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ABBREVIATIONS 

APS ammonium persulfate 

Ax  absorption at x nm 

BESSY  Berliner Elektronenspeicherring-

Gesellschaft für Synchrotronstrahlung 

bp base pairs 

BPDO biphenyl dioxygenase 

BSA bovine serum albumin 

CAM chloramphenicol 

Cb carbenicillin 

CT charge transfer 

cv column volume, column volumes 

DyeOX oxidized redox dye 

DyeRED reduced redox dye 

DCPIP dichlorophenol indophenole 

DNA deoxyribonucleic acid 

dNTP deoxynucleoside triphosphate 

DTT 2,3-dithiothreitol 

DT sodium dithionite 

EDTA ethylenediaminetetraacetic acid 

EnzOX oxidized enzyme 

EnzRED reduced enzyme 

Enz-FAD∙ flavoprotein, red semiquinone 

FAD flavin adenine dinucleotide 

FMN flavin mononucleotide 

FAD oxidized flavin adenine dinucleotide 

FADH2 two-electrons reduced flavin adenine

 dinucleotide, protonated, hydroquinone 
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FADH∙ flavin adenine dinucleotide radical, blue

 semiquinone 

FAD∙ flavin adenine dinucleotide radical, red

 semiquinone 

FPLC fast protein liquid chromatography 

HEPES 4-(2-hydroxyethyl)-1 

 piperazineethanesulfonic acid 

IPTG Isopropyl β-d-1-thiogalactopyranoside 

KHCNF potassium hexacyanoferrat 

MOPS 3-(n-morpholino)propanesulfonic acid 

Mr relative molecular mass 

NAD+ oxidized nicotinamide adenine 

  dinucleotide 

NADH                     reduced nicotinamide adenine  

 dinucleotide 

NBDO nitrobenzene dioxygenase 

NDO naphthalene dioxygenase 

ODx optical density at x nm 

PCR polymerase chain reaction 

PEG polyethylene glycol 

REDTOL-FAD flavoprotein, oxidized 

REDTOL-FADH2 flavoprotein, two-electron reduced,

 hydroquinone 

REDTOL-FADH∙ flavoprotein, blue semiquinone 

RO Rieske non-heme iron dioxygenase 

RMSD   root mean square deviation 

SDS                                      sodium dodecyl sulfate 

PAGE                                       polyacrylamide gel electrophoresis 

TAE buffer                             tris-acetate-EDTA buffer 
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TDO                                         toluene dixoygenase 

TEMED tetramethylethylenediamine 

TRIS 2-amino-2-hydroxylmethyl-propane 1,3 diol 

U                          unit (enzyme activity in µmol of  

 substrate consumed per min) 

UV                         ultraviolet 

UV/Vis ultraviolet-visible 

v/v                             volume per volume 

w/v                                           weight per volume 

εx                                               extinction coefficient at x nm 

λ                                           wavelength 
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INTRODUCTION 

 

1 Aerobic degradation of aromatic hydrocarbons  

 

Aromatic hydrocarbons are organic molecules with one or more aromatic rings. They 

can be classified into three groups, polycyclic aromatic hydrocarbons (PAH), 

heterocyclics and substituted aromatics (Ceraglia, 1992). They are known to be 

widespread anthropogenic pollutants and constitute a major environmental and 

health threat due to their carcinogenic, mutagenic and toxic character (Ceraglia, 

1992). 

 

 

 

Figure 1. Aerobic degradation of aromatic hydrocarbons. Aromatic hydrocarbons are converted to one 

of the two key intermediates, catechol or protocatechuate. Figure is taken from Fritsche and Hofrichter 

(Fritsche & Hofrichter, 2000). 

 

Many bacteria are capable of degrading aromatic compounds. The common strand 

for all microorganisms, which degrade aromatic hydrocarbons aerobically, is the 

initial step. The addition of molecular oxygen to the aromatic nucleus yields cis-diol. 
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The hydroxylated compounds are further converted to catechol or protocatechuate 

which are the two key intermediates in the aerobic degradation of aromatic 

hydrocarbons (Fig. 1). These key intermediates are substrates of ring-cleaving 

enzymes that utilize molecular oxygen to open the aromatic ring either between the 

hydroxyl groups (meta-cleavage), catalyzed by intradiol dioxygenases, or nearby one 

of the two hydroxyl groups (ortho-cleavage), catalyzed by extradiol dioxygenases 

(Harayama & Timmis, 1992). A Krebs cycle intermediate is formed via central 

pathways involving several more enzyme reactions. The Rieske non-heme iron 

dioxygenases belong to the family of enzymes that catalyze the initial step in the 

aerobic degradation of aromatic hydrocarbons. They are multi-component systems 

comprising of flavoproteins and iron-sulfur proteins. 

 

2 Rieske non-heme iron dioxygenase 

 

 

 

Figure 2. Electron transfer chain of the naphthalene dioxygenase. Electrons originate from NAD(P)H  

(1) and are passed to the flavin (2). The electrons are transferred to two ferredoxins in two subsequent 

one-electron steps (3). Ferredoxin shuttles the electrons to the Rieske-type [2Fe-2S] cluster of the 

oxygenase (4). The mononuclear iron center in the oxygenase component accepts the electrons and 
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catalyzes the conversion of naphthalene to its cis-dihydrodiol form by incorporating two oxygen 

atoms from dioxygen (5). Figure is taken from Ferraro et al. (Ferraro et al., 2005). 

 

Table 1. Classification of ROs based on their components. Table is modified from 

Ferraro et al. (Ferraro et al., 2005). 

 

Proteins Class   Reductase Ferredoxin Oxygenase  Example 

Two  IA   FMN [2Fe-2S]P   [2Fe-2S]R Fe2+                PDO 

IB   FAD  [2Fe-2S]P   [2Fe-2S]R Fe2+          OMO 

Three  IIA  FAD  [2Fe-2S]P [2Fe-2S]R Fe2+ Dibenzofuran DO 

IIB  FAD  [2Fe-2S]R [2Fe-2S]R Fe2+            Toluene DO 

                            III  FAD [2Fe-2S]P [2Fe-2S]R [2Fe-2S]R Fe2+    Naphthalene DO 

[2Fe-2S]P = plant-type ferredoxin; [2Fe-2S]R = Rieske-type ferredoxin; MO = monooxygenase system; 

DO = dioxygenase, PDO = phthalate dioxygenase, OMO = oxoquinoline monooxygenase 

 

Table 2. Classification of ROs classified based on their substrates. Table is modified 

from Ferraro et al. (Ferraro et al., 2005). 

 

Rieske non-heme  Example    Example 

oxygenase family  substrate    members 

Naphthalene   Naphthalene, indole,   Naphthalene DO 

Nitroarenes, phenanthrene  nitrobenzene DO 

Toluene/biphenyl  Toluene, cumene, biphenyl  benzene DO 

PCBs     toluene DO, 

biphenyl DO, 

cumene DO 

Benzoate   Benzoate, toluate   Benzoate DO 

Phthalate   Phthalate    Phthalate DO, 

                      2-oxoquinoline-8 MO 
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[2Fe-2S]P = plant-type ferredoxin; [2Fe-2S]R = Rieske-type ferredoxin; MO = monooxygenase system; 

DO = dioxygenase  

 

The enzymes of the Rieske non-heme iron dioxygenase (RO) system can be grouped 

by the number of their components. Two-component systems can be distinguished 

by the type of flavin, FAD or FMN that is present in the reductase component. Three-

component systems are divided by the presence of a plant-type or Rieske-type 

ferredoxin component and furthermore by the presence or absence of an additional 

[2Fe-2S] cluster in the flavoprotein component (Tab. 1) (Ferraro et al., 2005). Another 

classification of the RO system is based on the substrate specificity of the oxygenase 

component (Ferraro et al., 2005) (Tab. 2). 

 

3 Flavoproteins in ROs 

 

A flavin-containing reductase is the first component of the system to accept electrons 

belonging either to the family of glutathione reductase (GR, e.g. toluene dioxygenase 

reductase) or to the family of ferredoxin-NADP reductase (e.g. phthalate 

dioxygenase reductase). Typical for a member of the glutathione reductases, simple 

flavoproteins contain only FAD as a prosthetic group and can be structurally divided 

into three domains, an FAD-binding, an NADH-binding and a C-terminal domain. 

ReductaseTOL (REDTOL) transfers the electrons from NADH to the ferredoxin. 

Members of this family include the reductase component of the naphthalene and 

benzene dioxygenase system (Gibson et al., 1968). The reductase component of the 

toluene dioxygenase has an FAD redox center and possesses typical absorption 

spectrum maxima at 375 nm and 450 nm (Subramanian et al., 1981). The FMN-

containing putidaredoxin reductase has an analogous function in the cytochrome-P-

450CAMPHOR hydroxylase (Koga et al., 1989; Roome et al., 1983). 
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Figure 3. Overall structure of reductaseTOL. The FAD-binding domain is colored in blue, the NADH-

binding domain colored in orange and the C-terminal domain is depicted in green. FAD and 

nicotinamide molecules are shown as red and blue stick models, respectively. Figure is taken from 

Friemann et al. (Friemann et al., 2009).  

 

A structural feature of the GR family members is the possession of two ADP binding 

sites, one for FAD and one for NAD. The amino acid sequences of both binding sites 

are highly conserved. The FAD-binding site has the characteristic sequence of 

GXGX2GX3AX6G, where X represents any amino acid. GXGX2G is part of a loop that 

connects the first β−strand and an α-helix causing a typical βαβα fold (Scrutton et al., 

1990). The GXGX2GX3AX6G sequence, close to the N-terminus, is typically the FAD-

binding site. Around 140 residues downstream of the first conserved glycin another 

conserved dinucleotide binding consensus sequence can be found which represents 

the NAD-binding site. Compared to the conversed amino acid sequence for FAD 

binding, the alanine residue is exchanged by a glycine. There is a conserved 

glutamate seven residues along the alanine. The third glycine residue is replaced by 

an alanine followed by other four alanine residues (Senda et al., 2000).  

The overall structure of reductaseTOL shows high similarity to bovine adrenodoxin 

reductase (AdR), putidaredoxin reductase (Pdr) and biphenyl dioxygenase reductase 

(BphA4) which both belong to the glutathione reductase family (Fig. 3) (Friemann et 
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al., 2009; Karplus & Schulz, 1987; Senda et al., 2000; Sevrioukova et al., 2004). In 

BphA4 from Acidovorax sp. transient protein-protein interactions have shown 

dependency on the redox state of the BphA4 (Senda et al., 2007). This suggests that 

the redox state of flavins and iron-sulfur clusters have a huge impact on the interplay 

of these proteins and the binding of a ligand leads to conformational changes to 

support protein-protein interactions (Senda et al., 2007). 

 

3.1 Chemistry of flavin 

 

 

 

Figure 4. UV/Vis spectrum of a flavoprotein in its oxidized and reduced (both solid lines), anionic 

semiquinone (dashed) and neutral semiquinone (dotted) form. Figure is taken from Massey (Massey, 

2000). 

 

The flavin contributes to the characteristic UV/Vis spectrum of a flavoprotein with 

maxima at around 360 nm and 450 nm in oxidized state (Fig. 4). The chromophoric 

moiety has an amphoteric character. The pyrimidine nucleus is hydrophilic and the 

xylene ring is lipophilic making the pyrimidine ring the reactive part of the flavin. 

The redox chemistry of a flavoprotein is solely limited to the isoalloxazine ring, more 

precisely to the position N1-C4a-N5 where electron uptake and donation takes place 
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(Fig. 5) (Ghisla & Massey, 1989). The N10 ribityl side chain of the flavin is responsible 

for the interaction of the flavin with the protein (Fig. 5) (Massey, 2000). 

 

 

 

Figure 5. Structure of riboflavin. Figure taken from Macheroux (Macheroux, 1999). 

 

The reduction of the oxidized flavin (quinone, Flox) to the fully reduced flavin 

(hydroquinone, Flred) requires two electrons. The complete reduction of flavin can be 

achieved by either two one-electron steps or by a one two-electrons step (Fig. 6). The 

two one-electron steps allow the existence of a one electron reduced radical, namely 

semiquinone (Flsq), which is further reduced to Flred (Fig. 5). Free oxidized and 

reduced flavins in solution are rapidly at equilibrium with a certain portion of 

semiquinoid species (Ghisla & Massey, 1989). There are two species of semiquinone 

known, a blue (neutral) and an anionic (red) species (Fig. 5) (Hemmerich et al., 1970). 

The neutral semiquinone shows a planar structure with a hydrogen bond to the N5 

atom. The anionic semiquinone has a bend structure and a hydrogen bond to the N1 

atom (Hemmerich et al., 1970). The protein environment of the enzyme-bound flavin 

influences the stabilization of the flavin semiquinone. In some enzymes the neutral 

semiquinone is stabilized by a pKa notably increased from pH 8.5. Other proteins 

have an anionic semiquinone stabilizing environment around the flavin with a 
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significantly decreased pKa. The UV/Vis spectra of flavin semiquinones show 

different characteristics than the spectra of reduced or oxidized flavin making it 

easier to distinguish it between the species (Fig. 4) (Heelis, 1982). 

 

 

Figure 6. Redox states of flavin in dependency of pK. Flox means flavin in oxidized state, Flred is for 

fully reduced flavin and Flsq stands for flavin semiquinone. Figure is taken from Edwards (Edwards, 

2007). 

 

As the pyrimidine nucleus of the three-membered ring system is hydrophilic and 

electron-deficient it was termed an “electron sink” by Ghisla and Massey (Ghisla & 

Massey, 1989). Consequently, any interaction lowering its negative charge density 

results in an increase of the redox potential. The Flred consists of an electron-rich 

phenylenediamine moiety complexed with a (4,5-diamino)-uracil. Stabilization or 

destabilization of the negative charge largely influences the redox potential. 

Therefore positive charges in the protein environment around the pyrimidine ring 

increase the redox potential whereas negative charges or a hydrophobic environment 

decrease it (Ghisla & Massey, 1989; Fraaije & Mattevi, 2000).  
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3.2 Charge transfer complex flavin-nicotinamide adenine  

dinucleotide 

 

Due to the characteristic UV/Vis absorption spectra of oxidized and reduced flavins, 

anionic and neutral semiquinones (Fig. 4), another characteristic absorption spectrum 

of flavin could be distinguished. When the reduced melilotate hydroxylase was 

mixed with NAD+, it exhibited a long wavelength absorption band that was also 

observed in oxidized protein titrated with equimolar NADH (Strickland & Massey, 

1973). Titration of NADH to the oxidized flavoprotein resulted in a decrease of 

absorption at 340 nm and 450 nm. A concomitant increase at longer wavelength 

centered at 750 nm was observed. It was concluded that the decrease of absorption at 

340 nm and 450 nm (reduction of flavin and oxidation of NADH, respectively) was in 

direct correlation to the increase of the absorption at longer wavelength. This finding 

was interpreted as a result of a charge transfer (CT) interaction between the 

hydroquinone of flavin and NAD+ (Strickland & Massey, 1973). 

Based on studies with covalently linked coenzyme-complexes, the long wavelength 

absorption intermediate was identified as a CT complex between the reduced 

pyridine nucleotide and the oxidized flavin. This implicates a second complex 

between oxidized pyridine nucleotide and reduced flavin, which has already been 

identified in the case of lipoyl dehydrogenase with numerous modified pyridine 

nucleotides (Massey and Palmer, 1962).  

The role of the CT complex has rigorously been discussed. In some examples the CT 

complex has no catalytic function as it has been demonstrate in the case of 

glutathione reductase and lipoyl dehydrogenase (Massey & Palmer, 1962; Massey & 

Veeger, 1961). The CT complex of lactate monooxygenase functions as a catalytic 

intermediate as the binding of the substrate influences the outcome of the product 

and the enzyme’s reactivity with oxygen (Massey & Ghisla, 1973). 

 

 



Introduction 

13 

 

3.3 The redox potential and oxygen reactivity of flavoproteins 

 

The reaction of flavoproteins can be divided into reductive and oxidative half 

reaction. In the reductive half reaction, the oxidized flavin (Flox) is reduced by an 

electron donor. The two-electrons reduced flavin (Flred) is reoxidized by an electron 

acceptor in the oxidative half-reaction. Molecular oxygen (O2) can act as an electron 

acceptor and reacts with Flred (Fig. 6). The reaction is spin forbidden because protein-

bound Flred is in singulet state and the oxygen is in triplet state. The problem can be 

overcome by successive one-electron transfer steps resulting in the generation of a 

radical pair, a semiquinone species of flavin (Flsq) and the superoxide anion of 

oxygen (O2-) (Malmström, 1982; Kemal et al.; 1977, Massey, 1994). From this point the 

radical pair can either dissociate to generate an oxygen radical or it can collapse into 

the C4a peroxide which can further dissociate to generate hydrogen peroxide (Fig. 7) 

(Massey, 1994; Massey, 2002). 

The enormous difference in reactivity of flavoproteins with O2 could stem from the 

thermodynamic driving force, e.g. the different redox potentials of flavin and the 

oxygen couples. The midpoint potential of Flox/Flred is -207 mV, of Flsq/Flred around -

101 mV and of flavinQ/flavinSQ -313 mV (Mayhew, 1999). The redox potential of 

O2/O2- is approximately -160 mV and of O2-/HO2- around +890 mV (Wood, 1988). 

Therefore the thermodynamic driving force is weak. 

Flsq is often stabilized thermodynamically by the surrounding protein environment, 

consequentially increasing the reactivity with O2 when the redox potential of free 

flavinSQ/flavinHQ is lower than that of the O2/O2- couple (Massey, 2002).  

However, oxygen reactivity of a flavoprotein cannot be solely justified by the 

thermodynamic driving force. The redox potential of enzymesq/enzymered of D-amino 

acid oxidase (DAAO) with -204 mV is much more favorable than the one of glucose 

oxidase with -65 mV. Nevertheless, DAAO reacts 50 times slower with oxygen than 

glucose oxidase (Massey, 2002). Taking into consideration that the flavin at the active 

site is surrounded by a hydrophobic environment, desolvation is an explanation, as it 
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lowers the redox potential of the O2/O2- and therefore increases the oxygen reactivity 

of the protein. Desolvation can be a result of ligand binding causing a decrease in 

polarity of the active site. This is based on the observation in the crystal structure of 

the pig kidney acyl-CoA dehydrogenase showing numerous water molecules in the 

active site when substrate is absent (Powell et al., 1987; Kim et al., 1993). The o-

hydroxybenzoate hydroxylase shows opposite effect. The binding of substrate brings 

no large change in the redox potential and in the stabilization of flavin semiquinone 

(Entsch et al., 1995). However, the reduced enzyme is more oxygen sensitive upon 

binding of substrate (Entsch et al., 1976).  

 

 

 

Figure 7. The reaction of reduced flavin with oxygen. The first step is a one-electron transfer from 

reduced flavin which results in a caged radical pair of either neutral semiquinone or superoxide 

anion. Figure is taken from Mattevi (Mattevi, 2006). 

 

These examples are informative that thermodynamic driving force, desolvation or 

ligand binding in the active site is not an all-inclusive explanation. On the contrary, a 

mixture of these factors accounts for the large difference in oxygen reactivity of 

flavoproteins. 
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4 Rieske-type ferredoxin in ROs 

 

The flavoproteins in ROs are reoxidized by ferredoxins that are hydrophilic one-

electron carriers containing a [2Fe-2S] cluster. Iron-sulfur clusters are usually 

coordinated by cysteine residues commonly found in the form of [2Fe-2S], [3Fe-4S] or 

[4Fe-4S] clusters (Cammack et al., 1999) [2Fe-2S] clusters can be divided into two 

groups: (a) plant-type [2Fe-2S] and (b) adrenodoxin-type [2Fe-2S] cluster.  

In 1964 Rieske discovered a different type of [2Fe-2S] cluster, the so called Rieske-

type [2Fe-2S] cluster. One of the irons (Fe-1) is coordinated by 2 cysteines and the 

other iron (Fe-2) by 2 histidine residues (Rieske et al., 1964). Two labile sulfur atoms 

bridge the Fe-1 and the Fe-2 forming the center of a tetrahedron with two histidine 

and two cysteines as endogenous ligands. The planarity of the tetrahedron is 

interrupted by the geometry around the His-coordinated Fe-2 (Kauppi et al., 1998). 

The UV/Vis absorption spectrum of a Rieske-type [2Fe-2S] cluster in oxidized state 

has typical characterics with peak maxima at 325 nm and 460 nm with a shoulder at 

560 nm (Ensley et al., 1982)  

The molecular weight of ferredoxins in the ROs is in the range of 12 - 15 kDa (Mason 

& Cammack, 1992). They do not have enzymatic activity by themselves. Rieske-type 

[2Fe-2S] cluster proteins can be distinguished by their redox potential. There are high 

reduction potential Rieske-type [2Fe-2S] cluster proteins with a redox potential in the 

range of +150 mV to +490 mV and Rieske-type [2Fe-2S] cluster proteins with low 

reduction potential of -150 mV to -50 mV (Cosper et al. 2002). The Fe-1 remains ferric 

upon reduction whereas the histidine-coordinated Fe-2 is reduced to ferrous (Cline et 

al., 1985; Kuila et al., 1986). Rieske-type [2Fe-2S] clusters are widespread in plants, 

animals and bacteria (Brown et al., 2008). Originally found in ubiquinole-cytochrome 

c reductase, the high potential Rieske-type [2Fe-2S] cluster protein acts as a one-

electron transporter from ubiquinole to the cytochrome c subunit (Kurowski et al., 

1987). In ROs, such as the toluene dioxygenase, the Rieske-type [2Fe-2S] cluster 

ferredoxin acts as a one-electron mediator between reductase and oxygenase 
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component. In these ring-hydroxylating systems the ferredoxin components are 

found to have a specific interaction with their reductase and oxygenase component 

as they could not be replaced by other ferredoxins, e.g. replacement of ferredoxin of 

naphthalene dioxygenase by ferredoxin of toluene dioxygenase (Haigler & Gibson, 

1990). 

 

 

 

Figure 8. Overall structure of ferredoxinTOL. The large domain is colored in grey, the cluster-binding 

domain in light gray. The Rieske iron-sulfur cluster is shown in stick presentation with iron 

(margenta), sulfur (orange) and nitrogen (blue). The figure is taken from Friemann et al. (Friemann et 

al., 2009). 

 

FerredoxinTOL (FERTOL) has numerous properties of Rieske-type [2Fe-2S] ferredoxins 

participating in the pyrazon and benzene dioxygenase systems (Sauber et al., 1977; 

Axcell & Geary, 1975). It possesses a characteristic Rieske-type [2Fe-2S] cluster 

spectrum with maxima at 277, 327 and 460 nm. The structure of ferredoxinTOL shares 

the highest similarity to naphthalene dioxygenase ferredoxin and biphenyl 

dioxygenase ferredoxin (Subramanian et al., 1985; Karlsson et al., 2002; Colbert et al., 

2000). 

FerredoxinTOL is found as monomer in solution and in the crystal structure (Roome et 

al., 1983). The structure can be divided into two domains: a large domain and a 

cluster-binding domain. The large domain is dominated by two β-sheets, in which 
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each of them is comprised of three antiparallel β-strands connected by two short α-

helices (Fig. 8). The cluster-binding domain has a four-stranded β-sheet, followed by 

an α-helix and a Rieske center (Fig. 8) (Friemann et al., 2009). 

 

5 The oxygenase component in ROs 

 

The oxygenase is the terminal component in Rieske non-heme iron dioxygenases 

which accepts the electron from the ferredoxin component. It is an iron-sulfur protein 

consisting of a Rieske-type [2Fe-2S] cluster and a mononuclear iron. The oligomeric 

oxygenases with a MR of 150 to 200 kDa can occur as tetramers or dimers of trimers 

(Mason, 1988; Batie et al., 1991). The Rieske-type [2Fe-2S] cluster and the 

mononuclear iron are in the α-subunit (Fig. 9) (Friemann et al., 2009; Ferraro et al., 

2005). In some oxygenases a β-subunit is evident and suggested to have a structural 

function (Beil et al., 1998; Friemann et al., 2005; Jiang et al., 1999; Kauppi et al., 1998; 

Parales, Parales et al., 1998).  

The mononuclear Fe(II) in the α-subunit is coordinated by two His and one Asp or 

Glu, the so called 2-His-1-facial triad motif (Hegg & Que, 1997; Que, 2000) (Fig. 10). 

The mononuclear iron creates a platform where oxygen can bind. The iron here can 

bind up to three exogenous ligands (Gibson et al., 1970; Jerina et al., 1971). The 

reaction usually starts with a six-coordinated Fe(II) center which has a moderate 

reactivity towards O2. Upon substrate binding the iron center becomes five-

coordinate yielding in an increased affinity towards molecular oxygen. The binding 

of molecular oxygen then triggers the oxidative reaction that differs from enzyme to 

enzyme (Que, 2000). 

The mononuclear iron is more than 40 Å apart from the Rieske cluster within one 

subunit (Kauppi et al., 1998). The distance is unfavourable for direct electron transfer 

(Moser et al., 1992). This problem can be obviated in that the electron transfer 

proceeds from the mononuclear iron of one α-subunit to the Rieske cluster of the 

adjacent α-subunit (Fig. 10). The distance between the mononuclear iron and the 
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Rieske cluster here is around 12 Å (Kauppi et al., 1998). An aspartate lies between the 

mononuclear iron and the Rieske cluster and is in van der Waals contact with a 

histidine ligand of the mononuclear Fe(II) and a histidine ligand of the Rieske cluster 

(Fig. 10). Therefore it was postulated that the electron transfer is facilitate by this 

aspartate as, for instance, found in NDO (Asp205) and PDO (Asp178) (Kauppi et al., 

1998; Tarasev et al., 2006). 

The oxygenase component of the toluene dioxygenase (ISPTOL) is a dimer of trimers 

consisting of α3β3 as found in NDO, NBDO and BPDO (Friemann et al., 2009; Kauppi 

et al., 1998; Friemann et al., 2005; Furusawa et al., 2004). It contains one αβ 

heterodimer in the asymmetric unit. The overall structure of ISPTOL is mushroom-

shaped, in which the α-subunit represents the cap of the mushroom and the β-

subunit the stem (Friemann et al., 2009) (Fig. 9). The α-subunit contains a Rieske 

domain (residues 55 - 173) with a Rieske-type [2Fe-2S] cluster and a catalytic domain 

(residues 1 - 54 and 174 - 450) with a mononuclear iron (Friemann et al., 2009) (Fig. 8 

and 9). The Rieske domain has three antiparallel β-sheets and the Rieske cluster. The 

catalytic domain consists of a nine-stranded antiparallel β-sheet enclosed by 12 α-

helices. Here, the mononuclear iron is coordinated by the conserved residues His222, 

His228 and Asp378, known as 2-His-1-carboxylate facial triad (Friemann et al., 2009) 

(Fig. 9). 
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Figure 9. Overall structure and active site of ISPTOL. A) ISPTOL is presented in side view (left) and top 

view (right). The α-subunits are colored in red, green and yellow, the β-subunit is depicted in pink, 

light green and gray. Fe and S atoms are colored in margenta and orange, respectively. Figure is 

modified from Friemann et al. (Friemann et al., 2009). B) The active site is complexed with toluene. The 

mononuclear iron is shown as a margenta sphere and the iron containing residues are colored in 

green. The Fobs − Fcalc map was computed before toluene was modeled. Figure is modified from 

Friemann et al. (Friemann et al., 2009).  

 

 

 

Figure 10. View of the active site of naphthalene dioxygenase. The Rieske cluster of one α-subunit is 

shown on the upper left side, the mononuclear iron center of the adjacent α-subunit on the lower right 

side. Dashed lines indicate the proposed electron transfer pathway via Asp205. Iron atom are depicted 

in yellow, sulfur atom is green, oxygen atoms in red and nitrogen in blue color. Figure is taken from 

(Parales et al., 1999). 

 

6  Electron transfer in the toluene dioxygenase (TDO) from Pseudomonas putida  

  F1 

 

Pseudomonas putida F1 is able to degrade aromatic compounds and belongs to the 

family of Pseudomonadaceae with the genus Pseudomonas. This gram-negative, 

chemoautotrophic, rod-shaped soil bacterium was first isolated from a polluted creek 
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in Urbana, IL (Gibson et al., 1968). It is one of the best studied bacterial strains 

involved in the degradation of aromatic hydrocarbons and is known to grow on 

benzene, toluene, ethylbenzene, isopropylbenzene and biphenyl (Gibson et al., 1968). 

Pseudomonas putida F1 can grow on toluene as a sole carbon and energy source using 

enzymes needed for the degradation of toluene. TDO is responsible for the initial 

step in the degradation of toluene. TDO is a three-component system of the class IIB 

(Tab. 1) and catalyzes the dihydroxylation of toluene to yield cis-(1R,2S)-dihydroxy-

3-methylcyclohexa-3,5-diene. In TDO, the flavin adenine dinucleotide (FAD/FADH2) 

redox center of the reductase component accepts two electrons from soluble 

nicotinamide adenine dinucleotide (NAD+/NADH2) which are transferred to a 

Rieske-type [2Fe-2S] ferredoxin in a one-electron-transfer manner (Subramanian et 

al., 1981). The ferredoxin component, in turn, transfers the electrons in two 

subsequent one-electron-transfer steps to the oxygenase component, where the 

dihydroxylation of toluene to its cis-dihydrodiol takes place at the mononuclear iron 

center. Studies of the α- and β-subunit gave insights into the electron transfer 

between ferredoxin and oxygenase component. The α-subunit alone could be 

reduced in the presence of reductase and ferredoxin component. However, toluene 

was not cis-dihydroxylated when the β-subunit was absent. Therefore the β-subunit 

was supposed to have a structural function by sustaining the contact between two 

adjacent α-subunits and consequently maintaining the catalytic activity (Jiang et al., 

1999). 

 

6 Aim of this work 

 

Previous studies on the toluene dioxygenase (TDO) gave biochemical insights into all 

three components (Subramanian et al., 1979; Subramanian et al., 1981; Subramanian et 

al., 1985). Crystal structures of all components have been solved (Friemann et al., 

2009). The oxygenaseTOL itself and its interaction with ferredoxinTOL have been under 

examination (Jiang et al., 1996; Jiang et al., 1998). However, the interplay of 
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reductaseTOL with ferredoxinTOL remains to be elucidated. The question arises how the 

electron transfer between both proteins is regulated and which role the observed 

charge transfer complex of reductaseTOL could play in the regulation. To study the 

mechanism of the electron transfer and the formation of the charge transfer complex, 

heterologous expression and purification of ferredoxin and reductase is mandatory. 

Various methods should be applied to characterize the relationship between the two-

components of TDO such as UV/Vis spectroscopy, redox potential determination, 

transient kinetics and X-ray protein crystallography. UV/Vis spectroscopy is used to 

characterize the redox states of reductaseTOL and ferredoxinTOL. Knowledge of the 

UV/Vis spectroscopic characteristics of both proteins can be applied to a better 

understanding of the electron transfer kinetics. As the electron transfer reaction rate 

can be altered by a change of the thermodynamic driving force that a change of redox 

potential could bring, the redox potential of reductaseTOL and reductaseTOL with CT 

complex to be determined will be compared. The interaction of reductaseTOL and 

ferredoxinTOL could also be explained from a structural point of view by the 

comparison of the reductaseTOL structure to the reductaseTOL charge transfer and the 

reductaseTOL-ferredoxinTOL complex. 
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MATERIAL AND METHODS 

 

1 Chemicals and biochemicals 

 

DNase-free water, T4 DNA ligase, Taq and Pfu DNA polymerase and restriction 

enzymes for molecular biology were purchased from Fermentas. Kits for plasmid 

purification were obtained from Fermentas. PCR purification and gel extraction kits 

were purchased from Qiagen. All gene amplifications were conducted using Master 

Cycler Personal from Eppendorf. UV/Vis spectroscopic studies were carried out with 

a SPECORD 40 Spectralphotometer from Analytik Jena. Stopped flow measurements 

were performed with an SX20MV from Applied Photophysics. Chromatography 

columns and column materials were obtained from GE Healthcare. Macro-prep 

ceramic hydroxyapatite (Type I, 20 μm) material was obtained from BIO-RAD. 

Electrophoresis materials and size markers for SDS-PAGE (RotiMARK standard) 

were supplied by Roth. All other chemicals used were of at least analytical grade and 

were obtained from Fluka, Sigma or Merck except for deazaflavin, which was given 

by Prof. Dr. Kroneck (Universität Konstanz). pET vectors were from Novagen. 

Crystallization solutions were prepared with chemicals of highest purity. 

Crystallization experiments were conducted in an anoxic glove box (model B, COY 

Laboratory Products Inc., Michigan, USA) under an atmosphere of 95 % N2/5 % H2 at 

16 °C. Anaerobic solutions were prepared in a container (bottle, tube, or cuvette) 

equipped by a screwed cap with butyl rubber or silicon septum by successive cycles 

(at least 4 cycles) of evacuation and flushing with N2 gas at a vacuum-gas line. 

 

2   Molecular biology                     

 

The isolation of genomic DNA of Pseudomonas putida F1 is based on the publication of 

Chen and Kuo (Chen & Kuo, 1993). The genomic DNA was used as a template to 

amplify the genes encoding reductaseTOL (todA) and ferredoxinTOL (todB) by PCR 
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including Pfu DNA polymerase and cloning primers. PCR mixtures, primer 

sequences and cycling conditions can be looked up in the appendix. Primers were 

synthesized by BIOMERS. Purification of PCR products were conducted as described 

in the manual (QIAquick PCR purification kit, Qiagen). The PCR products were 

restricted with fast digest NdeI and BamHI enzymes and ligated into an NdeI/BamHI-

digested pET vector. The positive plasmid constructs were verified by DNA 

sequencing (AGOWA). The ligation products were transformed into an expression 

strain. The strains used in this thesis are listed in the appendix. Restriction of DNA 

was done according to the instruction manual of Fermentas. Ligation, determination 

of DNA concentration, preparation of competent cells and transformation were 

prepared as described in Sambook et al. (Sambrook et al., 1989). The procedure of 

purification of plasmid DNA can be looked up in the GeneJET manual (Fermentas). 

 

3 Bacterial cultivation 

 

Escherichia coli (E. coli) was used as a heterologous expression host. The genomic 

DNA for gene amplification was obtained from Pseudomonas putida F1 (P. putida F1). 

Bacteria were grown in test tubes and baffled shake flasks. Depending on the 

experiment bacteria were cultivated in lysogeny broth (LB), super optimal broth 

(SOB), double yeast extract trypton (dYT) or terrific broth (TB) medium containing 

appropriate antibiotics (Sambrook et al., 1989). The culture was incubated in a 

shaking incubator. LB agar plates were incubated in a drying cupboard at 37 °C. The 

optical density of the bacteria culture was monitored at a wavelength of 600 nm.  

 

 3.1  Cultivation of Pseudomonas putida F1 

 

P. putida F1 was obtained as a dry pellet from DSMZ and rehydrated in LB medium 

containing 1 mM L-Cysteine. The rehydrated bacteria were plated on LB agar plates, 

incubated at room temperature over night and stored at 4 °C. Subsequently, 
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P. putida F1 was cultivated in LB medium in a shaking incubator at 28 °C. The liquid 

culture was mixed with equal volumes of LB medium and 30 % (v/v) glycerol (15 % 

(v/v) final concentration) for long time storage at -30 °C. 

 

 3.2 Heterologous expression in Escherichia coli 

 

Plasmid constructs containing todA and todB, respectively, were transformed into 

E. coli BL21-CodonPlus(DE3)-RIL and plated on a LB agar plate after an 1 h 

incubation at 37 °C. The LB agar plates were put into an incubator at 37 °C over 

night. A single colony from LB agar was picked for the inoculation into an LB 

/chloramphenicol/carbenicillin medium (CAM, 34 µg/ml; Cb, 50 µg/ml). The 

preculture was grown at 37 °C over night. TB medium with CAM and Cb in baffled 

shake flask were mixed with the over night preculture with a ration of 50:1. When 

the culture reached the mid exponential phase (OD600 = 0.4 - 0.6) the cultivation 

temperature was shifted from 37 °C to 18 °C and the gene expression was induced by 

the addition of 0.5 mM IPTG. The culture was harvested 22 h after induction. After 

centrifugation the supernatant was discarded and the pellet was shock-frozen in 

liquid nitrogen and stored at -80 °C until use. 

 

4 Protein purification 

 

All purification steps were performed at 4 °C. Formulation of buffers used for 

purification is described in detail in the appendix. 

 

4.1 Purification of reductaseTOL 

 

The cultivation of E. coli BL21- CodonPlus(DE3)-RIL/pET15btodA was conducted as 

described in material and methods 3.2. The cell pellet containing the overproduced 

reductaseTOL was washed and resuspended with buffer A. 20 g cells were sonified 
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(12 min, 50% duty cycle, microtip limit 7) and centrifuged (45 min, 18,000 rpm, 4°C). 

The supernatant was passed through a syringe loaded with 8 ml Nickel Sepharose 

Fast Flow equilibrated with buffer A. The column was washed with 3 column 

volumns (cv) of buffer A. The protein was eluted with increasing concentrations of 

imidazole in buffer B (buffer A with 30, 40, 80, 125, 250 mM imidazole). The purity of 

the protein was analyzed by using SDS PAGE. The purest fractions were pooled and 

directly loaded on a Q-Sepharose Fast-Flow column (20 ml) equilibrated with 60 ml 

buffer C. The wash was done with 2 cv of buffer C with a flow rate of 5 ml/min. The 

elution was performed with a linear gradient of 0 - 500 mM NaCl in buffer C. 

ReductaseTOL was buffer exchanged on a Sephadex G-25 in buffer D. Purity of 

reductaseTOL was monitored with SDS-PAGE. The combined fractions were 

concentrated to 23 mg/ml via ultrafiltration with Vivacell 70 (molecular weight cut 

off (MWCO), 30 kDa).  

The measurement of activity was done according to Subramanian et al. (Subramanian 

et al., 1981). DCPIP was used as electron acceptor and the activity was measured by 

following the reduction of DCPIP at an absorption of 600 nm (ε600 (DCPIP) = 21 mM-1 

cm-1). One unit of enzyme activity was defined as the amount of reductaseTOL needed 

to reduce 1 µmol of DCPIP per min. 

 

4.2 Purification of ferredoxinTOL 

 

E. coli BL21-CodonPlus(DE3)-RIL/pET11atodB was cultivated as described in material 

and methods 3.2. After induction with IPTG 0.2 mM FeSO4 and 0.2 mM NaS2 was 

added to the medium as a supplement. The cells were harvested, washed and 

resuspended in resuspension buffer. Cells were broken by sonification (0.5 min/1 g 

cell, 50% duty cycle, microtip limit 7) and centrifuged (45 min, 18,000 rpm, 4 °C). The 

supernatant was loaded on a DEAE-Sepharose Fast Flow column (50 ml) equilibrated 

with 2 cv of buffer E1 and washed with 3 cv of the same buffer. The protein was 

eluted with a linear gradient of 0 % - 100 % buffer E2. The flow velocity was 5 ml/min 
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and the fraction size 10 ml. The pooled fractions were loaded on a CHTTM Ceramic 

Hydroxyapatite (20 ml) equilibrated with buffer F1 and the protein was eluted with a 

linear gradient of 0 % - 100 % buffer F2 with a flow rate of 2 ml/min. The pooled 

fractions were optionally applied to a Superdex HR 200 (120 ml) in buffer G or 

directly buffer exchanged on a Sephadex G-25 column (50 ml) with buffer G. 

FerredoxinTOL was concentrated by ultrafiltration with a Vivacell 70 (MWCO 10 kDA) 

to a final concentration of 10 mg/ml. Protein concentration was determined either by 

UV/Vis spectroscopy or by Bradford. After each purification step the purity of the 

protein was monitored by using SDS PAGE. 

The activity of ferredoxinTOL was measured by monitoring the reduction of 

cytochrome c in the presence of NADH and reductaseTOL corresponding to 

Subramanian et al. (Subramanian et al., 1985). One unit of enzyme activity was 

defined as the amount of ferredoxinTOL needed to reduce 1 µmol of cytochrome c per 

min (ε600 (cytochrome c) = 21 mM-1 cm-1). 

 

4.3 Determination of protein concentration 

 

4.3.1 Determination of protein concentration via Bradford 

 

Protein concentration was determined by the method of Bradford (Bradford, 1976). A 

calibration curve needs to be established. Therefore different quantities of bovine 

serum albumin (BSA) in 50 µl H2O in the range of 2 to 40 µg/ml was added up to 

1000 µl with Bradford stock solution. Reference was 50 µl H2O mixed with 950 µl 

Bradford stock solution. Each concentration was prepared and measured three times. 

The absorption values were measured at 595 nm (A595) and the calibration curve was 

established by plotting the BSA concentration against the A595 values. The 

concentration of the sample could be determined by applying the measured 

absorption values at 595 nm to the linear equation derived from the calibration curve. 
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4.3.2 Determination of protein concentration via absorption of protein-bound flavin 

 

The concentration of holoprotein (reductaseTOL with FAD) was determined by 

measuring the absorption at 450 nm. Therefore the protein was diluted in 50 mM 

Tris-HCl pH 8.0 insofar as the absoption value at 450 nm was in the range of 0.1 to 

0.9. Same buffer without protein was taken as a reference. Concentration was 

calculated by applying the measured absorption value to the Lambert-Beer equation. 

 

   A= c ∙ ɛ ∙ d        (1) 

 

where A is the abbreviation for absorption. ɛ stands for the molar extinction 

coefficient (M-1 cm-1), d for the path length of the cuvette (cm) and c for the protein 

concentration. 

 

4.4 Determination of flavin content 

 

4.4.1 Determination of flavin content by SDS treatment 

 

The flavin content was determined as described by Aliverti et al. (Aliverti et al., 1999). 

SDS treatment releases the flavin and allows the determination of the flavin content 

as well as the type of flavin plus the determination of its extinction coefficient. 10 µM 

of protein was mixed with 50 mM Tris-HCl (pH 8.0) in a 1 ml Quartz cuvette. Same 

buffer also served as a reference. A protein spectrum was measured. After the 

addition of 10 % SDS a spectrum was captured every minute until no change could 

be observed.  

 

4.4.2 Determination of flavin content via heat denaturation 
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A spectrum of 10 µM protein was measured. Protein mixed with 50 mM Tris-HCl 

(pH 8.0) was taken as a reference. The solution was transferred to a 1.5 ml tube and 

incubated for 10 min at 100 °C. The denatured protein solution was cooled down and 

centrifuged for 10 min at 13000 rpm. A spectrum of the supernatant was measured. 

Data was evaluated by using the extinction coefficient of protein bound FAD and 

free FAD (ε450 = 11.3 mM-1 cm-1). 

 

4.5 Iron determination 

 

The determination of the non-heme iron content of protein was followed by the 

method of Fish using Ferene S as a specific Fe(II) chelator (Fish, 1988). The iron-

containing protein was treated with hydrochloric acid (0.1 %) and incubated at 80 °C 

for 10 min. After heat treatment the samples were cooled down on ice for 5 min. 

Ammonium acetate (3.25 %) was added to neutralize the excess acid, ascorbic acid 

(0.4 %) to reduce the loosened iron. Addition of SDS (0.1 %) ensured that all of the 

iron was completely unbound. Ferene S (0.15 %) was added to the solution which 

was subsequently incubated for 10 min. Then the absorbance at 593 nm was 

measured and the stoichiometric amount of iron in the protein was calculated using 

the standard curve. The standard curve of known FeSO4 concentration was 

established under the same procedure. 

 

5 Photoreduction of reductaseTOL 

 

Photoreduction experiments of reductaseTOL were conducted using the deazaflavin-

EDTA couple as electron generator to determine the semiquinone species. This 

method is used to ascertain semiquinone formation via single electron transfer steps. 

Photoreduction was carried out according to Massey and Hemmerich (Massey & 

Hemmerich, 1978). A 2 ml solution with 1 mM EDTA, 1 µM deazaflavin and 

appropriate amount of protein in 50 mM Tris-HCl (pH 8.0) was prepared in a glass 
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tonometer with a Quartz cuvette. The solution was made anaerobic by repeated 

cycles of evacuation and equilibration with nitrogen gas at a vacuum-gas line. A 

spectrum in the range of 200 - 800 nm served as a reference. The reduction was 

started by light exposure of the solution in defined intervals. After every excitation 

period the solution was left for 2 min to ascertain equilibrium in solution. Then a 

spectrum was measured. The experiment was finished when no further reduction of 

the protein was observable. 

 

6 Determination of redox potential  

 

The determination of the redox potentials of reductaseTOL and ferredoxinTOL was 

performed according to the methods of Stankovich and Sucharitakul et al. 

(Stankovich, 1980; Sucharitakul et al., 2005). The redox dye served as a redox 

potential reference. The redox potential of the protein to be examined should not 

differ more than 30 mV from the redox potential of the selected redox dye. In the 

experiment redox dye and protein had the same concentration. Phenosafranine or 

Safranin T was selected in the case of reductaseTOL, indigo-disulfonate for the redox 

potential determination of ferredoxinTOL. Benzyl viologen acted as an electron 

mediator to ensure fast equilibration. 20 µM protein and 20 µM redox dye as well as 

1 µM benzyl viologen and xanthine oxidase (0.003 U/ml) was added to the buffer in a 

gas tight Quartz cuvette. The solution was made anaerobic at the gas train by several 

cycles of evacuation and flushing with N2 gas. The cuvette was introduced into an 

anoxic tent and put into a spectrophotometer. When the solution in the cuvette was 

tempered to 25 °C a spectrum in the range of 200 - 900 nm was measured as a 

reference. The reaction was started by the addition of xanthine (final concentration: 

300 µM). Spectra were recorded in 3 min intervals. The experiment was stopped 

when no further change of absorption could be observed.  
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The concentration of the oxidized/reduced species could be calculated using equation 

2 and 3 with the extinction coefficients of the used redox dye, of the protein and the 

values of the measured absorption. 

 

A450 = ε450E ∙ cE + ε450D ∙ cD 

or respectively     (2) 

A460 = ε460E ∙ cE + ε460D ∙ cD 

 

A521 = ε521E ∙ cE + ε521D ∙ cD 

or respectively     (3) 

A521 = ε522E ∙ cE + ε522D ∙ cD 

or respectively     

A610 = ε610E ∙ cE + ε610D ∙ cD 

whereby 

 

Ax absorption at x nm 

εxE extinction coefficient of enzyme at x nm 

cE concentration of enzyme 

εxD extinction coefficient of redox dye at x nm 

cD concentration of redox dye 

 

A plot of the logarithm of concentration of oxidized/reduced enzyme versus the 

logarithm of concentration of oxidized/reduced redox dye gave the difference of the 

redox potential of enzyme and redox dye (∆E). ∆E was used to calculate the redox 

potential of enzyme EE0 by using the Nernst equation (∆E = log [EOX/ERED], equation 4).  

 

EE
0 = ED

0 −  
(2.303 ∙ R ∙ T)

(n ∙  F)   log[
EOX

ERED
 ]   (4) 

 

whereby 

EDo redox potential of dye 
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n number of electrons 

T 298.16 K 

R 8.31447 J/mol K         

F 96,485.34 C/mol 

 

In case the spectra of protein and redox dye overlapped, the extinction coefficient 

was calculated at the selected wavelength. The absorption at the selected wavelength 

was measured with different concentrations of protein. There from a calibration 

curve (concentration of protein value plotted against the selected wavelength) was 

established where the slope represents the extinction coefficient. Same was done for 

the calculation of the extinction coefficient of the redox dye. Extinction coefficients of 

proteins and dyes are listed in the appendix. 

The Gibbs free energy (ΔG) could be calculated with the determined redox potential 

using equation 5. 

 

   −ΔG =  n ∙ F ∙  E0         (5) 

 

where n is the number of electrons (n = 2), F the Faraday constant and E0  the 

determined redox potential.   

 

The change of Gibbs free energy (ΔΔG) was calculated by the subtraction of two 

distinct Gibbs free energies (ΔΔG =  ΔG1 − ΔG2). 

 

The influence of the change of Gibbs free energy on the electron transfer rate reaction 

(Δ𝑘) was calculated with the equation 6. 

  

   Δ𝑘 = A ∙ e− ΔΔG 
RT        (6) 

 

where A is the pre-exponential factor, R the gas constant (8.314 J/K mol) and T the 

temperature (298 K). 
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7 Single turnover measurements  

 

The stopped flow measurements were performed under anaerobic conditions with 

an SX20MV apparatus from Applied Photophysics equipped with a diode array (DA) 

or a photomultiplier tube (PMT). All measurements were carried out at 10 °C. 

Solutions were made anaerobic by several cycles of vacuum and equilibration with 

molecular nitrogen in gas-tight bottles. One hour prior to the measurements the 

stopped flow apparatus was flushed with anaerobization buffer (0.1 g glucose, 0.34 g 

sodium acetate in 50 ml ddH2O pH adjusted to pH 5 with acetic acid) including 

120 U/ml glucose oxidase. A buffer with 50 mM Tris-HCl (pH 8.0) was used as a 

reference. 

 

7.1 Reductive half reaction 

 

ReductaseTOL in a glass tonometer and NADH stock solution (1.5 mM in 50 mM Tris-

HCl, 150 mM NaCl, pH 7.2) were made anaerobic separately at a vacuum-gas line by 

several cycles of evacuation and equilibration with N2 gas. A dilution series of 

different NADH concentrations in the same buffer were made of the NADH stock 

solution. The exact concentration deployed was calculated using the measured 

values at A340 (ε340 (NADH) = 6.2 mM-1 cm-1) with the Lambert-Beer law (equation 1). 

A glass tonometer containing the protein solution and a gas-tight syringe including 

the NADH solution were applied to the stopped flow spectrophotometer. The 

reduction of the flavin by NADH was followed by the change of absorbance at 

450 nm while the formation of the charge transfer complex was monitored at 690 nm. 

The Pro-Data software was used for data evalution (Applied Photophysics). The 

measured absorption changes at 450 nm and 690 nm were fitted to a single 

exponential expression to determine the observed rate constant (kobs) using equation 

7. 
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    ∆A = A(1)  ∙  e(−𝑘obs∙ t) +  c     (7) 

 

where ΔA is the change of absorption, A(1) the amplitude, kobs the observed rate 

constant, t the time and c the offset. The kobs values were plotted against the substrate 

concentration and the data were evaluated according to the following model 

 

 

where REDTOL-FAD and NADH stands for enzyme and substrate, respectively, 

REDTOL-FAD-NADH for the enzyme-substrate complex and REDTOL-FADH--NAD+ 

for the intermediate. Under the assumption that the binding of NAD+ to REDTOL-FAD 

is fast compared to the electron transfer step the kobs value depends hyperbolically on 

the NAD+ concentration (equation 8) (Strickland, 1975). 

 

    𝑘obs =  𝑘−2 +  
𝑘2 ∙ [S] 

𝐾D+[S]
       (8) 

 

whereby                                              

kobs observed rate constant 

k2 limiting rate constant 

[S] NADH concentration 

KD dissociation constant 

 

7.2 Oxidative half reaction 

 

Various concentrations of ferricyanide were in the same buffer as the protein. The 

protein solution in a glass tonometer and the NADH stock solution were made 

anaerobic at a vacuum-gas line. Before the measurement the NADH stock solution in 

a gas-tight syringe was titrated to the protein solution until no further reduction 
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could be observed at 450 nm. The tonometer with reduced reductaseTOL was applied 

to the stopped flow apparatus. Ferricyanide solutions in syringes were flushed with 

molecular nitrogen for at least 10 min and also applied to the stopped flow 

apparatus. Oxidation of flavin was monitored at a wavelength of 450 nm while the 

decay of the charge transfer complex was observed at 690 nm and the formation of 

semiquinone was observed at 610 nm. An increase of absorption in the region of 

570 – 600 nm typically accounts for the generation of neutral semiquinoid form of 

flavin (Beinert, 1956). The decay of charge transfer complex was noticed by recording 

the decrease of absorption at 690 nm.  

Data were evaluated with the software Pro-Data (Applied Photophysics). A two step 

mechanism model for the reaction of enzyme with a one electron acceptor was 

assumed. 

 

 

 

Fe(III) stands for the oxidized ferricyanide and Fe(II) for the reduced ferricyanide. 

The rate constants for the semiquinone formation and decay (kobs(1), resp. kobs(2)) were 

determined by fitting the measured absorption changes (ΔA) at 450 nm, 690 nm and 

610 nm to a double exponential function with an offset (c) and amplitude changes 

(A(1) and A(2)) (equation 9). 

 

   ΔA = A(1)  ∙  e(−𝑘obs(1) t) + A(2)  ∙  e(−𝑘obs(2) t) + c.    (9) 

 

8 Crystallography and data collection 

 

Crystallization of oxidized reductaseTOL was carried out by hanging-drop vapor-

diffusion technique. ReductaseTOL with a specific activity of 23 U/mg and a final 
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concentration of 23 mg/ml in 20 mM MOPS pH 7.2, 100 mM NaCl was used for 

crystallization experiments.  

Crystallization of NAD+:reductaseTOLCT under various conditions of index screen by 

Hampton Research was conducted in an anoxic tent by hanging-drop vapor-diffusion 

technique. 23 mg/ml of reductaseTOL in 20 mM MOPS pH 7.2, 100 mM NaCl was 

treated with 3-fold the concentration of NADH prior to crystallization trials. 

ReductaseTOL-ferredoxinTOL complex was crystallized by the sitting-drop technique in 

an anoxic glove box. The reductaseTOL was treated with 5-fold excess of NADH and 

subsequently mixed with equimolar concentration of ferredoxinTOL.  

All crystals were harvested in reservoir solutions containing 25 % (v/v) glycerol as a 

cryoprotectant, flash cooled and stored in liquid nitrogen.  

 

The collection of diffraction data were performed at beam line BL14.2 (BESSY, Berlin, 

Germany). Diffraction data sets were integrated and scaled using XDS (Kabsch, 

1993). All structures were solved using molecular replacement (Rossmann, 1990) 

using Patterson search techniques with the crystal structures of ferredoxinTOL (PDB-

Id.: 3EF6) (Friemann et al., 2009) and reductaseTOL (PDB-Id.: 3DQY) (Friemann et al., 

2009) as homologous search models using PHASER (McCoy et al., 2007). All models 

were built with COOT (Emsley & Cowtan 2004). Positional and temperature factor 

and TLS refinements (Painter & Merritt, 2006) were carried out using PHENIX 

(Adams et al., 2010) 

 

9 Computer Softwares 

 

Alignment of amino acids were done with ClustalW, colored and edited manually 

(Chenna et al., 2003). Measured spectra were analyzed and presented by GraFit 5 

(Leatherbarrow, 2001). Data from stopped flow measurements were evaluated and 

analyzed by Pro-Data Viewer (Applied Photophysics). Pictures of the structures 

solved in this thesis were prepared with PyMol (DeLano, 2002). 
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RESULTS AND DISCUSSION 

 

1 todA and todB involved in the toluene degradation 

 

Aromatic hydrocarbons such as benzene, benzoate, toluene, phthalate, naphthalene 

or biphenyl are widespread pollutants of soil and groundwater. Many bacteria 

degrade aromatic hydrocarbons to utilize them as a sole carbon and energy source. 

The first step in the aerobic degradation is often catalyzed by a multi-component 

Rieske non-heme iron dioxygenase. This enzyme family is therefore an attractive 

area of work as the elucidation of the mechanism could lead to the solution of 

environmental problems caused by aromatic hydrocarbons (Gibson & Parales, 2000). 

The toluene dioxygenase (TDO) was first characterized and isolated from P. putida F1 

by Gibson et al. (Gibson et al., 1970). The genes encoding the three enzymes of TDO 

were determined by Zylstra and Gibson (Zylstra & Gibson, 1989), of which the genes 

todA and todB encode the reductaseTOL and the ferredoxinTOL, respectively. 

 

1.1 todA - the gene encoding reductaseTOL 

 

Amino acid alignment of the todA product with Blast 

(http://blast.ncbi.nih.gov/Blast.cgi) predicts a protein belonging to the family of FAD-

dependent pyridine nucleotide-disulfide oxidoreductases. It contains two conserved 

domains of Pyr_redox (nucleotide binding regions), one for FAD (at positions 4 - 35) 

and one for NAD (at positions 145 - 173). Alignment of the amino acid sequence of 

the todA product to homologous reductase components of ROs and other members of 

the glutathione reductase (GR) family found in bacteria and archea illustrates the 

conservation of residues coordinating the FAD and NAD binding. GXGX2GX3AXG is 

a characteristic sequence for an FAD-binding site and is closely located at the N-

terminus (Mason & Cammack, 1992). Two to three hydrophobic residues are situated 

before the first glycine (Fig. 11). The NAD-binding domain is usually represented by 

http://blast.ncbi.nih.gov/Blast.cgi
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a GXGX2GX3AX6E sequence (Fig. 11) (Benen et al., 1989; Hanukoglu & Gutfinger, 

1989).  

Further conserved amino acids in ROs reductases of type IIB probably participate in 

the structural changes found in the CT complexes (Fig. 11, cyan boxes), the 

interaction between ferredoxinTOL and reductaseTOL (Fig. 11, pink boxes) and the 

facilitation of electron transfer between the two cofactors in the complex (Fig. 11, 

dark red boxes). 

The gene todA was cloned into a pET-15b vector with an N-terminal His6-Tag, 

designated as pET15btodA. The 1233 base pairs (bp) long todA encodes 410 amino 

acids of reductaseTOL. The nucleotide sequence from DNA sequencing matches the 

published sequence of todA (Zylstra & Gibson, 1989). 

 

1.2 todB - the gene encoding ferredoxinTOL 

 

Amino acid alignment of todB predicts a protein with a [2Fe-2S] cluster binding site, 

termed Rieske RO ferredoxin. Sequence alignment to homologous ferredoxins of ROs 

exposes conserved residues that are responsible for the coordination of the Rieske-

type [2Fe-2S] cluster (Fig. 13, yellow boxes). A proline (P79), a phenylalanine (F68) 

and threonine (T43) are conserved throughout the RO ferredoxins, e.g. P79’s 

equivalent P80 in the biphenyl dioxygenase reductase (BphA4) (Fig. 11, dark red 

boxes). The phenylalanine (F68) and threonine (T43) partake in the hydrogen 

bonding network around the cluster. Conformational changes of their side chains are 

suspected to influence the redox potential of the RO ferredoxins and Rieske-type 

[2Fe-2S] cluster containing ferredoxins (Ferraro et al., 2007). Other conserved amino 

acids appear to participate in the protein-protein interaction of reductase and 

ferredoxin components (Fig. 11, pink boxes). 

The gene todB was cloned into a pET-15b and pET-11a vector and named pET15btodB 

and pET11atodB, respectively. These plasmids contain the 324 bp long todB gene. The 

nucleotide sequence from the DNA sequencing and the translated amino acid 
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sequences confirmed no mutation compared to the published sequence of todB 

(Zylstra & Gibson, 1989).  

 

 

 

Fig 11. Alignment of amino acid sequence with reductase components of the Rieske non-heme iron 

dioxygenase family and members of glutathione reductase family. The conserved residues of 

bindings sites of FAD- and NAD(P)-binding sites are depicted in yellow and green, respectively. 

Amino acids colored in dark red seem to be involved in electron transfer between FAD and [2Fe-2S] 

cluster. Pink colored amino acids are likely involved in protein-protein interaction and cyan colored 

amino acids important for the CT complex formation. REDTDO, reductaseTOL from Pseudomonas putida; 

REDBPH, biphenyl dioxygenase reductase from Pseudomonas sp.; REDCARDO, carbazole dioxygenase 
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reductase from Pseudomonas resinovorans; PdR, putidaredoxin reductase from Pseudomonas putida; Lpd, 

lipoamide dehydrogenase from Pseudomonas fluorescence. Sequences were aligned with ClustalW 

(Chenna et al., 2003): *, fully conserved residues; : (colon), conservation of strong groups; . (period), 

conservation of weak groups.  

 

 

 

Figure 12. Alignment of amino acid sequence with homologues ferredoxin components of the 

Rieske non-heme iron dioxygenase system. The Rieske consensus sequence is colored in yellow. 

Amino acids colored in dark red seem to be involved in electron transfer between FAD and [2Fe-2S] 

cluster. Pink colored amino acids appear to be important for protein-protein interaction. FERTDO, 

ferredoxinTOL from Pseudomonas putida; FERBPH, biphenyl dioxygase ferredoxin from Pseudomonas sp; 

FERCAR, carbazole dioxygenase ferredoxin from Pseudomonas resinovorans; FERNDO, naphthalene 

dioxygenase ferredoxin from Pseudomonas putida; FERTMO, ferredoxin of toluene monooxygenase from 

Pseudomonas mendocina. Amino acids sequences were aligned with ClustalW (Chenna et al., 2003): *, 

fully conserved residues; : (colon), conservation of strong groups; . (period), conservation of weak 

groups.  

 

2 Expression and purification of reductaseTOL and ferredoxinTOL 

 

The pET15btodA and pET15btodB constructs were transformed and expressed in 

E. coli. This section deals with the expression and purification of reductaseTOL, 

followed by the result and discussion of the ferredoxinTOL expression and 

purification. 

 

2.1 Expression and purification of reductaseTOL 
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Even though heterologous expression and purification of the recombinant protein 

have already been performed by Lee et al. (Lee et al., 2005) the His6-Tag affinity 

system was applied to optimize the purification of reductaseTOL. 

 

 

 

Figure 13. Coomassie stained 12 % SDS PAGE of heterologous expression of His6-tagged 

reductaseTOL. Lane 1 - 0 h, Lane 2 - 3 h, Lane 3 - 20 h after induction, Lane 4 - supernatant fraction after 

sonification, M is molecular protein weight marker from Roth. The arrow indicates the overproduced 

reductaseTOL (45 kDa). 

 

E.coli BL21 (DE3) harboring the pET15btodA construct was induced with different 

concentrations of IPTG (0.1 - 1 mM) in the mid (OD600 = 0.4 - 0.7), early (OD600 = 0.1 - 

0.3) and late logarithmic phase (OD600 > 0.7). ReductaseTOL was weakly produced in 

insoluble form. The solubility of the protein could not be enhanced by varying the 

fermentation conditions such as temperature, the choice of medium or inducer 

concentration. Overexpression of todA was achieved by changing the expression 

strain to E.coli CodonPlus(DE3)-RIL (Stratagene). This strain contains additional 

tRNA genes for arginine, isoleucine and leucin and is used for organisms with AT-

rich genomes. Although His6-tagged reductaseTOL was overproduced, the protein 

was mostly found in form of inclusion bodies. Cultivation experiments were 
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performed at lower temperatures than 37 °C after the time of induction. Temperature 

reduction is a well known way to reduce the aggregation of heterogously expressed 

proteins because of increased protein stability and a higher probability for correct 

folding (Schein, 1989). Highest solubility of reductaseTOL was achieved at a 

temperature of 20 °C. The choice of the cultivation media also had an impact on the 

protein yield. Overproduction of reductaseTOL was enhanced in enriched media such 

as dYT or TB.  

40 % of soluble His6-tagged reductaseTOL was obtained after an around 20 h 

expression at 20 °C in TB medium induced with 0.5 mM IPTG in the mid logarithmic 

phase (Fig. 13, lane 4).  
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Figure 14. Coomassie stained 12 % SDS-PAGE of the purification of His-tagged reductaseTOL on Q-

Sepharose FF column. Lane 1 - 10, 5 µl samples of elution over a linear gradient of 0 - 500 mM NaCl 

(total volumn 200 ml) was loaded. Lane 11 shows the overproduced reductaseTOL. Red numbers 

indicate the fraction number shown in the elution profile. The green colored line shows the linear 

gradient of NaCl, the red line the conductivity. M is molecular protein weight marker from Roth. 

 

His6-tagged reductaseTOL was isolated as described in material and methods. The 

protein bound to the Ni2+ loaded chelating sepharose FF (fast flow). Major impurities 

were removed after a wash with three column volumes of washing buffer. Elution of 

the protein was conducted with a stepwise increase of the imidazole concentration 

(10 mM steps). Most of the protein was eluted at a concentration of 125 mM 

imidazole with a purity of around 90 %. In the Q-Sepharose purification step a peak 

with a shoulder was detectable (Fig. 14). Fractions collected from the peak contained 

reductaseTOL with FAD (holo-reductaseTOL) and from the shoulder reductaseTOL 

without FAD (apo-reductaseTOL) (Fig. 14). The reductase without FAD could be 

reconstituted by incubation with a 2-fold surplus of FAD. Excess, unbound FAD was 

removed by a passage through a Sephadex column. 60 mg of holo-reductaseTOL could 

be obtained from 20 g wet weight of cell paste. Purified reductaseTOL had a specific 

activity of 23 U/mg. 

The choice of the pET-15b system facilitated the purification of reductaseTOL. The 

purification steps were reduced to two steps and allowed to quickly obtain active 

holo-reductaseTOL. 

 

2.2 Expression and purification of ferredoxinTOL 

 

The purification strategy of reductaseTOL was not applicable to ferredoxinTOL. The 

purity of His6-tagged ferredoxinTOL was over 90 % but resulted in a protein without 

an intact iron cluster (apo-ferredoxinTOL). This is proven by the colorlessness of the 

protein solution. A holo-ferredoxinTOL is usually brown in color derived from the 

presence of an intact Rieske-type [2Fe-2S] cluster (Subramanian et al., 1985). 
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Supplementation of variable concentrations of 0.1 mM Na2S and 0.1 mM FeSO4 x 

7 H2O during expression did not result in the generation of holo-ferredoxinTOL. 

Heterologous purification also did not yield His6-tagged holoprotein. The Rieske-

type [2Fe-2S] cluster could not be reconstituted after purification as well. The 

structure of ferredoxinTOL published by Friemann et al. shows that the iron sulfur 

cluster is closely located at the N-terminal cluster-binding domain of the protein 

(Friemann et al., 2009). The N-terminal His6-Tag probably hampers the assembly of 

the iron-sulfur cluster. This could also explain why supplement addition during 

expression and iron-sulfur cluster reconstitution experiments after purification were 

not effective.  

 

 

 

Figure 15. Coomassie stained 15% SDS-PAGE of heterologous expression and the final step in 

purification of ferredoxinTOL. Lane 1 - insoluble fraction after 22 h expression, lane 2 - soluble fraction 

after 22 h expression, lane 3 - purified protein after Superdex HR 200, M is molecular protein weight 

marker from Roth. 

 

Thus, the pET11atodB construct (without affinity tag) was used for the 

overproduction of ferredoxinTOL. The expression condition of ferredoxinTOL resembled 

the expression condition of reductaseTOL. The solubility of ferredoxinTOL was 

dependent on the temperature after induction. No soluble protein could be detected 



Results and discussion 

44 

 

at higher temperature than 20 °C and no ferredoxinTOL was overproduced at 

temperature lower than 16 °C. Most of ferredoxinTOL was soluble at 18 °C. Protein 

expression was induced by the addition of 0.5 mM IPTG at OD600 = 0.5. Right before 

induction 0.1 mM Na2S and 0.1 mM FeSO4 x 7 H2O were added and the expression 

temperature was shifted from 37 °C to 18 °C. Cells were harvested 20 h after 

induction. The overproduction of ferredoxinTOL was highly reproducible (Fig. 15, lane 

1 and 2). 

FerredoxinTOL bound tightly to the DEAE-Sepharose FF column and was eluted at a 

concentration of 270 mM NaCl. The elution of the protein could be monitored by 

following the migration of the brown band on the column. The protein was then 

applied to a hydroxyapatite column. Even though ferredoxinTOL did not bind to 

hydroxyapatite this step had a purification effect on ferredoxinTOL because major 

impurities bound to the column. FerredoxinTOL was collected from the flow-through. 

At that point of the purification the protein was around 80 % pure. A purification 

step with Superdex HR 200 helped to remove further impurities. In the end the 

protein was 85 % pure (Fig. 15, lane 3). 20 g cell gave approximately 10 mg brownish 

ferredoxinTOL. The iron determination experiment revealed that the ferredoxinTOL 

possessed two irons and two sulfur atom per monomer indicating holo-ferredoxinTOL. 

The expression of C-terminal His6-Tag ferredoxinTOL might be tested in order to get a 

higher protein yield. The purification of C-terminal His6-Tag ferredoxinTOL could 

result in His-tagged ferredoxinTOL with an intact iron-sulfur cluster as the C-terminal 

His-tag would not likely affect the formation of iron-sulfur cluster located at the N-

terminus. 

 

3 Structural characterization 

 

Crystal structures of reductaseTOL and NADH-reduced reductaseTOL were solved in 

order to examine any structural changes of reductaseTOL that are caused by the 

reduction with NADH. The structures of reductaseTOL and reduced reductase 
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forming a charge transfer complex with NAD+ (NAD+:reductaseTOLCT) are compared 

in the first part of this chapter. Second part of this chapter deals with the structural 

characterization of the complex between reductaseTOL and ferredoxinTOL. 

 

3.1 Crystallization and structure of reductaseTOL and NAD+:reductaseTOLCT 

 

 

 

Figure 16. Overall structure and view of the active site of reductaseTOL . ReductaseTOL is shown in 

cartoon representation. The N-terminal FAD-binding domain (FAD-N) is depicted in blue, the 

NADH-binding domain (NADH) in green, the C-terminal FAD-binding domain (FAD-C) is shown in 

yellow and the C-terminal domain (C) is colored in red. FAD in the overall structure (left) is in white 

carbons. In the enlarged figure (right) all carbon atoms of FAD have been depicted in blue and the 

active site residues in white. The dashed lines represent hydrogen-bonds. 

 

The overall structure of reductaseTOL solved in this work is identical to the structure 

of reductaseTOL previously published (Friemann et al., 2009). Yellow crystals of 

reductaseTOL grew in 0.1 M Bis-Tris pH 6.5 and 1.4 M ammonium sulphate within 

three days. Slightly blue crystals of NADH-treated reductaseTOL in 2.2 M sodium 

malonate pH 6.5 grew within one week. The crystals of reductaseTOL and NADH-
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treated reductaseTOL belong to the space group P41212 and contain one molecule per 

asymmetric unit (Tab. 3).  

The overall structure of reductaseTOL shows high similarity to bovine adrenodoxin 

reductase (AdR) and BphA4 (Fig. 16) (Schulz et al., 1978; Karplus & Schulz, 1987). It 

consists of three domains: an FAD-binding domain, an NADH-binding domain and a 

C-terminal domain. The FAD-binding domain can be divided into an N-terminal (3 - 

111) and a C-terminal part (239 - 317) (Fig. 15) and comprises of a central β-sheet 

build of five parallel β-strands, to which the N-terminal part contributes four β-

strands and the C-terminal part one β-strand. This β-sheet is on one side enclosed by 

a β-sheet made of three antiparallel β-strands and on the other side by three α-helices 

(Fig. 15). Residues 36 - 61 between the second and the third β-strand of the N-

terminal part of the FAD-binding domain form an extension that covers the pyrazine 

and dimethylbenzene portion on the Si-side of the isoalloxazine ring. The equivalent 

structural part has been termed “backrest subdomain” in the structure of BphA4 

(Senda et al., 2007).  

 

Table 3. Statistics on diffraction data and structure refinement of reductaseTOL and 

    NAD+:reductaseTOLCT 
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Numbers in brackets denote the values found in the highest resolution shell. 

a Rs = h i | Ii(h) - <I(h)>| / h i Ii(h); where i are the independent observations of reflection h. 

b The Rfree factor was calculated from 5 % of the data, which were removed at random before the   

refinement was carried out. The R factor has been calculated from the reflections of the working set 

and test set. 

 

The same structural elements are found in the NADH-binding domain. The NADH-

binding domain has a central parallel β-sheet build of four β-strands. The β-sheet is 

sandwiched by a two stranded antiparallel β-sheet and by three α-helices (Fig. 15). 

The C-terminal domain possesses an antiparallel five stranded β-sheet and three 

short α-helices (Fig. 16). N-terminal part and C-terminal part of the FAD-binding 

domain form a gap in which the FAD is bound to the N-terminal part of the FAD-

binding domain with its ADP moiety. The isoalloxazine ring is situated near beneath 

the surface where all three domains intersect (Fig. 16). The pyrimidine part of the 

isoalloxazine ring points to the surface and opposes W320 that shields it from the 

solvent (Fig. 16). Other hydrophobic residues like P44 are part of the residues 

between the second and third β-strand of the N-terminal FAD-binding domain and 

shield the Si-side of the isoalloxazine ring from the solvent (Fig. 16). The 

isoalloxazine ring of FAD is in planar conformation (Fig. 16). 

In spite of the relatively low sequence identities of 34 % (reductaseTOL vs. BphA4) and 

32 % (reductaseTOL vs. AdR) the active site of these protein are quite similar. Residues 

within the substrate channel and active sites architecture of reductaseTOL, BphA4 and 

AdR are identical with a hydrogen bonding network around K48, E157 and S52, a 

cluster of arginine residues at the entrance of the substrate channel to facilitate 

steering of NADH into the active site and a hydrophobic path at the Si-side of the 

isoalloxazine ring that includes the side chains of P44 and W320.  

 

The overall crystal structure of NAD+:reductaseTOLCT is similar to the structure of 

reductaseTOL but with an NAD+ molecule in the active site. NAD+ is lying in the 
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solvent accessible cavity facing the Re-side of the isoalloxazine ring. It shields the 

reactive N5-C4a part of FAD whose influencing is supposed to alter the oxygen 

sensitivity of the flavoprotein (Sun et al., 1997) (Fig. 17). The carboxamide group of 

NAD+ is directly opposite to the pyrimidine ring of the flavin. The pyridine ring of 

the nicotinamide is lying above the pyrazine ring of flavin. The N5 atom of the 

pyrazine ring of FAD and the C4 atom of the pyridine ring of NAD+ are 3.2 Å apart 

(Fig. 17).  

Structural changes can be found in the NADH-binding domain and are caused by the 

conformation changes of residues that interact with the diphosphate moiety of NAD+ 

(Fig. 17). Upon NAD+ binding the side chain of R181 moves, so the guanidinium 

group can form a salt bridge with the AMP-phosphate of NAD+. R181 also 

participates in hydrogen-bonding to the ribose of NAD+ (Fig. 18). Salt bridges and 

hydrogen bonds effect that the Cα-atom of Arg181 comes about 3.0 Å closer to the 

NAD+. The movement of R181 causes a subsequent pull of the residues 170 - 199 

(Fig. 18). The carboxylate group of E157 is in hydrogen bond distance to the 

carboxyamide group of NAD+, 3.4 Å away from the hydride donor/acceptor atom of 

C4 (Fig. 18). NAD+ seems to push the isoalloxazine ring resulting in a tilt of 10 ° 

compared to the isoalloxazine ring of oxidized reductaseTOL (Fig. 17). 
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Figure 17. Overall structure and view of the active site of NAD+:reductaseTOLCT. NAD+:reductaseTOLCT 

is shown in cartoon presentation. The N-terminal FAD-binding domain is depicted in blue and the C-

terminal FAD-binding domain is shown in yellow. The NADH-binding domain is colored in green 

and the C-terminal domain in red. Carbon atoms of FAD and NAD+ shown as stick-model are 

depicted in white and orange, respectively. In the figure of the active site, carbon atoms of FAD are 

depicted in blue. 

 

The N5 atom of FAD shifts by 0.5  Å from the C4 atom of NAD+ and the O4 atom of 

FAD by 0.7 Å from the carboxamide group of NAD+ (Fig. 16 and 17). NAD+ also 

pushes away I154 in the active site. In opposition to the side chain of K48 in the 

reductaseTOL structure the side chain of K48 in the NAD+:reductaseTOLCT structure can 

be found in two conformations. One conformation is in hydrogen-bonding distance 

to the N5 atom of FAD (Friemann et al., 2009). 
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Figure 18. Superimposition of the overall structure and active site of reductaseTOL and 

NAD+:reductaseTOLCT. Protein matrix is shown in ribbon presentation, for reductaseTOL in blue, for 

NAD+:reductaseTOLCT in red. Selected residues are represented as lines. Salt- and hydrogen bond 

interactions are shown in dashed lines. The marked area indicates the structural change in the protein 

matrix of the NADH-binding domain of NAD+:reductaseTOLCT (A). Enlarged figure shows the 

isoalloxazine ring as blue sticks for reductaseTOL and red sticks for NAD+:reductaseTOLCT. For NAD+, 

carbons are depicted in orange, oxygen in red and nitrogen in blue color (B). The isoalloxazine ring in 

the NAD+:reductaseTOLCT is tilted by ca. 10 ° compared to the isoalloxazine ring of reductaseTOL (C).  

 

The biphenyl dioxygenase reductase (BphA4) belongs to the same group of Rieske 

non-heme iron dioxygenase and was structurally characterized by Senda et al. (Senda 

et al., 2007). The interaction between ferredoxin and reductase are redox dependent 

and structural changes upon FAD reduction could be observed in BphA4: a butterfly-

like bent of the isoalloxazine ring, a flip of ribityl chain, a shift of “backrest 

subdomain” and a rotation of the NAD-binding and C-terminal domains. The redox 

dependent change of FAD triggers a conformation change of the NADH and C-

terminal domain and thereby facilitates the binding of ferredoxinTOL to BphA4 (Senda 

et al., 2007).  

The isoalloxazine ring of FAD in NAD+:reductaseTOLCT is coplanar with the 

nicotinamide ring of NAD+ unlike the butterfly-bent shape conformation along the 

N10-N5 axis of the reduced flavin in BphA4. A flip of the ribityl chain cannot be seen 

(Senda et al., 2007). The crystals of NAD+:reductaseTOLCT were not yellowish, 

suggesting that the planar conformation of isoalloxazine ring is not consequence of 

flavin reoxidation. The planar conformation could be explained best by stabilization 

of the π-π donor-acceptor interaction in the charge transfer complex (Massey & 

Ghisla, 1974; Sakurai & Hosoya, 1966). Besides the above mentioned shielding of 

FAD from the solvent, NAD+ forces the reduced FAD into a planar conformation 

which is energetically less favorable to react with oxygen (Massey & Ghisla, 1974). 

The C4NAD-N5FAD distance of NAD+:reductaseTOLCT with 3.2 Å is comparable to the 

C4NAD-N5FAD distance in NAD+:BphA4CT with 3.4 Å (Senda et al., 2007). R183 in 
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BphA4CT seems to have a similar function as R181 in reductaseTOL. Yet, the movement 

caused by R183 does not resemble the drastic pull of R181 at the NADH-binding 

domain. Other amino acids such as I154, E157 and K48 in reductaseTOL are equivalent 

to I156, E159 and K53 of BphA4. K53 of BphA4 is thought to be mainly responsible 

for the mobility of the backrest subdomain via hydrogen bonding to FAD (Senda et 

al., 2009). In the amino acid sequence alignment of the enzymes of the GR family the 

lysine is highly conserved (Fig. 11).  

The redox-dependent rotation of NADH/CT domain of BphA4 (Senda et al., 2007) 

could not be observed with the CT complex structure of reductaseTOL. NAD+ binding 

induces a conformation change of residues at the active site with a subsequent 

minimal change in the NADH-binding domain (Fig. 18). These changes are not 

caused by a conformational change of the isoalloxazing ring upon reduction but 

seem to be solely a consequence of the interaction between NAD+ and residues in the 

active site. Accordingly, the conformational changes of the conserved residues could 

influence the affinity of NAD+:reductaseTOLCT to ferredoxinTOL. Mutation of the 

residues, such as K48, R181 and W320 could explain their function in the interaction 

between reductaseTOL and ferredoxinTOL. 

 

3.2 Crystallization and structure of reductaseTOL-ferredoxinTOL complex 

 

Orange crystals of reductaseTOL-ferredoxinTOL complex grew in 0.1 M Bis-Tris pH 6.5, 

20 % (w/v) Polyethylene glycol monomethyl ether 5,000 within two to three weeks 

and diffracted to 2.4 Å resolution. The crystals belong to the space group P65 (Tab. 5). 

The reductaseTOL in general reveals two major recesses on contrary sides of the 

surface of reductaseTOL that are potential binding sites for ferredoxinTOL (Fig. 15, 16 

and 19).  One binding site is above the NADH-binding channel to the Re-face of the 

flavin, one is opposite to the NADH-binding channel facing the Si-side of the 

isoalloxazine ring (Fig. 15). 
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Figure 19. Overall structure and view of active site of reductaseTOL-ferredoxinTOL complex. The 

complex is shown in cartoon presentation. Each domain is colored as indicated. The N-terminal FAD-

binding domain is depicted in blue, the NADH-binding domain in green, the C-terminal FAD-binding 

domain is shown in yellow and the C-terminal domain is colored in red. FerredoxinTOL is colored in 

black. Carbon atoms of the residues of reductaseTOL participating in the interaction are colored in 

white, carbon atoms of the residues of ferredoxinTOL in white. Protein backbone is presented in ribbon 

plot presentation. The domain is same colored as in cartoon representation. For FAD, all carbon atoms 

have been depicted in blue. 

 

 

 

Figure 20. Distance between the two cofactors in the reductaseTOL-ferredoxinTOL complex. Carbon 

atoms of the residues of reductaseTOL participating in the interaction are colored in white, carbon 

atoms of the residues of ferredoxinTOL in white. The protein backbone is presented in ribbon plot 
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presentation. The domain is same colored as in cartoon representation. For FAD, all carbon atoms 

have been depicted in blue. Iron atoms are colored in orange, sulfur atoms in yellow. 

 

The reductaseTOL-ferredoxinTOL complex structure reveals that ferredoxinTOL binds to 

the recess close to the Si-side of FAD which is formed by the FAD-binding domain 

and the C-terminal domain of reductaseTOL (Fig. 18). The complex is stabilized by 

Coulomb attraction between reductaseTOL and ferredoxinTOL. The charge of the 

interacting surface area of reductaseTOL is largely positive, while the charge of the 

interacting surface area of ferredoxinTOL is negatively charged (Fig. 20 A and B). 

These attractive surface charges preliminarily allow both proteins to non-specifically 

orient to the right position (Fig. 21) (Prudêncio & Ubbink, 2004). A neutrally charged 

patch, which consist of hydrophobic interaction sites, acts as an entrance and exit for 

the electrons. It is located where both cofactors are closest (Prudêncio & Ubbink, 

2004). Upon complexation 14 % of the solvent accessible surface area of ferredoxinTOL 

(759 from a total of 5,453 Å2) and 4.4 % of reductaseTOL (769 from a total of 17,522 Å2) 

are covered. FerredoxinTOL contributes around 20 residues and reductaseTOL 30 

residues to the protein-protein interface. The protein-protein interaction is likely 

stabilized by one short salt-bridge (R378 - E60), one long salt bridge (R378 - D55) and 

by hydrogen-bonding of T62 and P79 of ferredoxinTOL and R327, Q329 and Q19 of 

reductaseTOL (Fig. 19). Formation of a salt bridge by R378 of reductaseTOL with 

ferredoxinTOL causes a change of its side-chain conformation and an increased order 

of the C-terminal helix of reductaseTOL around R378 (Fig. 19).  

The shortest connection between the two cofactors, more precisely the distance 

between the histidine-coordinated iron ion of the [2Fe-2S] cluster and the N3 atom of 

the isoalloxazine ring is 11.7 Å (Fig. 20). The distance is in the range of physiological 

relevance for a fast electron transfer between the two centers, not exceeding the 

distance of 14 Å. Above this distance the electron tunneling is drastically decreased 

(Page et al., 1999). Similar distances between the cofactors for electron transfer have 

been found in BphA4-BphA3 (10 Å) and adrenodoxin reductase-adrenodoxin 
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(10.3 Å) complexes (Senda et al., 2007; Müller et al., 2001). The conservation of the 

tryptophan at position 320 between FAD of reductaseTOL and [2Fe-2S] cluster of 

BphA4 (Fig. 10) could facilitate the electron transfer between both cofactors (Senda et 

al., 2007). P79 (ferredoxinTOL) is also conserved (Fig. 12). Two salt-bridges (R378-E60, 

R378-D55) and hydrogen-bonding of T62 and P80 of ferredoxinTOL with R327, Q329 

and Q19 of reductaseTOL are found to have a stabilizing effect on the complex. 

Equivalent amino acids are also found in reductase, respectively, ferredoxin 

components of biphenyl dioxygenase, naphthalene dioxygenase and carbazole 

dioxygenase (Senda et al., 2007). 

 

 

 

Figure 21. Electrostatic potential mapped on the solvent accessible surface of reductaseTOL and 

ferredoxinTOL. (A) shows the electrostatic potential of the solvent accessible surface of reductaseTOL 

and ferredoxinTOL in cartoon presentation, (B) the other way round and (C) gives an enlarged view of 

the electrostatic potential map at the site of electron-transfer viewed from the [2Fe-2S] cluster in the 

direction of the isoalloxazine ring of FAD and (D) displayed from the FAD in direction of the [2Fe-2S] 

cluster. Broken-lined circles indicate where a line connecting the closest atoms between both cofactors 

would cross the displayed surfaces. 

 

Comparison of the reductaseTOL structure with complex structures of 

NAD+:reductaseTOLCT and reductaseTOL-ferredoxinTOL indicate no large conformational 
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changes of the domains upon NAD+ binding and complexation. It can be speculated 

that the large rotation of the NADH/CT-domain is not essential for binding of 

ferredoxinTOL as seen with the BphA4. The reductaseTOL-ferredoxinTOL complex differs 

from the BphA3-BphA4 complex in the positioning of the Rieske-type [2Fe-2S] 

cluster of the ferredoxin component. The distance between FAD and the Rieske-type 

[2Fe-2S] cluster is shifted 6.3 Å relative to the C-terminal domain. The small 

difference like the one descibed in the protein surfaces and the distance between both 

cofactors (11.7 Å in reductaseTOL-ferredoxinTOL complex vs. 10 Å in BphA4-BphA3 

complex) could explain the specificity of the reductase component for its interacting 

ferredoxin component. 

 

Table 5. Statistics on diffraction data and structure refinement of reductaseTOL- ferredoxinTOL 

complex 

 

Numbers in brackets denote the values found in the highest resolution shell. 

a Rs = h i | Ii(h) - <I(h)>| / h i Ii(h); where i are the independent observations of reflection h. 

b The Rfree factor was calculated from 5 % of the data, which were removed at random before the 

refinement was carried out. The R factor has been calculated from the reflections of the working set 

and test set. 
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4 Redox potential determination of reductaseTOL and ferredoxinTOL 

 

Stabilization of FAD and the protein environment as a cause of CT complex 

formation were discerned. Again these structural changes could result in a change of 

the redox potential. Therefore the redox potential of reductaseTOL and reductaseTOL 

complexed with NAD+ were determined. 

 

4.1 Redox potential determination of reductaseTOL and NAD+:reductaseTOLCT 

 

 

 

Figure 22. Redox potential measurement of reductaseTOL. 20 µM of reductaseTOL with equal 

concentration of Safranin T mixed in 50 mM Tris-HCl pH 7.0, 0.15 M NaCl, 1 µM benzyl viologen, 

0.05 U xanthine oxidase. Spectra were recorded every 2.5 min. Inset shows the plot log (EnzOX/EnzRED) 

versus log (DyeOX/DyeRED). The continuous line displays the linear fit with a slope of around -1. The 

redox potential was determined as -293 mV. 

 

The measurement of the redox potential of reductaseTOL was carried out in the 

presence of phenosafranine (-252 mV at pH 7; Loach, 1973). The enzyme was reduced 

much slower than the redox dye. This implies a more negative redox potential of 

reductaseTOL than -252 mV (Fig. 22). The plot log(EnzOX/EnzRED) versus log 

(DyeOX/DyeRED) underpins this observation with a slope of ca. -0.5 indicating that 
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redox dye and enzyme were not equally reduced and that the electron transfer 

reaction was not at equilibrium (data not shown). 

 

 

 

Figure 23. Redox potential measurement of reductaseTOL with NAD+. 20 µM of reductaseTOL with 

equal concentration of phenosafranine were in 50 mM Tris-HCl pH 7.0, 0.15 M NaCl, 1 µM benzyl 

viologen, 1 mM NAD+, 0.05 U xanthine oxidase. Spectra were recorded every 2.5 min. Inset shows the 

plot log (EnzOX/ERED) versus log (DyeOX/DyeRED). The continuous line displays the linear fit with a slope 

of around -1. The redox potential was determined as -233 mV. 

 

Therefore the redox potential of reductaseTOL was determined with Safranin T (-

 289 mV at pH 7; Clark, 1960). ReductaseTOL and Safranin T had a similar reduction 

rate. The redox potential of reductaseTOL in the absence of NAD+ was calculated to be 

-293 mV. The linear regression of the plot log (EnzOX/EnzRED) against 

log(DyeOX/DyeRED) gives a slope of around -1 (Fig. 22, inset) indicating that the 

electron transfer reaction was at equilibrium.- 

The redox potential of NAD+:reductaseTOLCT was determined with phenosafranine. 

The reduction of NAD+:reductaseTOLCT  was minimally slower than that of the redox 

dye suggesting a value more positive than -252 mV. The interception of the ordinate 

was applied to the Nernst equation giving a redox potential of -233 mV (Fig. 23). The 

linear regression of the plot log (EnzOX/EnzRED) vs. log (DyeOX/DyeRED) gives a slope of 
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around -1 (Fig. 23, inset). This indicates that enzyme and dye were nearly equally 

reduced and the reaction was at equilibrium.  

 

 

 

Figure 24. REDTOL-FAD stands for the oxidized reductaseTOL, REDTOL-FADH2 is the reduced 

reductaseTOL. REDTOL-FADH--NAD+ is the reduced reductase in the presence of NAD+. EE0 is the 

determined redox potential. ΔG is the change of Gibbs free energy calculated with formula 

ΔG = n F EE0 (equation 5). 

 

A difference of redox potential (ΔE0) of +60 mV on the account of NAD+ binding 

means a change of Gibbs free energy (ΔΔG) of 11.58 kJ/mol (Fig. 24). This value again 

means that the electron reaction rate is decreased by about 100-fold (Δk = 106).  

The redox potential change might result from the stabilization of the positive charges 

in the active site and, in turn, of the negative charges of the FAD of 

NAD+:reductaseTOLCT as a consequence of NAD+ binding (Ghisla & Massey, 1989). The 

amino group of K48 is in hydrogen bond distance to the N5 atom of FAD. This lysine 

is found to be conserved in many members of the GR family and is believed to affect 

the redox potential of the protein (Pai & Schulz, 1983). Mutation of the lysine to an 

arginine in the lipoamide dehydrogenase resulted in an increase of redox potential 

and influenced the formation of the CT complex (Maede-Yorita et al., 1994). The 

change of redox potential upon binding of NAD+ can also be found in putidaredoxin 

reductase (PdR), a protein in the cytochrome P450-dependent monooxygenase 

system that transfers the electron from NADH to putidaredoxin (-369 ±10 mV at pH 

7.0 to -230 ± 10 mV) (Reipa et al., 2007).  
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4.2 Redox potential determination of ferredoxinTOL  

 

The determination of the redox potential of ferredoxinTOL was followed by the 

reduction of enzyme and redox dye at 325 and 600 nm, respectively. The 

simultaneous decrease of absorption of ferredoxinTOL spectrum at 325 nm and 

absorption changes of indigo-disulfonate at 600 nm (-109 mV at pH 7.5; Clark, 1960) 

indicate that enzyme and redox dye were reduced contemporaneously. The linear 

regression of the plot log (EnzOX/EnzRED) against log (DyeOX/DyeRED) gives a slope of 

around -1 (Fig. 25, inset). This provides information that enzyme and dye accepted 

approximately the same number of electrons and the reaction was at equilibrium. 

The interception of the ordinate is applied to the Nernst equation to give a redox 

potential (E0) of -112 mV. The determined redox potential of -112 mV coincides with 

the previously estimated one of -109 mV (Subramanian et al., 1985). 

 

 

 

Figure 25. Redox potential measurement of ferredoxinTOL. 15 µM of ferredoxinTOL with equal 

concentration of indigo-disulfonate were in 50 mM Tris-HCl pH 7.5, 0.15 M NaCl, 1 µM benzyl 

viologen, 0.05 U xanthine oxidase. Spectra were recorded every 3 min. Inset shows the plot 

log(EnzOX/EnzRED) versus log(DyeOX/DyeRED). The continuous line displays the linear fit with a slope of -

1. The redox potential was -112 mV. 
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5  Spectroscopic characterization of reductaseTOL and ferredoxinTOL 

 

The reductaseTOL undergoes structural changes when complexed with NAD+. CT 

complex formation results in a change of redox potential by +60 mV and leads to a 

calculated 100-fold decrease of the electron reaction rate. Stopped flow 

measurements were conducted to analyze whether electron transfer reaction rates 

between reductaseTOL and its electron acceptor are constistent with the results of the 

structural characterization and determination of the redox potential. Therefore 

reductaseTOL and ferredoxinTOL were first characterized via UV/Vis spectroscopy in 

order to simplify the evaluation of the data obtained in the reductive and oxidative 

half reaction of reductaseTOL. 

 

5.1 UV/Vis spectroscopic characterization of reductaseTOL and ferredoxinTOL 

 

 

 

Figure 26. UV/Vis absorption spectra of oxidized and NADH-reduced reductaseTOL. ReductaseTOL 

was mixed with 50 mM Tris-HCl pH 8.0. The spectrum of the oxidized enzyme is shown in solid, the 

spectrum of the NADH reduced enzyme is depicted in dashed lines. The DT-reduced reductaseTOL is 

demonstrated in dotted lines. 
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The UV/Vis absorption spectrum of the oxidized reductaseTOL features absorption 

properties typical for a flavoprotein. It has peak maxima at 377 nm and 450 nm with 

a shoulder centered at 473 nm (Fig. 26). Titration with an excess of NADH led to the 

bleaching of the peaks illustrating the complete reduction of FAD (FAD/FADH2). The 

reduction of the flavin was followed by the appearance of a long wavelength 

absorption band in the range of 600 to 800 nm (Fig. 26). The long wavelength 

absorption band is attributed to the formation of a charge transfer (CT) complex 

between flavin and the pyridine nucleotide (Massey & Palmer, 1962). The 

involvement of reduced flavin and oxidized nicotinamide in the formation of CT 

complex was confirmed by experiments of lipoyl dehydrogenase with several NADH 

and NAD+ analogues and emphasized by experiments with NADase, which is unable 

to hydrolyze reduced nicotinamide (Massey & Palmer, 1962). The calculated 

extinction coefficient of reductaseTOL is 11,300 M-1 cm-1 at 450 nm (Subramanian et al., 

1981). The calculated molar extinction coefficient of the charge transfer complex is 

2,082 M-1 cm-1 at 690 nm (Fig. 26, dashed lines). Sodium dithionite (DT) reduced 

reductaseTOL exhibited no CT absorption band (Fig. 25, dotted lines) and could only 

be detected after titration of NAD+ (Fig. 27). 
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Figure 27. Titration of DT-reduced reductaseTOL with NAD+. ReductaseTOL was in 50 mM Tris-HCl 

pH 8.0. DT-reduced reductaseTOL was titrated with NAD+ in steps of 2, 4, 8, 12, 16, 21.5, 29.1, 44, 92 and 

220 µM final concentration of NAD+.  

 

 

 

Figure 28. Photoreduction of reductaseTOL in the absence and in presence of NAD+. Left side of the 

figure shows reductaseTOL mixed in 50 mM Tris-HCl pH 8.0, 1 mM EDTA as electron source and a 

catalytic amount of deazaflavin. Lower left figure shows a spectrum directly after (solid line) and after 

2 min of illumination (dashed line) in the range of 550 – 850 nm, respectively. Right side of the figure 

reductaseTOL mixed in 50 mM Tris-HCl pH 8.0, 1 mM NAD+, 1 mM EDTA as electron source and a 

catalytic amount of deazaflavin. Lower right figure shows a spectrum directly after (solid line) and 

after 20 min of illumination (dashed line) in the range of 550 - 850 nm, respectively. 

 

When reductaseTOL was photoreduced in the presence of deazaflavin, the absorption 

maxima at 377 nm and 450 nm decreased and a corresponding absorption band in 
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the region of 530 to 630 nm appeared indicating the existence of a neutral 

semiquinone species (Beinert, 1956) (Fig. 28). The neutral semiquinone formed 

rapidly and dissociated gradually, just as it has been described in the case of the 

glucose oxidase (Massey & Palmer, 1966). However, the interpretation of the 

observation made with reductaseTOL is not completely reliable as the formation and 

decay of the semiquinone could be falsified by slight traces of oxygen in the solution 

or accidental contact with light. FADH2 would quickly be reoxidized to FAD. FAD 

and FADH2 in solution could disproportionate to FADH∙ (Massey & Palmer, 1966). 

The moderate intensity of the neutral semiquinone absorption band can be explained 

by the above mentioned factors and could also be dependent on the pH of the 

solution (pH 8) used in the photoreduction experiment. A solution at pH 8 rather 

favors the formation of anionic semiquinone (Massey & Palmer, 1966). In the 

presence of NAD+, the semiquinone band was not detectable because it was covered 

by the prominent CT absorbance band (Fig. 28). 

 

 

 

Figure 29. UV/Vis absorption spectra of oxidized and reduced ferredoxinTOL. FerredoxinTOL was in 

50 mM Tris-HCl pH 7.5 with 400 nM reductaseTOL and 67 µM NADH. The oxidized and reduced 

spectra are shown in solid and dashed lines, respectively. 
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The absorption spectrum of ferredoxinTOL shows peak maxima at 325 nm and 460 nm 

and shoulder at circa 575 nm. The spectrum is typical for a Rieske-type [2Fe-2S] 

cluster protein (Fig. 29) (Ensley et al., 1982). The intensity of absorption maxima 

lowered, but not completely diminished during the time course of reduction. Rather 

a shift of maxima was perceivable. The reduced ferredoxinTOL features an additional 

peak at 438 nm (ε438 = 4,930 M-1 cm-1) and a shoulder at 505 nm (ε505 = 2,980 M-1 cm-1). 

The isosbestic point is at 402 nm (Fig. 29, dashed line). The calculated extinction 

coefficient is 15,880 M-1 cm-1 at 325 nm and 7,571 M-1 cm-1 at 460 nm (Fig. 29, solid 

line). These results of ferredoxinTOL are comparable to those of Subramanian et al. 

(Subramanian et al., 1981). 

 

5.2 Reductive and oxidative half reaction 

 

UV/Vis spectroscopic studies reveal that the reduction of the reductaseTOL involves 

the one-electron reduced neutral semiquinone species and that a charge transfer 

complex is formed between fully reduced flavin and oxidized nicotinamide. The 

UV/Vis investigations also show that spectra of reductaseTOL and ferredoxinTOL would 

overlap in spectroscopic interaction experiments making it difficult to attribute any 

observed spectral changes exclusively to the reductaseTOL, the CT complex or the 

ferredoxinTOL. Therefore ferricyanide was used as a one electron acceptor in the 

oxidative half reaction. It does not interfere strongly with the spectrum of 

reductaseTOL at longer wavelengths. Notwithstanding the fact that the reaction with 

the artificial electron acceptor ferricyanide does not equate to the reoxidation with 

ferredoxinTOL, it can be used to mimic the reaction of reductaseTOL with its 

physiological electron acceptor. 

 

5.2.1 Reductive half reaction 
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The reductive half reaction of reductaseTOL was analyzed according to the model 

mentioned in material and methods. NADH binds to the reductase with the 

consequence that a Michaelis complex is formed (FAD::NADH). The FAD of the 

reductaseTOL is then reduced within the complex which results in a charge transfer 

interaction between flavin and nicotinamide (FADH-::NAD+). The dissociation 

constant (KD) was calculated to be 41 ±4 µM. A limiting rate constant (k2) of 

152 ±4 µM was observed (Fig. 31). The observed rate constant at 450 (28.2 s-1) and 

690 nm (29.1 s-1) are similar suggesting that the reduction of FAD is immediately 

followed by the formation of CT complex (Fig. 32, left side). Nearly 100 % of the CT 

intermediate was formed after 40 ms (Fig. 30 and 32).  

 

 

 

Figure 30. Reduction of reductaseTOL with NADH. Spectra were recorded after mixing oxidized 

reductaseTOL (15 µM) with NADH (30 µM) in the stopped flow spectrophotometer in 1 ms interval. 

Only selected spectra are shown. The spectrum of oxidized reductaseTOL (dashed line) has been 

recorded by mixing 15 µM of reductaseTOL with 50 mM Tris-HCl pH 7.2, 150 mM NaCl. Arrows 

indicate the directions of absorption changes and the times in milliseconds after mixing. 
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Figure 31. Reaction traces of reductaseTOL with NADH. The observed hyperbolic relationship 

between the kobs values and NADH concentrations was fitted assuming that a rapid equilibrium for 

the binding of enzyme and NADH, followed by a slow reaction.  

 

 

 

Figure 32. Spectral changes upon the reaction of reductaseTOL with NADH at 450 and 690 nm, 

respectively. Left side of the figure shows 1.2 µM of reductaseTOL mixed with 10 µM of NADH in 

50 mM MOPS, pH 7.2, 150 mM NaCl. The reaction transients were fitted to a single exponential 

equation (A (t) = Amax exp(-kobs t) + c), to give the observed rate constants of 28.2 s-1 (450 nm) and 29.1 s-1 
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(690 nm). Right side of the figure shows 7.5 µM of reductaseTOL mixed with 15 µM of NADH in 50 mM 

MOPS, pH 7.2, 150 mM NaCl. 

 

The reductive half reaction fits to the model with the exception that a slow NAD+ 

dissociation was discernable after CT complex formation (Fig. 32, right side). The 

observed NAD+ dissociation at the end of the reductive half reaction would most 

likely not appear under physiological condition with an intracellular NAD pool and 

could be circumvent by adding an excess of NAD+ according to the LeChatelier’s 

principle (Atkins, 1993). 

 

The reaction of the reductive half reaction can be completed as follows. 

 

 

Reaction scheme 1. Reaction scheme of the reductive half reaction. REDTOL-FAD describes the 

reductase in its oxidized state. Redox dependent changes can be found in the change of its prostestic 

group´s redox state: FADH- equals the reduced flavin. 

 

5.2.2 Oxidative half reaction 

 

The oxidative half reaction was analyzed under the assumption of the model given in 

material and methods. Ferricyanide binds to NAD+:reductaseTOLCT and is reduced by 

the flavin hydroquinone resulting in generation of a neutral semiquinone species. 

Another molecule of ferricyanide is reduced by the neutral semiquinone leaving a 

flavin quinone. The reoxidation of the semiquinone is followed by a dissociation of 

NAD+. The presumption of the existence of the neutral semiquinone intermediate 
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was based on the results of the photoreduction experiment of reductaseTOL in the 

absence of NAD+. 

 

 

 

Figure 33. Reoxidation of NAD+:reductaseTOLCT  by ferricyanide. Spectra were recorded in 1 ms 

intervals. Only selected spectra are shown. The spectrum of NADH-reduced reductaseTOL (dashed 

line) mixed buffer without ferricyanide was used as reference. Arrows indicate the directions of 

absorption changes. The upper figure shows time-dependent spectral changes of NAD+:reductaseTOLCT  

mixed with sub-stoichiometric amount of ferricyanide (11.5 µM of enzyme, 3.5 µM of ferricyanide). 

The middle figure demonstrates time-dependent spectral changes of NAD+:reductaseTOLCT  mixed 

stoichiometric amount of ferricyanide (15 µM of enzyme, 15 µM of ferricyanide). Time-dependent 

spectral changes of reductaseTOL mixed over-stoichiometric amount of ferricyanide changes are 

presented in the lower figure (15 µM of enzyme, 30 µM of ferricyanide). 
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Figure 34. Reaction transients at 450 nm with sub-stoichiometric amount of ferricyanide. NADH-

reduced reductase (11.5 µM) was reoxidized with a sub-stoichiometric amount of ferricyanide 

(3.5 µM). The reaction transients were fitted to a double exponential equation (A (t) = A(1) exp(-kobs(1) t) 

+ A(2)  exp(-kobs(2) t) + c), where A(1) and A(2) are amplitudes, kobs(1)  and kobs (2)  the observed rate constant 

and c the offset. The semiquinone formation of REDTOL-FADH--NAD+ measured at 610 nm has a much 

higher kobs(1) value than the kobs(2) value, representing the decay. The semiquinone formation of REDTOL-

FADH- (species 2) has a kobs(1) value of higher than 300 s-1 and a kobs(2) value of ca. 30 s-1 representing the 

rate of reoxidation of semiquinone to quinone. 

 

The oxidation of NAD+:reductaseTOLCT with sub-stoichiometric amount of ferricyanide 

indicates a fast FAD reoxidation which is not accompanied by the dissociation of 

NAD+ recognizable by an unchanged CT absorbance band at 690 nm (Fig. 33, upper). 

A concomitant decrease of the CT absorbance band could be observed with 

stoichiometric amount of ferricyanide (Fig. 33, middle). This observation was more 

significant when NAD+:reductaseTOLCT was mixed with over-stoichiometric amount of 

ferricyanide. The dissociation of the CT complex was completed at the end of the 

reaction (Fig. 33, lower).  

The reoxidation of FAD could be divided into a fast step and a comparatively slow 

step (Fig. 33 lower). The fast reoxidation step is described by the comparison of the 

first spectrum after mixing to the reference spectrum. The resulting absorption 
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discontinuity (ΔA) at 450 nm is 0.04. This indicates that 23 % of reductaseTOL (of 

15 µM enzyme) is reoxidized within the dead time of the instrument. The charge 

transfer absorbance band remained unchanged. The higher kobs(1) value (formation of 

semiquinone) than kobs(2) value (formation of quinone) was observed (Fig. 34). The 

following slow reoxidation step was accompanied by the dissociation of the CT 

complex (Fig. 33, lower). The decay of the semiquinone was found to be slower than 

its formation (Fig. 35). 

 

 

 

Figure 35. Reaction transients at 450, 610 and 690 nm with an excess of ferricyanide. NADH-reduced 

reductase (15 µM) was reoxidized with an over-stoichiometric amount of ferricyanide (30 µM). The 

reaction transients were fitted to a double exponential equation (A (t) = A(1)  exp(-kobs(1) t) + A(2)  exp(-

kobs(2) t) + c), where A(1) and A(2) are amplitudes, kobs(1)  and kobs (2)  the observed rate constant and c the 

offset. The formation and decay of semiquinone of REDTOL-FADH--NAD+ (species 1) was measured at 

450 nm. It has a higher kobs(1) value than the kobs(2) value. The dissociation of NAD+ has an observed rate 

constant of ca. 15 s-1. The semiquinone formation of REDTOL-FADH- has a kobs(1) value of around 30 s-1 

and a kobs(2) value of ca. 5 s-1 representing the rate of reoxidation of semiquinone to quinone. The 

change in absorbance at 450 nm (reoxidation of FAD) is shown as circles, at 610 nm (semiquinone 

oxidation) as triangles and at 690 nm (dissociation of the charge transfer complex) as squares. 
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The reoxidation of DT-reduced reductaseTOL with over-stoichiometric amount of 

ferricyanide was almost completed within 1 ms and considerably faster than the 

reoxidation of NADH-reduced reductaseTOL (Fig. 36). Experiments with sub-

stoichiometric amount of ferricyanide demonstrate a fast formation and slow 

decomposition of neutral semiquinone (Fig. 37). 

 

 

 

Figure 36. Reoxidation of NADH-reduced and DT-reduced reductaseTOL with over-stoichiometric 

amount of ferricyanide. Time-dependent spectral changes of 11.5 µM NADH-reduced reductaseTOL 

mixed with 40 µM ferricyanide are shown on the left side of the figure and of 14 µM DT-reduced 

reductaseTOL mixed with 45 µM ferricyanide on the right side. Only selected spectra are shown. 

 

The fast and slow reoxidation step noticed with the NADH-reduced reductaseTOL can 

be explained under the assumption that two different species of reduced reductaseTOL 

in solution exist, namely a reduced reductaseTOL forming a CT complex with NAD+ 

(REDTOL-FADH--NAD+, species 1) and a reduced reductaseTOL which is not complexed 

with NAD+ (REDTOL-FADH-, species 2). The reaction of species 1 with ferricyanide 

could account for the slow reoxidation step. Species 1 is reoxized by ferricyanide 

Fe(III) to generate a neutral semiquinone species and reduced ferricyanide Fe(II). 

Reoxidation of the semiquinone to quinone by another molecule of ferricyanide is 
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succeeded by the dissociation of NAD+. This fits to the hypothesized model. The 

observation of the fast reoxidation could be attributed to the reaction of ferricyanide 

with species 2. The existence of species 2 is plausible taking the slow NAD+ 

dissociation at the end of the reductive half reaction into consideration (Fig. 32). The 

fast reoxidation resembles the reoxidation of DT-reduced reductaseTOL with 

ferricyanide (Fig. 36 and 37). It can be assumed that the reaction observed with 

species 2 follows the same reoxidation pattern. It does not exhibit a CT absorbance 

band (Fig. 36). 

 

 
 

Figure 37. Oxidative half reaction of DT-reduced reductaseTOL with sub stoichiometric amount of 

ferricyanide. Time-dependent spectral changes of 14 µM reductaseTOL mixed with 10 µM ferricyanide. 

Only selected spectra are shown. The spectrum 1 ms after mixing is shown as a dotted line and 4 ms 

after mixing as a solid line. The spectrum of reduced reductaseTOL (dashed line) has been recorded by 

mixing the enzyme with buffer without ferricyanide.  

 

Experiments of reductaseTOL (11.5 µM) mixed with sub stoichiometric amount of 

ferricyanide (3.5 µM) clarify the attribution of species 2 to the fast reoxidation under 

the assumption that ferricyanide has a higher affinity to species 2 than to species 1. 

Derived from the CT absorption band 27 % of reduced reductaseTOL is in form of 

species 2 (3.1 µM). Under the given condition 3.5 µM of ferricyanide can reoxidize 
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1.75 µM of reductaseTOL which leaves no ferricyanide to react with species 1. 

Consequently, no dissociation of NAD+ but a slight increase of the semiquinone 

absorption band is detectable (Fig. 33, upper). The contribution of species 1 to the 

slow FAD reoxidation could be enlightened by experiments of reductaseTOL (15 µM) 

mixed with stoichiometric amount of ferricyanide (15 µM). 15 µM of ferricyanide can 

reduce 7.5 µM reductaseTOL (Fig. 33, middle). In this experiment 5 µM of enzyme are 

in the form of REDTOL-FADH- species. 5 µM of REDTOL-FADH- species are reoxidized 

first with no observable change in CT absorbance leaving 2.5 µM of ferricyanide 

exclusively to react with species 1. In that case, around 2.5 µM of CT complex should 

decay. The absorption change at 690 nm (ΔA690) of 0.006 describes a diminishing of 

CT species of ca. 2.9 µM and underline the proposal that the decay of the CT complex 

is contributed to the reaction of ferricyanide with species 1 (Fig. 33, middle).  

The reaction of ferricyanide with species 2 would not likely occur under 

physiological conditions. Similar to the notice of the NAD+ dissociation at the end of 

the reductive half reaction the generation of species 2 could be prevented by the 

supplementation of additional NAD+. Based on the findings in the oxidative half 

reaction the reaction cycle of reductaseTOL can be completed (reaction scheme 2). 

 

 

Reaction scheme 2. Reaction scheme of the reductive and oxidative half reaction of reductaseTOL. 

 



Results and discussion 

74 

 

The comparison of the transient kinetics investigations of DT-reduced reductaseTOL to 

NAD+:reductaseTOL exemplifies that the rate of the electron transfer reaction is 

governed by the CT complex. This conclusion is supported by the experiment, at 

which the DT-reduced reductaseTOL and NAD+:reductaseTOLCT were each mixed with 

oxygen-saturated buffer to demonstrate that the reoxidation of NAD+:reductaseTOLCT 

by oxygen was circa 100-fold slower than the reoxidation of DT-reduced reductaseTOL 

(Fig. 38). This corresponds to the circa 100 times calculated decrease of the electron 

transfer rate upon NAD+ binding (Δk = 106).  

The results of this section are explainable by the results found in the structural 

characterization and determination of the redox potential and add weight to the 

supposition that the CT complex has a protective role in catalysis in so far as its 

presence minimizes the probability to waste reducing equivalents. 

 

 

 

Figure 38. Time-dependent change in absorption at 450 nm. Reduced reductaseTOL was mixed (1:1) 

with an air-saturated solution. The trace labeled -NAD+ shows the reoxidation of DT-reduced 

reductaseTOL, while +NAD+ indicates the recorded trace for NADH-reduced reductaseTOL, where the 

NAD+:reductaseTOLCT is found in solution. 
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SUMMARY 

 

The toluene dioxygenase from Pseudomonas putida F1 is a three-component Rieske 

non-heme iron dioxygenase comprising of a reductase, ferredoxin and an oxygenase 

component. It catalyzes the initial step in the aerobic degradation of the aromatic 

hydrocarbon toluene, the conversion of toluene to cis-toluene dihydrodiol by the 

incorporation of two hydroxyl groups from molecular oxygen into the aromatic 

nucleus. A smooth interaction between all three components needs to be ensured to 

efficiently transfer the electrons derived from NADH oxidation to the terminal 

oxygenase component where molecular oxygen is activated and used for the 

hydroxylation of the aromatic hydrocarbon. 

Based on the results of the kinetic studies of the reductive half reaction of reductase 

NADH rapidly reduces the reductase, resulting in the formation of a stable charge 

transfer complex between NAD+ and FADH-. Oxidation of the charge transfer 

complex by an electron acceptor proceeds via the neutral semiquinone to the quinone 

state of FAD. It is shown that the charge transfer complex affects the oxidation of 

FADH- and suppresses the reaction of the reductase with dioxygen. An explanation 

for this change in reactivity can be deduced from the structure of the charge transfer 

complex. The crystal structure of the charge transfer complex reveals that its slower 

reaction with dioxygen results from a) NAD+ lying coplanar above the Re-face of the 

FAD shielding the reactive N5-C4a locus of the FAD, the site where oxygen attacks 

the flavin, b) the planarity of the isoalloxazine ring forced by a π-π donor-acceptor 

interaction in the charge transfer complex. 

The increased redox potential of the FAD/FADH- couple in the charge transfer 

complex, which is shifted to a 60 mV more positive value in comparison with the 

reductase without charge transfer complex also explains the slower reaction with 

dioxygen. 

The formation of the reductase-ferredoxin complex allows efficient electron transfer 

from reductase to ferredoxin because a) the oppositely charged interacting surfaces 
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of both proteins facilitate the pre-orientation of the ferredoxin on the reductase, b) a 

hydrophobic region surrounding the two redox centers in the complex acts as an 

exit/entrance port for electrons and c) the short edge-to-edge distance between both 

cofactors of 11.7 Å guarantees a fast electron transfer. 

The results of this thesis demonstrate that the electron transfer between reductase 

and ferredoxin is governed by the formation of a stable charge transfer and of a 

reductase-ferredoxin complex with which the problem of an unwanted side reaction 

with dioxygen is obviated. 
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ZUSAMMENFASSUNG 

 

Die Toluol-Dioxygenase von Pseudomonas putida F1 gehört zur Familie der Rieske- 

Dioxygenasen und katalysiert den ersten Schritt im aeroben Abbau des aromatischen 

Kohlenwasserstoffes Toluol. Sie besteht aus Reduktase-, Ferredoxin- und Oxygenase-

Komponente und katalysiert die Umwandlung von Toluol zum cis-Toluol-

Dihydrodiol, indem sie zwei Hydroxylgruppen in den aromatischen Kern einbaut. 

Ein effizienter Elektronentransfer zur terminalen Oxygenase-Komponente - an der 

die Sauerstoffaktivierung und Umwandlung des aromatischen Kohlenwasserstoffs 

stattfindet - setzt eine reibungslose Interaktion aller Komponenten miteinander 

voraus. 

Die Ergebnisse der Stopped-flow-Messungen in der reduktiven Halbreaktion zeigen, 

dass NADH die Reduktase mittels Hydridtransfer reduziert, wodurch ein stabiler 

Ladungstransfer-Komplex zwischen NAD+ und FADH- entsteht. In der oxidativen 

Halbreaktion wird dieser dann durch einen Elektronenakzeptor u ̈ber das blaue 

Semichinon zum Chinon oxidiert. Dabei zeigt sich, dass der Ladungstransfer-

Komplex Einfluss auf die Flavin-Oxidation hat und die Reaktion der Reduktase mit 

Sauerstoff unterdrückt. Eine Erklärung hierfür liefert die Kristallstruktur des 

Ladungstransfer-Komplexes. Aus ihr ist ersichtlich, dass die Reaktion mit Sauerstoff 

dadurch unterdru ̈ckt wird, dass a) das NAD+ koplanar mit dem Isoalloxazinring ist 

und dabei den reaktiven N5-C4a Teil des FADs schu ̈tzt, der Teil des Flavins der mit 

molekularem Sauerstoff reagiert, und dadurch, dass b) das NAD+-Moleku ̈l den 

Isoalloxazinring in eine planare, weniger sauerstoffempfindliche Konformation 

zwängt. 

Aus der Bildung des Ladungstransfer-Komplexes resultiert ein um 60 mV erhöhtes 

Redoxpotential des FAD/FADH--Überganges im Vergleich zur Reduktase ohne 

Ladungstransferkomplex, welches ebenso die verlangsamte Reaktion der Reduktase 

mit molekularem Sauerstoff erklärt. 

Durch die Bildung des Reduktase-Ferredoxin-Komplexes wird ein effizienter 
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Elektronentransfer folgendermaßen ermöglicht: a) das Ferredoxin bindet an die 

Reduktase aufgrund elektrostatischer Anziehung entgegengesetzter 

Oberflächenladungen beider Proteine, b) die hydrophobe Region, die die beiden 

Redoxzentren umgibt, fungiert als Ein- und Ausgang fu ̈r Elektronen und c) die 

geringe Entfernung von 11.7 Å zwischen beiden Kofaktoren erlaubt einen schnellen 

Elektronentransfer. 

Die Ergebnisse dieser Arbeit zeigen, dass der Elektronentransfer zwischen Reduktase 

und Ferredoxin durch die Bildung eines stabilen Ladungstransfer- und Reduktase- 

Ferredoxin-Komplexes beeinflusst wird und dadurch das Problem einer ungewollten 

Reaktion mit molekularem Sauerstoff umgangen wird. 
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APPENDIX 

 

A Experimental part 

 

1 Appendix molecular biology 

 

Table A1. Cloning and expression strains used in the thesis.  

 

Strain  Derivative Genotyp   Antibiotic Resistance 

DH5α  K-12  F– Φ80dlacZ_M15 nupG glnV44   none 

(lacZYA-argF) U169 deoR recA1 

endA1 thi-1 hsdR17 (rK- , mK+  

phoA supE44 gyrA96 relA1 λ– relA1 

XL-1blue K-12  endA1 gyrA96(nalR) thi-1 recA1 relA1  none 

lac glnV44 F'[ ::Tn10 proAB+ lacIq 

Δ(lacZ)M15] hsdR17(rK- , mK+) 

BL21  B   F– ompT hsdS(rB– m B–) dcm+ Tetr gal  

CodonPlus                                  λ(DE3) endA Hte  [argU ileY leuW Camr]  Cam 

 

CAM is the abbreviation for chloramphenicol and was used with a final concentration of 50 µg/ml 

solved in 100% ethanol. 

 

Table A2. Vectors, into which todA and todB were cloned, and the names of new cloned plasmids. 

Vector  insert (gene)  T7lac Antibiotics Resistance  His-Tag 

pET-11a none  yes  Amp/Cb     none 

pET-15 b none  yes     Amp/Cb   N 

pET15btodA  todA  yes Amp/Cb  N 

pET11atodB  todB  yes Amp/Cb  none 

pET15bto  todB   yes Amp/Cb   N 
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Amp stands for ampicillin(100 µg/ml), Cb for Carbenillin (50 µg/ml). N stands for N-Terminal His6-

Tag.  

 

Table A3. Primers used in cloning of reductaseTOL and ferredoxinTOL. 

 

Name      Sequence    (°C) 

pputtodA_fw: 5’- GAC CAT ATG GCT ACC CAT GTG GCG AT - 3’  64 

pputtodA_rv: 5’- GAG GAT CCT CAC GTT AGG TCT CCT CCA -3’   63 

pputtodB_fw: 5’- GAC CAT ATG ACT TGG ACA TAC ATA TTG CGG -3’ 62 

pputtodB_rv: 5’- GCG GAT CCT CAC TTC AAC TCC CCG TTG T- 3’  65 

 

Recognition site for NdeI is colored in yellow, the recognition site for BamHI is depicted in blue. fw 

stands for forward primer, rv for reverse primer. Tm is the melting temperature of the primers in °C. 

 

Table A4. PCR reaction material and thermoycler condition of PCR reactions of cloning of  

reductaseTOL and ferredoxinTOL 

 

PCR reaction material 

dNTP  Mix:  200 nM 

Forward primer 500  

Reverse Primer: 500  

Genomic DNA P.putida F: 25 ng                                           

Pfu Polymerase: 0.25 U. 

10 x  Pfu Polymerase buffer: 1 x 

 

Step   Temperature Time (min) 

1. Initial denaturation    95 °C   5 

2. Denaturation     95 °C    2 

3. Annealing     63 °C   2 

4. Extension     74 °C   3 

5. Final extension    74 °C   10 
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For thermocycling conditions steps 2 to 4 were repeated 20 x with a final extension step at the end. 

 

Table A5. Loading dye for 1 % agarose electrophoresis. 

 

Loading dye (6x) 0.25 % (w/v) bromphenol blue 

0.25 % (w/v) xylene cyanol FF  

   30 % (w/v) glycerol 

 

2 Appendix expression and purification 

 

Table A6. Recipe for ten 12 % SDS-PAGE gels. 

 

Name    concentration  chemical/biochemical   

SDS loading buffer (4 x)  200 mM Tris pH 6.8 

(DTT+)    8 % (w/v) SDS 

0.4 % (w/v) bromphenol blue    

      40 % (v/v) DTT 

Running buffer (10 x)  144 g  glycine 

3 g  Tris 

10 g  SDS      

ad 1000 ml H2O 

Staining solution  0.125 g  SERVA BLUE G 

50 ml  acetic acid 

                                                                                                                ad 500 ml H2O 

Destaining solution  100 ml  acetic acid 

ad 500 ml H2O                              

Polyacrylamide (12 %)  21 ml  ddH2O         

stacking gel   40 ml  Rotiphorese Gel 30 

37.5 ml  1 M Tris pH 8.8 

  1 ml  10 % (v/v) SDS 

80 µl  TEMED 
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0.5 ml  10 % (w/v) APS 

Polyacrylamide (6 %)  36.5 ml  ddH20 

running gel   10 ml  Rotiphorese Gel 30 

2.5 ml  2.5 M Tris pH 6.8 

0.5 ml  10 % (w/v) SDS 

40 ml  TEMED 

0.5 ml  10 % (w/v) APS                                             

.                                       

 

Table A7. Media and solutions used for cloning and expression. 

 

LB Medium :  10 g/l  trypton 

5 g/l  yeast extract 

5 g/l  NaCl 

TB Medium:  12 g/l   trypton 

24 g/l   yeast extract 

10 ml/l  87 % glycerol 

dYT Medium:  16 g/l  trypton 

5 g/l  yeast extract 

5 g/l  NaCl                  

SOB Medium:  20 g/l  trypton 

5 g/l  yeast extract 

0.5 g/l  NaCl 

2.5 mM KC 

pH adjusted to 7.0 with NaOH 

10 mM MgCl2 

LB Agar:  10 g/  trypton 

5 g/l  yeast extract 

5 g/l  NaCl 
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15 g/l  bacto agar 

Lysis buffer:  40 mM Tris-HCl pH 8.0  

20 mM sodium acetate 

1 mM  EDTA 

1 % (w/v) SDS 

TAE buffer (50x): 2 M  Tris  

1 ml  acetic acid 

50 mM EDTA pH 8.0 

 

Table A8. Buffers used for the purification of reductaseTOL. 

 

Buffer A:  50 mM Tris-HCl pH 8.5 

20 mM  NaCl 

20 mM  Imidazole 

1 mM   PMSF 

Buffer B:   50 mM Tris-HCl pH 

20 mM NaCl 

varying concentration of imidazole 

Buffer C:    50 mM Tris-HCl pH 8.0 

Buffer D:  50 mM Tris-HCl pH 8.0 

150 mM NaCl 

 

Table A9. Buffers used for the purification of ferredoxinTOL. 

 

Breaking buffer: 50 mM Tris-HCl pH 6.9 

1 mM  DTT 

1 mM  PMSF 
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Buffer E1:  50 mM Tris-HCl pH 6.9 

1 mM  DTT 

Buffer E2:  50 mM Tris-HCl pH 6.9 

                                                   1 mM  DTT  

                                                   0.5 M  NaCl 

Buffer F1:  5 mM  KH2PO4 pH 6.9 

1 mM  DTT 

1 mM  DTT 

Buffer G:  50 mM Tris-HCl pH 6.9 

1 mM  DTT 

150 mM NaCl 

 

 

 

Figure A1. Test expression of ferredoxinTOL in E. coli BL21CodonPlus-(DE3) at 18 °C expression 

temperature after induction. Lane 1 = 0 h before induction, lane 3 = 3 h after induction, lane 4 = 

supernatant 3 h after induction, lane 5 = 6 h after induction, lane 6 = supernatant 6h after induction, 

lane 7 = 8 h after induction, lane 8 = supernatant 8 h after induction, lane 9 = 18 h after induction lane 

10 = supernatant 18 h after induction, M = unstained molecular weight marker from Fermentas. 

 

3 Appendix spectroscopic characterization 
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Table A10. Extinction coefficients of reductaseTOL, ferredoxinTOL and redox dyes used for the 

calculation of the redox potential. 

 

mM-1cm-1  εxRED, ox εxFER, ox  εxPS, ox   εxS T, ox    εxIDS, ox 

450 nm 11.3  −  9.29  5.95    − 

460 nm    7.6  −  −   − 

521 nm 0.3   −  44.7  −   − 

522 nm 0.287  −  −   28.457   − 

610 nm −   −   −  −   19.375 

 

RED = reductaseTOL, FER = ferredoxinTOL, PS = phenosafranine, ST = Safranin T, IDS = indigo-

disulfonate 
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