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Abbreviations 

3’ terminus of the third carbon in the sugar-ring of DNA 

5’ terminus of the fifth carbon in the sugar-ring of DNA 

Å angstrom 

APS ammonium peroxodisulpahate 

BDO biphenyl dioxygenase 

BLAST The Basic Local Alignment Search Tool 

BPB bromophenol blue 

BSA bovine serum albumin 

BTEX benzene, toluene, ethylbenzene and xylene isomers 

CaCl2 calcium chloride 

CARDO carbazole 1,9a-dioxygenase 

CCP4 Collaborative Computational Project No. 4 

CD circular dichroic 

CDO cumene dioxygenase 

C-terminus end of terminus with a free carboxyl group of protein or polypeptide 

DMS dimethyl suberimidate 

DNA deoxyribonucleic acid  

DTT dithiothreitol 

EDTA ethylene diamine tetraacetate  

et al. and others  

FAD flavin adenine dinucleotide 

Fd ferredoxin 

FMN flavin mononucleotide 

FNR-type ferredoxin-NADP+ reductase-type 

g times gravity 

g gram 

GFC gel filtration chromatography 

GR-type  glutathione reductase-type 

h hour  

HCl hydrochloric acid 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP Horseradish peroxidase 

IPTG isopropyl β-D-1-thiogalactopyranoside 

ITC isothermal titration calorimetry 

k kilo  
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kb kilobase  

kDa kilo Dalton 

L liter 

LB Luria-Bertani medium  

LC liquid chromatography 

m meter, milli (10-3)  

M molar  

mAu milli absorbance Unit 

MES 2-(N-morpholino)ethanesulfonic acid 

min minute  

MS mass spectrometry  

n nano (10-9)  

NaCl sodium chloride 

NADH nicotinamide adenine dinucleotide 

NH4HCO3 ammonium hydrogen carbonate 

N-terminus start of terminus with the free amine group of protein or polypeptide 

OD optical density  

ox oxidized-form 

Oxy terminal oxygenase 

PAGE polyacrylamide gel electrophoresis  

PAHs polycyclic aromatic hydrocarbons 

PCR polymerase chain reaction  

PCT pre-crystallization test 

pH negative logarithm of the hydrogen ion concentration  

PVDF polyvinylidene difluoride 

Q-TOF-MS quadrupole time-of-flight mass spectrometry 

Red reductase 

red reduced-form 

RMSD  root mean square deviation 

RNA ribonucleic acid 

RNase  ribonuclease  

RO Rieske non-heme iron dioxygenase 

rpm rounds per minute  

SD sequence Shine-Dalgarno sequence 

SDS sodium dodecyl sulfate  

sec second 
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sulfo-SMPB sulfosuccinimidyl 4-(N-maleimidophenyl)butyrate 

TAE Tris-Acetate-EDTA 

TDO toluene dioxygenase 

TEMED  tetramethylethylenediamine 

TFA trifluoroacetic acid 

TG buffer 20 mM Tris-HCl, 10% glycerol, pH7.4 

Tris Tris-aminomethane  

tRNA  transfer RNA 

UV ultraviolet  

UV-vis  wavelength from ultraviolet to visible 

V volt 

v/v volume / volume 

WT wild-type  

ρPBA  ρ-benzoyl-L-phenylalanine, also known as BzF 

 micro (10-6)  
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論文題目 

Mechanism of electron transfer between ferredoxin and 33-type oxygenase components of Rieske 

non-heme iron oxygenase 

（Rieske non-heme iron oxygenase におけるフェレドキシンとオキシゲナーゼ間電子伝達機構の解明） 

Introduction 

Aromatic compounds are utilized by microorganisms as carbon and energy sources and are 

transformed into non- or less-hazardous substances. Microorganisms overcome the resonance 

stabilization energy of aromatic ring systems using enzymes called oxygenases, which are 

oxidoreductases that can incorporate one (monooxygenases, also called hydroxylases) or both 

(dioxygenases) atoms of molecular oxygen into the molecule to cleave aromatic ring. The 

monooxygenases can be classified as P450-dependent systems, flavin-dependent system, non-P450 

hydroxylases and non-heme-dependent oxygenases. The dioxygenases include two major classes, 

viz., heme-dependent iron-sulfur plant dioxygenases and Rieske non-heme iron dioxygenases (ROs). 

ROs often play a key role in the initial step of bacterial degradation of various aromatic 

compounds, such as naphthalene, biphenyl, isopropylbenzene (cumene) and carbazole. ROs are 

composed of one or two electron transfer component(s) and a catalytic component (terminal 

oxygenase, Oxy). The reaction is triggered by electrons from NAD(P)H, which are transferred from 

reductase (Red) to the Oxy protein subunits directly or via a ferredoxin (Fd). 

Oxy of ROs usually contains a large -subunit having a Rieske cluster domain and a 

mononuclear iron-containing catalytic domain. The Rieske cluster receives electrons from electron 

transfer component(s) and transfers them to the mononuclear iron of the neighboring -subunit. 

Apart from the large -subunit, many Oxys contain an additional small -subunit which contains no 

prosthetic group, and the function of the -subunit is suggested to provide structural support to the 

overall enzyme. To date, all the structures of Oxy demonstrate that Oxy are either 3 

doughnut-shaped or 33 mushroom-shaped quaternary structures. 

Electron transfer is essential for triggering the degradation in ROs and it is also related with 

catalytic activity. In three-component RO systems, Fd shuttles electrons through non-covalent 

bindings between Red and Oxy. The binding manner between Fd and Oxy has been determined 

previously with Fd-Oxy complex structure of carbazole 1,9a-dioxygenase (CARDO) which is a 

3-type Oxy by Ashikawa et al., 2006. The study showed that Fd of CARDO (CARDO-F) binds to
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the hydrophobic groove surrounded with charged residues at the interface of the -subunits of Oxy 

of CARDO (CARDO-O). 

Cumene dioxygenase (CDO; EC: 1.14.12.-) from Pseudomonas fluorescens IP01, which is a 

three-component RO system, catalyzes the initial reaction in cumene degradation pathway. Electrons 

are transferred from NADH via iron-sulfur flavoprotein Red of CDO (CDO-R) and Rieske-type Fd 

of CDO (CDO-F) to 33-type Oxy of CDO (CDO-O). Of the three components, only the structure 

of CDO-O has been determined until now and the structure revealed a 33 mushroom-shaped 

quaternary structure. CDO is classified as a class IIB RO according to the Batie’s classification, 

which is the same class as the well-studied ROs, biphenyl dioxygenase (BDO) and toluene 

dioxygenase (TDO), both of which are 33-type Oxy and are associated with Rieske-type Fd. 

CDO-O is possessed of 64-74%, 50-59%, 50-77% and 48-73% identities with -, -subunits, Fds, 

and Reds, respectively, of BDO from Paraburkholderia xenovorans LB400, BDO from 

Rhodococcus jostii RHA1, and TDO from P. putida F1. The structures of CDO-O and CDO-O 

have RMSD values of 0.94-1.45 Å and 0.89-1.43 Å compared to - and -subunits of above BDO 

and TDO. 

The current study aimed to determine the mechanism of electron transfer between Rieske-type 

CDO-F and 33-type CDO-O by two different approaches. In approach I, I performed docking 

simulations with homology-modelled CDO-F and wild type (WT) CDO-O and electron transfer 

efficiency analyses to determine the residues on CDO-O involved in their interaction. Moreover, the 

conservation of the interaction related residues in 33-type CDO-O has also been proposed. In 

approach II, I tried to determine the complex structure by X-ray crystallography. The predicted 

interactions were further confirmed using chemical and photo cross linking followed by mass 

spectrometry. 

Approach I: Computational study and electron transfer efficiency analyses 

To determine the mechanism of electron transfer between CDO-F and CDO-O by 

computational studies, structures of both CDO-F and CDO-O were needed. The structures of 4 

modeled CDO-Fs were generated by homology modeling using SWISS-MODEL. Then, docking 

simulations were performed between CDO-O and the 4 homology-modelled CDO-Fs, independently. 

The results showed that there were two potential docking sites on CDO-O, one was at the interface 

of two α-subunit at top-wise site of CDO-O molecule (on the cap of the mushroom-shaped structure), 

the other was at the interface of α and β-subunit at the side-wise site of CDO-O molecule (at the 

stem of the mushroom-shaped structure). The putative binding manner at top-wise site corresponded 

to that in CARDO. Both potential binding sites had similar features, which were found in the 

binding sites between CARDO-F and CARDO-O, and that was a hydrophobic groove surrounded by 

several charged residues. 

Alanine-scanning mutagenesis was performed on surface-exposed residues of CARDO-O, 

which may be involved in the binding with CDO-F. Based on results of docking simulations, 16 

charged or hydrophobic residues were chosen for alanine substitution, individually. Eight residues, 
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viz. Lys33, Leu35, Arg39 and Arg407 on 1-subunit and Asp158, Trp159, Leu162, Glu180 on 

2-subunit corresponding to the top-wise site. Eight residues, viz. Lys117 and Lys141 on 1-subunit,

Leu241, Asp253 and Lys258 on 2-subunit, Arg65 on 1-subunit, and Leu98, Trp100 on -subunit 

corresponding to the side-wise site. 

Electron transfer efficiency were measured by the reduction of the Rieske cluster on CDO-O. 

The efficiencies were measured between the wild type electron transfer components and each of 16 

single alanine-substituted, respectively (Fig. 1A). The mutants with alanine substitution at top-wise 

site showed no or negligible decrement in reduction efficiency compared with that of WT CDO-O. 

On the other hand, the reduction efficiency of alanine-substituents at the side-wise site significantly 

decreased, especially with K117 and βR65 mutations. The efficiencies of K117A and βR65A 

decreased to 21% and 46%, respectively, compared to that of the WT CDO-O. In addition, the 

efficiencies of K141A and W100A seemed to decrease slightly to 71-75%, although statistical 

significance was not significant. Electron transfer efficiency were also measured with 9 

double-alanine-substituted Oxys (Fig. 1B). The efficiencies of mutants which included either 

K117A or βR65A, decreased to less than 20%, while that of K141A;W100A decreased to 69%.

These results indicated that CDO-F binds at the side-wise site of CDO-O and transfers an electron to 

the Rieske cluster of CDO-O. 

Above results showed that the electron transfer was disrupted by of alanine-substitutions. To 

determine whether the effect by alanine substitution was disruption of the electron transfer pathway 

or components-binding, isothermal titration calorimetry was performed. Unfortunately, I cannot 

Fig. 1. Reduction efficiencies of alanine substituted CDO-O 
Panels (A) and (B) show the reduction efficiencies of single alanine-substituted CDO-Os and double 
alanine-substituted CDO-Os, respectively. That of WT CDO-O was also shown in both panels as gray 
bars, which were set to be 100%. The black and white bars were the reduction efficiencies of CDO-O 
derivatives which had amino acid-substitution at the top-wise and side-wise potential docking site, 
respectively. Error bars indicate the standard deviation from three independent experiments. n = 3,  
** p < 0.005, *** p < 0.001  

(A) 

(B) 
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optimize the buffer condition to measure experimental heat of CDO-F and CDO-O interaction. 

Ten structures of 33-type Oxy were superimposed and the position of positive charged 

residues at the side-wise site were compared. The positions of K117 and βR65 were conserved in 

all the Oxys. Furthermore, sequence alignment also showed that K117 and βR65 were conserved 

in 73 different - and -subunits of ROs. It suggested a possibility that the common mechanism of 

electron transfer is shared by most Rieske-type Fd and 33-type Oxy combinations. 

Approach II: X-ray crystallography, chemical- and photo-cross linking 

X-ray crystallography was performed with mixture of WT CDO-F and WT CDO-O or its 

derivatives (K117A and R39A). Crystals were obtained within few days with following 

conditions, 0.7% (v/v) Jeffamine® ED-2001, 1.4-1.6 M sodium malonate and 0.1 M MES (pH 6.4 or 

6.5) or 0.7% (v/v) Jeffamine® ED-2001, 1.4-1.6 M sodium malonate and 0.1 M HEPES (pH 6.6, 6.7 

or 6.8). X-ray diffraction data were collected with 19 crystals and structure refinement was 

performed. Although the immunoblotting results showed that most of crystals contained both 

CDO-F and CDO-O, only CDO-O structure could be built with all X-ray diffraction data. It might 

be because that CDO-F was coating on the surface of crystals or not obtained in all asymmetric unit. 

Chemical cross linking and photo cross linking were performed with CDO-F and CDO-O. In 

chemical cross linking, WT CDO-F and WT CDO-O were mixed with chemical cross linker, 

sulfo-SMPB or DMS for 60 min, then the mixture was separated by electrophoresis. The novel band 

was detected at less than 98 kDa when sulfo-SMPB was used. The band was cut off and analyzed by 

liquid chromatography/mass spectrometry (LC/MS). However, the binding site of CDO-F could not 

be identified with the mapping result of LC/MS. 

On the other hand, a genetically encoded photoreactive amino acid, -benzoyl-L-phenylalanine 

(BPA), was used to survey the binding site of CDO-F. Six amino acid residues of CDO-F (Q19X,

S49X, L65X, A80X, P81X and P85X) was replaced by BPA, individually. Among them, only 

Q19X and L65X could be expressed and purified successfully. Photoreactive CDO-F and WT 

CDO-O were mixed in 3:1 ratio and treated with 365 nm UV light for 30 to 120 minutes. The cross 

linked CDO-F Q19X and CDO-O was detected by electrophoresis.  

Conclusion and future prospects 

The current study demonstrated that CDO-F binds at the interface of - and -subunit of 

CDO-O and that the residues, K117 and R65, plays critical roles in the interaction. The residues 

are conserved in most 33-type Oxy, suggesting a similar mode of binding in most Rieske-type Fd 

and 33-type Oxy. The study also revealed that the function of -subunit of 33-type Oxy is not 

only structural but it also stabilizes the interaction with Rieske-type Fd. The reproducibility of photo 

cross linking results will be confirmed and followed by LC/MS analyses. To determine the 

mechanism of interaction between Rieske-type Fd and 33-type Oxy in atomic level, more detailed 

structural studies of complex are necessary. 
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Chapter 1 

Introduction 

Aromatic compounds are structurally diverse and widely distributed in nature. 

Some aromatic compounds, such as BTEX (benzene, toluene, ethylbenzene and xylene 

isomers) and polycyclic aromatic hydrocarbons (PAHs), are toxic, mutagenic and 

carcinogenic and difficult to degrade under natural conditions [IARC, 1983]. Aromatic 

compounds are utilized by microorganisms as the carbon source and/or energy sources 

and are transferred into non- or less-hazardous substances [Kanaly et al., 2000]. A 

widely used technology, bioremediation, can remove aromatic compounds from the 

environment using microorganisms which is safer and more economic than physical or 

chemical technologies [Cerniglia et al., 1993]. The challenge for microorganisms using 

aromatic compounds as carbon source is to overcome the stabilizing resonance energy 

of the aromatic ring system. Most microorganisms solve the problem by the enzymes 

called oxygenase, which incorporate oxygen into aromatic compounds to cleave the 

aromatic ring [Fuchs et al., 2011]. 

The role of oxygen in metabolic pathway had been discovered for a long time. At 

beginning, it was believed that the oxygen atoms were transferred from other organic 

molecules or water, not from atmospheric oxygen. In 1955, it was discovered that the 

atmospheric oxygen was directly incorporated into the substrates with catechol 

1,2-dioxygenase and phenolase [Hayaishi et al., 1955; Mason, 1955]. Oxygenases were 

oxidoreductases which incorporate one (monooxygenases, also called hydroxylases) or 

both (dioxygenases) atoms of atmospheric oxygen into substrates. Microorganisms most 

use dioxygenase to overcome the resonance stabilization energies [Gibson and 
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Subramanian, 1984; Gibson and Parales, 2000]. The monooxygenase can separate to 

P450-dependent systems, Flavin-dependent system, non-P450 hydroxylases and 

non-heme-dependent oxygenases and the dioxygenases include two major classes, 

heme-dependent iron–sulfur plant dioxygenase and non heme-dependent iron-dependent 

dioxygenase, which included 2-oxoglutarate-dependent dioxygenase and Rieske 

non-heme iron dioxygenase (RO) [Solomon et al., 2000; Burton, 2003].  

Rieske non-heme ion oxygenase 

ROs often play a key role in the initial step of degradation of various aromatic 

compounds, such as naphthalene, biphenyl, isopropylbenzene (cumene) and carbazole 

[Wolfe et al., 2000] by oxidizing the aromatic compounds by incorporating two 

hydroxyl group to form cis-dihydrodiol [Axcell et al., 1975; Gibson et al., 1968]. ROs 

are composed of one or two electron transfer component(s) and a catalytic component 

(terminal oxygenase, Oxy) [Wackett, 2002]. The reaction is triggered by electrons from 

NAD(P)H, which are transferred directly from reductase (Red) to the Oxy protein 

subunits or via a ferredoxin (Fd) (Fig. 1-1) [Parales et al., 1998]. There are few different 

methods to classify ROs [Batie et al., 1992; Nam et al., 2001; Kweon et al., 2008; 

Joydeep et al., 2012] and Batie’s classification is used in this thesis. According to 

Batie’s classification system, ROs are divided five different classes, IA, IB, IIA, IIB and 

III, on the basis of the number of components, the presence of FMN or FAD and the 

type of Rieske cluster present in Red, and the type of Rieske cluster contained in the Fd 

(Table 1) [Batie et al., 1992]. 

Iron-sulfur clusters are common electron transfer cofactors distributed in all 

families of organisms, from prokaryotes to eukaryotes [Noodleman et al., 2008]. The 
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iron-sulfur clusters contain 1 to 4 iron atoms and coordinate with inorganic sulfur 

(sulfide S2-). Rieske cluster is a [2Fe-2S] cluster and is contained in all ROs. The iron 

atoms in Rieske cluster are bridged with 2 inorganic sulfur S2-. One iron (Fe1) is 

coordinated by 2 cysteine residues and the other iron (Fe2) is coordinated by 2 histidine 

residues [Rieske et al., 1964; Gurbiel et al., 1989]. With other [2Fe-2S] cluster, which 

called putidaredoxin-type [2Fe-2S] cluster, the iron atoms are both coordinated by 2 

cysteine residues (Fig. 1-2) [Hanke et al., 2013]. 

Red is the first component of the electron transfer chain of ROs. There are two 

types of Red in ROs, glutathione reductase (GR)-type (EC: 1.8.1.7) and 

ferredoxin-NADP+ reductase (FNR)-type (EC: 1.18.1.2) whether or not containing a 

putidaredoxin type [2Fe-2S] cluster either at N- or C-terminus (Fig. 1-3) [Ferraro et al., 

2005]. 

Three-components ROs have Fd as the second electron transfer component which 

shuttle electrons between Red and Oxy through non-covalent binding. The Rieske-type 

Fd can be divided into a Rieske [2Fe-2S] cluster domain and a basal domain (Fig. 1-4) 

[Carrell et al., 1997]. 

Oxy of ROs contains a large α-subunit which can be divided into a Rieske [2Fe-2S] 

cluster domain at N-terminus which contains a Rieske cluster receiving electrons from 

electron transfer component(s) and a mononuclear iron-containing catalytic domain at 

C-terminus which contains a mononuclear iron center as the catalytic center (Fig. 1-5A).

The Rieske cluster receives electrons and transfers them to the mononuclear iron of the 

neighboring α subunit [Gassner et al., 1993; Kauppi et al., 1998]. Two histidine and two 

cysteine coordinate with Rieske cluster with the conserved sequence motif 

CXHX15-21CXXH [Mason et al., 1992]. Apart from the large α-subunit, most Oxys 
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contain an additional small β-subunit which contains no prosthetic group, and the 

function of β-subunit is suggested that it was structural in ROs (Fig. 1-5B) [Kauppi et 

al., 1998; Parales et al., 1998; Parales et al., 1998; Beil et al., 1998; Tan et al., 1994; 

Nojiri et al., 2005]. To date, structure of 14 Oxys have been determined. All the 

structures demonstrate either α3 doughnut-shaped or α3β3 mushroom-shaped quaternary 

structures. 

Electron transfer mechanism of ROs 

Electron transfer is essential for triggering the degradation in ROs and it is also 

related with catalytic activity. In three-component RO systems, Fd shuttles electrons 

through non-covalent bindings with Red and Oxy. To date, the binding manner between 

Red and Fd have been determined with the structures of Red-Fd complex of biphenyl 

dioxygenase (BDO) from Acidovorax sp. KKS102, Red-Fd complex of toluene 

dioxygenase (TDO) from Pseudomonas putida F1 [Senda et al., 2007; Friemann et al., 

2009]. The binding manner between Fd and Oxy has been determined only with Fd-Oxy 

complex structure of carbazole 1,9a-dioxygenase (CARDO) containing α3-type Oxy 

[Ashikawa et al., 2006]. That is, Fd of CARDO (CARDO-F) bound on the hydrophobic 

groove surrounded with charged residues at the interface of the α-subunits of Oxy of 

CARDO (CARDO-O) component (Fig. 1-6). 

The interaction between Fd and α3β3-type Oxy has only been predicted by docking 

simulations. Friemann et al. (2009) and Khara et al. (2014) performed docking 

simulations with Fd and α3β3-type Oxy components of TDO from P. putida F1 and 

aromatic hydrocarbon dioxygenase from Sphingobium sp. PNB [Friemann et al., 2009; 

Khara et al., 2014]. The results suggested that Fd might bind with Oxy either at the 
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interface of the α-subunit at the top-wise site (on the cap of the mushroom-shaped 

structure), or the interface of the α- and β-subunits at the side-wise site (at the stem of 

the mushroom-shaped structure) Kumari et al. (2017) also performed docking 

simulation with Fd and α3β3-type Oxy component of 3-nitrotoluene dioxygenase from 

Diaphorobacter sp. strain DS2 and demonstrated that the Fd would bind at the interface 

of α-subunit [Kumari et al., 2017]. The putative binding manner of the top-wise site 

corresponds to that in CARDO. 

Cumene dioxygenase 

Cumene naturally exists in crude oil and its derivatives as solvent, gasoline and 

diesel fuels and also the raw materials of phenol and acetone [NTP, 2009]. Exposure to 

high levels of cumene in short-term results in headache, dizziness, lightheadedness, 

unconsciousness, narcosis and coma. Long-term exposures may result in lung, liver and 

kidney damage [Pohanish et al., 2011]. The carcinogenic activity of cumene was also 

been determined [NTP, 2009]. 

Cumene dioxygenase (CDO; EC: 1.14.12.-) from Pseudomonas fluorescens IP01, 

which is a three-component RO system, catalyzes the initial reaction in cumene 

degradation pathway (Fig. 1-7). The cumA1, cumA2, cumA3 and cumA4 genes which 

encode the CDO three-component oxygenase system, α-subunit and β-subunit of Oxy, 

Fd and Red, respectively (CDO-Oα, CDO-Oβ, CDO-F and CDO-R) have been isolated 

previously [Aoki et al., 1996]. Electrons are transferred from NADH via iron-sulfur 

flavoprotein Red of CDO (CDO-R) and Rieske-type Fd of CDO (CDO-F) to α3β3-type 

Oxy of CDO (CDO-O) (Fig. 1-1 and 1-6). Until now, only the structure of CDO-O has been 

determined and reported [Dong et al., 2005]. The CDO-O structure confirmed that CDO-O 
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contains α3β3 mushroom-shaped quaternary structure (Fig. 1-5B). CDO is classified as a 

class IIB according to the Batie’s classification [Batie et al., 1992], as same as the 

well-studied ROs, biphenyl dioxygenase (BDO) and TDO, which also contain 

Rieske-type Fd and α3β3-type Oxy [Furukawa, 2000; Furusawa et al., 2004; Suenaga et 

al., 2001; Suenaga et al., 2002; Zielinski et al., 2002; 2003]. CDO possesses 64-74% 

identities, 50-59% identities, 50-77% identities and 48-73% identities with α-, β-subunits, Fd 

and Red of BDO from Paraburkholderia xenovorans LB400, Rhodococcus jostii RHA1 and 

TDO from P. putida F1. The structures of α-, β-subunits of CDO have RMSD values of 

0.94-1.45 Å and 0.89-1.43 Å to α- and β-subunit of BDO and TDO [Kumar, 2011; 

Furusawa et al., 2004; Friemann et al., 2009;]. Therefore, CDO is a good model of 

toluene/biphenyl dioxygenase (TDO/BDO) subfamily [Werlen et al., 1996]. 

Objective 

To date, all the binding modes between Fd and α3β3-type Oxy were predicted by 

the simulations. The current study aimed to determine the mode of binding between 

Rieske-type CDO-F and α3β3-type CDO-O by two different approaches. In approach I, I 

performed computational studies and reduction efficiency analyses to determine the critical 

residues on CDO-O which are involved in interaction. In addition, evolutionary relationships 

between the α-subunit, β-subunit and Fd have also been proposed. In approach II, I tried to 

determine the interaction between Fd and Oxy by X-ray crystallography, chemical and photo 

cross linking followed by mass spectrometry. 
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Fig. 1-1. Schematic representation of RO system

The schematic figures are the two examples of RO system. (A) The RO system contains with one

electron transfer component (phthalate 4,5-dioxygenase [Gurbiel et al., 1989]) and (B) two electron

transfer components (CDO [Aoki et al., 1996]). The reaction is triggered by the electrons from

NAD(P)H which are transferred directly from Red to the terminal oxygenase or via a Fd.

Fe2+
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Fig. 1-2. The schematic figures of [2Fe-2S] clusters 

The schematic figures of (A) Rieske [2Fe-2S] cluster and (B) pudidaredoxin-type [2Fe-2S] cluster. The 

light brown balls show as the sulfur atoms and the heavy brown balls show as the iron atoms. 
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Fig. 1-3. Overall structures of Red of ROs

The crystal structure of Red with FAD of (A) biphenyl dioxygenase from Acidovorax sp.

KKS102 [PDB ID: 2GQW; Senda et al., 2007] and (B) toluene dioxygenase from Pseudomonas

putida F1 [PDB ID: 3EF6; Friemann et al., 2009] which are GR-type Reds. FAD-binding

domain, NADH-binding domain and C-terminal domain are showed in green, cyans and orange.

FAD is showed in sticks.

90°

90°
(B)

(A)
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Fig. 1-4 Overall structures of Fd of ROs

The crystal structure of Fd of (A) biphenyl dioxygenase from Acidovorax sp. KKS102 [PDB ID: 2E4P;

Senda et al., 2007], (B) toluene dioxygenase from P. putida F1 [PDB: 3DQY; Friemann et al., 2009] and

(C) carbazole 1,9a-dioxygenase from Pseudomonas resinovorans CA10 [PDB: 1VCK; Nam et al., 2005],

which are Rieske-type Fd. Rieske binding domain and basal domain are showed with pink and green. The

light brown balls show as the sulfur atoms and the heavy brown balls show as the iron atoms.

90°

90°

90°

(B)

(A)

(C)
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Fig. 1-5 Overall structures of terminal oxygenase of ROs

The crystal structure of α-subunit of (A) α3-type Oxy of CARDO from Nocardioides

aromaticivorans IC177 [PDB: 3GCF; Inoue et al., 2009] and (B) α3β3-type Oxy of CDO from P.

fluorescens IP01 [PDB: 1WQL; Dong et al., 2005]. Rieske cluster binding domain and catalytic

domain are showed with cyan and green. The light brown balls show as the sulfur atoms and the

heavy brown balls show as the iron atoms.

(A)

(B)

90°

90°
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Fig. 1-6 Structure of CARDO F-O complex

The structure of CARDO F-O complex (PDB: 2DE5) [Ashikawa et al., 2006]. CARDO-F and

CARDO-O were showed in gray and magentas. CARDO-F bound at the interface of α-subunit.

90°
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Fig. 1-7 Components of cumene dioxygenase

CDO incorporates oxygen atoms into cumene to form 2,3dihydro-

2,3-dihydroxycumene by electron transfer [Aoki et al., 1996]. Electrons are transferred

following the arrows. The prosthetic group of CDO-R, CDO-F and CDO-Oα are FAD, Rieske-

type [2Fe-2S] cluster, and mononuclear iron and Rieske-type [2Fe-2S] cluster, respectively.

Oxidized and reduced state are showed with subscripts ox and red. [2Fe-2S]R means Rieske-type

iron-sulfur cluster.
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Table 1-1 Batie’s classification system and examples.

Class Red Fd Oxy Examples

I

IA

IB

II

IIA

IIB

III

[2Fe-2S] cluster Mononuclear Iron 

(catalytic center)

FAD FMNflavin adenine dinucleotide (FAD) flavin mononucleotide (FMN)

Phthalate dioxygenase
(Burkholderia cepacia DBO1)

[Tarasev and Ballou, 2005]

2-oxoquinoline 8-monooxygenase
(Pseudomonas putida 86)

[Martins et al., 2005]

Carbazole 1,9a-dioxygenase 
(Novosphingobium sp. KA1)

[Urata et al., 2006]

Dicamba O-demethylase
(Stenotrophomonas maltophilia DI-6)

[Herman et al., 2005]

Biphenyl dioxygenase
(Rhodococcus jostii RHA1)

[Masai et al., 1995]

Cumene dioxygenase
(Pseudomonas fluorescens IP01)

[Aoki et al., 1996]

Naphthalene 1,2-dioxygenase
(Pseudomonas sp. NCIB9816-4)

[Ensley and Haigler, 1990]

Carbazole 1,9a-dioxygenase 
(Janthinobacterium sp. J3;

Pseudomonas resinovorans CA10)
[Sato et al., 1997; Inoue et al., 2004]
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Chapter 2 

Determination of interaction between ferredoxin and oxygenase by 

computational study and electron transfer efficiency analysis 

2-1 General overview

As the state of Ch. 1, the interaction between Fd and 33 Oxy was not determined by 

any experimental method so far. 

To determine of CDO-F on the CDO-O, potential binding site was predicted. In the 

structure of Fd-Oxy complex of carbazole dioxygenase, the Fd bind at the interface of 

α-subunit. The binding site of Fd on the Oxy have two features, the hydrophobic groove and 

the charged amino acid around the groove. There are two similar docking sites for Fd on the 

CDO-O discovered by docking simulations. Alanine scanning and isothermal titration 

calorimetry measurement are performed to evaluate the critical residue(s) in the interaction 

between CDO-F and CDO-O.  

「本章の内容は，学術雑誌論文として出版する計画があるため，公表できない。」 
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Chapter 3 

Determination of interaction between ferredoxin and oxygenase by X-ray 

crystallography and cross linking 

3-1 General overview

In this chapter, different approaches, X-ray crystallography and chemical and photo 

cross linking, were performed to determine the mechanism of electron transfer between 

CDO-F and CDO-O. WT CDO-F and 3 different CDO-Os were mixed for crystallization, 

respectively. Multiple crystals were obtained after optimization of crystallization conditions 

and X-ray diffraction data were collected. However, there was not CDO-F in all electron 

density maps after structure refinement. Chemical cross-linking was performed with the 

mixture of WT CDO-F, WT CDO-O and chemical cross linker, sulfo-SMPB. After liquid 

chromatography coupled with quadrupole time-of-flight mass spectrometry (LC/Q-TOF-MS) 

analyses, no conclusion can be made with the final mapping results. Photo cross linking was 

performed with genetically encoded photoreactive amino acid on 6 different residues of 

CDO-F, Q19X, S49X, L65X, A80X, P81X and P85X, and WT CDO-O. CDO-F Q19X was 

cross linked with CDO-O successfully. The reproducibility will be confirmed and will be 

analyzed by LC/Q-TOF-MS. 

「本章の内容は，学術雑誌論文として出版する計画があるため，公表できない。」 
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Chapter 4 

Conclusion and Future Prospects 

The current study determined that CDO-F bound at the interface of α- and β-subunit of 

CDO-O. The residues, α1K117 and β1R65, played critical roles in the interaction. Comparison 

at the sequences of the binding regions of CDO-F and CDO-O with those of other 

Rieske-type Fds and α3β3-type Oxy in class IIB and III ROs indicates that the positions of 

negative charged residues of Rieske-type Fds and the positions of positive charged residues of 

α3β3-type Oxy are virtually conserved in all Rieske-type Fds and α3β3-type Oxy. The results 

indicate that the same binding mode may not only occurr between CDO-F and CDO-O, but 

also occurs in all Rieske-type Fd and α3β3-type Oxy. Furthermore, Rieske-type Fd and 

α3β3-type Oxy may share common manner with those in CARDO containing α3-type 

oxygenase, although binding site is different. This may be an example of convergent 

evolution of electron transport mechanisms.  

The current study also reveals that the function of β-subunit of α3β3-type Oxy is not only 

structural but also stabilize the interaction with Rieske-type Fd. Without β-subunit, the 

electrons cannot transfer between Fd and Oxy efficiently. It can be explained that the previous 

reports demonstrating that the substrate specificity or activity was disrupted after replacing or 

removing β-subunit of α3β3-type Oxy were not because the β-subunit had function in 

substrate specificity or activity but because the β-subunit has function in structural and 

stabilization of the interaction with Rieske-type Fd.  

The binding site will be determined by photo cross linking. Until now, the novel bands 

were detected in after the reaction with mixture of CDO-O and photoreactive CDO-F. The 

reproducibility of photo cross linking results will be confirmed and followed by LC/MS 

analyses. 
89



To determine the mechanism of interaction in atomic level, structural studies of complex 

are necessary to provide more detail with interaction between Rieske-type Fd and α3β3-type 

Oxy. Besides X-ray diffraction, other methods, cyro-electron microscopy or X-ray 

free-electron laser, may be better method to determine the structure of Fd-Oxy complex.  
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Fig. S1 Affinity purification and gel chromatography of CDO-OαK33A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK33A. (D) 10% Glycine SDS-PAGE of CDO-OαK33A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography d,
M: Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαK33A
containing fractions.

Supplement figures for protein purification
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Fig. S2 Affinity purification and gel chromatography of CDO-OαL35A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαL35A. (D) 10% Glycine SDS-PAGE of CDO-OαL35A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαL35A
containing fractions.
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Fig. S3 Affinity purification and gel chromatography of CDO-OαR39A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαR39A. (D) 10% Glycine SDS-PAGE of CDO-OαR39A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαR39A
containing fractions.
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Fig. S4 Affinity purification and gel chromatography of CDO-OαD158A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαD158A. (D) 10% Glycine SDS-PAGE of CDO-OαD158A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαD158A
containing fractions.
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Fig. S5 Affinity purification and gel chromatography of CDO-OαW159A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαW159A. (D) 10% Glycine SDS-PAGE of CDO-OαW159A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
SeeBlue™ Plus2 Pre-stained Protein Standard. The red arrow indicated the CDO-OαW159A
containing fractions.
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Fig. S6 Affinity purification and gel chromatography of CDO-OαL162A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαL162A. (D) 10% Glycine SDS-PAGE of CDO-OαL162A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαL162A
containing fractions.
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Fig. S7 Affinity purification and gel chromatography of CDO-OαE180A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαE180A. (D) 10% Glycine SDS-PAGE of CDO-OαE180A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
SeeBlue™ Plus2 Pre-stained Protein Standard. The red arrow indicated the CDO-OαE180A
containing fractions.
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Fig. S8 Affinity purification and gel chromatography of CDO-OαR407A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαR407A. (D) 10% Glycine SDS-PAGE of CDO-OαR407A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
SeeBlue™ Plus2 Pre-stained Protein Standard. The red arrow indicated the CDO-OαR407A
containing fractions.
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Fig. S9 Affinity purification and gel chromatography of CDO-OαK117A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK117A. (D) 10% Glycine SDS-PAGE of CDO-OαK117A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαK117A
containing fractions.
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Fig. S10 Affinity purification and gel chromatography of CDO-OαK141A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK141A. (D) 10% Glycine SDS-PAGE of CDO-OαK141A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
SeeBlue™ Plus2 Pre-stained Protein Standard. The red arrow indicated the CDO-OαK141A
containing fractions.

100



(A)

(B)

(C)

(D)
C H G M

kDa

20

25

37

50

Fig. S11 Affinity purification and gel chromatography of CDO-OαL241A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαL241A. (D) 10% Glycine SDS-PAGE of CDO-OαL241A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαL241A
containing fractions.
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Fig. S12 Affinity purification and gel chromatography of CDO-OαD253A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαD253A. (D) 10% Glycine SDS-PAGE of CDO-OαD253A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαD253A
containing fractions.
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Fig. S13 Affinity purification and gel chromatography of CDO-OαK258A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK258A. (D) 10% Glycine SDS-PAGE of CDO-OαK258A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OαK258A
containing fractions.
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Fig. S14 Affinity purification and gel chromatography of CDO-OβR65A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OβR65A. (D) 10% Glycine SDS-PAGE of CDO-OβR65A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
SeeBlue™ Plus2 Pre-stained Protein Standard. The red arrow indicated the CDO-OβR65A
containing fractions.
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Fig. S15 Affinity purification and gel chromatography of CDO-OβL98A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OβL98A. (D) 10% Glycine SDS-PAGE of CDO-OβL98A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OβL98A
containing fractions.
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Fig. S16 Affinity purification and gel chromatography of CDO-OβW100A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OβW100A. (D) 10% Glycine SDS-PAGE of CDO-OβW100A. C: crude
extract, H: purified by metal-chelation chromatography, G: purified by gel chromatography, M:
Precision Plus Protein™ Dual Color Standards. The red arrow indicated the CDO-OβW100A
containing fractions.
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Fig. S17 Affinity purification and gel chromatography of CDO-OαD158AαE180A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαD158AαE180A. (D) 10% Glycine SDS-PAGE of CDO-
OαD158AαE180A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red
arrow indicated the CDO-OαD158AαE180A containing fractions.
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Fig. S18 Affinity purification and gel chromatography of CDO-OαD158AαR407A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαD158AαR407A. (D) 10% Glycine SDS-PAGE of CDO-
OαD158AαR407A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red
arrow indicated the CDO-OαD158AαR407A containing fractions.
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Fig. S19 Affinity purification and gel chromatography of CDO-OαE180AαR407A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαE180AαR407A. (D) 10% Glycine SDS-PAGE of CDO-
OαE180AαR407A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red
arrow indicated the CDO-OαE180AαR407A containing fractions.
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Fig. S20 Affinity purification and gel chromatography of CDO-OαK117AαK141A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK117AαK141A. (D) 10% Glycine SDS-PAGE of CDO-
OαK117AαK141A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: Precision Plus Protein™ Dual Color Standards. The red
arrow indicated the CDO-OαK117AαK141A containing fractions.
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Fig. S21 Affinity purification and gel chromatography of CDO-OαK117AβR65A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK117AβR65A. (D) 10% Glycine SDS-PAGE of CDO-
OαK117AβR65A. C: crude extract, H: purified by metal-chelation chromatography, G: purified
by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red arrow
indicated the CDO-OαK117AβR65A containing fractions.
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Fig. S22 Affinity purification and gel chromatography of CDO-OαK117AβW100A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK117AβW100A. (D) 10% Glycine SDS-PAGE of CDO-
OαK117AβW100A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red
arrow indicated the CDO-OαK117AβW100A containing fractions.
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Fig. S23 Affinity purification and gel chromatography of CDO-OαK141AβR65A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK141AβR65A. (D) 10% Glycine SDS-PAGE of CDO-
OαK141AβR65A. C: crude extract, H: purified by metal-chelation chromatography, G: purified
by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red arrow
indicated the CDO-OαK141AβR65A containing fractions.
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Fig. S24 Affinity purification and gel chromatography of CDO-OαK141AβW100A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαK141AβW100A. (D) 10% Glycine SDS-PAGE of CDO-
OαK141AβW100A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red
arrow indicated the CDO-OαK141AβW100A containing fractions.

114



(A)

(B)

(C)

(D)
CHG M

kDa

45

34

55

16

Fig. S25 Affinity purification and gel chromatography of CDO-OβR65AβW100A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OβR65AβW100A. (D) 10% Glycine SDS-PAGE of CDO-
OβR65AβW100A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard. The red
arrow indicated the CDO-OβR65AβW100A containing fractions.
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Fig. S26 Affinity purification and gel chromatography of CDO-OαD158AαW159A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαD158AαW159A. (D) 10% Glycine SDS-PAGE of CDO-
OαD158AαW159A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard.
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Fig. S27 Affinity purification and gel chromatography of CDO-OαW159AαE180A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαW159AαE180A. (D) 10% Glycine SDS-PAGE of CDO-
OαW159AαE180A. C: crude extract, H: purified by metal-chelation chromatography, M:
SeeBlue™ Plus2 Pre-stained Protein Standard.
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Fig. S28 Affinity purification and gel chromatography of CDO-OαW159AαR407A

(A) Elution profile of metal-chelation chromatography. Blue line indicates absorbance at 280
nm (mAU) and green line indicates imidazole concentration. (B)(C) Gel chromatography of the
affinity purified CDO-OαW159AαR407A. (D) 10% Glycine SDS-PAGE of CDO-
OαW159AαR407A. C: crude extract, H: purified by metal-chelation chromatography, G:
purified by gel chromatography, M: SeeBlue™ Plus2 Pre-stained Protein Standard.
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Materials and Methods 

Bacterial strains, plasmids, media and culture conditions 

Escherichia coli strains BL21(DE3) (Novagen, Japan) and JM109(DE3) (Toyobo, Osaka, 

Japan) and plasmids, pET-26b(+) (Novagen, Japan) and pUC118 (TaKaRa Shuzo Co., Japan.) 

were used in this study. For cultivation of E. coli strain, following culture media were used: 

Luria-Bertani (LB) medium [Sambrook et al. 1989]; and SB medium [12 g tryptone (BD 

Biosciences Clontech, USA), 24 g yeast extract (Nacalai Tesque, Japan), 5 mL glycerol (Kanto 

Chemical Co., Inc., Japan), 12.5 g K2HPO4 (Kanto Chemical Co., Inc., Japan), 3.8 g KH2PO4 

(Kanto Chemical Co., Inc., Japan) per liter].  

Construction of plasmids 

The expression vectors were constructed pUC118-based plasmids for overexpression of 

CumA1A2 and CumA4 and pET-26b(+)-based plasmids for overexpression of CumA3 that C-

terminus of CumA1 and N-terminus of CumA3 and CumA4 were tagged with six histidine 

residues, respectively. Artificial XbaI site, stop codon, Shine-Dalgarno (SD) sequence, NdeI 

and SalI sites were created on the end of cumA1-containing DNA fragment by using following 

primer set: 5’-GGGTCTAGATAAGAAGGAGATATACATATGAGTTCAATAATAAATAAAG 

AAGTGCAGGAAG-3’ and 5’-AAAGTCGACTCAGTGGTGGTGGTGGTGGTGAGACTTT 

AGCGTGTCCCAACTCG-3’ (XbaI and SalI restriction sites were italicized). SalI site, stop 

codon, SD sequence, NdeI and HindIII sites were created on the end of cumA2-containing DNA 

fragment by using following primer set: 5’-AAAGTCGACTAAGAAGGAGATATACATATGA 

CATCCGCTGATTTGACAAAAC-3’ and 5’-GGGAAGCTTAGAAAAACTGGCTGAGAT 

TATTCGCTG-3’ (NdeI and HindIII restriction sites were italicized). XbaI site, stop codon, SD 

sequence, NdeI and SalI sites were created on the end of cumA3-containing DNA fragment by 

using following primer set: 5’-AAAGAATTCTAAGAAGGAGATATACATATGCACCACCA 
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CCACCACCACACTTTTTCCAAAGTTTGTGAAGTATCTGATG-3’ and 5’- AAAGTCGA 

CTCATGGCGCTAGATACCCGG-3’ (NdeI and SalI restriction sites were italicized). XbaI site, 

stop codon, SD sequence, NdeI and SalI sites were created on the end of cumA4-containing 

DNA fragment by using following primer set: 5’-AAATCTAGATAAGAAGGAGATATACA 

TATGCACCACCACCACCACCACATTAAATCAATCGTCATTATTGGTGCTGGC-3’ and 

5’-AAAGTCGACTCACTCGCATCGCTCAGCTTTAG-3’ (NdeI and SalI restriction sites 

were italicized). The PCR amplicon of cumA1A2 was inserted into XbaI and HindIII sites of 

pUC118 to produce pUCumA1CA2. The PCR amplicon of cumA3 was inserted into XbaI and 

SalI sites of pET-26b(+) to produce pETumA3N. The PCR amplicon of cumA4 was inserted 

into XbaI and SalI sites of pUC118 to produce pUCumA4N. 

Preparation of the competent cells 

For heat-shock transformation of E. coli DH5, E. coli JM109(DE3) and E. coli 

BL21(DE3), cells were prepared competent according Hanahan [Hanahan , 1983]. 

• Inoculate a single colony into 5 mL LB medium and grow overnight at 310 L.

• Preculture 1 mL medium into 100 mL fresh LB medium and propagate the cells at 310 KC

until an OD600 of 0.4-0.6.

• Chill the culture on ice and pellet by centrifugation (5,000 rpm; 5 min; 277 KC).

• Rinse the tubes and the pellets with TFB I to remove traces of medium.

• Resuspend the cell pellets gently in 40 mL ice-cold TFB I. Incubate for 5 min on ice.

• Centrifugation (5,000 rpm; 5 min; 4°C). Discard the supernatants.

• Resuspend the cell pellets in 4 mL ice-cold TFB II. Incubation for 60 min on ice.

• Aliquot the 100 L cell suspension into each sterile 1.5-mL tubes and flash-freeze in liquid

nitrogen then store at 193 K.
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Table M2 composition of TFB I and TFB II 

TFB I (pH 5.8)*    TFB II (pH 6.5)^   

RbCl 100 mM  MOPS 10 mM 

MnCl2 50 mM  RbCl 10 mM 

Potassium acetate 30 mM  CaCl2.H2O 10 mM 

CaCl2.H2O 10 mM  Glycerol 15 %[v/v] 

Glycerol 15 %[v/v]     

* The pH value was adjusted with 0.2M acetic acid. The buffer was sterile filtered and stored at 4°C. 

^ The pH value was adjusted with 1N NaCl. The buffer was sterile filtered and stored at 4°C 

Heat-shock transformation 

Transformation of CaCl2-competent cells of E. coli was performed according to the following 

protocol. 

• Add 1 L plasmid DNA or ligation assay to 100 µL competent cells and incubate for 20- 

30 min on ice. 

• Perform heat shock at 42°C for 1.5 min. 

• Incubate for 2 min on ice. 

• Add 500 L LB medium and incubate the cells for 1 h at 37°C with shaking (300 rpm). 

• Plate 100 L of the cell suspension on LB agar plates supplemented with the appropriate 

antibiotics for selection and incubate overnight at 37°C. 

Plasmid extraction 

Analytical and preparative plasmid isolation from cells of E. coli was performed using the 

alkaline lysis method. Cells were grown overnight in 5 ml LB medium supplemented with the 

appropriate antibiotics forselection. 

• Pellet 5 mL cell culture in 1.5 mL microcentrifuge tube. 

• Resuspend the cell pellets in 100 µL Buffer 1 by vortexing for 30 sec 

• Add 200 µl Buffer 2 and invert the tube gently for 5 times. Incubate on ice for 5 min. 
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• Add 150 µl Buffer 3 and invert the tube gently for 5 times. Incubate on ice for 5 min.

• Centrifugation (13,000 rpm; 5 min; 4°C). Transfer 400 L samples into new 1.5-mL

microcentrifuge tubes.

• Add 400 L of Phenol:Chloroform:IAA (25:24:1) (Nacalai Tesque, Kyoto, Japan) and mix

by vigorous vortexing .

• Centrifugation (13,000 rpm; 10 min; RT). Transfer 300 L of the upper aqueous phase into

new 1.5-mL microcentrifuge tubes.

• Add 1000 μL 99.5 % ethanol, gently mix it. Incubate on ice for 5 min.

• Centrifugation (13,000 rpm; 10 min; 4°C).

• Discard the supernatants and wash the pellets with 400 L 70% ethanol.

• Centrifugation (13,000 rpm; 5 min; 4°C).

• Discard the supernatants Dry the pellet with vacuum for at least 5 min.

• Resuspended the pellets in 50 µl TE buffer and incubate with 1 L RNase A (Nippon Gene)

for 1h at 37°C.

• Measure the concentration and 260/280 and store the samples at -20°C.

Table M3 Composition of solution for plasmid extration 

Solution I (Autoclaved) Solution II 

For 100 mL Final conc. 

-D- Glucose 0.9 g 50 mM total 1 mL 

1 M Tris-HCl 2.5 mL 25 mM Milli Q 700 μL 

0.5 M EDTA 2.0 mL 10 mM 1 N NaOH 200 μL 

Milli Q fill up to 100 mL 

Solution III 

For 100 mL Final conc. 

Potassium Acetate 29.45 g 3 M 

Acetic Acid (hood) 12 mL 2 M 

Milli Q fill up to 100 mL 
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TE buffer (Autoclaved) 

 For 100 mL Final conc. 

1 M Tris-HCl (pH 8.0) 1 mL 10 mM 

0.5 M EDTA (pH 8.0) 200 mL 1mM 

Milli Q fill up to 100 mL  

Agarose gel electrophoresis 

Analytical and preparative agarose gel electrophoresis of DNA fragments was carried out 

in horizontal electrophoresis tanks (Mupid® -2X, Advance, Japan) using Agarose ME (Nacalai 

Tesque, Japan) and 1x TAE electrophoresis buffer. Samples were mixed with 10x Loading Dye 

(Takara Bio, Japan) and loaded in the wells of the gel. Electrophoresis was performed at 100V 

for 30-40 min. The gels were then stained with ethidium bromide (Nippon Gene, Japan) for 15 

min, distained in dH2O for 15 min, and visualized using FAS (Toyobo, Japan). One STEP 

marker 6 (Nippon Gene, Japan) DNA ladder and 100 bp maker (GeneDireX, Japan) were 

routinely used in this study. 

Purification of fragment of nucleotide 

Wizard®  SV Gel and PCR Clean-Up System (Promega Co., USA) was routinely used for 

isolation of DNA fragments from agarose gel. After sufficient separation on an agarose gel and 

staining with ethidium bromide, the fragments of interest were cut with a sterile scalpel under 

UV light and placed in clean tubes. The DNA fragments were afterwards subjected to 

purification as recommended by the manufacturer. 

Site-directed mutagenesis 

Single alanine substituted CDO-Oxy (K33A, L35A, R39A, K117A, K141A, 

D158A, W159A, L162A, E180A, L241A, D253A, K258A, R407A, R65A, 

L98A, W100A) was prepared by KOD-Plus-Mutagenesis kit (Toyobo, Japan) with the wild 

type Oxy (pUC118-CumA1CA2). Primer information was in Table M1. Some double alanine 
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substituted CDO-O (D158A;E180A, D158A;R407A, E180A;R407A, 

K117A;K141A, R65A;W100A) were artificially synthesized with exogenously added 

XbaI and SalI restriction enzyme sites in -subunit fragment and SalI and HindIII sites in -

subunit fragment then were cloned into plasmid pUC57-Kan by GENEWIZ Japan (Saitama, 

Japan). The XbaI and SalI or SalI and HindIII fragments of double alanine mutants were 

inserted into corresponding sites in pUC118-CumA1CA2. The other double alanine mutants 

(K117A;R65A, K117A;W100A, K141A;R65A, K141A;W100A) were constructed 

from single alanine mutants. The XbaI and SalI fragment of K117A or K141A were inserted 

into corresponding sites in the pUC118-CumA1CA2R65A or pUC118-CumA1CA2W100A 

respectively. 

Table M4 The program for site directed mutagenesis 

Temperature Time Cycle 

94℃ 1 min 1 

98℃ 10 sec 
15 

68℃ 5 min 

4℃ ∞ 
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Table M5 Primer list of site-directed mutagenesis

K33A
F 5’-GATGAGGAAGCGGGGTTGCTTGATCC-3’

R 5’-GGATCAAGCAACCCCGCTTCCTCATC-3’

L35A
F 5’-GGAAAAGGGGGCGCTTGATCCAC-3’

R 5’-GTGGATCAAGCGCCCCCTTTTCC-3’

R39A
F 5’-GCTTGATCCAGCGATTTTCTCTGATCAGG-3’

R 5’-CCTGATCAGAGAAAATCGCTGGATCAAGC-3’ 

K117A
F 5’-GGCAACGCAGCGTCATTTACCTGC-3’

R 5’-GCAGGTAAATGACGCTGCGTTGCC-3’

K141A
F 5’-CCCTACGAGGCGGAGGCTTTTTGTG-3’

R 5’-CACAAAAAGCCTCCGCCTCGTAGGG-3’

D158A
F 5’-CGACAAGGCCGCGTGGGGGCCGC-3’

R 5’-GCGGCCCCCACGCGGCCTTGTCG-3’

W159A
F 5’-AAGGCCGACGCGGGGCCGCTGC-3’

R 5’-GCAGCGGCCCCGCGTCGGCCTT-3’

L162A
F 5’-GGGGGCCGGCGCAAGCGCGGGTG-3’

R 5’-CACCCGCGCTTGCGCCGGCCCCC-3’

E180A
F 5’-CTGGGATACCGCGGCCCCTGATTTG-3’

R 5’-CAAATCAGGGGCCGCGGTATCCCAG-3’

L241A
F 5’-GATGGCGCATGCGTCAGGTGTATTGTCC-3’

R 5’-GGACAATACACCTGACGCATGCGCCATC-3’

D253A
F 5’-GCCTGAAATGGCGTTGTCCCAAG-3’

R 5’-CTTGGGACAACGCCATTTCAGGC-3’

K258A
F 5’-GTCCCAAGTAGCGTTACCGTCAAGTGGG-3’

R 5’-CCCACTTGACGGTAACGCTACTTGGGAC-3’

R407A
F 5’-GGCTAGAAGTGCGCCTCTTTGTGCCC-3’

R 5’-GGGCACAAAGAGGCGCACTTCTAGCC-3’

R65A
F 5’-CTCATACATCCGCGAATAAGGCGATG-3’

R 5’-CATCGCCTTATTCGCGGATGTATGAG-3’

L98A
F 5’-GGTTTCGGGGGCGAACTGGACTGAAG-3’

R 5’-CTTCAGTCCAGTTCGCCCCCGAAACC-3’

W100A
F 5’-CGGGGCTTAACGCGACTGAAGATCC-3’

R 5’-GGATCTTCAGTCGCGTTAAGCCCCG-3’

Alanine mutation frames were underlined. 
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Expression and purification of cumene dioxygenase 

CDO-R, CDO-O, and alanine substituted CDO-O were expressed in E. coli JM109(DE3) 

transformed with pUCumA4N, pUCumA1CA2, and its derivative plasmids. For expression of 

CDO-F, the plasmid pETCumA3N and E. coli BL21(DE3) were used.  

Above E. coli strains were grown on SB medium supplemented with either 50 μg/mL 

kanamycin [for BL21(DE3)(pETCumA3N)] or 100 μg/mL ampicillin [for 

JM109(DE3)(pUCumA4N) and JM109(DE3)(pUCumA1CA2)] in jar fermenter (BE 

MARUBISHI, Tokyo, Japan). The cells were initially grown at 310 K for around 2.5 hours until 

the OD600 reached 0.5-0.6. Then, isopropyl--D-thiogalactopyranoside (IPTG) was added at 

the final concentration of 1.0, 0.1 and 0.5 mM for expressing CDO-R, CDO-F and CDO-O, 

respectively. Induction by IPTG was continued for 12 hours at 298 K for CDO-R and CDO-F 

or 303 K for CDO-O. E. coli cells were then harvested by centrifugation and re-suspended in 

Hitrap A buffer (20 mM Tris-HCl, 0.5 M NaCl and 10% glycerol, pH 7.4). 

The crude cell extract was prepared by sonication for 10 min followed by centrifugation at 

25,000 g for 2 hours. All of the proteins were purified with Hitrap B buffer (20 mM Tris-HCl, 

0.5 M NaCl and 10% glycerol and 300 mM imidazole, pH 7.4) by metal-chelation 

chromatography (HiTrap Chelating HP column, column volume: 5 mL, Amersham Biosciences, 

UK) with the fast protein liquid chromatography instrument (ÄKTA FPLC, GE healthcare 

Japan, Japan). The protein-containing fractions of CDO-O and CDO-R were pooled and 

concentrated by Vivaspin® 20 system, whose molecular cutoff is 10k (Sartorius, Germany), 

while CDO-F were similarly pooled by Vivaspin® Turbo 15 system with molecular cutoff of 5 

k (Sartorius, Germany). The resultant preparation was further purified with GFC buffer (20 mM 

Tris-HCl, 0.2 M NaCl and 10% glycerol, pH 7.4) by gel filtration chromatography (GFC) using 

HiLoad_26/60 Superdex200 per grade column (for CDO-R and CDO-O) (GE Healthcare Japan, 

Japan) or HiLoad_26/60 Superdex75 per grade column (for CDO-F) (GE Healthcare Japan, 
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Japan). Protein-containing fractions after GFC were pooled and concentrated by the filters. 

Resultant CDO component solution were frozen by liquid nitrogen and stored at 193 K until 

use. 

Tricine SDS-PAGE 

• Make the gel as following table in the 50 mL baker. 

Table M6 Composition of 16% Tricine SDS-PAGE 

 Separating Gel (16%) (bottom) Stacking Gel (4%) (top) 

MilliQ 1 mL 1.3 mL 

3X gel buffer 2 mL 0.5 mL 

Glycerol  0.6 mL ------ 

40 % acrylamide: bis = 19:1 (Bio-rad, USA) 2.4 mL 0.2 mL 

TEMED (Nacalai Tesque, Japan) 5 μL 3 μL 

10 % APS (Nacalai Tesque, Japan) 50 μL 25 μL 

Total Volume 6.055  mL 2.028 mL 

• Make the 10% APS from APS powder. 

• After adding APS and TEMED in to separating gel, mix it well and added into module 

immediately. 

• Add 600-800 μL isopropanol, isopropanol or ethanol in the top of running gel, wait for 

gel formation. 

• After the gel form, use tissue remove ethanol carefully. 

• Add APS and TEMED into stacking gel, mix it well and added into module immediately. 

• Insert comb into gel immediately. 

Running samples 

• Loading samples, blank and marker.  

• Loading 10 μL sample each well. 

• Total volume should be the same in each well. 

• Marker volume is 5 + 5 μL. 

• Running condition (stacking /running): 30 /100 + 150 + 200 (V) 
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Gel stain and distain 

• Warm up the gel with MilliQ by microwave and shake it with 60 rpm for 10 min twice.

• Stain with SimplyBlue™ SafeStain (Thermo Fisher Scientific, USA). Warm up the gel

with SimplyBlue™ SafeStain by microwave and shake it with 60 rpm for 15 min.

• Destain with MilliQ. Warm up the gel with MilliQ by microwave and shake it with 60

rpm overnight.

• Store the gel with little MilliQ in the zip lock bag. Scan into file and store it at 4℃.

Table M7 Composition of running buffer of Tricine SDS-PAGE 

Anode buffer 

(pH8.9) (10x) 

Cathode buffer 

(10x) 

Gel buffer 

(pH8.45) (3x) 

Tris (g) (Wako, Japan) 121 121 363 

Tricine (g) (Sigma-Aldrich Co., Japan) ------ 179 ------ 

HCl (mL) (Nacalai Tesque, Japan) 10 ------ 4.5 

SDS (%) (Nacalai Tesque, Japan) ------ 1.0 0.3 

Final Volume (L) 1 1 0.1 

pH 8.9 8.45 

Table M8 Composition of protein sample buffer for all protein sample 

2x SDS Sample Buffer 

For 200 mL Final Concentration 

0.5 M Tris-HCl pH 6.8 50 mL 0.125 M 

SDS 8 g 4 % 

Glycerol 40 mL 20 % 

Bromophenol Blue (BPB) (TCI, Japan) 20 mg 0.01 % 

dithiothreitol (DTT) (Nacalai Tesque, Japan) 6.16 g 0.2 M 

Fill up to 200 mL 

Glycine SDS-PAGE 

• Make the gel as following table in the 50 mL baker.
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Table M9 Composition of 10% Glycine SDS-PAGE 

  
Separating Gel (10%) 

(bottom) 

 Stacking Gel (5%)  

(top) 

MilliQ 2.5 mL  0.708 mL 

1.5 M Tris pH 8.8 1.2 mL 0.25 M Tris pH 6.8 1 mL 

40 % acrylamide: bis = 19:1 1.25 mL  0.25 mL 

10% SDS 50 μL  20 μL 

TEMED 10 μL  2 μL 

10 % APS 20 μL  20 μL 

Total Volume 5.03 mL  2 mL 

• Make the 10% APS from APS powder. 

• After adding APS and TEMED in to separating gel, mix it well and added into module 

immediately. 

• Add 600-800 μL isopropanol, isopropanol or ethanol in the top of running gel, wait for 

gel formation. 

• After the gel form, use tissue remove ethanol carefully. 

• Add APS and TEMED into stacking gel, mix it well and added into module immediately. 

• Insert comb into gel immediately. 

Running samples 

• Loading samples, blank and marker.  

• Loading 10 μL sample each well. 

• Total volume should be the same in each well. 

• Marker volume is 5 + 5 μL. 

• Running condition (stacking /running): 60 /120 (V) 

Gel stain and distain 

• Warm up the gel with MilliQ by microwave and shake it with 60 rpm for 10 min twice. 

• Stain with SimplyBlue™ SafeStain. Warm up the gel with SimplyBlue™ SafeStain by 

microwave and shake it with 60 rpm for 15 min. 
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• Destain with MilliQ. Warm up the gel with MilliQ by microwave and shake it with 60

rpm overnight.

• Store the gel with little MilliQ in the zip lock bag. Scan into file and store it at 4℃.

Table M10 Composition of running buffer of Glycine SDS-PAGE 

Running buffer (pH8.45) (10x) Final Concentration 

Tris  30.2 g 250 mM 

Glycine (Wako, Japan) 188 g 2.5 M 

10% SDS 100 mL 1% 

Final Volume 1 L 

Protein identification by Silver staining 

After electrophoresis, the gel was fixed in 40 % ethanol, and 10 % acetic acid in water for 

1 hour. It was then washed with 50 % ethanol for 10 min and then with water overnight to 

remove the remaining acid. The gel was sensitized by 1 min incubation in 0.02 % sodium 

thiosulfate, and then it was rinsed with MilliQ H2O for 20 sec 3 times. After rinsing, the gel 

was incubated in 0.1 % silver nitrate and 0.02 % formaldehyde solution for 30 min at 277 K. 

After incubation, the gel was washed with MilliQ H2O for 20 sec 3 times and then developed 

in 3 % sodium carbonate and 0.05 % formaldehyde with vigorous shaking. After the desired 

intensity of staining was achieved, the reaction was terminated with 5 % acetic acid. 

Western blotting 

After electrophoresis, the samples in the PAGE were transferred onto Sequi-Blot 

polyvinylidene difluoride (PVDF) membranes by 100 V for 60 min at 277 K. CDO-F and -

subunit of CDO-O was detected by anti-His-tagged antibody as the primary antibody and HRP-

linked anti-mouse antibody as secondary antibody. Signals were visually by Image Quant LAS 

500 (GE Healthcare Japan, Japan). 

Transferring the protein from the gel to the membrane 

• Prepare the sponges, filter paper, PVDF membrane.
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• Cut the filter paper *4 to smaller than 6.5*9 cm, and cut PVDF *1 to just 6.5*9 cm.

• PVDF has to activate by methanol for 30 sec.

• Prepare 1x transfer buffer from 10x transfer buffer, 800 mL is enough.

• Transfer gel and PVDF to 1x transfer buffer and shake for 15 min. Also wet the sponges

*2 and filter papers in transfer buffer.

• Prepare the transfer sandwich as follows, all bubbles should be removed.

• Run the transfer cell at in the ice box for 100 V for 1 hr.

Antibody staining 

• Block the membrane for 1 h at room temperature using membrane blocking reagent with

20 mL 1x TBST as follows.

• Wash the membrane three times with 1×TBST, 5 min each.

• Incubate the membrane with 1000X dilution of primary antibody with 1x TBST

overnight.

• Wash the membrane three times with 1x TBST, 15 min each.

• 1 h incubation the membrane with 8000 X dilution of conjugated secondary HRP Mouse

antibody with 1x TBST.

• Wash the membrane three times with 1x TBST, 15 min each.

• Develop signal based on chemiluminescence (HRP substrate) (3+3 mL)

Measurement the concentration of protein samples 

Protein concentrations were estimated using protein assay kit [Bio-Rad, USA; Bradford, 

1994] with bovine serum albumin (BSA) as the standard. The absorbance was measured at 

595 nm by spectrophotometer. Comparison to standard curve provides a relative measurement 

of protein concentration.  

• Five times dilution of the origin dye reagent with MilliQ

131



• The standard curve is generated with 0, 0.1, 0.2, 0.3, 0.4 and 0.5 mg/mL BSA diluted by

MilliQ.

• The 1 mL 1X dye reagent is mix with 20 L standards or targeted samples in 1.5 mL

microcentrifuge tubes. Stand at room temperature for 10 min.

• Measure the absorbance of each sample at 595 nm wavelength by Jasco V630

spectrophotometer (Jasco Co., Japan).

• Calculate the concentrations of targeted proteins according to the standard cruve.

Pre-crystallization test (PCT) 

The PCT kit contains 4 reagents; A1: 0.1 M Tris-HCl (pH 8.5), 2.0 M ammonium sulfate 

((NH4)2SO4); B1: 0.1 M Tris-HCl (pH 8.5), 1.0 M (NH4)2SO4; A2: 0.1 M Tris-HCl (pH 8.5), 

0.2 M magnesium chloride hexahydrate (MgCl2 · 6H2O), 30% PEG 4000; B2: 0.1 M Tris-HCl 

(pH 8.5), 0.2 M MgCl2 · 6H2O, 15% PEG 4000. Different concentrations of WT CDO-F (15, 

20, 25, 30, 35, 40 and 45 mg/mL) were mixed with these 4 reagents and incubated for 30 min 

at room temperature. After 30 min, formation of precipitate in the drops was monitored with a 

light microscope and compared the condition between A1/B1 and A2/B2 reagents. 

Condition screening of crystallization 

For crystallization experiments, WT CDO-F alone and K117A-WT CDO-F mixture were 

prepared in 5 mM Tris-HCl buffer (pH 7.5). The concentration of WT CDO-F was adjusted to 

5 mg/mL and 20 mg/mL. Purified Cum_OxyK117A and WT CDO-F proteins were mixed in an 

approximate molar ratio of 1:3 or 1:6, and the concentration was adjusted to 20 mg/mL. 

Crystallization was conducted by the sitting-drop vapor diffusion method at 293 K. Drops 

containing 0.3 μL each of protein solution and reservoir solution was mixed using a HYDRA 

II-plus-One (Matrix Technologies Co., USA), and the resultant drop was equilibrated against

50 μL reservoir solution in a 96-well crystallization plate. The screenings were performed with 
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Crystal Screens I and II, Salt RX, Index kits (Hampton Research, USA), Wizard Classic 1 and 

2, Wizard Cryo 1 and 2, Wizard JCSG+ (Rigaku, USA). 

Molecular replacement, model building and refinement 

The structures were determined by molecular replacement with the program MOLREP 

integrated in the CCP4 program suite [Vagin and Teplyakov, 1997; Winn et al., 2011] using 

CDO-O [PDB ID: 1WQL; Dong et al., 2005] and BDO-F from Acidovorax sp. KKS102 [PDB 

ID: 2E4P; Senda et al., 2007] as models. 

Chemical Cross-linking 

Chemical cross-linking reaction were conducted with purified CDO-O and WT CDO-F. 

The both cross-linkers, DMS (0.25 and 0.5 mg/mL) and Sulfo-SMPB (0.25 and 0.5 mM) were 

used. CDO-O only, WT CDO-F only, CDO-O and WT CDO-F mixture with 1:3 ratio and 

CDO-O WT and WT CDO-F mixture with 1:6 ratio with 10 mM phosphate buffer. The Sulfo-

SMPB was dissolved in water, while DMS was dissolved in 0.4 M triethanolamine. The 

solution were incubated for 60 min at room temperature. After the cross-linking reaction, 10 

μL 2X protein sample buffer was added and boiled for 5 min. Samples were subjected to 10% 

Glycine-SDS-PAGE. 

In-gel digestion for LC/ Q-TOF-MS analysis 

Gel fragment preparation 

• Excise the protein bands of interest from polyacrylamide gel and cut each band into 1

mm3 pieces (not cut for this time). Place gel pieces back into the 1.5 mL microcentrifuge

tube. (The protein bands of interest should be visible with coomassie blue staining.)

• Wash the pieces with 500 µL dH2O by rotating or shaking for 10 min. Repeat the step

once.
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• Discard the dH2O. Add 200 µL acetonitrile (volume of acetonitrile should enough to

cover entire gel pieces) and wait for at least 5 min until the gel pieces shrink and become

white.

• Discard the acetonitrile and dry gel pieces with the vacuum centrifuge for 30 min (check

the condition each 10 min).

Reduction and alkylation 

Reduction and alkylation of cysteine residues improves the recovery of cystine containing 

peptides and minimizes the appearance of unknown masses in MS analysis from disulfide 

bond formation and side chain modification. Treatment with iodoacetamide will alkylate the 

cysteine residues. Alkylation with iodoacetamide increase the mass of a peptide by 57.02 for 

each cysteine residue. The size of peptides may become 1 Da larger because of the 

deamidation of alkylated cysteine. 

• Add 50 µL reducing buffer and incubate at 56 ℃ for 30 min.

• Discard reducing buffer. Add 100 µL alkylation buffer and incubate in the dark at 37 ℃

for 30 min.

• Discard alkylation buffer. Wash the sample with 200 µL 100 mM NH4HCO3 by taping.

• Discard all liquid in the tube.

Digestion 

• Dehydrate gel pieces with 200 µL acetonitrile for 5 min twice until the gel pieces shrink

and become white and then dry gel pieces with the vacuum centrifuge for 30 min (check

the condition each 10 min).

• Add 10 µL digestion buffer and rehydrate gel pieces for 5 min on ice. Repeat this step

until the gel pieces recover to transparent.

• Discard the abundant digestion mixture. Add 20-50 µL 50 mM NH4HCO3 (volume of

NH4HCO3 should enough to cover entire gel pieces) and digest at 37 ℃ overnight.

Extraction 
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• Transfer the supernatant to a new microcentrifuge tube. 

• Add 50 µL 5 % formic acid/ 50 % acetonitrile and incubate for 10 min and transfer the 

supernatant to the same microcentrifuge tube. Repeat the step once. 

• Try the mixture with the vacuum centrifuge for around 20 min until completely dried 

(around 1 µL left). 

• Reconstitute the peptide in 10 µL 0.1 % trifluoroacetic acid (TFA). 

Equilibrate the Zip-Tip C18 (Millipore: ZTC18S096) Note: Use P10 pipette 

• Pipette up 10 µL 50 % acetonitrile/ 0.1 % TFA and then discard it in the waste. Repeat the 

step once. 

• Pipette up 10 µL 2 % acetonitrile/ 0.1 % TFA and then discard it in the waste. Repeat the 

step once. 

Load the peptide 

• Load the sample by pipetting the sample 3-7 times (discard back into the same tube). 

• Wash the Zip-Tip C18 with 10 µL 2 % acetonitrile/ 0.1 % TFA and then discard it in the 

waste. Repeat the step once. 

• Elute the sample with 10 µL 50 % acetonitrile/ 0.1 % TFA by pipetting 3-5 times in the 

vial. Repeat the step once. 

The sample is ready for LC-based analysis. The sample can be stored at 277 K for 2-3 days. 

 

Table M11 Composition of buffer for In-gel digestion 

Reducing buffer  Alkylation buffer 

dH2O 800 µL 

 Iodoacetamide  

(Nacalai Tesque, 

Japan) 

18.5 mg 

1 M NH4HCO3 100 µL  1 M NH4HCO3 100 µL 

0.5 M DTT 100 µL  dH2O 900 µL 

 1000 µL   1000 µL 
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Photo cross linking assay 

WT CDO-O is mixed with CDO-F containing ρBPA in 1:3 ratio. After mixed the protein 

samples, aliquot 50 L into each PCR tube and irradiated at 5 cm distance with the 365 nm UV 

light using handheld UV lamp (SPECTROLINE ENF-240C/J, SPECTRONIC Co., USA). At 

each sampling time, 50 L 2X protein sample buffer is added into samples directly and boiled 

at 371 K for 5 min. 

In silico analyses 

Homology Modeling 

The CDO-F was modeled using SWISS-MODEL based on 4 different models, X-ray 

structures of Fd of BDO (BDO-F) from P. xenovorans LB400 [Colbert et al., 2000; PDB: 1FQT 

(resolution: 1.6 Å)] and BDO-F from Acidovorax sp. KKS102 [Senda et al., 2007; PDB: 2E4P 

and 2YVJ (resolution: 1.8 Å and 1.9 Å)], Fd of TDO (TDO-F) from P. putida F1 [Lin et al., 

2012; PDB: 4EMJ (resolution: 2.4 Å)]. The sequence identity between CDO-F and BDO-FLB400, 

BDO-FKKS102, and TDO-FF1 were 78%, 73% and 57%. 

Docking simulation 

Docking simulation was performed with global range molecular matching (GRAMM-

X) protein-protein docking web server v.1.2.0 [Tovchigrechko et al., 2006]. WT CDO-O 

hexamer form was used as receptor protein and modeled CDO-F was as ligand protein. The 20 

best docking modes were analyzed. There were two modes that Rieske clusters in Fd and Oxy 

were closer than 14 Å which was defined as the limit of electron tunneling in proteins [Page et 

al., 1999]. 
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Absorbance spectra measurement of UV-vis 

UV-vis spectra were recorded at 278 K with Jasco V-630 spectrophotometer. Experimental 

conditions used for single scan were: bandwidth, 1.5 nm; scan speed 400 nm/min; resolution, 1 

nm; temperature, 298K. The proteins were dialyzed into TG buffer (20 mM Tris-HCl, 10% 

glycerol, pH7.4) and diluted to either 5 μM (for CDO-O) or 0.1 μM (for CDO-R and CDO-F) 

in 2 mL TG buffer. Spectra were collected from 800 nm to 300 nm. 

Electron transfer efficiency analysis 

Upon received the electrons, the Rieske cluster of CDO-O would change from oxidized 

form to reduced form, and the absorbance at 457 nm will be decrease. Based on the initial 

decreasing rate of the absorbance at 457 nm, the efficiencies of electron transfer from CDO-F 

to CDO-O were quantified. Experimental conditions used for single scan were: bandwidth, 1.5 

nm; wavelength, 457 nm; time, 80 secs; temperature, 303 K. The protein was dialyzed in TG 

buffer and diluted to 10 μM for CDO-O and 0.2 μM for CDO-R and CDO-F. The absorbance 

spectra were collected on a Jasco V-630 spectrophotometer as follows: At beginning, 1992 μL 

TG buffer was added into the glass cuvette and sealed the cuvette with rubber cap and aluminum 

cap. Oxygen in the cuvette was removed by bobbling with argon gas for 5 minutes. CDO-R, 

CDO-F and CDO-O were injected into the sealed cuvette by Hamilton syringe. 100 mM NADH 

was added into cuvette after measurement started. The slope of initial rate was defined as the 

electron transfer efficiency. The measurements were done three times for each sample. 

Circular Dichroism (CD) Spectra Measurement 

CD measurements were carried out with a Jasco J-820 spectropolarimeter with 0.1 cm path 

length cuvette at room temperature under constant nitrogen. All the samples were prepared to 

0.3 mg/mL in 10 mM phosphate buffer (pH 7.5). The CD spectra were recorded from 190 nm 
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to 260 nm with an interval of 0.2 nm and a scan speed of 200 nm/min. Each spectrum was the 

average of four successive scans. 

ITC measurement 

ITC measurements were conducted at constant temperature 303K on MicroCal ITC200 

with a cell volume of 200 μL and a syringe volume of 40 μL. Each experiment consisted of an 

initial injection of 0.4 μL, followed by 19 injections of 2 μL. Stirring speed was 1000 rpm. The 

buffers were listed in Table M11. The concentration of samples was adjusted to 10:1 (1 CDO-

F : 1 - + 1 -subunit of CDO-O) molar ratio and showed in each figure. All data were analyzed 

with the software supplied by the manufacturer. 

Table M12 The list of buffer which were used in ITC measurement 

buffer

20 mM HEPES

pH 6.8

20 mM HEPES

10% Glycerol

pH 6.8

20 mM HEPES

10% Glycerol

pH 6.6

20 mM HEPES

10% Glycerol

pH 7.5

20 mM HEPES

pH 7.5

20 mM Tris-HCl

10% Glycerol

pH 7.5

20 mM Tris-HCl

pH 7.5

20 mM Tris-HCl

10% Glycerol

pH 8.47

20 mM MES

10% Glycerol 

pH 6.0
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