template. A Sall site, stop codon, SD sequence, and Ndel
(5’-end) and Hindlll (3’-end) sites were created at the termini of cumA2-containing DNA fragment using the
primer set in Table 1 and pIP103. PCR amplicons containing cumAT or cumA2 were inserted into the Xbal and
Hindlll sites of pUC118, resulting in pUCumA1CA2. An Xbal site, stop codon, SD sequence, and Ndel (5'-end) and
Sall (3'-end) sites were created at the termini of cumA3-containing DNA fragments using the primers in Table 1
and pIP103. The PCR amplicon was inserted into Xbal and Sall sites of pET-26b(+), resulting in pETCumA3N. An
Xbal site, stop codon, SD sequence, and Ndel (5'-end) and Sall (3'-end) sites were created at the termini of
cumA4-containing DNA fragments using the primers in Table 1 and plP103. The PCR amplicon was inserted into
Xbal and Sall sites of pUC118, resulting in pUCumA4N.
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TABLE 1 Primers used in this study

Primer function Direction? Sequence
Cloning of CumDO component gene®
cumAT F 5'-GGGTCTAGATAAGAAGGAGATATACATATGAGTTCAATAATAAATAAAGAAGTGCAGGAAG-3’
R 5'-AAAGTCGACTCAGTGGTGGTGGTGGTGGTGAGACTTTAGCGTGTCCCAACTCG-3’
cumA2 F 5'-AAAGTCGACTAAGAAGGAGATATACATATGACATCCGCTGATTTGACAAAAC-3’
R 5'-GGGAAGCTTAGAAAAACTGGCTGAGATTATTCGCTG-3’
cumA3 F 5-AAAGAATTCTAAGAAGGAGATATACATATGCACCACCACCACCACCACACTTTTTCCAAAGTTT
GTGAAGTATCTGATG-3'
R 5'-AAAGTCGACTCATGGCGCTAGATACCCGG-3'
cumA4 F 5'-AAATCTAGATAAGAAGGAGATATACATATGCACCACCACCACCACCACATTAAATCAATCGTC
ATTATTGGTGCTGGC-3'
R 5'-AAAGTCGACTCACTCGCATCGCTCAGCTTTAG-3'

Alanine substitutions®

a,K33A F 5'-GATGAGGAAGCGGGGTTGCTTGATCC-3'

R 5'-GGATCAAGCAACCCCGCTTCCTCATC-3'
a,L35A F 5'-GGAAAAGGGGGCGCTTGATCCAC-3'

R 5'-GTGGATCAAGCGCCCCCTTTTCC-3'
a,R39A F 5'-GCTTGATCCAGCGATTTTCTCTGATCAGG-3’

R 5'-CCTGATCAGAGAAAATCGCTGGATCAAGC-3’
a,K117A F 5'-GGCAACGCAGCGTCATTTACCTGC-3’

R 5'-GCAGGTAAATGACGCTGCGTTGCC-3’
a,K141A F 5'-CCCTACGAGGCGGAGGCTTTTTGTG-3’

R 5'-CACAAAAAGCCTCCGCCTCGTAGGG-3'
a,D158A F 5'-CGACAAGGCCGCGTGGGGGCCGC-3'

R 5'-GCGGCCCCCACGCGGCCTTGTCG-3'
a,W159A F 5'-AAGGCCGACGCGGGGCCGCTGE-3’

R 5'-GCAGCGGCCCCGCGTCGGCCTT-3’
a,L162A F 5'-GGGGGCCGGCGCAAGCGCGGGTG-3'

R 5'-CACCCGCGCTTGCGCCGGCCCCC-3!
a,E180A F 5'-CTGGGATACCGCGGCCCCTGATTTG-3'

R 5'-CAAATCAGGGGCCGCGGTATCCCAG-3’
a,L241A F 5'-GATGGCGCATGCGTCAGGTGTATTGTCC-3’

R 5'-GGACAATACACCTGACGCATGCGCCATC-3’
a,D253A F 5'-GCCTGAAATGGCGTTGTCCCAAG-3’

R 5'-CTTGGGACAACGCCATTTCAGGC-3'
a,K258A F 5'-GTCCCAAGTAGCGTTACCGTCAAGTGGG-3'

R 5'-CCCACTTGACGGTAACGCTACTTGGGAC-3'
a,R407A F 5'-GGCTAGAAGTGCGCCTCTTTGTGCCC-3'

R 5'-GGGCACAAAGAGGCGCACTTCTAGCC-3'
B,R65A F 5'-CTCATACATCCGCGAATAAGGCGATG-3'

R 5'-CATCGCCTTATTCGCGGATGTATGAG-3’
B,L98A F 5'-GGTTTCGGGGGCGAACTGGACTGAAG-3'

R 5'-CTTCAGTCCAGTTCGCCCCCGAAACC-3’
B,W100A F 5'-CGGGGCTTAACGCGACTGAAGATCC-3'

R 5'-GGATCTTCAGTCGCGTTAAGCCCCG-3'

aF, forward; R, reverse.
bNucleotide sequence for restriction enzyme sites are italicized, and those for the His tag are underlined.
The alanine codons introduced are underlined.

Expression and purification of cumene dioxygenase components. CumDO-R, CumDO-O, and ala-
nine-substituted CumDO-O were expressed in E. coli JM109(DE3) cells transformed with pUCumA4N,
pUCUMA1CA2, or derivative plasmids. For expression of CumDO-F, the plasmid pETCumA3N and E. coli
BL21(DE3) were used.

E. coli strains were grown in 15 mL of LB medium with 50 wg/mL kanamycin [for BL21(DE3)(pETCumA3N)]
or 100 ug/mL ampicillin [for JIM109(DE3)(pUCumA4N) or JM109(DE3)(pUCumA1CA2)] at 310 K for 6 h. Next, the
15-mL seed cultures were inoculated into 1.5 L of SB medium in a jar fermenter (B. E. Marubishi Co., Ltd., Tokyo,
Japan) and incubated at 310 K for 2.5 h. Isopropyl-3-p-thiogalactopyranoside (IPTG) was added to final concen-
trations of 1.0, 0.1, and 0.5 mM to induce expression of CumDO-R, CumDO-F, and CumDO-O (including amino-
acid-substituted derivatives), respectively. Induction by IPTG was continued for 12 h at 298 K for CumDO-R and
CumDO-F and 303 K for CumDO-O. E. coli cells were harvested by centrifugation at 5000 x g for 10 min,
washed once with Hitrap A buffer (20 mM Tris-HCl, 0.5 M NaCl, and 10% glycerol [pH 7.4]), and resuspended
in Hitrap A buffer. Crude cell extract was prepared by sonication for 10 min, followed by centrifugation at
25,000 x g for 1 h. The proteins were subjected to metal chelation chromatography (HiTrap chelating HP
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column; column volume, 5 mL) (Amersham Biosciences, NJ, USA) using a fast-protein liquid chromatography
instrument (AKTA FPLC) (GE Healthcare Japan, Tokyo, Japan) according to the manufacturer's recommenda-
tions. CumDO-R, CumDO-F, and CumDO-O were eluted with 150, 150, and 180 mM imidazole in Hitrap B buffer
(20 mM Tris-HCl, 0.5 M NaCl, 10% glycerol, and 300 mM imidazole [pH 7.4]). The CumDO-O- and CumDO-R-con-
taining fractions were pooled and concentrated using the Vivaspin 20 system (molecular cutoff, 10 kDa)
(Sartorius, Goettingen, Germany), and CumDO-F was pooled and concentrated using the Vivaspin Turbo 15 sys-
tem (molecular cutoff, 5 kDa) (Sartorius). The preparations were further purified by gel filtration chromatogra-
phy (GFC) on a HiLoad_26/60 Superdex200 prep-grade column (GE Healthcare Japan, Tokyo, Japan) (for
CumDO-R and CumDO-0) or HiLoad_26/60 Superdex75 prep-grade column (GE Healthcare Japan, Tokyo,
Japan) (for CumDO-F) with GFC buffer (20 mM Tris-HCl, 0.2 M NaCl, and 10% glycerol [pH 7.4]). Protein-contain-
ing fractions were pooled and concentrated as described above. Protein concentrations were estimated by
Bradford assay (Bio-Rad Laboratories, CA). The CumDO component solutions were frozen in liquid nitrogen and
stored at 193 K until use.

Site-directed mutagenesis. Thirteen residues of the a-subunit (K33, L35, R39, K117, K141, D158, W159,
L162, E180, L241, D253, K258, and R407) and three of the B-subunit (R65, L98, and W100) were substituted
for with alanine, respectively. Mutations for single-alanine substitutions were introduced using the KOD-Plus-
Mutagenesis kit (Toyobo, Osaka, Japan) for pUCumA1CA2. The resulting expression vectors were named
pUCuUmMA1CK33AA2 and pUCumA1CA2R65A. (The underlined parts were changed by the replacement intro-
duced.) The nucleotide sequences of the primers used for mutagenesis are provided in Table 1.

Gene fragments encoding doubly substituted alanine-replaced CumDO-Os («,D158A a,E180A, «,D158A
a,R407A, a,E180A ,R407A, o,K117A «,K141A, and B,R65A B,W100A) were artificially synthesized as inserts of
cloning vector pUC57-Kan by Genewiz Japan (Saitama, Japan). Artificial Xbal and Sall restriction sites were added
at the 5’ and 3’ termini of cumAT fragments encoding the a-subunit, respectively. As for cumA2 encoding the
B-subunit, Sall and Hindlll sites were added at the 5" and 3’ termini, respectively. The DNA fragments of double-
alanine substitutions were inserted into the corresponding sites of pUCumA1CA2. Expression vectors for other
double-alanine-substituted CumDO-Os (aK117A BR65A, aK117A BWI00A, aK141A BR65A, and aK141A
BW100A) were constructed as follows: The Xbal-Sall fragment containing a modified cumAT gene encoding
aK117A or aK141A was cloned into the corresponding sites of pUCumA1CA2R65A or pUCumA1CA2W100A to
replace wild-type genes with those with the appropriate mutations.

Reduction efficiency analyses. Upon receiving electrons, the Rieske cluster of CumDO-O is reduced,
and the absorbance at 457 nm decreases (54). Based on the initial rate of decrease of absorbance at
457 nm, the efficiencies of electron transfer from CumDO-F to CumDO-O were quantified. The experi-
mental conditions for single scans were as follows: bandwidth, 1.5 nm; wavelength, 457 nm; time, 80 s;
temperature, 303 K. The protein solutions were dialyzed in TG buffer and diluted to 10 uM for CumDO-O
and 0.2 uM for CumDO-R and CumDO-F. The absorbance spectra were collected on a Jasco V-630 spectro-
photometer as follows. A total of 1,992 uL of TG buffer and a stir bar were added to a glass cuvette, which
was sealed with rubber and aluminum caps. Oxygen was removed by bubbling with argon gas for 5 min.
CumDO-R, CumDO-F, and CumDO-O were injected into the cuvette using a syringe (Hamilton, NV). A 100
mM concentration of NADH was added after measurement started. The slope of the initial rate was
defined as the reduction efficiency. Measurements were performed three times independently for each
sample. The data were assessed using Student's t test with P values of <0.005 or <0.001 for alanine-substi-
tuted CumDO-Os compared to the WT.

Circular dichroism spectrum measurement. Circular dichroism (CD) measurements were carried
out using a Jasco J-820 spectropolarimeter with a 0.1-cm-path-length cuvette at room temperature
under constant nitrogen gas flow. Samples were prepared at 0.3 mg/mL in 10 mM phosphate buffer
(1.34 g/L Na,HPO, [Wako Chemicals, Osaka, Japan], adjusted to pH 7.5 with NaH,PO, [Wako Chemicals]).
CD spectra were recorded from 190 to 260 nm at an interval of 0.2 nm and a scan speed of 200 nm/min.
Each spectrum was the average of four successive scans.

In silico analyses. (i) Homology modeling. The structures of CumDO-F were modeled using SWISS-
MODEL (32-36) based on the Rieske-type Fds in the 2.4-A resolution crystal structure of the TDO-F-TDO-R
complex of P. putida F1 (PDB entry 4EMJ) (37) or the 1.6-A-resolution crystal structure of the BDO-F of
Paraburkholderia xenovorans LB400 (PDB entry TFQT) (8).

(ii) Docking simulations. Docking simulations were first performed using the global range molecular
matching (GRAMM)-X protein-protein docking web server v.1.2.0 (55, 56). The crystal structure of the
CumDO-O hexamer form (PDB entry TWQL) (22) was used as the receptor protein and modeled CumDO-F as
the ligand protein. The 20 best docking modes were analyzed. The docking modes showing distances
between Rieske clusters of CumDO-F and CumDO-O of <14 A (38) were considered the best-fit modes.

To analyze the detailed binding manner between CumDO-O and CumDO-F, complex structure mod-
eling was performed as follows. The structure of the a,; biological assembly in CumDO-O was restored
by using the BIOMT matrix described in the PDB file. Modeled structure using the crystal structure of
BDO-F (PDB entry 1FQT) as described above was used as the tertiary structure of the CumDO-F. A com-
plex structure between CumDO-O and CumDO-F that satisfied the following conditions was manually
modeled by using UCSF Chimera (57): His45 or His66 of CumDO-F forms a hydrogen bond with an atom
of CumDO-O that can mediate the electron transfer to the Rieske cluster of CumDO-O. Lys117 of the
a-subunit and Arg65 of the B-subunit of CumDO-O can form salt bridges with acidic residues of the fer-
redoxin. Shape complementarity between the two proteins was also considered.

(i) Alignment analyses. Multiple alignments were performed using ClustalX v.1.81 (58). Default set-
tings were kept for all parameters except for matrix, which was BLOSUM for both pairwise and multiple
alignments.
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