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Chapter 1 

General Introduction 

1-1 Archaea and Hyperthermophiles  

With the establishment of a novel phylogenetic tree on the basis of small-subunit rRNA (16S 

rRNA) sequence by Carl Woese (Fig 1-1), archaea have been increasingly known and studied as the 

third domain of organism, which are clearly distinguishable from domains of bacteria and eukarya 

[1-3]. Archaea form a unique and interesting group of organisms for the following reasons: First and 

foremost, archaea are critical for evolutionary studies to probe the origins of life and the course of 

evolution on earth because of their nearest location to the last universal common ancestor (LUCA) in 

the phylogenetic tree. Secondly, archaea are often recognizable as extremophiles, although not all 

extremephiles are members of the archaea (and not all archaea are extremophiles) [4]. Archaea are 

usually prevalent in extreme environments and hold some unique metabolic routes and unique 

enzymes [5]. As a result of their extremophilic nature and their role in the evolution of life, the 

properties of archaea have stimulated scientist to expand their horizons on many novel research [6-8].  

Archaea have traditionally been grouped into methanogens, extreme halophiles (haloarchaea) and 

thermophiles. Hyperthermophiles, which grow fastest at temperature above 80℃ often colonize 

volcanic terrestrial environments and deep-sea hydrothermal vents, growing aerobically or 

anaerobically as heterotrophs or autotrophs [2, 9]. Actually, most hyperthermophiles exhibit a 

chemolithoautotrophic mode of nutrition. Molecular hydrogen, sulphide, sulphur and metal sulphides 

such as pyrite (FeS2) can serves as electron donors. For anaerobic respiration, nitrate-, sulphate-, 

sulphur- and carbon dioxide (CO2) can be used as electron acceptors, while for aerobic respiration, low 

concentration of oxygen can be used as electron acceptor [10, 11]. In most hyperthermophilic 

chemoautotrophes, CO2 is the only carbon source required to build up organic cell material, and some 

novel assimilation ways of CO2 into cellular components have also been discovered recently, for 

instance the hydroxypropionate-hydroxybutyrate cycle and dicarboxylate-hydroxybutyrate cycle (Fig 
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1-2).  

The dicarboxylate-hydroxybutyrate cycle functions in the anaerobic or microaerobic autotrophic 

members of the crenarchaea orders, and can be divided into two parts: First, acetyl-CoA, CO2 and 

bicarbonate are transformed into succinyl-CoA. Second, succinyl-CoA is converted into two 

molecules of acetyl-CoA. The hydroxypropionate-hydroxybutyrate cycle functions in the autotrophic 

crenarchaea order Sulfolobus. The enzymes of this cycle are oxygen tolerant, and the cycle can also be 

divided into two parts: The first transforms acetyl-CoA and two bicarbonate molecules to 

succinyl-CoA, and the second converts succinyl-CoA back into two acetyl-CoA molecules [12, 13]. In 

addition, several chemolithoautotrophic hyperthermophiles are opportunistic heterotrophs. 

Heterotrophic hyperthermophiles gain energy either by aerobic or different types of anaerobic 

respiration using organic material as electron donors, or by fermentation [10, 11].  

1-2 Sulfolobus and Aeropyrum 

Sulfolobus and Aeropyrum are two typical absolutely aerobic archaea. Sulfolobus species grow in 

volcanic springs with optimal growth occurring at pH 2-3 and temperature of 75-80℃. Generally, 

Sulfolobus either grow well chemoheterotrophically under aerobic conditions, but also can survive 

lithoautotrophically using sulfur to oxidize into sulfate [14, 15]. The principle metabolic pathways for 

heterotrophic growth are modified Entner-Doudoroff (ED) pathway (Fig 1-3) and tricarboxylic acid 

cycle (TCA cycle), which are linked by a pyruvate:ferredoxin oxidoreductase (PFOR) that catalyzes 

oxidative decarboxylation of pyruvate to produce acetyl-CoA. The modified ED pathway comprises a 

non-phosphorylative and a semi-phosphorylative branch[16, 17]. The complete genomes have also 

been sequenced for Sulfolobus acidocaldarius (2.23 Mbp), Sulfolobus solfataricus (2.99 Mbp), 

Sulfolobus tokodaii (2.69 Mbp) and nine species of Sulfolobus islandicus (2.4-2.8 Mbp) [18, 19]. 

However, approximately a half of open reading frame (ORF) are unknown function genes so far, and it 

is interesting and meaningful to study physiological functions and roles of these putative genes in the 

metabolism of Sulfolobus [20]. 
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Aeropyrum pernix is the first strictly aerobic hyperthermophilic archaea growing at neutral pH. It 

was originally isolated from heated marine sediments and venting water in the sea off the coast of 

Japan. The optimal temperature for growth of A. pernix is 90-95℃, much higher than that of 

Sulfolobus [21]. Its complete genome (1.67 Mbp nucleotides) was sequenced in 1999, but there are 

still clearly a large amount of functionally unknown ORFs [22].  

1-3 Ferredoxin 

Ferredoxins (Fds) are distributed over a wide range of living organisms from humans to archaea. 

They are low molecular weight (6,000-12,000 Da), nonheme iron proteins that function as electron 

carriers in a wide variety of electron transport reactions. The name “ferredoxin”, which literally means 

an iron redox protein with iron-sulfur cluster, composed of non-heme iron and acid labile sulfur. 

Various kinds of Fds isolated from different organisms have been studied biochemically and 

biophysically, and are classified by the geometry of Fe-S cluster into two types: the plant-type Fd and 

bacterial-type Fd [23-25]. 

Plant-type Fds are characterized not only by a single [2Fe-2S] cluster but also by an unique protein 

folding consisting of a four-stranded mixed β-sheet, an α-helix, and a long loop containing three of 

four cysteine ligands to the iron atoms [25]. Bacteria-type Fds have many variants which differ in the 

number of clusters (one or two), the type of cluster ([4Fe-4S] or [3Fe-4S]) and the length of 

polypeptide chain (insertion or terminal extension). The dicluster-type Fd, including two [4Fe-4S] 

clusters or [3Fe-4S] [4Fe-4S] clusters, have a common protein fold know as the (βαβ)2 fold, which 

ligates two cubane-like Fe-S clusters. Each of the duplicated halves of the common fold has the 

consensus amino-acid sequence, Cys-X-X-Cys-X-X-Cys-X-X-X-Cys-Pro, which is a striking feature 

for binding the Fe-S cluster [23, 24, 26].  

Fd from S. tokodaii (StFd) is a bacterial dicluster-type. An 1.8 Å resolution crystal structure of 

StFd was determined by Fujii, et al (Fig 1-4). StFd is a unique zinc-ligating Fd with one [3Fe-4S] 

cluster and one [4Fe-4S] cluster [27]. Based on studies of electron paramagnetic resonance (EPR) and 

cyclic voltammetry, the [3Fe-4S] cluster with redox potential of -280 mV plays a redox role, whereas 
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the [4Fe-4S] cluster with redox potential of -530 mV plays a structural role [28]. The polypeptide 

chain of StFd consists of 103 amino-acid residues, and its primary structure is distinct from those of 

bacterial-type Fd in two regions: StFd has an N-terminal extension of 36 residues N-terminal domain 

and an insertion of about 10 residues in the middle of the polypeptide chain. Site-directed mutagenesis 

in the N-terminal domain including zinc-ligating His residues demonstrate that the zinc ion and a 

certain part of the N-terminal domain are responsible for thermal stabilization of the molecule, but not 

for function [29, 30].  

1-4 2-Oxoacid:ferredoxin oxidoreductase (OFOR) 

Oxidative decarboxylation of 2-oxoacids, such as pyruvate and ketoglutarate, is a key reaction of 

intermediary metabolism [31]. Most organism exploit the high reducing power of these substrates for 

the reduction of a low potential electron carrier and concomitant formation of an energy-rich thioester 

linkage between CoA and the resulting carboxylic acid. In mitochondria and many respiratory bacteria, 

the reactions are catalyzed by 2-oxoacid dehydrogenase (ODH) multienzyme complex, which is 

composed of three components, E1 (binding TPP), E2 (binding lipoamide), and E3 (binding flavins 

and final electron acceptor NAD+), with a molecular mass of 5 – 6 MDa [32]. In archaea, early 

branching bacteria, and amitochondrial eukaryotes, the reactions are catalyzed by a much simpler 

enzyme, that is OFOR with subunit compositions of the a2 type (homodimer), (ab)2 type (dimmer of 

heterodimers), (abcd)2 type (dimmer of heterotetramers) or other types, with maximum total molecular 

mass of around 270 kDa [33-36]. The thiamine diphosphate (TPP) and iron-sulfur cluster(s) are 

intrinsic cofactors. Fd is the external electron acceptor, which converted from oxidized state to 

reduced state (Fig 1-5). According to the type of 2-oxoacid, OFORs can be classified into the 

following four groups: pyruvate:ferredoxin oxidoreductase (PFOR), isovalerate:ferredoxin 

oxidoreductase (VFOR), ketoglutarate:ferredoxin oxidoreductase (KFOR) and 

indolepyruvate:ferredoxin oxidoreductase (IFOR).  

OFORs from archaea such as Pyrococcus furiosus, Archaeoglobus fulgidus, Methanococcus 

thermoautotrophilcum as well as those from a pathogenic eubacterium, Helicobacter pyroli, are 
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composed of four different subunits, and are thus referred to as (abcd)2 type enzymes [37-40]. Most of 

the enzymes of this type exhibit specificity for pyruvate. In certain organism, the coexistence of an 

enzyme specific for isovalerate has been reported (VFOR) [40, 41]. The OFORs from S. tokodaii 

(StOFOR) and H. halobium possess two different subunits of 71 kDa and 37 kDa [35, 42]. The 

a-Subunit is a homologue of a fusion of subunits c and a of (abcd)2-type OFOR, in that order. StOFOR 

shows broad 2-oxoacid specificity not only for pyruvate, but also 2-oxobutyrate, ketoglutarate (KFOR), 

and so on, playing important roles in the central metabolism of glycolysis (or gluconeogenesis) and the 

TCA cycle. Another OFOR capable of acting on indolepyruvate (IFOR) has been found in P. furiosus 

and P. kodakaraensis KOD1, which are composed of two subunits [39, 43]. Subunit a is a chimera of 

subunits a, d and b of (abcd)2-type OFOR, in that order. The OFORs specificity for pyruvate (PFOR) 

from Klebsiella pneumoniae, Rhodospirillum rubrum, Enterobacter agglomerans, Anabaena 

variabilis, Trichomonas vaginalis and Desulfolvibrio africanus are homodimers of a 120-130-kDa 

subunit, which is a fusion of subunits a, c, d and b, in that order [34, 44-47] (Table 1-1). Another novel 

PFOR from Hydrogenobacter thermophilus TK-6, which comprises five subunits (A, B, D, G, and 

E-subunits) is identified, and found that the A, B, G, E-subunits are similar to a, b, c, d subunits of 

(abcd)2 type OFOR, respectively. D-subunit has no specific motifs but is essential for the enzyme 

expression [48]. Recently, this novel PFOR of five subunits was proved to act as pyruvate synthase 

catalyzing the reverse reaction to form pyruvate and play a critical role in the reductive tricarboxylic 

acid cycle of H. thermophilus TK-6 [49]. The molecular construction of the three types of OFOR, 

indicates that this family of enzymes should have evolved from a common ancestor, possibly of the 

(abcd)2-type, through reorganization, deletion and fusion of the genes (Fig 1-6) [42].  

Based on the structure of OFOR from D. africanus (DaPFOR), functional and structural analysis 

of a heterodimeric StOFOR has been carried out in our lab for long years. Although the two enzymes 

belong to the different types and show a low amino acid identity, they exhibit a certain level of domain 

similarities (Fig 1-7). The YPITP-motif (residues 253-257) in a-subunit, which is conserved 

universally in OFOR family, are essential for the turnover of the reaction rather than the affinity 
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toward 2-oxoacid [50]. In addition, based on careful multiple alignment of StOFOR and DaPFOR, five 

amino acids (T256, R344, T353 of a-subunit; K49, L123 of b-subunit) were selected as candidate 

2-oxoacid recognizing residues. Replacement of the five residues resulted in significant changes in 

both of the Km and Vmax values for pyruvate, indicating that these amino acids are involved in substrate 

recognition and catalysis [51]. On the other hand, to elucidate the binding site for CoA in OFOR, an 

affinity labeling study of StOFOR using of 4-fluoro-7-nitrobenzofurazan (NBD-F), which mimic 

adenine ring of CoA, indicated that K125 in b-subunit is responsible for CoA binding [52]. 

Crystallization of StOFOR have also been carried out in our laboratory for long years, but the structure 

was not solved [Doctor thesis of Fukuda, and Master thesis of Maruyama and Osaki].  

1-5 Ferredoxin:NADP+ oxidoreductase (FNR) 

Ferredoxin:NADP+ oxidoreductases (FNRs) are ubiquitous FAD-containing enzymes that catalyze 

the electron transfer of reducing equivalents between Fd and NADP+. In eukaryotes and eubacteria, 

FNRs can participate in electron transfer chains to oxidize reduced ferredoxin in various metabolic 

processes as diverse as photosynthesis, nitrogen fixation, steroid metabolism, oxidative-stress 

responses, iron sulfur cluster biogenesis, and so on [53, 54]. FNRs are generally classified into two 

types with four subclasses: the classical plant-type family comprising plastid and bacteria subclasses; 

and the glutathione reductase (GR) type family comprising adrenodoxin reductases (ARs) and 

oxygenase-coupled NADH-ferredoxin reductases (ONFRs). FNRs of the plant type function as a 

monomer. FNRs of the GR type are generally monomeric the exception being a homodimer of BphA4 

from Pseudomonas sp. strain KKS102. Recently, a novel type of FNRs was reported, that is, 

thioredoxin reductase-like FNRs (TRLFs), which physiologically function as FNRs, but exhibit a 

structural homology to NADPH-dependent thioredoxin reductases (TrxRs). Other than the former two 

types, all known TRLFs are homodimers [55-57]. 

Although a large number of FNRs in different organisms have been characterized, and several 

FNR crystal structures have been solved, only one such enzyme in an archaea, called sulfide 

dehydrogenase, has been reported to show the activity of FNR from Pyrococcus furiosus. However, it 
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differs from the above three types of FNRs because not only is it a heterodimer of a subunit-a of 52 

kDa and a subunit-b of 29 kDa, but also it contains a flavin and four iron-sulfur clusters. FNRs from 

other archaea have not been reported so far [58, 59].  

 

1-6 The aim of this thesis 

   OFOR is a key enzyme in intermediate metabolism of many organisms including anaerobic 

bacteria, archaea and amitochondriate eukaryotes. In addition, OFOR are potential targets for specific 

drug design because they are only present in microgranisms that include several anaerobic human 

pathogens. Consequently, there has been an increased interest in the structure and catalytic mechanism 

of OFORs. But crystal structures of only one homodimeric type PFOR from D. africanus have been 

determined so far, and there are still a lot of unknowns on the reaction mechanism catalyzed by 

OFORs, such as electron transfer and substrate binding. The primary aim of this thesis is to solve the 

crystal structure of a (ab)2-type OFOR, and reveal the reaction mechanism of oxidative 

decarboxylation of 2-oxoacid catalyzed by the simplest (ab)2-type OFORs, which are not only 

TPP-containing enzymes, but also possess sole iron-sulfur cluster. These will provide a new insight 

and understanding for further studies in the classical key reaction.  

On the other hand, it is still insufficient to elucidate the property and the physiological function of 

the Fds in S. tokodaii, and how the reduced StFd catalyzed by StOFOR recycles into its oxidized state 

remains unknown in hyperthermophilic aerobic archaea. Thus, this thesis also aims to further clarify 

the physiological functions of Fds in archaea. Moreover, I tried to find and characterize the archaeal 

FNRs which can recycle Fd in S. tokodaii.    
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Fig.1-1. Universal phylogenetic tree based on small subunit rRNA. Red thick 

lines represent hypermophiles.  
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Fig.1-2. Pathways of autotrophic CO2 fixation in crenarchaeota.  

(A) The dicarboxylate-hydroxybutyrate cycle that functions in Desulfurococcales and 

Thermoproteales.  (B) The hydroxypropionate-hydroxybutyrate cycle that functions in 

Sulfolobus.  
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Fig.1-3. The Modified of the Entner-Doudoroff (ED) pathway in archaea. (A) 

Non-phosphorylative ED pathway. (B) Semi-phosphorylative ED pathway.  

Abbreviations: 1.3 BPG, 1,3-bisphosphoglycerate; Fdox and Fdred, oxidized and reduced 

ferredoxin; GA, glyceraldehyde; GAP, glyceraldehyde-3 phosphate; KDG, 

2-keto-3-deoxy-glucenate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; PEP, 

phosphoenolpyruvate; 2 PG, 2-phosphoglycerate; 3 PG, 3-phosphoglycerate. Enzymes are 

numbered as follows: 1, glucose dehydrogenase; 2, gluconate dehydratase; 3, KDPG aldolase; 4, 

glyceraldehyde oxidoreductase; 5, glycerate kinase; 6, enolase; 7, pyruvate kinase; 8, KDG 

kinase; 9, glyceradehyde-3-phosphate dehydrogenase; 10, phosphoglycerate kinase; 11, 

non-phosphorylating glyceradehyde-3-phosphate dehydrogenase; 12, phosphoglycerate mutase.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1-4. The crystal structure of ferredoxin from Sulfolobus tokodaii [27].  
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Fig.1-5. (A) The reaction catalyzed by OFOR and ODH multienzyme complex. 

(B) A comparison of reaction mechanisms catalyzed by OFOR and ODH. The 

OFOR reaction is shown only in the direction of oxidative decarboxylation 

during heterotrophic growth. 
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Fig.1-6. The molecular evolution of three types of OFORs 
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Fig.1-7. (A) The crystal structure of PFOR from D. africanus [60]. (B) Arrangement of 

TPP cofactor and three [4Fe-4S] clusters in one subunit, showing the successive 

center-to-center distances, assuming that the C2 atom is the redox center of TPP. (C) 

Domain similarities between StOFOR and PFOR from D. africanus.   
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Table.1-1. OFORs from various organisms.  
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Chapter 2 

  Reaction mechanisms of 2-oxoacid:ferredoxin oxidoreductase from Sulfolobus 

tokodaii 

 

2-1 Introduction 

2-Oxoacid:ferredoxin oxidoreductases (OFOR), which are distributed among archaea, early 

branching bacteria, and amitochondrial eukaryotes, catalyzes CoA-dependent oxidative 

decarboxylation of 2-oxoacids such as pyruvate and ketoglutarate. According to the subunit 

compositions, OFORs are classified as the a2 type (homodimer), (ab)2 type (dimer of heterodimers), 

and (abcd)2 type (dimer of heterotetramers). The TPP and iron-sulfur cluster(s) are intrinsic cofactors 

[31]. Homodimeric pyruvate:ferredoxin oxidoreductase from Desulfovibrio africanus (DaPFOR) is the 

only OFOR whose crystal structures have been determined (Fig 1-7) [60]. In a 135-kDa subunit, three 

[Fe-S] clusters are located between the TPP and the protein surface, providing an electron pathway 

from pyruvate to an external ferredoxin. The subunit is composed of seven domains; TPP binds 

between domains I and VI, one [4Fe-4S] cluster (“proximal”) binds to domain VI, and two [4Fe-4S] 

clusters (“median” and “distal”) bind to domain V (called intramolecular Fd) [61, 62]. OFOR from 

S.tokodaii (StOFOR) is (ab)2 type, being composed of 70 kDa a-subunits (corresponding to a fusion of 

domains III-I-II of DaPFOR) and 34 kDa b-subunits (corresponding to domain VI of DaPFOR). 

Domain V of DaPFOR is lacking in StOFOR, that is, StOFOR contains only one [4Fe-4S] cluster, and 

is the simplest in the OFOR family (Fig 2-1). Therefore, this archaeal enzyme is a good model for 

studying the redox mechanism of OFOR [42, 50-52]. 

In a plausible model (Fig 2-2), the homodimeric type PFOR reaction starts from decarboxylation 

of pyruvate through attack by ylide of TPP, subsequently a hydroxyethyl-TPP (HE-TPP) intermediate 

being formed. From this intermediate an electron is transferred to the proximal [4Fe-4S] cluster and a 

radical of HE-TPP is formed. The radical is relatively stable, its half-life varying with the source of 
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PFOR from about a few minutes to more than several hours. The radical decays rapidly on the addition 

of CoA, an acceptor of a hydroxyethyl group, accompanied by transfer of another electron to the 

“medial” Fe-S cluster, producing acetyl- CoA and free TPP. For this reaction cycle to turnover, at least 

two intermolecular [4Fe-4S] clusters are required, since pyruvate releases two electrons while a 

[4Fe-4S] cluster usually transfers one electron immediately with a valence change between +2 and +1 

[63-66]. Thus, PFOR cannot turnover in the absence of ferredoxin, which acts as an external electron 

sink [31, 67]. Therefore, whether or not a stable HE-TPP radical of StOFOR with a single [4Fe-4S] 

cluster in the absence of ferredoxin decays immediately on the addition of CoA is an interesting 

question. One of the purposes of the present study is to examine the reaction cycle of StOFOR with a 

single [4Fe-4S] cluster. 

In addition to the classical oxidative decarboxylation reaction, OFOR can also catalyze 

non-oxidative decarboxylation of pyruvate to yield acetaldehyde, which is similar to that catalyzed by 

pyruvate decarboxylase, which contains TPP but not a Fe-S cluster. The archaeal OFOR reaction is so 

far assumed to require CoA for aldehyde production. The role of CoA remains unknown [68]. 

In this chapter, I constructed various mutants of StOFOR by replacing four Fe-ligating Cys 

residues with Ala, which yielded C12A, C15A, C46A, C197A, and C12/15A mutants, to investigate 

the roles of Cys residues in the reaction mechanisms of both oxidative and non-oxidative 

decarboxylation of pyruvate. We found that all four Cys are required to hold the [4Fe-4S] cluster for 

oxidative decarboxylation of pyruvate including the formation of a stable HE-TPP radical, and also 

found that CoA is not required for nonoxidative decarboxylation of pyruvate to yield acetaldehyde, 

thus proposed a revised reaction pathway for StOFOR. 

 

2-2 Materials and Methods 

2-2-1 Plasimid and Bacterial strains 

An expression plasmid, pPKORCHis, with a His tag at the C-terminal of b-subunit was 

constructed from the original plasmid, pOFORAB [50-52]. Genes encoding the a-subunit and 

b-subunit of OFOR were amplified by PCR reaction from pOFORAB. Primers pkorANhe-If  and 
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pkorBXho-Ir-stop were designed as follows: 5’-ATATGGCTAGCAGACTTAGTTGGGTTATAGG-3’ 

and 5’-GATCTGCTCGAGTTAGTCTACTTCCCTTTCTTTTA-3’, and the PCR product was ligated 

into an expression vector, pET-21a, between the Nhe I and Xho I sites. E.coli strain XL10 gold was 

used for cloning of the wild type and mutant OFORs. E.coli strain C43 (DE3) was used for protein 

expression of the wild type and mutants. 

2-2-2 Construction of mutant plasimid 

Site-directed mutagenesis of C197A, C46A, C12A, C15A, and C12/15A was performed according 

to the PrimeSTAR site-directed mutagenesis protocol (TaKaRa) with the following primers: 

5’-CAACCTGCCCCTACTTACAACGATATA-3’, 5’-ATTGGTGCCTCTGGTAAAATACCGCAT-3’, 

5’-GTGCCCTGGAGCCGGTAATTTCGGAATTTTA-3’, 

5’-GGCCCCTGGATGCGGTAATTTCGGAATTTTA-3’, 

5’-GGCCCCTGGAGCCGGTAATTTCGGAATTTTA-3’. The sequences were confirmed by the 

dideoxy chain termination method with an Applied Biosystems Model 373A DNA sequencer. 

2-2-3 Heterologous expression and purification of wild type and mutant OFOR 

Cells harboring the expression plasmid for the wild type and mutant OFOR genes were grown in 

LB-ampicillin (100 μg/ml) medium until OD600 reached 0.8-1.0 at 37℃. Then 0.5 mM 

β-isopropylthiogalactoside (IPTG) was added and the cells were grown for a further 20 h at 30℃. The 

cells were then collected and suspended in 50 mM Tris-HCl buffer, pH 8.0, and disrupted by 

sonication. The lyzed cell suspension was heated at 70℃ for 15 min to denature E.coli proteins. After 

centrifugation of the mixture to remove denatured proteins, the supernatant was subjected to Ni 

affinity chromatography on a HisTrap FF crude 5 ml column. The column was washed with 50 mM 

Tris-HCl buffer, pH 7.5, and then the proteins eluted with 50 mM Tris-HCl, 500 mM imidazole buffer, 

pH 7.5, were collected. Afterwards, the sample was subjected to Superdex-200 column 

chromatography with equilibration with 20 mM Tris-HCl 250mM NaCl buffer, pH 7.5. The sample 

was eluted as main peak monitored by A280 as purified StOFOR. 

2-2-4 Assay methods for enzyme activities 

Oxidative decarboxylation activity was assayed by two methods. One is based on 
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pyruvate-dependent reduction of methylviologen monitored at A578 and 80℃, as described previously 

[50-52]. The standard assay mixture (0.4 mL) comprised 50 mM Tris-HCl buffer, pH 8.5, 10 mM 

pyruvate, 0.25 mM CoA, 2 mM methylviologen, and the wild type or a mutant OFOR. The other 

method is Fd-dependent reduction of horse heart cytochrome c monitored at A550 and 50℃ using 

Sulfolobus 7Fe ferredoxin purified as reported. The standard assay mixture (0.4 mL) comprised 20 

mM potassium phosphate buffer, pH 7.0, 10 mM pyruvate, 0.25 mM CoA, 50 μM horse heart 

cytochrome c, 20 μM Sulfolobus 7Fe ferredoxin, and the wild type or a mutant OFOR [42]. 

Acetaldehyde production activity was measured as follows: for the routine assay [68], a 0.4 ml 

mixture was prepared in a 1.5 ml microcentrifuge tube and contained the following: 50 mM Tris-HCl 

buffer, pH 8.5, 10 mM pyruvate, 0.5 mM CoA, and 40 µg wild type or mutant OFOR. The tube was 

shaken in a water bath at 80℃ for different times, and the reaction was stopped by cooling on ice bath. 

To estimate acetaldehyde production, the above reaction mixture was transferred to a cuvette and 

incubated with 0.2 mM NADPH at 50℃ for 1 min, and then A340 was recorded before and after the 

further addition of 2 U of alcohol dehydrogenase [69] from Thermoanaerobium brockii (Sigma). The 

difference in A340 was used for calculation of acetaldehyde production, using 340 = 6.2 mM/cm. 

2-2-5 Optical spectral analyses and Fe content 

Absorption spectra were recorded with a JASCO V-560 spectrophotometer. The Fe content was 

determined with an inductively coupled plasma atomic emission spectrometer SPS3500 and also a 

Z-9000 simultaneous multi-element atomic absorption spectrophotometer. Standard solutions of Fe 

were purchased from Wako Pure Chemicals. The protein samples (200 µg) were oxidatively 

hydrolyzed at 90℃ in HNO3 overnight and then dissolved at a concentration of 0.2 mg protein/ml in 

0.1 N nitric acid. 

2-2-6 Circular dichroism (CD) measurements 

CD spectra were recorded with a JASCO J820 spectropolarimeter using drum cells of 0.1 and 1 cm 

light paths at room temperature (25˚C). The protein concentrations were 0.1 mg/ml and 0.5 mg/ml in 5 

mM Tris-Cl, pH 7.5, for the far UV region (190-260 nm) and near UV-visible region (260-550 nm), 
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respectively. The averages of eight scans are shown as molar ellipticity using the residue number of 

932 and molecular weight of 104k. 

2-2-7 EPR measurements 

EPR spectra were measured with a JES-FA100 spectrometer. The measurement temperature was 

controlled with a JEOL ES-CT470 cryostat system and a digital temperature controller model 9650. 

The magnetic field was calibrated with a JEOL NMR field meter ES-FC5. The g-values was 

determined by spectral simulation using JEOL ANISIMU/FA software, version 2.0.0.  

2-2-8 Cyclic voltammetry 

Electrochemical measurements were carried out with an Omni101 microprocessor- controlled 

potentiostat (Cypress Systems Inc.) using a pyrolytic graphite electrode (BAS). The counter electrode 

was a platinum wire and the reference electrode was a Ag/AgCl/3M KCl electrode (210 mV vs NHE). 

The sample solution comprised 0.1 mM enzyme, 100 mM NaCl, and 2 mM tobramycin in 5 mM 

TrisCl, pH 7.5, with argon gas flow maintained during the experiment at 25˚C. 

 

2-3 Results 

2-3-1 Selection of four residues that bind with an FeS cluster 

The only reported three-dimensional structure of an OFOR family member is that of DaPFOR, 

which is composed of seven domains [60, 62]. TPP binds at the interface of domains I and VI, and an 

atypical [4Fe-4S] cluster, which binds to domain VI, is ‘proximal’ to the diphosphate group of TPP 

(Fig 1-7). The other two clusters, called the ‘median’ ones and ‘distal’ according to their distance from 

the TPP cofactor, are contained in ferredoxin-like domain V. Whereas, StOFOR has only one [4Fe-4S] 

cluster ligated by four Cys residues in subunit b [42], which is supposed to align with domain VI of 

the DaPFOR. Four Cys residues in domain VI of DaPFOR contribute to the [4Fe-4S] cluster binding: 

Cys812, Cys815, Cys840, and Cys1071, which correspond to Cys12, Cys15, Cys46, and Cys197 in 

subunit b of StOFOR, respectively. No other Cys residue is present in StOFOR. Therefore, we 

constructed various mutants of StOFOR with the Fe-ligating Cys residues replaced with Ala, the 

mutants being named C12A, C15A, C46A, C197A, and C12/15A, respectively.  
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2-3-2 Expression and purification of wild type and mutant OFORs 

Mutant OFORs were constructed by means of the PrimeStar site-directed mutagenesis method 

(TaKaRa) according to the protocol recommended by the manufacturer. The expression and 

purification were conducted as described under Materials and methods. Purified samples gave two 

main bands for a-subunit (70kDa) and b-subunit (35kDa) on SDS-PAGE (Fig. 2-3). 

2-3-3 Metal contents of purified StOFORs 

Fe-contents were determined by ICP-AES and an atomic absorption spectrophotometer as 

described under Materials and methods. The two methods showed strikingly similar Fe contents (99±1 

ppb, 38.7±0.7 ppb, 22.2±0.2 ppb, 7.7±0.3 ppb, 10±2 ppb, and 6.5±0.5 ppb) for the wild type (0.075 

mg/ml), C197A (0.07 mg/ml), C46A (0.07 mg/ml), C15A (0.066 mg/ml), C12A (0.073 mg/ml), and 

C12/15A (0.064 mg/ml), respectively. The purified enzyme contained 2.77 mol of non-heme Fe per 1 

mol of wild type StOFOR, this value being almost the same as that previously reported [42]. The value 

is probably an underestimate due to overestimation of the protein amount, as often experienced for 

other FeS proteins [28, 39, 41, 70]. The results are in good agreement with one [4Fe-4S] cluster per 

StOFOR, as deduced from the amino acid sequence. The mutant StOFORs, C197A, C46A, C15A, 

C12A, C12/15A, respectively, contained 1.11, 0.62, 0.23, 0.24, and 0.19 mol non-heme Fe/mol protein. 

These results indicate that replacement of Cys 197, 46, 15, or 12, or both Cys 15 and 12 with Ala 

caused the destruction of the [4Fe-4S] cluster. In particular, the Fe content of C197A is apparently 

higher than other mutants.  

2-3-4 Spectroscopic properties of wild type and mutant StOFORs 

Fig. 2-4 shows the absorption spectra of the wild type and all mutant OFORs. The UV-visible 

absorption spectra of the wild type OFOR showed a peak at 280 nm and a broad shoulder around 410 

nm, characteristic of FeS proteins [31, 42]. The absorbance ratios of A410/A280 were 100%, 59.7%, 

37.5%, 28.4%, 30.7%, and 11.5% for the wild type, C197A, C46A, C15A, C12A, and C12/15A, 

respectively. A410 was decreased by 40-70% for single Cys mutants, and by almost 90% for double 

mutant C12/15A. C197A showed about 60% of A410 compared to the wild type. 

Upon the addition of pyruvate to the enzyme, the formation of a 320-nm chromophore was 
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detected for the wild type StOFOR (Fig. 2-5A, trace 4). This is in agreement with the previous reports 

on StOFOR, and the PFORs from M. barkeri and D. africanus [34, 71]. Further addition of CoA leads 

to partial bleaching of the 320-nm chromophore, as well as a decrease in the absorbance between 380 

and 480 nm, which corresponds to reduction of the iron-sulfur cluster (Fig. 2-5A, trace 5). In contrast, 

formation of the 320-nm chromophore was not observed upon addition of pyruvate to any of the 

mutant StOFORs. Further addition of CoA caused no change in the spectrum (traces 4 and 5 in Fig. 

2-5 B and C).  

The wild type StOFOR showed low-intensity EPR signal (g∥ = 2.03, g⊥ = 2.01) attributed to the 

oxidized state of S = 1/2 [4Fe-4S]2+ cluster (Fig. 2-6 A, trace 1), similar to that of the reported PFOR 

[35, 71], a transcription factor fumarate nitrate reductase of E. coli, and aconitase from Sulfolobus 

acidocaldarius, which possess a single [4Fe-4S]2+ cluster under anaerobic condition [72, 73]. The EPR 

signal of these proteins under aerobic conditions are reported to be [3Fe-4S]2+ derived from deletion of 

single Fe atom from the [4Fe-4S]2+ cluster through oxidative damage [70, 71]. When the enzyme was 

mixed with pyruvate, there was an intense EPR signal centered at g = 2.00 (Fig. 2-6 A, trace 2), 

previously reported to result from TPP-based free radical intermediate. After overnight incubation of 

the enzyme with pyruvate, the EPR signal was unchanged. Upon further addition of CoA, the signal of 

the HE-TPP radical immediately markedly decreased, indicating the decay of the radical intermediate 

(Fig. 2-6 A, trace 3). The results are consistent with those observed for other OFORs [34, 35, 65, 71]. 

In contrast to the wild type OFOR, the intense signal of a radical intermediate was not observed at all 

for any of the mutant StOFORs, including C197A (Fig. 2-6 B-D). Therefore, we suggest that the 

special 320-nm chromophore observed for the wild type OFOR represents the HE-TPP radical 

intermediate.  

The mutant C197A unexpectedly showed a high-intensity EPR signal, which shares similar 

g-value with the [3Fe-4S] cluster as shown above. Taking the high Fe content (>1 mol per mole) 

enzyme into account, some kind of iron-sulfur cluster, possibly partially decomposed product of 

[3Fe-4S] cluster, may be held in the protein, since C197A showed low activity of oxidative 
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decarboxylation compared to wild type. Other mutants were almost EPR silent (Fig. 2-6 B-D). Taking 

the low Fe content (<1 mol per mole) of mutant enzymes into account, these mutants lack an 

iron-sulfur cluster. Throughout the magnetic field, a g = 4.3 signal was not observed for any mutant 

(Fig. 2-6 E), suggesting that neither a rubredoxin type cluster or ferrous ion was included in the 

sample. 

The CD spectra of the wild type StOFOR, C197A, and C12/15A are shown in Fig. 2-7. In the far 

UV region, similar spectra were observed for these enzymes (Fig. 2-7 A) indicating that the secondary 

structure or main-chain folding is almost the same in them, although a slight decrease in the depth of 

the trough at 222 nm for C197A and C12/15A, and a slight decrease in the height of 195 nm peak for 

C12/15A are noticable, while in the near UV-visible region (Fig. 2-7 B), wild type enzyme showed a 

sharp peak at 292 nm and a broad trough around 325 nm, which are observed for a number of 

TPP-dependent enzymes and its detection strongly depends on pH and enzyme environment [74]. Wild 

type StOFOR showed a broad peak and trough at 360 nm and a broad trough at 450 nm, which were 

also observed in other [4Fe-4S] cluster protein [75, 76], but not in C197A and C12/15A.  

2-3-5 Redox potential and charge 

On cyclic voltammetry (Fig. 2-8), the wild type StOFOR showed two redox couples corresponding 

to redox potentials of -545 mV and 176 mV, that of C197A being 195 mV. The redox potential of 

[3Fe-4S] ferredoxin from Desulfovibrio gigas is reported to be -130 mV vs NHE [77]. The values 176 

mV and 195 mV are much higher, which may be artifacts at the electrode surface and not 

physiological. The redox potential of -545 mV for the wild type StOFOR is similar to the value (-540 

mV) reported for the proximal [4Fe-4S] cluster in DaPFOR [65], suggesting that the single [4Fe-4S] 

cluster in StOFOR physiologically switches between 2+ and 1+ under physiological conditions. No 

redox potential were observed in the C12/15A, whose iron-sulfur cluster is completely destructed.        

On Native-PAGE (Fig. 2-9), the bands of wild type, C197A and C12/15A migrate in different rates 

(in the reverse order) from negative to positive direction, which may be related to the electric charge 

of the cluster, for instance, +2, +1 and 0, respectively. 
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2-3-6 Ability of oxidative decarboxylation of pyruvate 

The ability of oxidative decarboxylation was assayed by two methods using (A) the artificial 

electron acceptor methylviologen at 80℃ or (B) Fd-dependent reduction of horse heart cytochrome c 

at 50℃. The results are summarized in Table 2-1. The relative specific activities of the wild type, 

C197A, C46A, C12A, C15A, and C12/15A enzymes were 100%, 8%, 2.2%, 1.9%, 0.8%, and 0.33% 

in assay A, and 100%, 45.9%, 8.1%, 5.4%, 3.8%, and 1.1% in the assay B, respectively. The specific 

activities of the enzyme, 3.64 U/mg at 80℃ in assay A, and 0.37 U/mg at 50℃ in the assay B almost 

follow the temperature dependence of the reaction.  

A comprehensive analysis of the integrity of the FeS cluster and the specific activities of all kinds 

of OFORs suggest that an intact [4Fe-4S] cluster is essential for full activity. Even when a single Cys 

was replaced, the FeS cluster was almost completely destroyed and the enzyme activity decreased to 

less than 3% of that of the wild type enzyme, with the exception of the C197A mutant, which showed 

a high intensity EPR signal resembling that of the [3Fe-4S] cluster, but only showed about 8% activity 

in assay A and 46% in assay B compared to the wild type. When two Cys were replaced, the enzyme 

lost most of the activity as well as the FeS cluster. 

2-3-7 Ability of non-oxidative decarboxylation of pyruvate 

StOFOR produced acetaldehyde from pyruvate in the absence of an electron acceptor (Fig. 2-10). 

Such non-oxidative decarboxylation has been reported for P. furiosus OFOR, which is totally 

dependent on CoA [68]. In contrast, CoA was not essentially required for StOFOR. It enhanced the 

activity by about 20 % (Table 2-2). The specific activities of the wild type and mutant OFORs were 

calculated from the initial velocity to be 0.051 – 0.077 mol/min/mg at 80˚C (Table 2-2). P. furiosus 

PFOR shows similar velocity of acetaldehyde formation [68]. These values are about 2 % of the rate 

of oxidative decarboxylation of StOFOR. Similar specific activity was found to be catalyzed by wide 

type as well as mutants lacking the intact [4Fe-4S] cluster. Even in the absence of CoA, about 80% of 

the activities was observed. This suggests that the intact FeS cluster is not responsible for 

non-oxidative decarboxylation of pyruvate yielding acetaldehyde. The remarkable point is that neither 
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CoA nor anaerobic conditions were required for the acetaldehyde-forming activity of StOFOR.  

 

2-4 Discussion                                                                                   

StOFOR is the simplest OFOR and serves as a good model for investigating the reaction 

mechanism, because of not only simple domain composition but also the existence of only one 

[4Fe-4S] cluster. Taking advantage of this, we constructed various mutants by replacing the four 

Fe-ligating Cys residues with Ala.  

As a result, we found that all the mutants lost the [4Fe-4S] cluster as well as most of the oxidative 

decarboxylation activity. C197A held some incomplete iron-sulfur cluster, which is not attributed to 

typical [3Fe-4S], [2Fe-2S], nor a unique cysteine-persulfide-ligated [2Fe-2S] cluster [72, 78, 79]. The 

sulfur-atom of Cys197 is deduced to be located furthest from the active site thiazole ring compared to 

other cysteinyl sulfur atom, and its replacement with Ala may immediately allow the release of 

ligating Fe atom, followed by successive degradation into unidentified state. The questions remain as 

to why C197A is different from the other mutants, and why the four residues of Cys exert a different 

effect in holding the [4Fe-4S] cluster. Through comparison with the proximal [4Fe-4S] cluster of 

DaPFOR, we found that Cys1071 in DaPFOR (Cys197 in StPFOR) is located furthest in the [4Fe-4S] 

cluster from the thiazole ring of TPP compared to the other three Cys (812, 815, and 840). 

Furthermore, Cys197 in StOFOR is located between two Pro residues (Pro196 and Pro198), which 

may restrict the position of Cys197, even when replaced with Ala, making the effect of mutation on 

the main chain much smaller than in the case of others.  

In the oxidative decarboxylation reaction of StOFOR, the hydroxyethyl-TPP (HE-TPP) radical 

intermediate is detected not only as an EPR signal but also as a 320 nm-chromophore, as reported for 

the PFORs from M. barkeri [71] and D. africanus [34]. In certain cases, radical decay is followed by a 

decrease in the absorbance at around 400 nm which represents the S-to-Fe charge [64]. 

The stability of the HE-TPP radical intermediate depends on the source of OFOR. In contrast to 

PFOR from Moorella thermoacetica with a half-life of approximately 2 min [65], a much stable 
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radical is formed for archaeal OFOR [31]; OFOR from S. tokodaii shows that for more than a day at 

room temperature (data not shown). But on the addition of CoA, the rate of radical decay increased for 

every OFOR, and in the case of M. thermacetica, a 100 000-fold increase was observed [64]. 

For StOFOR, the radical was relatively stable, there being no decay even after incubation at room 

temperature overnight (data not shown). Rapid radical decay on the addition of CoA was observed for 

StOFOR, which was completed within a few minutes at room temperature. In contrast to other PFORs 

with three iron-sulfur clusters, the reduced [4Fe-4S]1+ in StOFOR cannot be reconverted into 

[4Fe-4S]2+ without electron efflux to external ferredoxin. In the absence of ferredoxin, CoA added to 

the HE-TPP radical was not acetylated and appeared to remain unchanged, and the reaction seemed to 

proceed toward non-oxidative decarboxylation yielding acetaldehyde with a single turnover. CoA acts 

on the TPP radical and converts it into acetyl CoA in the presence of ferredoxin, or possibly into 

acetaldehyde in the absence of ferredoxin.  

An additional function of various PFORs is CoA-dependent non-oxidative decarboxylation 

yielding acetaldehyde [68]. With regard to P. furiosus PFOR, CoA plays a structural rather than a 

catalytic role, and ferredoxin is not necessary. In contrast, the wild type StOFOR and all the mutants 

showed similar non-oxidative decarboxylation activity producing acetaldehyde, even without CoA, 

which is completely the same as the reaction catalyzed by pyruvate decarboxylase (PDC) [80]. This 

finding demonstrate that the TPP active site is operational and fully functional, irrespective of whether 

the FeS cluster is correctly formed or not [81].  

Based on all of the data regarding the kinetic and redox center of StOFOR, a “switch” mechanism 

for the dual activity of this enzyme [68] was revised, as shown in Fig 2-11. The reaction starts with 

nucleophilic attack by the ylid form of TPP on the carbonyl carbon of pyruvate (step 1), and after the 

release of CO2, a hydroxyethyl-TPP (HE-TPP) intermediate is generated (step 2). The conversion of 

the HE-TPP intermediate in to either acetyl-CoA or acetaldehyde depends on the completeness of the 

FeS cluster in the redox center of the OFOR and the existence or not of ferredoxin. When the first 

electron is transferred from HE-TPP to the [4Fe-4S]2+ cluster, a HE-TPP radical intermediate is 
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generated (step 3), and external ferredoxin approaches the OFOR to oxidize the reduced [4Fe-4S] 

cluster from +1 to +2. The next step involves the binding of CoA to the HE-TPP radical intermediate, 

and another electron is transferred from the HE-TPP radical to [4Fe-4S]2+ (step 4), which has been 

re-oxidized through the release of an electron to external ferredoxin. The oxidative decarboxylation is 

completed and acetyl-CoA is released (step 5). To turnover the reaction cycle of the enzyme, external 

ferredoxin is supposed to oxidize the reduced [4Fe-4S] twice from +1 to +2. Under the conditions 

without ferredoxin, steps 6 – 8 may proceed as deduced from the EPR experiments. After formation of 

the HE-TPP radical (step 6), binding with CoA leads to rapid decay of the HE-TPP radical (steps 7 - 8), 

but the mechanism of CoA binding with the HE-TPP radical and the fate of CoA remains to be 

elucidated. Three possible mechanisms for CoA binding with the HE-TPP radical intermediate have 

been proposed by Ragsdale in the case of an OFOR with three clusters [64]. All of the three 

mechanisms seem not to be applicable to StOFOR with only one cluster since the second cluster must 

be reduced accompanied by CoA binding. However, one of the mechanisms was further modified by 

Tittmann, that is, the formation of a low potential (highly reducing) anion radical through nucleophilic 

attack on the HE-TPP radical may be thermodynamically mandatory for re-reduction of the lowest 

potential proximal cluster [82]. In other words, the proximal cluster with the lowest redox potential is 

reduced twice continuously, and the median and distal clusters seem not to participate in the 

intramolecular electron transfer.  

This re-reduction cluster hypothesis is well consistent with the results of our EPR experiment. EPR 

signals on addition CoA to the HE-TPP radical (Fig. 2-6 A, traces 3) and on addition of dithionite (Fig. 

2-6 A, traces 4) are absent. In addition, the absorbance around 410 nm decreased on addition of CoA 

to the mixture of the wild type OFOR and pyruvate (Fig. 2-5 A, trace 5). Similar findings were made 

for the C197A mutant (Fig. 2-5 B, trace 5). These data suggest that the FeS cluster in StOFOR is 

re-reduced on addition of CoA, but the redox state after re-reduction remains unclear.  

On the other hand, in the absence of external ferredoxin, the non-oxidative decarboxylation 

reaction proceeds (steps 9 and 10) at a much slower rate than the oxidative reaction, the HE-TPP being 
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protonated (step 9), and finally acetaldehyde is formed (step 10). The ability of non-oxidative 

decarboxylation was not basically affected by the intactness of the iron-sulfur cluster or the presence 

of CoA, which is different from in the case of the OFORs with three [4Fe-4S] clusters so far reported.  
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Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

Fig.2-1. StOFOR is the simplest OFOR in the three types OFOR families.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 31



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2-2. Reaction mechanism of homodimeric type PFORs [64].  
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Fig.2-3. SDS-PAGE of the wild type and mutant StOFORs. M, molecular weight 

standards. 
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Fig.2-4. Absorption spectra of the wild type and mutant StOFORs. Relative absorbance was se

at A280=1 for each OFOR. Absorbance is enlarged 5-fold between 310 and 600 nm. Traces 1, 2,

3, 4, 5, and 6 are for the wild type, C197A, C46A, C15A, C12A, and C12/15A, whose 

concentrations were 0.72, 0.64, 0.58, 0.53, 0.55, and 0.51 mg/ml in 20 mM pH 7.5 Tris-Cl 

buffer, with maximal absorbance at 280 nm of 0.98, 0.87, 0.76, 0.65, 0.54 and 0.43, 

respectively.  
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Fig.2-5. Absorption and difference spectra of wild type and mutant StOFOR2 between 280 and 480 

nm. Traces 1, 2, 3, 4, and 5 are for the enzyme alone (0.7 mg/ml), enzyme + pyruvate (5mM), enzyme 

+ pyruvate (5mM) + CoA (0.25mM), difference (2 - 1), and difference (3 – 1), respectively. (A) Wild 

type enzyme (0.7 mg/ml). (B) C197A (0.5 mg/ml). (C) C12A (0.45 mg/ml). The scales on the left and 

right are for absolute spectra (traces 1 – 3) and difference spectra (traces 4 and 5), respectively. 
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Fig.2-6. EPR spectra of wild type and mutant StOFORs. (A) wild type. (B) C197A. (C) C12A. (D) 

C12/15A. The instrument settings were: temperature, 8 K; microwave power, 1 mW; microwave 

frequency 8.991 GHz; modulation frequency, 100 kHz; and modulation amplitude, 0.8 mT Traces 

1, 2, 3, and 4 are for the enzyme alone, enzyme + pyruvate (5mM), enzyme + pyruvate (5mM) + 

CoA (0.25mM), and enzyme + dithionite (5mM), respectively. (E) C197A (trace 1) and C12/15A 

(trace 2). The instrument settings were the same as above except for the temperature 14K. 
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Fig.2-7. CD spectra of the wild type StOFOR, C197A and C12/15A in the far UV region. (A) 

and near UV-visible region (B) The protein concentrations and light paths are given under 

Materials and methods. 
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Fig.2-8. Cyclic voltammograms of the wild type StOFOR, C197A and C12/15A. 

Measured in 5 mM Tris-Cl, pH 7.5, containing 100 mM NaCl and 2 mM tobramycin 

as a promoter at 25˚C. See Materials and methods for details.  
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Fig.2-9. Native-PAGE of wide type and mutants StOFOR2 
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Fig.2-10. Time course of acetaldehyde production from pyruvate by StOFOR at 80˚C. 
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Fig.2-11. A revised reaction mechanism for StOFOR. See text for details. 
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Table.2-1. Oxidative decarboxylation of pyruvate with various electron acceptors. 

 

(B) Cyt c reductionb  (A) Methylviologena 

 (U/mg) (relative %) 

+Fd 

(U/mg) 

-Fd 

(U/mg) 

net 

(U/mg) 

net 

(relative 

%) 

wild type 3.64  100 0.43  0.06  0.37 100 

C197A 0.3 8 0.21 0.04 0.17 45.9 

C46A 0.08 2.2 0.04 0.01 0.03 8.1 

C15A 0.03 0.8 0.028 0.008 0.02 5.4 

C12A 0.07 1.9 0.021 0.007 0.014 3.8 

C12/15A 0.012 0.33 0.008 0.004 0.004 1.1 

 

aReduction of methylviologen measured anaerobically at 80℃. 1 U = 1 µmol/min. 

bReduction of bovine cytochrome c measured at 50℃. 1 U = 1 µmol/min. 

See materials and methods for detailed conditions. 
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Table.2-2. Comparison of ability of non-oxidative decarboxylation between wild and mutant 

StOFORs. 

 

Acetaldehyde-producing activity  (U/mg)a  

with CoA (0.5 mM) without CoA 

Wild type 0.073 0.060 

C197A 0.077 0.063 

C46A 0.068 0.057 

C15A 0.060 0.054 

C12A 0.059 0.052 

C12/15A 0.058 0.050 

 

 

 

 

 

 

 

 

a 1 U=1 µmol/min at 80℃. 

 

 

 

 

 

 

 

 

 

 

 

 

 43



 44

Chapter 3 

 Crystal structures of 2-oxoacid:ferredoxin oxidoreductases from S. tokodaii 

 

 

本章の内容は、学術雑誌論文として出版する計画があるため公表できない。４年以内に出版

予定。



Chapter 4 

      Ferredoxin:NADP+ oxidoreductase from S. tokodaii 

 

4-1 Introduction 

Ferredoxin:NADP+ oxidoreductases (FNRs) are ubiquitous enzymes harbouring one molecule of 

noncovalently bound FAD as prosthetic group. They catalyze the reversible electron transfer between 

NADP(H) and the iron-sulfur protein ferredoxin (Fd) or FMN-containing flavodoxin [53, 54]. FNRs 

can be grouped into two phylogenetic/structural families that refer to as plant-type and glutathione 

reductase (GR)-type FNRs. Recently, a novel type of FNRs was reported, that is, thioredoxin 

reductase like FNRs (TRLFs), which physiologically function as FNRs, but exhibit a structural 

homology to NADPH-dependent thioredoxin reductases (TrxRs) [54-57]. The only reported enzyme 

that shows the FNR activity in archaea is called sulfide dehydrogenase from P. furiosus. However, it 

completely differs from the above three types of FNRs because of the subunit composition and 

prosthetic group [59].  

StOFOR had been studied in catalyzing the CoA-dependent oxidative decarboxylation of 

2-oxoacid to produce reduced ferredoxin (Fig. 4-1). In anaerobic archaea, recycling of reduced to 

oxidized ferredoxin is usually coupled to reduction of protons catalyzed by hydrogenases [89, 90], but 

this has not been clearly confirmed in aerobic archaea such as S. tokodaii, which lacks any 

hydrogenase. The only example is CYP119, a cytochrome P450 that catalyzes the monooxygenation 

of fatty acid in Sulfolobales using reduced Fd as an electron donor [91, 92]. 

We are interested in whether any of the above three (plant-, GR-, and TRLF-) types of FNRs 

function in the archaea. An ORF from S. tokodaii, ST2133, is annotated as a putative FNR. Its 

ortholog (Sso2222) in S. solfataricus, which shows 83% amino acid sequence identity with ST2133, 

has been characterized as a NADH oxidase [93]. Blast analysis of ST2133 revealed that the putative 

FNR exhibits high homology with thioredoxin reductases (TRs) although a Cys-x-x-Cys motif 

conserved in TRs is lacking [94-96] (Fig. 4-2). 
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In this chapter, I expressed ST2133 heterologously in E. coli, and characterized the purified 

product. The oligomeric state, and enzyme-bound-flavin species and content were analyzed. 

Comprehensive analyses of enzyme activities using the combination of NAD(P)H as an electron donor, 

and oxygen, hydrogen peroxide, 2,6-dichlorophenolindophenol (DCPIP), ferricyanide, cytochrome c, 

dithiobisnitrobenzoate (DTNB), or ferredoxin as an electron acceptor, were carried out. Electron 

transfer from reduced ferredoxin in S. tokodaii to NADP+, and vice versa, was confirmed. 

Phylogenetic analysis revealed that ST2133 belongs to a novel type of TRLF with FNR activity. The 

possible role of ST2133 as a member of the redox cycle for ferredoxin is discussed. 

 

4-2 Materials and methods 

4-2-1 Plasmid and Bacterial strains 

Recombinant plasmid pET28a-ST2133 with a His tag at its C-terminal was constructed using the 

primer set of 5’- GGAGATATACCATGGTAGTGATAGGA GGAGG-3’ and 5’- 

GTGGTGGTGCTCGAGTTTTTTGAACTTATCCATTTC -3’. E. coli strain XL10 Gold was used for 

plasmid cloning. E. coli strain BL21 codon plus was used for plasmid expression. 

4-2-2 Heterologous expression and purification of ST2133 

Cells harboring the recombinant pET28a-ST2133 were grown in Luria-Bertani (LB)-Kanamycin 

(100 μg/ml) medium until OD600 reached 0.8 - 1.0 at 37℃. β-Isopropylthiogalactoside (0.1 mM) was 

added and the cells were grown for a further 6 h at 30℃. The cells were collected and suspended in 50 

mM Tris-HCl buffer, pH 8.0, and then disrupted by sonication. The lysed cell suspension was heated 

at 70℃ for 20 min to denature E. coli proteins. After centrifugation of the mixture to remove 

denatured proteins, the supernatant was subjected to Ni2+ affinity chromatography on a HisTrap FF 

crude 5 ml column (GE Healthcare). The column was washed with 50 mM Tris-HCl buffer, pH 7.5, 

and then the proteins eluted with 50 mM Tris-HCl containing 500 mM imidazole buffer, pH 7.5, were 

collected. Then, the sample was subjected to Superdex-200 column chromatography (GE Healthcare) 

with equilibration with 20 mM Tris-HCl and 250mM NaCl, pH 7.5.  
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4-2-3 Cofactor determination  

Fluorescence spectrophotometry and high performance liquid chromatography (HPLC) were 

performed for determination of enzyme-bound flavins. The sample protein and standard FAD, FMN, 

or riboflavin (Sigma-Aldrich) were treated with trichloroacetic acid (10%, w/v) for 10 min, and then 

centrifuged at 15,000 x g for 10 min. The supernatant was subjected to HPLC and fluorescence 

analyses. The HPLC analysis was performed with a Waters 600 controller equipped with a Waters 

2996 photodiode array detector and a PEGASILODS C18 column (4.6×250 mm). The mobile phase 

was acetic acid/methanol (70:30), at the flow rate of 1 mL/min. The absorbance at 254 nm was 

recorded. Fluorescence was measured with a spectrofluorometer, FP-6500 (JASCO), at excitation and 

emission wavelengths of 450 and 535 nm, respectively. The trichloroacetic acid supernatant was 

mixed with 0.1 M potassium phosphate (pH 7.5) and then the fluorescence was measured. Then, 0.1 

ml of 1 M HCl was added to the mixture until the pH became 2, and the fluorescence intensity was 

measured again at the same wavelengths.  

4-2-4 UV-visible absorption spectra 

UV-visible absorption spectra of ST2133 and ferredoxin were recorded with a JASCO V-560 

spectroscopy. The spectral change was used to follow the reduction of ferredoxin and oxidation of 

NADPH at 70℃. Spectra of reduced ferredoxin were recorded after the addition of a trace amount of 

dithionite. 

4-2-5 EPR measurement 

EPR spectra were measured with a JES-FA100 spectrometer. The temperature was controlled with 

a JEOL ES-CT470 cryostat system. 

4-2-6 Enzyme activity assay  

All the enzyme activities were evaluated spectrophotometrically with a JASCO V-560 

spectrophotometer equipped with a thermo-controller. Most of the kinetic data were obtained through 

three parallel experiments, unless otherwise stated. 

NAD(P)H oxidase was assayed at 70℃ by determining the initial rate of NAD(P)H oxidation. The 

reaction mixture comprised 0.1 M potassium phosphate (pH 7.5), 2 μM-0.2 mM NAD(P)H (Oriental 
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Yeast Co. Ltd.), 0.2 mM FAD or FMN (Sigma-Aldrich), and a sample enzyme (17.4 μg), in a final 

volume of 0.4 mL. The reaction was started by adding the enzyme, and followed as the decrease in 

absorbance at 340 nm (ε = 6220 M-1·cm-1). One unit of enzyme was defined as the amount of 

enzyme that catalyzed the oxidation of 1 μmol of NAD(P)H /min at 70℃. The formation of hydrogen 

peroxide was determined by the method previously described [69, 97-99] with slight modifications; 

after the reaction for NAD(P)H oxidase, 0.6 mM 4-aminoantipyrine, 1.5 mM 

N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline and 6 units peroxidase were added to the 

mixture. The reaction product was quantitated by measuring the absorbance at 555 nm. One unit of 

activity corresponds to the production of 1 μmol hydrogen peroxide per min. 

NAD(P)H peroxidase was assayed at 70℃ by anaerobic determination in the presence of 50 mM 

hydrogen peroxide as an electron acceptor, the decrease in absorbance at 340 nm of NAD(P)H being 

estimated, as shown above, or the decrease in hydrogen peroxide being estimated, as follows [97]. The 

reaction mixture for NAD(P)H decrease assay comprised 0.1 M potassium phosphate (pH 7.5), 2 

μM-0.2 mM NAD(P)H (Oriental Yeast Co. Ltd.), 0.2 mM FAD or FMN (Sigma-Aldrich), 50 mM 

hydrogen peroxide, and a sample enzyme (17.4 μg), in a final volume of 0.4 mL. The reaction was 

started by adding the enzyme, and the reaction was followed by measuring the decrease in absorbance 

at 340 nm. One unit of activity was defined as the amount of enzyme that catalyzed the oxidation of 1 

μmol of NAD(P)H/min at 70℃. The reaction mixture for the hydrogen peroxide consumption assay 

comprised 0.1 M potassium phosphate (pH 7.5), 0.2 mM NAD(P)H, 0.2 mM FAD or FMN, 50 mM 

H2O2 and a sample enzyme (17.4 μg), in a final volume of 0.4 mL. The reaction was started by adding 

the enzyme, and at the end of the linear decrease in absorbance at 340 nm at 70℃, the reaction 

mixture was cooled on ice to stop the reaction and subjected to hydrogen peroxide determination as 

described previously [69, 97-99]. 

Diaphorase activity was assayed at 70℃ by monitoring the reduction of DCPIP or ferricyanide as 

the decrease in absorbance at 600 nm (ε = 21.8 mM-1·cm-1) for DCPIP or 420 nm (ε = 1.0 mM-1·cm-1) 

for ferricyanide. The reaction mixture comprised 0.1 M potassium phosphate, pH 7.5, 0.1 mM DCPIP 
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or 1mM ferricyanide, and 2 μM-0.2 mM NAD(P)H, 0.2 mM FAD or 1 mM FMN, in a final volume of 

0.4 mL. The reaction was started by adding the enzyme (8.7 μg), and the activity was calculated by 

subtracting the blank rate obtained in the absence of the enzyme. One unit of activity was defined as 

the amount of enzyme that catalyzed the oxidation of 1 μmol of DCPIP or ferricyanide per min at 70

℃. 

Cytochrome c reduction activity was assayed at 50℃ by montoring the increase in absorbance at 

550 nm (ε = 27.8 mM-1·cm-1) [57]. The reaction mixture comprised 0.1 M potassium phosphate, pH 

7.5, 50 μM horse heart cytochrome c (Sigma-Aldrich), and 2 μM-0.2 mM NAD(P)H, 0.2 mM FAD or 

1 mM FMN, and a sample enzyme (8.7 μg) in a final volume of 0.4 mL. One unit of activity was 

defined as the amount of enzyme that catalyzed the oxidation of 1 μmol of cytochrome c /min at 55℃. 

Ferredoxin reduction activity was assayed by coupling with reduction of cytochrome c at 550 nm 

and 50℃ as described above. The blank value without ferredoxin was substracted to calculate the 

ferredoxin reduction activity. Ferredoxin (StFd, ST0163) was prepared from an S. tokodaii cell extract 

as previously reported [28]. 

DTNB reductase activity was evaluated as dithiobisnitrobenzoate (DTNB) reduction, and the 

formation of the product 2-nitro-5-thiobenzoate (TNB) was followed spectrophtometrically as the 

increase in absorbance at 412 nm (ε = 7.68 mM-1·cm-1) [94]. The reaction mixture comprised 0.1 M 

potassium phosphate, pH 7.5, 5 mM DTNB, 2 μM-0.2 mM NAD(P)H, 0.1 mM FAD or FMN and 10 

mM EDTA, and a sample enzyme (34.8 μg) in a final volume of 0.4 mL. One unit of activity was 

defined as the amount of enzyme that catalyzed the oxidation of 1 μmol of DTNB /min at 70℃. 

Ferredoxin:NADP+ oxidoreductase activity was determined by measuring the formation of 

NADPH from NADP+ using reduced StFd as the electron donor under aerobic and anaerobic 

conditions. Reduced StFd was generated using StOFOR prepared as described previously [42, 50-52]. 

The standard reaction mixture comprised 0.1 M potassium phosphate (pH 7.5), 20 μM StFd, 10 mM 

pyruvate, 0.25 mM CoA, 25 g StOFOR, and 2 μM- 1 mM NADP+, in a final volume of 0.4 mL. The 

assay temperature was 80℃. The reaction was initiated by adding 34.8 μg ST2133 as the final 
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component. For the anaerobic assay, O2 was purged by N2 in a sealed cuvette. The production of 

NADPH was measured at 340 nm and the molar absorbance of 6.2 mM-1·cm-1 was used to calculate 

the concentration of NADPH. One unit of enzyme activity is equal to 1 mole NADPH produced per 

min. 

 

4-3 Results  

4-3-1 Molecular properties of ST2133 

The structural gene encoding ST2133 consists of 999 bp and encodes a protein of 332 residues 

with a predicted molecular mass of 36.6 kDa. ST2133 was expressed in E. coli using the vector 

pET28a with a his-tag at its C-terminus. The recombinant enzyme was purified by heat treatment, Ni2+ 

affinity chromatography and gel filtration. After the gel filtration, the enzyme gave two protein 

fractions, small (about 10 % protein, designated as Fr1) and large (about 90 % protein, designated as 

Fr2) ones, at elution positions corresponding to molecular masses of 160 kDa and 63 kDa, respectively 

(Fig. 4-3A). The two peaks showed similar NADPH:DCPIP oxidoreductase specific activity. On 

SDS-PAGE, the two peaks appeared as a single band corresponding to an apparent molecular mass of 

36 kDa (Fig. 4-3B), suggesting that ST2133 was expressed as both a homodimer and higher oligomer 

(possibly 4 - 6mer). The absorption spectrum of Fr2 enzyme showed peaks at 346, 385 and 476 nm, 

while Fr1 enzyme showed peaks at 392 and 474 nm (Fig. 4-3C), which are typical of flavoproteins. In 

order to identify the bound flavin species, both the Fr1 and Fr2 proteins were treated with 

trichloroacetic acid and the flavin released into the supernatant was determined. The pH-dependent 

fluorescence intensity ratios of Fr2 protein, Fr1 protein, standard FAD, FMN, and riboflavin at pH 7.5 

versus pH 3.5 were 0.69, 0.76, 0.62, 1.33 and 1.36, respectively. The results of the C18-RP-HPLC 

analyses showed a single peak at the retention time of 2.61 min for both Fr2 and Fr1 proteins, while 

standard FAD, FMN and riboflavin showed peaks at 2.73, 7.99 and 15.2 min, respectively. These 

results indicate that both Fr2 (homodimer) and Fr1 (higher oligomer) possess the same cofactor, FAD, 

their stoichiometries being estimated to be 0.92 and 0.88 mol per subunit. Moreover, the higher 
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oligomeric and dimeric forms appear in dynamic equilibrium, because repeated gel filtration of Fr1 

gave a similar elution profile to that in Fig. 4-3A (data not shown). The specific activities, such as 

NADPH oxidase, diaphorase, NADPH:ferredoxin oxidoreductase and ferredoxin:NADP+ 

oxidoreductase were alomost the same between higher oligomeric and dimeric forms (data not shown). 

The slight difference in absorption spectra between higher oligomer and dimer (Fig. 4-3C) may occur 

from the interaction of bound FADs at the oligomer interface. Thus, Fr2 (homodimeric) enzyme was 

mainly used in the following experiments.  

4-3-2 Enzymatic activities of ST2133. 

The results of the comprehensive analyses for the redox activities of ST2133 are summarized in 

Table 4-1. All kinetic data were obtained through three parallel experiments. 

NAD(P)H oxidase activity 

ST2133 has the ability to oxidize NAD(P)H under aerobic conditions without any dye. Unlike 

Sso2222 showing no activity, ST2133 showed low activity (0.04 U/mg) toward NADPH even without 

the addition of FAD or FMN. The activity was enhanced to 0.55 and 5.52 U/mg on the addition of 0.2 

mM FAD and FMN, respectively. It was unexpected that the stimulative effect exerted by FMN was 

several times higher than that by FAD, although 1 mol FAD bound to 1 mol enzyme. The Km values 

for NADPH were 11.2, 13.8 and 14.3 μM, in the presence of 0 mM and 0.2 mM FAD, and 0.2 mM 

FMN, respectively. NADH was a poor electron donor, and its oxidation was hardly detected in the 

absence of FAD or FMN. ST2133 showed exceedingly lower NADH oxidation activity than that of 

NADPH oxidation, even when FAD or FMN was added (Table 4-1).  

 

NAD(P)H peroxidase activity 

ST2133 showed 0.24 U/mg of NADPH peroxidase activity in the presence of 0.2 mM FMN (Table 

4-1). Similar level of NAD(P)H peroxidase activity has been reported in NADH oxidase/NADPH 

polysulfide oxidoreduxtase from Thermococcus kodakaraensis [97].  
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Diaphorase activity 

It has been reported that Sso2222 was not able to catalyze the electron transfer from NAD(P)H to 

DCPIP or ferricyanide [93]. However, ST2133 catalyzed this reaction with high rates of 1.37 and 0.44 

U/mg for DCPIP and ferricyanide, respectively. The addition of flavin had a similar activation effect as 

that on NAD(P)H oxidase activity, and the DCPIP reduction activity reached 21.8 U/mg in the 

presence of 1 mM FMN. The Kms for NADPH were 8.1 and 9.87M in the presence of 0.1 mM 

DCPIP and 1 mM ferricyanide, respectively, which were almost the same as that (11.2 M) for 

NAD(P)H oxidase activity. The Km values increased slightly (about 20 – 30 %) on the addition of 

flavins, for both NAD(P)H oxidase and diahorase activities. NADH was a poor electron donor, and its 

oxidation was hardly detected in the absence of FAD or FMN (Table 4-1).  

 

DTNB reductase activity 

ST2133 exhibits a high amino acid identity with thioredoxin reductase despite its lack of the two 

active site Cys residues, and we demonstrated that the DTNB reductase activity (0.055 U/mg) was 

much lower than that of that genuine thiredoxin reductase (0.5 U/mg) which can be explained by the 

lack of two Cys residues at the active site of TR [94] (Fig. 4-2). Compared to those on other oxidation 

activities, the flavin coenzymes, FAD or FMN, had no stimulative effect on thioredoxin reductase 

activity, and the Km value (55.8 μM) was several times higher than those for other oxidation activities. 

For the TRLF from C. tepidum, the activity of DTNB reductase specific for NADH is 4-5 times higher 

than that for NADPH [100], while for ST2133, the activity of DTNB reductase specific for NADPH is 

3-4 times higher than that for NADH. 

 

Reduction of cytochrome c 

TRLFs have been reported to show NADPH:cyt c oxidoreductase activity, which is critical in the 

electron transfer chain of photosynthetic bacteria [57, 100]. Similar to other TRLFs, ST2133 also 

catalyzed NADPH-dependent cyt c reduction. Like other cytochrome c reductases, ST2133 preferred 
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NADPH, with a Vmax value of 0.2 U/mg and a Km value of 3.94 μM, to NADH. The addition of FAD 

and FMN increased the Vmax to 0.66 and 7.37 U/mg, and the Km to 5.23 and 7.1 μM, respectively.  

 

Reduction of ferredoxin 

Ferredoxin reduction activity was assayed using cytochrome c as the final electron acceptor as 

described under Materials and methods. The TRLF from B. subtilis was reported to show high 

ferredoxin reduction activity with NADPH (22.6 U/mg) [57, 100]. ST2133 showed activities of 3.72, 

0.24, and 0.08 U/mg in the presence of 1 mM FMN, 0.2 mM and 0 mM FAD, respectively (Table 4-1).  

Ferredoxin reduction was directly observed by monitoring the spectral change around 410 nm, 

which reflects the redox state of the iron-sulfur clusters. We found that ST2133 was able to reduce 

StFd with NADPH as the reductant (Fig. 4-4). A similar finding was reported for FNR from 

Hydrogenobacter thermophilus TK-6 [101]. Reduction of StFd in the presence of ST2133 and 

NADPH was also observed on X-band EPR spectroscopy (Fig. 4-5). The sharp EPR signal of StFd at g 

= 2.03, characteristic of a [3Fe-4S] cluster and a [4Fe-4S] cluster as previously reported [28], slightly 

decreased on the addition of ST2133. Upon further addition of 1 mM NADPH, the sharp peak at g = 

2.03 was reduced by about 70%, demonstrating that ST2133 elicited NADPH:ferredoxin 

oxidoreductase activity. In this experiment, exogenous FMN was not added since it would interfere 

with the 3Fe center resonance, as it was pointed out in the previous report that EPR elicited NADH 

dependent ferredoxin reduction of NADH oxidase from Acidianus ambivalens, a thermoacidophilic 

archaea belonging to the genus Sulfolobales [102]. 

 

Ferredoxin:NADP+ oxidoreductase (FNR) activity 

The FNR activity was assayed using an OFOR-coupled supply of reduced ferredoxin under 

aerobic and anerobic conditions. Each component of the standard reaction mixture (pyruvate, CoA, 

StOFOR, StFd, NADP+ and ST2133) was necessary for activity (Figs. 4-6 A and C). Under aerobic 

condition, NADPH production was hardly linear and began to decrease after about 3 min (Fig. 4-6 B, 
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trace b, c, d), while under anaerobic condition, time course of NADPH production was linear and 

reached plateau when NADP+ was consumed (Fig. 4-6 D), possibly because of the removal of 

interference of NADPH oxidase activity. The initial velocity was about ten times faster in anerobic 

than aerobic conditions. From the insets of Figs. 4-6 B and D, the Km value for NADP+ of 0.010±0.002 

mM and the Vmax of 0.13±0.01 U/mg for aerobic assay, and the Km value for NADP+ of 0.017±0.002 

mM and the Vmax of 1.33±0.06 U/mg for anerobic assay were determined. 

 

4-4 Discussion 

4-4-1 Oligomeric state 

The recombinant enzyme, which is encoded by ST2133, exhibited a similar UV-visible spectrum 

of flavoenzymes to those of other FNRs and possesses one mole FAD per subunit as a cofactor [100, 

103-105]. Similar with other TRLFs, ST2133 appears as a homodimer (63 kDa) in the main state and 

small amount of higher oligomer were also observed. Although the apparent MW of 63k is less than 

the theoretical value (73.2 k), such a behavior of oligomeric enzymes from hyperthermophiles is often 

observed because of the compact package of the quarternary structure [106-108]. 

Genes st2133 and st2132 (both in complementary strand) show 4-base overlap. Orthologous genes 

sso2222 and sso2223 from S. solfataricus show 68-base overlap. Transcriptome analysis of sso2222 

and sso2223 has been reported [109]. According to the paper, transcription level ratio of neither 

sso2222 nor sso2223 is affected by the carbon source of growth media (YT or glucose). Transcription 

factor binding sites (palindromic) are found just before both sso2222 and sso2223, and promoter 

sequences are more abundantly found in the upstream region of sso2222 than that of sso2223 (USCS 

Genome Browser on S. solfataricus, http://microbes.uscs.edu). Based on the above information, it is 

likely that sso2222 and sso2223 are co-transcribed. Nevertheless, proteome analysis showed that only 

Sso2222 but not Sso2223 is found in the cytosol [109]. Likewise, in the case of S. tokodaii, only 

ST2133 but not ST2132 is identified (http://www.bio.nite.go.jp/dogan/project/view/ST). Thus we 

consider that st2133 and st2132 are possibly co-transcribed but only st2133 (or sso2222) is translated, 
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or if st2133 or sso2222 were translated, the product would be so small in amount or so unstable as to 

be detected.   

Since st2133 and st2132, which may encode a counterpart of ST2133 just as the case of P. furiosus 

heterodimeric FNR, are overlapped, the co-expression system of these genes was constructed on the 

basis of co-expression strategy for heterodimeric StOFOR [50], but production of heterodimer was not 

observed. Single expression of st2132 gene resulted in accumulation of the gene product insoluble 

fraction (data not shown). Thus, the role of ST2132 was not clear, but it is important that ST2133 

alone showed clear enzymatic functions. Overlap of the archaeal genes is often observed but it does 

not always imply that the products form heterodimer. 

4-4-2 Catalytic properties 

ST2133 showed oxidation activity specific for NADPH with various electron acceptors, such as 

molecular oxygen, DCPIP, ferricyanide, and cytochrome c. Even if a flavin was not added, low 

activity was observed for ST2133. This is inconsistent with the case of Sso2222, which is an ortholog 

of ST2133 with 83% amino acid identity. The native NADH oxidase encoded by Sso2222 did not 

show any activity without additional FAD, and this enzyme was not able to catalyze the electron 

transfer from NADH to DCPIP or ferricyanide [93]. The inconsistence between our data and those 

reported for the ortholog Sso2222 form S. solfataricus [93] could be due to the different pH of the 

assay and the his tag in the C-terminal of expressed protein, besides on the difference in the primary 

structure. 

4-4-3 Intrinsic flavin and activation by exogenous flavins  

Interestingly, although the flavin species of ST2133 is FAD, exogenous FMN exerts a several 

times higher activation effect than FAD. This feature is shared by the FNR from Bacillus subtilis, 

which belongs to the TRLF branch of the phylogenetic tree. When 0.1 mM FMN was exogenously 

added, the kcat value of the NADPH oxidase activity was about two times higher than on incubation 

with 0.1 mM FAD, which is the natural cofactor of this enzyme [57]. No exchange of FAD with FMN 

was observed after incubation of ST2133 (10 mg/ml in 50 mM Tris-Cl, pH 7.5) and 2 mM FMN for 
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120 min at room temperature (data not shown). Since enzyme-bound FAD was not replaced by FMN, 

the mechanism of activation by FMN may be explained as the role of electron mediator of FMN from 

FAD to external receptor, as reported in the case of ferric reductase activity of FNR from 

Pseudomonas putida [110]. 

4-4-4 Coenzyme specificity 

Chlorobium tepidum FNR uses both NADH and NADPH without significantly discriminating 

between them, and Bacillus subtilis FNR is far more specific for NADPH than NADH [57, 100]. 

ST2133 showed high specificity for NADPH, and the activity with NADH was hardly observed 

without the addition of an external flavin, whereas Sso2222 oxidized NADH and, less efficiently, 

NADPH, with the formation of hydrogen peroxide [93]. This indicates that ST2133 and Sso2222 are 

likely to play different roles in the regeneration of NAD(P)+ from NAD(P)H produced during aerobic 

cellular metabolism. It has also been reported that FNRs specific for NADPH may play a role in 

responses to oxidative stress, although the molecular mechanism is still not clear. E. coli FNRs 

participate in cellular defence against oxidative damage, and FNR-deficient mutants are abnormally 

sensitive to hydrogen peroxide [111, 112]. A similar enzymatic system against oxidative stress has 

been reported for H. thermophilus. This system, composed of a NADPH-dependent FNR and a novel 

rubrerythrin-like protein called ferriperoxin, shows specific peroxidase activity toward both hydrogen 

peroxide and organic hydroperoxides [113].  

The most striking finding in this study is that ST2133 is a reversible FNR with specific activities 

of 0.13 and 1.33 U/mg in forward aerobic and anerobic direction, respectively (without FMN, Fig. 4-6 

B), and 3.72 U/mg in reverse direction (with FMN, Table 4-1). This is the first reported FNR activity 

for a crenarchaea. To our knowledge, the only reported FNR activity for an archaea is accompanied by 

sulfide dehydrogenase from P. furiosus [58, 59]. However, it exhibits little homology with the classical 

FNRs, such as the plant-, GR- and TRLF-types (Fig. 4-7).  
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4-4-5 Phylogenetic tree 

Blast analysis of ST2133 revealed significant levels of identity with TR and FNR. Amino acid 

sequence alignment of ST2133 associated with related enzymes is shown in Fig. 4-2. The orthologous 

protein from S. solfataricus called Sso2222, which exhibits 83% amino acid identity with ST2133, has 

been characterized as NADH oxidase [93], but Sso2222 or ST2133 showed little homology with other 

NAD(P)H oxidase sequences available in the GeneBank data base. The best alignment was observed 

with TR and FNR. ST2133 exhibits about 40 - 50% identity with TRLFs such as the FNRs from 

Chlorobaculum tepidum and Bacillus subtilis, and all the TRLFs share conserved motifs that 

participate in FAD and NAD(P)H binding with TR from E. coli or S. solfataricus. However, TRLFs do 

not contain a Cys-x-x-Cys motif conserved in the active site of TRs (Fig. 4-2).  

A phylogenetic tree of ST2133, plant-type FNRs, GR type FNRs, TRLFs and thioredoxin 

reductases is shown in Fig. 4-7, in which ST2133 and Sso2222 are more closely related to TRLFs than 

FNRs of the plant and GR types. Thioredoxin reductases including bacterial TRs and archaeal TRs are 

located between TRLFs and classical FNRs in the phylogenetic tree. ST2133 and Sso2222 branch 

earlier than other reported TRLFs, and are closer to the thioredoxin reductase branch. The structure 

(2ZBW) of a thioredoxin reductase like protein (TRLP) from Thermus thermophilus, which exhibits 

50% amino acid identity with ST2133, has been reported, and recently designated as FNR [114]. We 

thus conclude that ST2133 can be classified as the novel type of thioredoxin reductases like FNRs. 

In this study, we demonstrated that ST2133, annotated as a possible FNR, belonging to thioredoxin 

reductase-like enzyme (TRLE), does function as a ferredoxin:NADP+ oxidoreductase, and plays an 

important role in the redox cycle of ferredoxin in the archaea; in the central metabolism of 

heterotrophically grown S. tokodaii, StOFOR catalyzes the conversion of both pyruvate, a glycolysis 

product, into acetyl-CoA, and 2-oxoglutarate, a member of the TCA cycle, into succinyl-CoA [42, 

50-52], with simultaneous reduction of ferredoxin. The reducing power of ferredoxin is coupled with 

NADPH formation by ST2133 FNR (Fig. 4-6).  

Fig. 4-8 summarizes the physiological role of FNR in S. tokodaii metabolism. NADPH is utilized 
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for various anabolic reactions such as lipid biosynthesis catalyzed by -ketoacyl-ACP reductase 

(ST0070, ST1109, and ST1868) and HMG-CoA reductase (ST1352), and amino acid biosynthesis 

catalyzed by pyrroline-5-carboxylic reductase (ST0646), aspartate-semialdehyde dehydrogenase 

(ST1242), and homoserine dehydrogenase (ST1519). NADPH is also required in autotrophic 

metabolism such as in CO2 fixation through reverse formation of reduced ferredoxin, which in turn 

fixes CO2 and acyl-CoA into 2-oxoacid, or by malonyl-CoA reductase/succinyl-CoA reductase 

(ST2171), malonate semialdehyde reductase (ST1507), succinate-semialdehyde reductase (ST2056), 

acryloyl-CoA reductase (ST0480), and gluconeogenesis catalyzed by glyceraldehyde 3-phosphate 

dehydrogenase (ST1356) [115], as suggested from the reference [12].  
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Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-1. The TCA cycle in S.tokodaii.  
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Fig.4-2. Multiple alignment of the amino acid sequence of ST2133 with those of Sso2222 from S. 

solfataricus, FNR from Chlorobaculum tepidum (CtFNR), FNR from B. subtilis (BsFNR), TR from E. coli 

(EcTR) and TR from S. solfataricus (SsTrx-B3). Residues involved in the FAD binding are highlighted in 

black boxes. The Cys consensus sequence is gray shadowed. Residues involved in NADP binding are 

highlighted in gray boxes. 
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Fig.4-3. Two forms of ST2133. (A) Elution profile of gel filtration chromatography and calibration of 

MW using standard proteins: TG, thyroglobulin, 669 k; PK, pyruvate kinase, 237k; OA, ovalbumin, 

44k; RN, RNaseA, 14k. (B) SDS-PAGE of Fr1, Fr2 and MW standards (M). (C) Absorbance spectra of 

Fr1 (0.4 mg protein / ml) and Fr2 (1.0 mg protein / ml) in 20 mM Tris-HCl (pH 7.5). The spectra 

between 300 nm and 550 nm are enlarged by 5-fold.  
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Fig.4-4. UV-visible spectral change of ferredoxin. The spectra were measured at 70  under aerobic ℃

conditions. The spectra are enlarged between 350 nm and 470 nm (inset). Trace a, 20 μM ferredoxin 

from S. tokodaii. Trace b, a plus 0.2 mM NADPH. Trace c, b plus 0.02 mg ST2133. Trace d, b plus 20 

g ST2133 after 15 min at 70 .℃  Trace e, d plus 0.2 mM dithionite.  
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Fig.4-5. EPR spectra of ferredoxin from S. tokodaii and its reduction by ST2133 in the presence of 

NADPH. Trace a, 20 μM ferredoxin in 20 mM potassium phosphate buffer, pH 7.0. Trace b, 20 μM 

ferredoxin plus 15 μg ST2133 in 20 mM potassium phosphate buffer, pH 7.0, 15 min at 37˚C. Trace c, 2

μM ferredoxin, 15 μg ST2133 and 1 mM NADPH in 20 mM potassium phosphate buffer, pH 7.0, 15 min

at 37˚C. Trace d, 20 μM ferredoxin plus sodium dithionite. EPR spectra were measured at 4K with a 

0 

 

 

 

 

 

 

 

 

 

 

 

 63



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-6. Ferredoxin:NADP+ oxidoreductase activity of ST2133 measured aerobically (A, B) and 

anaerobically (C, D). (A) Trace a, the standard reaction mixture comprised 0.1 M potassium phosphate 

(pH 7.5), 20 μM StFd, 10 mM pyruvate, 0.25 mM CoA, 25 μg StOFOR, and 1 mM NADP+. Trace b, the 

standard reaction mixture without CoA. Trace c, the standard reaction mixture without pyruvate.  Trace 

d, the standard reaction mixture without OFOR. Trace e, the standard reaction mixture without 

ferredoxin. (B) Relationship between the concentration of NADP+ and the FNR activity. Traces a, 1 m

b, 0.5 mM; c, 0.1 mM; d, 0.05 mM; e, 0.01 mM; f, 0.0025 mM; g, 0 mM NADP+. (C) Trace a, the 

standard reaction mixture comprised 0.1 M potassium phosphate (pH 7.5), 20 μM StFd, 10 mM 

pyruvate, 0.25 mM CoA, 25 μg StOFOR, and 1 mM NADP+. Traces b-e, the same as in (A). (D) 

Relationship between the concentration of NADP+ and the FNR activity. Traces a, 0.1 mM; b, 0.05 mM; 

c, 0.03 mM; d, 0.02 mM; e, 0.01 mM; f, 0 mM NADP+. Arrow indicates the addition of ST2133 (34.8 μg 

in aerobic and 31.2 μg in anaerobic condition). 

M; 
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 Fig.4-7. Phylogenetic tree of ST2133 and related enzymes. The sequences were aligned using 

CLUSTALX 2 and a tree was constructed using the neighbor-joining method on MEGA 5. Bootstrap 

values after 1000 resamplings are indicating as percentages on the corresponding branches. The lower 

scale indicates the relative distance between nodes. R. palustris, Rhodopseudomonas palustris; T. 

thermophilus, Thermus thermophilus; C. tepidum, Chlorobaculum tepidum; B. subtilis, Bacillus 

subtilis; S. solfataricus, Sulfolobus solfataricus; S. tokodaii, Sulfolobus tokodaii; E. coli, Esherichia 

coli; P. strain KKS102, Pseudomonas SP. strain KKS102; T. kodakatensis, Thermococcus k

P. furiosus, Pyrococcus furiosus; M. jannaschii, Methanocaldococcus jannaschii; H. sapiens, Homo

sapiens; H. thermophilus, Hydrogenobacter thermophilus; S. oleracea, Spinacia oleracea. AR, 

adrenodoxin reductase; ONFR, oxygenase-coupled NADH-ferredoxin reductases.  
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Fig.4-8. Putative physiological status of ST2133. Possible NADP+ utilizing enzymes are listed in the text. 
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Table 4-1.  Summary of the enzyme activities of ST2133. 
 

Electron 
donor 

 

Addition 
 
 

Vmax
a 

and 
Km

b 

NADPH oxidase NADPH peroxidase Diaphorase activity Cyt c 
reduction

Fdc 
reduction 

DTNB 
reductase 

   (70℃, aerobic) (70℃, anaerobic) (70℃) (55℃) (55℃) (70℃) 

   NADPH 
oxidation 
(340 nm)d 

H2O2  
formation 

NADPH 
oxidation 
(340 nm)d 

H2O2 
consumption

DCPIP 
reduction 
(600 nm)d 

Ferricyanide
Reduction 
(420 nm)d 

cyt c 
reduction
(550 nm)d

Fd dependent cyt c
Reduction 
(550 nm)d 

DTNB 
reduction 
(412 nm)d 

NADPH  
(0.2 mM) 

None  
(E only) 

 
 

Vmax 
/ Km 

0.04±0.007 
/11.23±0.52 

0.03±0.008 0.02±0.005 
/24.13±1.21

0.03±0.01 1.37±0.04 
/8.1±0.87 

0.44±0.02 
/9.87±1.02 

0.2±0.01 
/3.94±1.04

0.08±0.01 
/6.32±0.93 

0.055±0.003 
/55.8±0.98 

NADPH  
(0.2 mM) 

FAD  
(0.2 mM) 

 
 

Vmax 
/ Km 

0.55±0.08 
/13.75±1.21 

0.4±0.09 0.05±0.01 
/27.12±1.45

0.04±0.007 4.36±0.12 
/10.02±1.03 

1.28±0.09 
/10.43±1.42 

0.66±0.03
/5.23±1.44

0.24±0.07 
/6.84±1.05 

0.049±0.006 
/51.4±1.24 

NADPH  
(0.2 mM) 

FMN  
(0.2 

or 1 mM) 
 
 

Vmax 
/ Km 

5.52±0.93 
/14.32±1.83 

3.79±0.67 0.24±0.05 
/26.13±1.41

0.21±0.04 21.8±1.29
e 

/10.98±2.12 
6.67±0.82

  
/11.12±1.95 

7.37±0.45
e

/7.1±2.08
3.72±0.19

e 
/7.21±1.12 

0.048±0.008 
/53.2±1.01 

NADH  
(0.2 mM) 

None  
(E only) 

Vmax NDf - - - ND - ND ND 0.012 

NADH  
(0.2 mM) 

FAD  
(0.2 mM) 

Vmax ND - - - 0.02 - ND 0.02 0.014 

NADH  
(0.2 mM) 

FMN  
(0.2 mM) 

Vmax 0.01 - - - 0.03 - 0.01 0.04 0.015 

aVmax in U/mg.  bKm for NADPH in M. Km and Vmax are calculated by the method of Michaelis-Menten non linear fitting. cDifference in cyt c reduction rate between 
in the presence and absence of 20 M Fd.  dWavelength at which the reaction was continuously monitored.  e1 mM FMN.  fNd, not detected. 
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Chapter 5 

 Ferredoxins from Sulfolobus tokodaii and Aeropyrum pernix 

 

5-1 Introduction 

S. tokodaii is a typical aerobic and thermoacidophilic archaea that grows optimally at pH 2-3 and 

75-80 . The archaea acquires biological energy by aerobic re℃ spiration rather than simple 

fermentation, and contains at least two different electron transport systems: One is the 

membrane-bound aerobic respiratory chain coupled at the level of succinate, and the other is the 

cytoplasmic ferredoxin (Fd)-dependent system coupled at the oxidative level of pyruvate and 

ketoglutarate [116, 117]. A dicluster-type Fd from S. tokodaii (StFd1 hereafter) have been 

characterized and the crystal structure has also been determined, and showing that a unique 

zinc-ligating Fd possess one [3Fe-4S] cluster and one [4Fe-4S] cluster [27]. In the course of 

large-scale preparations of StFd1, another Fd-like fractions was found in the DEAE chromatography 

(Fig.5-1), designated as StFd2 hereafter. In addition, there are two very similar fd genes (91% identity) 

in the genome of S. tokodaii, those are st0163 and st1175 (Fig.5-2A). It has been known that st0163 

encodes StFd1, and although StFd2 was isolated, sequenced and characterized as an alternative form 

of StFd1 in previous report, there were several ambiguous residues which has not been sequenced well 

including the 9th residue [116], which is an important difference in N-terminal region between st0163 

and st1175 (Fig.5-2A). Thus, whether st1175 encodes the StFd2 or not is an interesting question. There 

is a similar case that two fd genes (ape0104a and ape0320) also existed in the genome of A. pernix, 

but their cluster types are different: single cluster type and diclusters type, respectively, according to 

the number of cysteine residues (Fig.5-2B).  

In this chapter, the above four fd genes were cloned and characterized, and their physiological 

functions were also discussed. Furthermore, StFd1 and StFd2 were isolated from crude extracts from S. 

tokodaii. They were sequenced and characterized, finally draws a conclusion that StFd2 is indeed 

alternative form or clusters damageable state of StFd1, which were suggested previously [116].   
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5-2 Materials and methods 

5-2-1 Plasmid and Bacterial strains 

The expression plasmid of St0163 (pUFD) [29], which was made by Dr. Kojoh, was used as a 

template to construct expression plasmids of other fd genes. According to the in-fusion cloning kit 

protocol (TaKaRa), insert of st0163 were replaced by st1175, ape0104a, and ape0320, respectively. 

Sequences were confirmed by MACROGEN.  

5-2-2 Heterologous expression and purification of various recombinant Fds 

Cells harboring the recombinant various Fd plasmids were grown in Luria-Bertani 

(LB)-Kanamycin (100 μg/ml) medium until OD600 reached 0.8 - 1.0 at 37 .  ℃

β-Isopropylthiogalactoside (0.1 mM) and 0.1 mM FeSO4 was added and the cells were grown for a 

further 20 h at 30 . The cells were collected and s℃ uspended in 50 mM Tris-HCl buffer, pH 8.0 

(designated as buffer I), and then disrupted by sonication. The lysed cell suspension was heated at 

70  for 15 min to denature ℃ E. coli proteins. After centrifugation of the mixture to remove denatured 

proteins, the supernatant was loaded on to a DEAE Sepharose column. The column was eluted with a 

linear gradient of NaCl (from 0 to 0.4 M) in buffer I. The brown band was collected and made to 1.6 

M with ammonium sulfate by adding a 3.2 M solution adjusted to pH 7.5 with Trizma base. The 

sample was applied to a Butyl-Toyopearl column pre-equilibrated with 1.6 M with ammonium sulfate 

in buffer I and eluted with a linear gradient of 1.6-0 M ammonium sulfate in buffer I. The brown band 

eluted was collected and concentrated with Centricon-10 (Amicon). The sample was subjected to 

Superdex-200 column chromatography, with equilibration with 0.25 M NaCl in buffer I. The sample 

thus prepared was used as purified Fds.  

DEAE cellulose chromatography fractions derived from crudes extract of S. tokodaii were 

obtained from Dr. Wakagi. The following purification steps are identical with recombinant Fds. The 

sample thus prepared was used as purified StFd1 and 2.  

5-2-3 Optical spectral analyses and EPR measurements 

The procedures are the same as chapters 2-2-4 and 2-2-6 
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5-2-4 Activity assays 

Fd activities were assayed by the coupling of various 2-oxoacid ferredoxin oxidoreductases 

(OFORs). The detailed methods are the same as chapter 2-2-3.  

5-2-5 Protein sequence from N-terminal 

Protein sequence from N-terminal was performed according to the methods of 

phenyl-isothiocyanate (Edman degradation). Firstly, the interest proteins were applied by SDS-PAGE, 

then proteins on the polyacrylamide gels were electrophoretically blotted transcript into PVDF 

membrane. Afterwards, the PVDF membrane were stained by quick CBB (Wako) and cut into a single 

bands. Lastly, the single bands were applied to Procise HT (Applied Biosystems) protein sequencer.  

 

5-3 Results  

5-3-1 Characterizations of various recombinant Fds  

   St0163 and st1175 from S. tokodaii as well as ape0104a and ape0320 from A. pernix were 

heterologously expressed and purified in E.coli as described in materials and methods. The purified 

products St0163, St1175, Ape0104a and Ape0320 showed a single band in 15% SDS-PAGE, 

corresponding to the molecular mass of approximately 11 kDa, 11 kDa, 8 kDa, and 12 kDa, 

respectively (Fig. 5-3). Although all of the four Fds exhibit brown colors, the relative absorbance in 

410 nm of UV-visible absorbance spectra are different from each other. St0163 and Ape0104a showed 

similar lines of height in 410 nm, whereas St1175 and Ape0320 was decreased by 14.7% and 33.3%, 

respectively, suggest that the iron-sulfur clusters in St1175 and Ape0320 might exist in different states 

or partially degradedly exposure to oxygen (Fig. 5-4). St0163 and St1175 were characterized by EPR, 

and both of the Fds gave rise to a sharp peak at g = 2.03, characteristic of [3Fe-4S]1+ cluster, while 

St0163 elicited a distinct shoulder in g = 1.98, which was not observed in ST1175 (Fig. 5-5). Similar 

result was also reported previously [116].  

   The physiological activities of three recombinant Fds (St0163, Ape0104a and Ape0320) were 

measured through using four recombinant OFORs (StOFOR1, StOFOR2, SsoOFOR and ApeOFOR1), 

which were successfully expressed and purified in chapter 3. Interestingly, the three Sulfolobus 
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OFORs (StOFOR1, StOFOR2, SsoOFOR) showed activities with not only St0163 but also Ape0320, 

which possess two clusters based on the amino acid sequence, while the activity was nearly not 

detected by the single cluster Fd (Ape0104a). Somehow expectedly, ApeOFOR1 showed activities by 

all of the three recombinant Fds regardless of their types (Table 5-1). 

5-3-2 Isolation and characterization of two Fds from cytosol of S. tokodaii 

   The DEAE chromatography of S. tokodaii crudes extracts showed two separate Fd-like fractions 

(Fig. 5-1). The former fractions have been characterized as StFd1, and the structure has also been 

determined. The latter fractions were purified as described in materials and methods. However, in the 

butyl-chromatography and gel filtration, the brown color of latter fractions became less and less, and 

finally only gave rise to a small peak of brown color in gel filtration as shown in Fig. 5-6 fraction 8. 

Although fraction 6 and 7 showed the same position bands with fraction 8 in SDS-PAGE, the brown 

color could nearly not be observed, indicating that the iron-sulfur cluster has been completely 

destructed during purification. For the purification of StFd1, it was isolated in large amount as 

previously reported shown in the Fig. 5-6 fraction 5. StFd1 and 2 (Fraction 5 and 8) were characterized 

by UV-visible absorbance spectra, and fraction 8 decreased by about 37% in 410 nm, compared to 

fraction 5 (Fig. 5-7 line 1 and 2). The absorbance of fraction 8 in 410 nm extremely approach the 

reduced state of fraction 5 incubated with 10 mM dithionite (Fig. 5-7 line 3). 

   StFd1 and 2 (Fraction 5 and 8) were sequenced from N-terminal as described in materials and 

methods. Because of the only differences in 9th and 18th residues from N-terminal between St0163 

and St1175 (Fig.5-2A), fraction 5 and 8 were sequenced from residues 2 to 19 of N-terminal, and the 

two Fds showed the same amino acid sequence with St0163 (Fig.5-8). Therefore, only Fds encoded by 

st0163 could be isolated from the cytosol of S. tokodaii, and StFd2 is identical with StFd1 in primary 

structure, seems to be in aggregrated or damageable state of StFd1.  
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5-4 Discussions 

   In this chapter, various recombinant and natural Fds from S. tokodaii and A. pernix were prepared 

and characterized. For the S. tokodaii Fds, StFd1 encoded by st0163 and its recombinant one were 

isolated in the largest amount and contained intact iron-sulfur clusters and showed high OFOR activity 

as previously reported [87]. Although StFd2 was also isolated from cytosol of S. tokodaii, it existed in 

an extreme unstable state, whose iron-sulfurs clusters easy to be degraded upon exposure to oxygen, 

which was previously proposed [116]. St1175 might be a pseodugene, which has lost the ability to be 

transcribed or is no longer expressed in vivo of S. tokodaii. Two fds genes (ape0104a and ape0320) of 

A. pernix was also heterologously expressed in E. coli, and both of the purified products are 

iron-sulfur cluster-containing Fds, which showed activities assayed by A. pernix OFOR 

(ApeOFOR1).However, which one is the original electron acceptor of ApeOFOR1 can not be 

determined by this activity measurement. On the other hands, Sulfolobus OFORs only showed 

activities by using dicluster type Fds (Ape0320 and St0163) for some unknown reasons. In order to 

clarify this question, the redox potential of every OFORs and Fds will be assayed and compared, 

respectively, in the future. It is interesting to notice that StFd1 and StOFOR1 are abundantly present in 

the cytosol, while their paralogs, StFd2 and StOFOR2 are not translated in the gived condition, 

although their genes are conserved in the organism.   
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Figures and Tables  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5-1. DEAE cellulose chromatography of extract crudes from S. tokodaii. Absorbance at 280 nm and 

410 nm are shown by black and red lines, respectively.  
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Fig.5-2. Amino acid sequence alignment of Fds. The Cys consensus sequence are highlighted in black 

boxes. (A) St0163 and St1175. The different residues are gray shadowed. (B) Ape0320 and Ape0104a 
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Fig.5-3. SDS-PAGE of various purified recombinant Fds. (A) St0163 and St1175. (B) Ape0320 and 

Ape0104a 
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Fig.5-4. Absorption spectra of various recombinant Fds. Relative absorbance was set at A280=1 

for each Fd. Traces 1, 2, 3, and 4 stand for the Ape0104a, St0163, St1175, and Ape0320, 

respectively. 
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Fig.5-5. EPR spectra of St0163 (red line) and St1175 (black line). EPR spectra were measured at 8K w

a microwave power of 1.0 mW and modulation amplitude of 0.8 mT. 

 

ith 

 

 

 

 

 

 

 

 

 

 

 

 77



 

 

 

Fig.5-6. Gel filtration (A) and SDS-PAGE (B) of StFd1 and 2 from cytosol of S. tokodaii. 
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Fig.5-7. Absorption spectra of purified StFd1 and StFd2 from cytosol of S. tokodaii. Traces 1, 

2, and 3 stand for the StFd1, StFd2, and StFd1 incubated with 10 mM dithionite, respectively. 
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2         9             18 

StFd1 (fraction 5): GIDpNYRTNRQVvGEHSG 

 

StFd2 (fraction 8): GIDpNyRTNRQVvGeHSG 

 

 

 

 

 

 

 

 

 

 

 

Fig.5-8. Sequence comparison of the N-terminal amino acid sequence of StFd1 and StFd2. 

Small letters indicate ambiguous residues. Red letters indicate the corresponding residues of 

difference in St0163 and St1175.  
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Table 5-1 OFORs activities assayed by various recombinant Fds 

 
U/mga No Fd St0163 Ape0104a Ape0320

StOFOR1 0.085 0.39 0.1 0.38 

StOFOR2 0.088 0.48 0.14 0.39 

SsoOFOR 0.068 0.41 0.12 0.37 

ApeOFOR1 0.089 0.3 0.25 0.28 

 

 

 

 

aThe activities were assayed by observation of reduction of cytochrome c at 550 nm, 50 . 1 U ℃

= 1 µmol/mg. See materials and methods for detailed conditions. 
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Chapter 6  Concluding Remarks 

 

Hyperthermophilic organisms are related to primitive form of life, and their metabolism shows 

unique aspects such as use of ferredoxin (Fd) as an electron carrier. Their proteins are highly stable but 

often oxygen-sensitive when iron-sulfur cluster is included. S. tokodaii is an aerobic hyperthermophile 

and contains a large amount of unique Zn-binding Fds. But the metabolic role of Fd is still unclear. 

This doctor thesis deals mainly with two Fd-dependent enzymes from S. tokodaii, 2-oxoacid:Fd 

oxidoreductase (OFOR) and Fd:NADP+ oxidoreductase (FNR). 

In the chapter one, hyperthermophilic archaea was firstly introduced. As the third domain of 

organism, archaea are clearly distinguishable from the domains of bacteria and eukarya in metabolism 

routes and catalytic enzymes. Species of Sulfolobus and Aeropyrum, as two examples of 

hyperthermophilic archaea, were reviewed in their discovery, unique physiological features and 

metabolic types. On the other hand, Fd, OFOR and FNR were introduced in detail as the research 

objects of this work. Their properties, functions and research progress were summarized, and the aim 

of this work was determined to study the unknown functions and structures of these redox proteins. 

In the chapter two, I studied the reaction mechanism of StOFOR through construction of the Cys 

mutants. Wild type and all the mutants were assayed by UV-visible spectrum, EPR, CD and cyclic 

voltammetry to determine the state of [4Fe-4S] clusters. A comprehensive analysis of the results 

showed that all the mutants lost the intact [4Fe-4S] cluster, except the C197A still retained an 

incomplete one. In addition, activities of oxidative and non-oxidative decarboxylation to yield 

acetyl-CoA and acetaldehyde, respectively, were also assayed. These results suggest that the intact 

[4Fe-4S] cluster is necessary to oxidative decarboxylation, but not required for non-oxidative 

decarboxylation. Remarkably, I found that the non-oxidative decarboxylation is independent on CoA, 

which is obviously different from a previous report. Finally, I proposed a revised reaction pathway for 

StOFOR.   

  In the chapter three, the crystal structure of StOFOR was solved. Through screening several OFORs 
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of (ab)2 type, I found that the second OFOR existed in S. tokodaii (StOFOR2) is more treatable 

isoform for crystallization, and the structure of (ab)2 type OFOR was successfully determined by 

StOFOR2. The novel structure consists of two protomers, each of which comprises one a- and 

b-subunit. Somehow expectedly, TPP is located at the interface between the two subunits derived from 

different protomers, and the sole [4Fe-4S] cluster is located nearby the surface of b-subunit. Through 

comparing the pyruvate-binding active site between DaPFOR and StOFOR, I clarified the reasons of 

broad substrate specificity for StOFOR. The modeled complex structure of StOFOR2 and StFd were 

manually docked. This is the first crystal structure of (ab)2 type OFOR, and also the first OFOR 

structure from archaea.  

In the chapter four, a new pathway for recycling Fd in S.tokodaii was proposed. The putative gene 

(st2133) for FNR was suggested to catalyze the conversion reaction of reduced Fd to oxidized one, 

and vice versa, under aerobic or anaerobic conditions. The FAD-containing enzyme was analyzed by 

the activities using the combination of NAD(P)H as an electron donor, and various electron donors. At 

last, the possible role of ST2133 as a member of the redox cycle for ferredoxin is discussed.  

  In the chapter five, two Fd genes from S. tokodaii and two Fd genes from A. pernix were 

heterologously expressed in E. coli, and the purified products were characterized. Various recombinant 

Fds were comparatively analyzed in the state of iron-sulfur cluster and activities for electron acceptors 

from OFORs. On the other hand, two natural Fds were isolated from cytosol of S. tokodaii and 

sequenced. Results showed that they are the same protein, but differ in the stability of iron-sulfur 

clusters. 

  In conclusion, I studied three redox partners from hyperthermophilic archaea. Their functions, 

structures, and catalytic properties were analyzed by various biochemical and biophysical methods. 

These works provide a foundation and framework for further study on the redox mechanisms of 

oxidoreductases.   
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