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ABSTRACT 

CO2 fixation is a thermodynamically and kinetically challenging process, but 

nature has its own way of transforming CO2 into diverse organic molecules. Of our 

particular interest is 2-oxoacid:ferredoxin oxidoreductase (OFOR) that catalyzes the 

anaerobic, reversible inter-conversion of 2-oxoacids and CO2, making use of a small 

electron-transfer protein, ferredoxin (Fd), as the redox partner. This dissertation 

characterizes OFORs and Fds from organisms that exhibit different metabolic patterns 

and investigates how the interplay of OFOR and Fd could impact the fate of CO2 

metabolism, asking the question What controls the catalytic bias of OFOR for CO2 

evolution versus fixation? The study of OFORs and Fds from Desulfovibrio africanus and 

Hydrogenobacter thermophilus through an electrocatalytic assay reveals that the 

reduction potential of Fd is possibly associated with the biological function of OFOR and 

that CO2 fixation requires a low-potential electron donor. The Fd from H. thermophilus 

(HtFd1) is used as a model to probe the factors that govern iron-sulfur cluster potential. 

The dependence of OFOR activity on Fd potential is systematically studied with HtFd1 
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and its molecular variants through the electrocatalytic assay and a coupled enzyme assay. 

The results suggest there is a Fd “potential optimum” for OFOR-catalyzed CO2 fixation. 

The study of a 2-oxoglutarate:ferredoxin oxidoreductase (OGOR) and three Fds from 

Magnetococcus marinus MC-1 further highlights other factors such as the intramolecular 

electron-transfer within Fd and the electrostatic and hydrophobic interactions at the 

protein-protein interface in determining OFOR-Fd interaction. The characterization of an 

OGOR from M. marinus MC-1 (MmOGOR) also provides kinetic, structural and 

spectroscopic details for a CO2-fixing OFOR that contains only one iron-sulfur cluster. 

Overall, this work furthers the scientific understanding of how nature achieves CO2 

fixation through supplying reducing equivalents and with enzymes as efficient catalysts, 

and how intermolecular electron-transfer mediated by protein-protein interaction could 

regulate enzyme catalysis.  

!

 

  



!

! x 

TABLE OF CONTENTS 

 

DEDICATION ................................................................................................................... iv!

ACKNOWLEDGMENTS .................................................................................................. v!

ABSTRACT ..................................................................................................................... viii!

TABLE OF CONTENTS .................................................................................................... x!

LIST OF TABLES ........................................................................................................... xvi!

LIST OF FIGURES ........................................................................................................ xvii!

LIST OF SCHEMES ....................................................................................................... xxi!

LIST OF ABBREVIATIONS ......................................................................................... xxii!

CHAPTER 1 ....................................................................................................................... 1!

2-OXOACID:FERREDOXIN OXIDOREDUCTASES AND THEIR REDOX 

PARTNER, FERREDOXIN ............................................................................................... 1!

1.1 2-OXOACID:FERREDOXIN OXIDOREDUCTASES ........................................... 2!

1.1.1 OFOR classifications ......................................................................................... 3!

1.1.2 OFOR structural features ................................................................................... 3!

1.1.3 OFOR reaction mechanism ................................................................................ 8!

1.2 FERREDOXINS ..................................................................................................... 12!

1.2.1 Evolution and structural features of bacterial type Fds ................................... 13!

1.2.2 The reduction potential of bacterial Fds .......................................................... 16!



!

! xi 

1.3 SCOPE OF THIS STUDY ...................................................................................... 18!

CHAPTER 2 ..................................................................................................................... 24!

MEASURING THE CATALYTIC BIAS OF 2-OXOACID:FERREDOXIN 

OXIDOREDUCTASE THROUGH AN FERREDOXIN-MEDIATED 

ELECTROCATALYTIC ASSAY‡ ................................................................................... 24!

2.1 INTRODUCTION .................................................................................................. 25!

2.2 MATERIALS AND METHODS ............................................................................ 31!

2.2.1 Protein expression and purification ................................................................. 31!

2.2.2 Protein characterization and enzyme activity .................................................. 34!

2.2.3 Electrochemistry setup and measurement of Fd reduction potential ............... 35!

2.2.4 Fd-mediated electrocatalytic assay .................................................................. 36!

2.3 RESULTS ............................................................................................................... 36!

2.3.1 Protein characterization and enzyme activity .................................................. 36!

2.3.2 The reduction potentials of DaFdI and HtFd1 ................................................. 38!

2.3.3 Both DaFdI and HtFd1 could serve as electron acceptors in 2-oxoacid 

oxidation ................................................................................................................... 40!

2.3.4 Only HtFd1 could serve as an electron donor for the reduction of CO2 .......... 44!

2.4 DISCUSSION ......................................................................................................... 47!

2.5 CONCLUSIONS .................................................................................................... 50!

CHAPTER 3 ..................................................................................................................... 51!



!

! xii 

SYSTEMATIC EVALUATION OF THE IMPACT OF FERREDOXIN POTENTIAL 

ON 2-OXOACID:FERREDOXIN OXIDOREDUCTASE ACTIVITY WITH A 

FERREDOXIN “POTENTIAL GRADIENT” ................................................................. 51!

3.1 INTRODUCTION .................................................................................................. 52!

3.2 MATERIALS AND METHODS ............................................................................ 59!

3.2.1 Sequence alignment ......................................................................................... 59!

3.2.2 Plasmids construction ...................................................................................... 59!

3.2.3 Protein expression, purification and characterization ...................................... 63!

3.2.4 VOIDOO cavity calculation ............................................................................ 64!

3.2.5 Electrochemistry .............................................................................................. 66!

3.2.6 Coupled enzyme assays ................................................................................... 66!

3.3 RESULTS ............................................................................................................... 69!

3.3.1 Purification and characterization of Fds .......................................................... 69!

3.3.2 The reduction potentials of Fds ........................................................................ 72!

3.3.3 Reduction potential change through hydrophobic-polar residue exchange ..... 73!

3.3.4 Evaluation of the “5th cysteine” effect in HtFd1 molecular variants ............... 77!

3.3.5 Evaluation of the impact of solvent accessibility in HtFd1 molecular variants

................................................................................................................................... 80!

3.3.6 A Fd library with a “Potential Gradient” ......................................................... 84!

3.3.7 Electrocatalytic assay ....................................................................................... 85!

3.3.8 Coupled enzymatic (biochemical) assays ........................................................ 90!

3.4 DISCUSSION ......................................................................................................... 95!



!

! xiii 

3.5 CONCLUSIONS .................................................................................................... 98!

CHAPTER 4 ................................................................................................................... 100!

THE 2-OXOGLUTARATE:FERREDOXIN OXIDOREDUCTASE FROM 

MAGNETOCOCCUS MARINUS MC-1: DISCOVERY, CHARACTERIZATION AND 

STRUCTURE ................................................................................................................. 100!

4.1 INTRODUCTION ................................................................................................ 101!

4.2 MATERIALS AND METHODS .......................................................................... 106!

4.2.1 Plasmids construction .................................................................................... 106!

4.2.2 Protein expression and purification ............................................................... 108!

4.2.3 Enzyme activity assay .................................................................................... 110!

4.2.4 UV-visible Spectroscopy ............................................................................... 111!

4.2.5 Electron paramagnetic resonance (EPR) spectroscopy .................................. 111!

4.2.6 X-ray crystallography .................................................................................... 112!

4.3. RESULTS ............................................................................................................ 112!

4.3.1 Purification of MmOGOR ............................................................................. 112!

4.3.2 The kinetic properties of MmOGOR ............................................................. 113!

4.3.3 UV-vis spectroscopy ...................................................................................... 118!

4.3.4 EPR spectroscopy .......................................................................................... 119!

4.3.5 Preliminary structural analysis ....................................................................... 124!

4.3.6 The reduction potential of MmOGOR and its perturbation ........................... 127!

4.3.7 Conformational change of MmOGOR with substrates bound ....................... 133!

4.4 DISCUSSION ....................................................................................................... 134!



!

! xiv 

4.5 CONCLUSIONS .................................................................................................. 137!

CHAPTER 5 ................................................................................................................... 139!

IDENTIFICATION OF THE FERREDOXIN REDOX PARTNER FOR 2-

OXOGLUTARATE:FERREDOXIN OXIDOREDUCTASE FROM 

MAGNETOCOCCUS MARINUS MC-1 ......................................................................... 139!

5.1 INTRODUCTION ................................................................................................ 140!

5.2 MATERIALS AND METHODS .......................................................................... 144!

5.2.1 Sequence analysis and structure modeling .................................................... 144!

5.2.2 Plasmids construction .................................................................................... 144!

5.2.3 Protein expression, purification and characterization .................................... 145!

5.2.4 UV-vis spectroscopy ...................................................................................... 146!

5.2.5 EPR spectroscopy .......................................................................................... 147!

5.2.6 Electrochemistry ............................................................................................ 147!

5.2.7 Coupled biochemical assay with MmOGOR ................................................. 147!

5.2.8 Modeling of the MmOGOR and MmFd complexes ...................................... 150!

5.3 RESULTS ............................................................................................................. 150!

5.3.1 Analyses of MmFds amino-acid sequences ................................................... 150!

5.3.2 Purification of MmFds and preliminary spectroscopic characterization ....... 152!

5.3.3 The reduction potentials of MmFds ............................................................... 157!

5.3.4 Comparison of three MmFds in their interaction with MmOGOR ................ 162!

5.3.5 Kinetic properties of MmOGOR using MmFd1 as the electron mediator ..... 166!

5.3.6 The hypothetical MmFd1/2-MmOGOR complex(es) ................................... 170!





!

! xvi 

LIST OF TABLES 

Table 3.1 A list of monocluster [4Fe-4S] Fds and their reduction potentials ................... 54!

Table 3.2 Plasmids and primers for creating DaFdI and HtFd1 molecular variants ......... 59!

Table 3.3 Grid and cavity parameters in VOIDOO calculation ........................................ 65!

Table 3.4 The reduction potential of DaFdI and HtFd1 molecular variants ..................... 72!

Table 4.1 The MmOGOR gene (korAB) and genome neighborhood ............................ 105!

Table 4.2 Plasmids and primers for creating MmOGOR molecular variants ................. 107!

Table 4.3 The kinetic properties of MmOGOR .............................................................. 115!

Table 4.4 Activity of OFORs in 2-oxoacid oxidation ..................................................... 115!

Table 4.5 The pH dependence of OFOR activity in 2-oxoacid oxidation ...................... 116!

Table 4.6 Activity of MmOGOR toward 2-oxoacid substrates ...................................... 117!

Table 4.7 The activity of MmOGOR molecular variants ............................................... 132!

Table 5.1 The genomic neighborhood region of MmFds ............................................... 142!

Table 5.2 Comparison of MmFd1, MmFd2 and other Alvin-type Fds ........................... 160!

Table 5.3 Kinetic properties of MmOGOR using MmFd1 as the redox mediator ......... 167!

!
!
  



!

! xvii 

LIST OF FIGURES 

Figure 1.1 The quaternary structure of OFORs. ................................................................. 4!

Figure 1.2 The crystal structures of DaPFOR and MtOOR. ............................................... 6!

Figure 1.3 The active site of OFOR. ................................................................................... 7!

Figure 1.4 The proposed reaction mechanism for OFOR of the three-cluster type. ........... 9!

Figure 1.5 The proposed reaction mechanism for OFOR of the one-cluster type. ........... 11!

Figure 1.6 A probable evolutionary process of bacterial Fds. .......................................... 15!

Figure 1.7 The typical reduction potential range in Fds. .................................................. 17!

Figure 1.8 The reductive tricarboxylic acid (rTCA) cycle and the participation of OFORs.

................................................................................................................................... 19!

Figure 2.1 The energetics of CO2 reduction catalyzed by OFOR (A). ............................. 26!

Figure 2.2 The energetics of CO2 reduction catalyzed by OFOR (B). ............................. 27!

Figure 2.3 The schematic presentation of the electrocatlytic assay and coupled enzyme 

assay. ......................................................................................................................... 30!

Figure 2.4 Purified enzymes and Fds visualized by SDS-PAGE. .................................... 37!

Figure 2.5 Enzyme activity at pH 7.0. .............................................................................. 38!

Figure 2.6 The reduction potential of DaFdI and HtFd1. ................................................. 39!

Figure 2.7 Electrocatlytic assay in the 2-oxoacid oxidation direction. ............................. 43!

Figure 2.8 Electrocatlytic assay in the CO2 reduction direction. ...................................... 46!

Figure 3.1 Sequence alignment of monocluster [4Fe-4S] Fds. ......................................... 57!

Figure 3.2 Schematic presentation of the coupled enzyme assays. .................................. 67!

Figure 3.3 The UV-vis spectra of DaFdI, HtFd1 and their selected molecular variants. . 70!



!

! xviii 

Figure 3.4 EPR spectra of reduced HtFd1 and H16 (HtFd1_L17G). ............................... 71!

Figure 3.5 Hydrophobic-Polar residues exchange in DaFdI and HtFd1. .......................... 74!

Figure 3.6 Typical voltammograms of DaFdI, HtFd1, D01 (DaFdI_I13T) and H03 

(HtFd1_S64V). ......................................................................................................... 75!

Figure 3.7 The hydrogen bonding network involving S64 in HtFd1. ............................... 76!

Figure 3.8 Typical voltammograms of HtFd1 and H08 (HtFd1_S64A). .......................... 77!

Figure 3.9 The “5th cysteine” in DaFdI and the corresponding residue in HtFd1. ............ 78!

Figure 3.10 Typical voltammograms of HtFd1, H12 (HtFd1_S66C), H13 (HtFd1_S66A) 

and H14 (HtFd1_S66C/S64V). ................................................................................. 79!

Figure 3.11 The impact of solvent accessibility in HtFd1. ............................................... 81!

Figure 3.12 Possible cavities created through the L17G mutation. .................................. 83!

Figure 3.13 A Fd library with a “potential gradient”. ....................................................... 85!

Figure 3.14 The electrocatalytic assays for DaPFOR in both pyruvate oxidation and CO2 

reduction with selected Fds as the electron mediator. .............................................. 88!

Figure 3.15 Coupled enzymatic assay in the pyruvate oxidation direction. ..................... 91!

Figure 3.16 The activity of DaPFOR in pyruvate oxidation and CO2 reduction with 

different Fds as the electron mediator. ...................................................................... 93!

Figure 4.1 Recapitulation of the reaction mechanism for OFOR. .................................. 102!

Figure 4.2 The MmOGOR (korAB) gene and genome neighborhood. .......................... 104!

Figure 4.3 Purification of MmOGOR and protein UV-vis absorption feature. .............. 113!

Figure 4.4 Kinetic properties of MmOGOR. .................................................................. 114!

Figure 4.5 The UV-vis spectra of MmOGOR upon substrates addition. ........................ 119!



!

! xix 

Figure 4.6 EPR spectra of MmOGOR treated with 2-oxoglutarate. ............................... 120!

Figure 4.7 EPR spectra of MmOGOR treated with 2-oxoglutarate and CoA. ............... 122!

Figure 4.8 The crystal structure of MmOGOR. .............................................................. 126!

Figure 4.9 Comparison of the crystal structures of MmOGOR and StOFOR1. ............. 129!

Figure 4.10 Key hydrophobic residues around the iron-sulfur cluster. .......................... 130!

Figure 4.11 Comparison of MmOGOR with or without substrates bound. .................... 133!

Figure 5.1 Genes that encode [4Fe-4S] type Fds and their genome neighborhood. ....... 141!

Figure 5.2 Schematic presentation of the coupled enzyme assays. ................................ 149!

Figure 5.3 Sequence alignment for MmFd1, MmFd2 and typical Alvin-type Fds. ........ 151!

Figure 5.4 Sequence alignment for MmFd3, and other typical dicluster Fd types. ........ 152!

Figure 5.5 Purification MmFds with MmFd2 as an example. ........................................ 153!

Figure 5.6 Spectroscopic features of MmFd1. ................................................................ 154!

Figure 5.7 Spectroscopic features of MmFd2. ................................................................ 155!

Figure 5.8 Spectroscopic features of MmFd3. ................................................................ 156!

Figure 5.9 A homology model and a typical cyclic voltammogram for MmFd1. .......... 158!

Figure 5.10 A homology model and a typical cyclic voltammogram for MmFd2. ........ 159!

Figure 5.11 A homology model and a typical cyclic voltammogram for MmFd3. ........ 161!

Figure 5.12 Direct reduction of three MmFds by MmOGOR. ....................................... 163!

Figure 5.13 Reduction of metronidazole by MmOGOR, mediated by MmFds. ............ 165!

Figure 5.14 Kinetic properties of MmOGOR using MmFd1 as the redox mediator. ..... 166!

Figure 5.15 CO2 reduction activity of MmOGOR using different Fds as the electron 

donor. ...................................................................................................................... 170!



!

! xx 

Figure 5.16 Potential complexes of MmFd1 and MmFd2 to MmOGOR. ...................... 171!

Figure 5.17 Possible electrostatic interaction between MmFd1 and MmOGOR. .......... 173!

Figure 5.18 Possible hydrophobic interaction between MmFd1 and MmOGOR. ......... 174!

Figure 6.1 The sequence similarity network for monocluster [4Fe-4S] Fds. ................. 187!

Figure 6.2 The hypothetic mechanism of the one-cluster OFOR in the CO2 reduction 

direction. ................................................................................................................. 189!

!
  



!

! xxi 

LIST OF SCHEMES 

Scheme 1.1 The chemical reactions catalyzed by OFOR enzymes. ................................... 2!

Scheme 2.1 The chemical reactions catalyzed by PFOR and OGOR ............................... 25!

 

  



!

! xxii 

 

LIST OF ABBREVIATIONS 

2!YT .................................................................................................. Yeast extract tryptone 

[2Fe-2S]  ................................................................................... Two iron, two sulfur cluster 

[3Fe-4S]  ................................................................................ Three iron, four sulfur cluster  

[3Fe-4S]+ ................................................................ Three iron, four sulfur cluster, oxidized 

[3Fe-4S]0 ................................................................. Three iron, four sulfur cluster, reduced 

[4Fe-4S] ................................................................................... Four iron, four sulfur cluster  

[4Fe-4S]+ ................................................................... Four iron, four sulfur cluster, reduced  

[4Fe-4S]0 ...................................................... Four iron, four sulfur cluster, “super reduced”  

[4Fe-4S]2+ ................................................................. Four iron, four sulfur cluster, oxidized 

[4Fe-4S]3+ ...................................... Four iron, four sulfur cluster, oxidized (seen in HiPIPs) 

Å .............................................................................................................................Angstrom 

A/Ala ......................................................................................................................... Alanine 

A390 .................................................................................................... Absorbance at 390 nm 

Aa ................................................................................................................ Aquifex aeolicus 

AdoMet .............................................................................................. S-adenosylmethionine 

Alvin .............................................................................................. Allochromatium vinosum 

APBS .......................................................................... Adaptive Poisson-Boltzmann Solver 

Arg .......................................................................................................................... Arginine 

Azvin ..................................................................................................... Azobacter vinelandii 

BLAST ......................................................................... Basic Local Alignment Search Tool 



!

! xxiii 

BSA ................................................................................................... Bovine serum albumin 

Bt ............................................................................................. Bacillus thermoproteolyticus 

BV ............................................................................................................... Benzyl viologen 

˚C................................................................................................................... Degree Celsius 

C/Cys ....................................................................................................................... Cysteine 

CaCl2 .......................................................................................................... Calcium chloride 

CAPS ............................................................ 3-(Cyclohexylamino)-1-propanesulfonic acid 

Cau ..................................................................................................... Clostridium acid-urici 

CD ........................................................................................................... Circular dichroism 

CHES ................................................................... 2-(Cyclohexylamino)ethanesulfonic acid 

cm .......................................................................................................................... centimeter 

CO ............................................................................................................. Carbon monoxide 

CO2 ................................................................................................................ Carbon dioxide 

CoA ................................................................................................................... Coenzyme A 

CODH .............................................................................. Carbon monoxide dehydrogenase 

Cp ................................................................................................ Clostridium pasteurianum 

CV ................................................................................................................ Column volume 

Ct .......................................................................................................... Chlorobium tepidum 

Cu ............................................................................................................................... Copper 

Da .................................................................................................... Desulfovibrio africanus 

dB .............................................................................................................................. Decibel 

Dd ................................................................................ Desulfovibrio desulfuricans Norway 



!

! xxiv 

DEAE ....................................................................................................... Diethylaminoethyl 

Dg ........................................................................................................... Desulfovibrio gigas 

DNA .................................................................................................. Deoxyribonucleic acid 

DNase I ................................................................................................ Deoxyribonuclease I 

DSC .................................................................................. Differential scanning calorimetry 

Dv ...................................................................................... Desulfovibrio vulgaris Miyazaki 

Eo’ ............................................................................ Standard reduction potential, at pH 7.0 

Em ...................... Midpoint potential, interchangeably with reduction potential in this work 

E. coli .......................................................................................................... Escherichia coli 

E/Glu ............................................................................................................... Glutamic acid 

EDTA ................................................................................. Ethylenediaminetetraacetic acid 

EPR .................................................................................. Electron paramagnetic resonance 

ET ............................................................................................................... Electron-transfer 

F/Phe ............................................................................................................... Phenylalanine 

Fd(s) ................................................................................................................. Ferredoxin(s) 

Fdox ....................................................................................................... Ferredoxin, oxidized 

Fdred ....................................................................................................... Ferredoxin, reduced 

Fe..................................................................................................................................... Iron 

FeS ....................................................................................................................... Iron-sulfur 

G/Gly.......................................................................................................................... glycine 

"Go’ .......................................... Change of Gibbs free energy at standard condition, pH 7.0 

"G’m ...................................... Change of Gibbs free energy with reactants at 1 mM, pH 7.0 



!

! xxv 

GDH ............................................................................................. Glutamate dehydrogenase 

GHz ........................................................................................................................ Gigahertz 

GPES ................................................................... General Purpose Electrochemical System 

Gs ....................................................................................... Geobacillus stearothermophilus 

H+ ................................................................................................................................ Proton 

HEPES ............................................... 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

HiPIP ............................................................................... High potential iron-sulfur proteins 

His ........................................................................................................................... Histidine 

Ht......................................................................................... Hydrogenobacter thermophilus 

I/Ile ........................................................................................................................ Isoleucine 

IOR ........................................................................ Indopyruvate:ferredoxin oxidoreductase 

IPTG ........................................................................ Isopropyl #-D-1-thiogalactopyranoside 

IspG ................................................ 4-hydroxy-3-methybut-2-en-1-yl diphosphate synthase 

K .................................................................................................................................. Kelvin 

K/Lys........................................................................................................................... Lysine 

kcat .............................................................................................. Maximum turnover number 

kcat/KM ..................................................................................................... Catalytic efficiency 

kD ........................................................................................................................ kilo-Dalton 

KM ............................................................................................... Michaelis-Menten constant 

L/Leu ......................................................................................................................... Leucine 

LB .................................................................................................................... Luria-Bertani 

LDH .................................................................................................. Lactate dehydrogenase 



!

! xxvi 

Leu ............................................................................................................................ Leucine 

LMCT ................................................................................. Ligand-to-metal charge transfer 

Lys............................................................................................................................... Lysine 

mbar .......................................................................................................................... millibar 

MES ........................................................................... 2-(N-morpholino)ethanesulfonic acid 

Met ...................................................................................................................... Methionine 

MgCl2 .................................................................................................... Magnesium chloride 

Min ............................................................................................................................. Minute 

mM ...................................................................................................................... milli-molar 

Mm ....................................................................................... Magnetococcus marinus MC-1 

MOPS ...................................................................... 3-(N-Morpholino)propanesulfonic acid 

mT .......................................................................................................................... Millitesla 

Mt .................................................................................................... Moorella thermoacetica 

mV........................................................................................................................... Millivolt 

MV .............................................................................................................. Methyl viologen 

mV/sec .................................................................................................. Millivolt per second 

mW .......................................................................................................................... Milliwatt 

N2ase .................................................................................................................. Nitrogenase 

NaCl ............................................................................................................ Sodium chloride 

NAD+ .............................................................. Nicotinamide adenine dinucleotide, oxidized 

NADH ............................................................. Nicotinamide adenine dinucleotide, reduced 

NADP+ .......................................... Nicotinamide adenine dinucleotide phosphate, oxidized 



!

! xxvii 

NADPH .......................................... Nicotinamide adenine dinucleotide phosphate, reduced 

nm ........................................................................................................................ Nanometer 

nM ........................................................................................................................ Nanomolar 

NMR ........................................................................................ Nuclear magnetic resonance 

O2 .............................................................................................................................. Oxygen 

OFOR .......................................................................... 2-oxoacid:ferredoxin oxidoreductase 

OGOR ................................................................. 2-oxoglutarate:ferredoxin oxidoreductase 

OOR ............................................................................... Oxalate:ferredoxin oxidoreductase 

P/Pro ........................................................................................................................... Proline 

Pa ................................................................................................. Pseudomonas aeruginosa 

Pf ........................................................................................................... Pyrococcus furiosus 

PFOR ........................................................................... Pyruvate:ferredoxin oxidoreductase 

PGE .................................................................................................. Pyrolytic graphite edge 

Phyre2 ................................................ Protein homology/analogy recognition engine V 2.0 

PMSF .................................................................................... Phenylmethylsulfonyl fluoride 

Pp .................................................................................................... Paenibacillus polymyxa 

R/Arg....................................................................................................................... Arginine 

RMSD ...................................................................................... Root-mean-square deviation 

rTCA cycle ....................................................................... reductive tricarboxylic acid cycle 

S/Ser ............................................................................................................................ Serine 

SCE ........................................................................................... Saturated calomel electrode 

SDS-PAGE ............................. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 



!

! xxviii 

Sec .............................................................................................................................. Second 

SHE .......................................................................................... Standard hydrogen electrode 

SoC5 .............................................................. Cytochrome c553 from Shewanella oneidensis 

St .............................................................................................................Sulfolobus tokodaii 

SUMO ..................................................................................... Small ubiquitin-like modifier 

T/Thr ..................................................................................................................... Threonine 

Ta ............................................................................................................Thauera aromatica 

TAPS .................................. N-[Tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid 

TCA cycle ....................................................................................... Tricarboxylic acid cycle 

TKC............................................................................................... Transketolase C-terminal 

Tm ...................................................................................................... Thermotoga maritima 

TPP ................................................................................................. Thiamine pyrophosphate 

Tris-HCl ................................................ Tris(hydroxymethyl)aminomethane hydrochloride 

UV/vis ...................................................................................................... Ultraviolet/visible 

V/Val ........................................................................................................................... Valine 

VOR ................................................................ 2-ketoisovalerate:ferredoxin oxidoreductase 

W/Trp .................................................................................................................. Tryptophan 

WT ........................................................................................................................ Wild-type 

$ ........................................................................................................... Extinction coefficient 

µm ....................................................................................................................... Micrometer 

µM ...................................................................................................................... Micromolar 

 



!

!

1 

 

 

 

 

 

 

 

CHAPTER 1 

 

2-OXOACID:FERREDOXIN OXIDOREDUCTASES AND THEIR REDOX 

PARTNER, FERREDOXIN  
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1.1 2-OXOACID:FERREDOXIN OXIDOREDUCTASES 

 

The 2-oxoacid:ferredoxin oxidoreductases (OFORs) are a group of enzymes that 

catalyze the anaerobic, reversible interconversion of a 2-oxoacid and CO2, involving two 

electrons and two protons (Scheme 1.1. Gibson et al., 2016a; Ragsdale, 2003). Small 

iron-sulfur proteins, ferredoxins (Fds), usually serve as the electron carrier.  

 

 
 

Scheme 1.1 The chemical reactions catalyzed by OFOR enzymes. Fdox, ferredoxin in 
the oxidized state. Fdred, ferredoxin in the reduced state. The change between Fdox and 
Fdred in this scheme involves one electron.  OOR, oxalate:ferredoxin oxidoreductase. 
OFOR, 2-oxoacid:ferredoxin oxidoreductase. PFOR, pyruvate:ferredoxin oxidoreductase. 
OGOR, 2-oxoglutarate:ferredoxin oxidoreductase. VOR, 2-ketoisovalerate:ferredoxin 
oxidoreductase. IOR, indopyruvate:ferredoxin oxidoreductase.  
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1.1.1 OFOR classifications 

With the exception of oxalate:ferredoxin oxidoreductase (OOR, Scheme 1.1 (1)), 

all known OFOR reactions involve a CoA as the acyl group carrier (Scheme 1.1 (2)), 

which gives rise to OFOR subgroup members including but not limited to: 

pyruvate:ferredoxin oxidoreductase (PFOR), 2-oxoglutarate:ferredoxin oxidoreductase 

(OGOR), 2-ketoisovalerate:ferredoxin oxidoreductase (VOR) and 

indopyruvate:ferredoxin oxidoreductase (IOR) (Gehring and Arnon, 1972; Heider et al., 

1996; Mai and Adams, 1994; Pierce et al., 2010; Uyeda and Rabinowitz, 1971a).  

 

1.1.2 OFOR structural features 

All OFOR enzymes share similar structural features and are believed to have 

evolved from a common ancestor (Horner et al., 1999). They all contain thiamine 

pyrophosphate (TPP) at the active site and [4Fe-4S] cluster(s) to mediate electron-

transfer in the catalytic cycle. In terms of the quaternary structure, all OFORs appear to 

be dimers, yet the number of subunits per protomer varies. They can be found as 

homodimers (%2 type) or as a dimer of heterodimers ((%#)2 type), heterotrimers ((%#&)2 

type),!heterotetramers ((%#&')2 type) and hetereopentamers (%#&'$)2 type (Figure 1.1, 

Gibson et al., 2016a). Despite the diversity in their quaternary structures, the major 

difference among these OFORs is the lack of a ferredoxin domain (Domain V) in the 

(%#)2 -3 type (at the bottom of Figure 1.1). Based on the presence of Domain V, OFORs 

could also be classified into two main categories: the three-cluster type (the majority of 
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This type has been observed for an OGOR and a PFOR from Hydrogenobacter 
thermophilus (Yun et al., 2002; Ikeda et al., 2006).  The notation (%#)2-2 signifies the 
second of the dimer of hetereodimers types. This domain arrangement has been observed 
for Methanobacterium thermoautotrophicum (strain Marburg) (Tersteegen et al., 1997). 
The notation (%#)2-3 signifies the third of the dimer of hetereodimer types. In this type, 
Domain V is missing. This type has previously been observed in genus Halobacterium, 
Hydrogenobacter and so on (Kerscher and Oesterhelt, 1981a; Yoon et al., 1996). Domain 
IV is usually found in the (%)2 type and in some cases, the (%#)2-1 type. It lies at the 
exposed surface of the dimer. Domain VII is only found in genus Desulfovibrio and is 
shown as a dashed rectangle. It extends over the other monomer and may confer stability. 
The presence of Domain IV and VII may be species-specific and is not conserved across 
the OFOR enzyme family. !

 

OFORs of the three-cluster type have been well characterized for their kinetic 

properties as well as their structural and spectroscopic features. The PFOR from 

Desulfovibrio africanus is the first of the OFOR enzyme family to be structurally 

characterized (Chabriere et al., 1999; Cavazza et al., 2006). It belongs to the (%)2 type, 

comprising all seven domains (Figure 1.2A).  The crystal structure of MtOOR (an (%#&)2 

type enzyme) further illustrates a complete core domain arrangement. Despite the 

difference in quaternary structures, the overall architecture of MtOOR is almost the same 

as DaPFOR (Figure 1.2B. Gibson et al., 2015). Domain VII is unique to the genus 

Deslfovibrio and it is supposed to play a role in restricting substrates and is responsible 

for the oxygen tolerance of DaPFOR (Pieulle et al., 1997). Domain IV is only observed in 

the (%)2 and the (%#)2-1 type (Figure 1.2A); in MtOOR, the corresponding region does not 

have any defined tertiary structure (Figure 1.2B, represented by the short orange loop). In 

both these structures, Domain I binds the pyrimidine moiety of the TPP cofactor, while 

Domain II is known as the transketolase C-terminal (TKC) domain and engages in 

interdomain contacts (Costelloe et al., 2008).  Domain III was suggested to be the CoA 
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binding domain (Zhang et al., 1996). Domain V is the Fd domain, hosting two [4Fe-4S] 

clusters. Domain VI binds the pyrophosphate moiety of TPP and also hosts one [4Fe-4S] 

cluster, through an atypical CXGCXnCXnCP ligating motif.  

 

Figure 1.2 The crystal structures of DaPFOR and MtOOR. (A) DaPFOR 
(PDB:2C3M, Cavazza et al., 2006). (B) MtOOR (PDB:5C4I, Gibson et al., 2015). 
Different domains are color coded for one protomer and the other protomer is shown in 
gray.  
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The crystal structures of DaPFOR and MtOOR also allow a closer look at the 

enzyme active site (Figure 1.3). Each protomer of DaPFOR and MtOOR contains a 

complete set of the catalytic machinery, a TPP and three iron-sulfur clusters. The cluster 

hosted by Domain VI is closest to the TPP site and is termed the “proximal cluster”. The 

distances between the edge of the proximal cluster and the C2 position of TPP are 11.5 

and 10.8 Å, in DaPFOR and MtOOR respectively.  

 

 

Figure 1.3 The active site of OFOR. (A) The chemical structure of thiamine 
pyrophosphate (TPP). (B)-(C) The relative position of cofactors in DaPFOR (B) and 
MtOOR (C).  
 

N

N

NH2

N

S
O

P
O

O
O

P
O O

O

Thiamine pyrophosphate (TPP)

C2 position

TPP

Distal cluster 

Medial cluster

Proximal cluster

11.5 Å

12.1 Å

9.6 Å

TPP
10.8 Å

12.5 Å

9.1 Å

Distal cluster 

Medial cluster

Proximal cluster

DaPFOR MtOOR

B C

A



!

!

8 

The two [4Fe-4S] clusters hosted by Domain V are termed the “medial cluster” 

and the “distal cluster” based on their distances from the TPP site. The distal cluster is 

closest to the protein surface and given that, is presumed to be the site of electron-transfer 

to an external partner. The distances between these cofactors are typical of iron-sulfur 

proteins, indicating efficient electron-transfer on the basis of distance < 14 Å (Moser et 

al., 1992). The reduction potentials of the three clusters in DaPFOR were determined to 

be -540, -515 and -390 mV, through redox titration based on the UV-vis absorption of 

[4Fe-4S] clusters at 420 nm (Pieulle et al., 1995). However, these values cannot be 

assigned to individual clusters. 

 

1.1.3 OFOR reaction mechanism 

The reaction mechanism of the three-cluster type OFOR has been extensively 

studied since the seminal work of Rabinowitz and coworkers on the PFOR from 

Clostridium acidi-urici (Raeburn and Rabinowitz, 1971a, 1971b; Uyeda and Rabinowitz, 

1971a, 1971b). Specifically, Ragsdale and coworkers’ efforts with the PFOR and OOR 

from Moorella thermoacetica provided the spectroscopic evidence for key intermediates 

during the OFOR reaction cycle and detailed kinetic information of key steps (Furdui and 

Ragsdale, 2002; Pierce et al., 2017).  

Based on the proposed mechanism in the 2-oxoacid oxidation direction, the C2 

position of the thiazole group in TPP is thought to be deprotonated, generating an ylide 

form which subsequently attacks the 2-position carbonyl carbon of the 2-oxoacid 

substrates through nucleophilic addition (Figure 1.4, from 1 to 2). The resulting adduct 



!

!

9 

rapidly undergoes decarboxylation to release CO2, forming a key intermediate, C2%-

hydroxylalkylidene TPP (Figure 1.4, from 2 to 3. Furdui and Ragsdale, 2002; Reed et al., 

2012). The C2%-hydroxylalkylidene TPP (enamine form, Figure 1.4, 3b) could exist in 

other resonance structures (C2% anion form, as an example, Figure 1.4, 3a). These steps 

are non-redox reactions and have been observed in all TPP-based enzymes, such as 2-

oxoacid dehydrogenase complex and pyruvate oxidase (Frey, 2003; Jordan 1999; 

Ragsdale, 2003; Tittmann, 2009). 

 

 

Figure 1.4 The proposed reaction mechanism for OFOR of the three-cluster type. 
All steps are proposed to be reversible. The reverse steps are not shown for the sake of 
clarity. The involvement of protons is omitted. The 3a and 3b, 4a and 4b species are 
resonance structures of each other. Other resonance forms could exist as well. [4Fe-4S]2+ 
is the [4Fe-4S] cluster in its oxidized form, shown in red. [4Fe-4S]+ is the [4Fe-4S] 
cluster in its reduced form, shown in blue.  
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In OFORs, the C2%-hydroxylalkylidene TPP is oxidized by the proximal iron-

sulfur cluster through a one-electron process, generating a C2%-hydroxylalkylidene TPP 

radical as the key intermediate (Figure 1.4b), and concurrently, one [4Fe-4S] cluster in 

OFOR is reduced (Figure 1.4, from 3 to 4). The TPP-based radical species goes through a 

second one-electron oxidation when the co-substrate CoA binds, and one more [4Fe-4S] 

cluster is reduced (Figure 1.4, from 4 to 5). The catalytic cycle is complete after the 

release of acyl-CoA from TPP (a non-redox process, Figure 1.4, from 5 to 6) and after the 

two electrons hosted on the iron-sulfur clusters are taken away by the external electron 

acceptor, Fd (Figure 1.4, from 6 to 1). In Figure 1.4, the stacked arrangement of [4Fe-4S] 

clusters cannot be attributed specifically to the proximal, medial and distal clusters, 

though it is assumed that the first electron reduces the proximal cluster. 

In this proposed mechanism, OFORs of the three-cluster type could carry the two 

electrons generated one-at-a-time at different steps of the reaction, making use of two of 

its three clusters. The mechanism of [4Fe-4S]2+ regeneration is unclear, though a “bucket 

brigade” model must require two interactions with Fd (Figure 1.4, from 6 to 1). For 

OFOR of the one-cluster type, the key chemical intermediates can be supposed to be the 

same, but the electron-transfer step will be different due to the lack of additional [4Fe-4S] 

clusters. Figure 1.5 illustrates a plausible model for the reaction mechanism of OFORs of 

the one-cluster type. It suggests the external electron acceptor, Fd, will bind and re-

oxidize the reduced [4Fe-4S] cluster in OFOR, in two different steps of the catalytic 

cycle (Figure 1.5, from 4 to 5 or 6, and from 7 to 1, Kerscher and Oesterhelt, 1981b; 
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Zhang et al., 1996). However, there is no direct evidence demonstrating the existence of 

key intermediates thus far and the reversibility has yet to be established. 

 

Figure 1.5 The proposed reaction mechanism for OFOR of the one-cluster type. All 
steps are proposed to be reversible. The reverse steps are not shown for the sake of clarity. 
The involvement of protons is omitted. [4Fe-4S]2+ is the [4Fe-4S] cluster in its oxidized 
form, shown in red. [4Fe-4S]+ is the [4Fe-4S] cluster in its reduced form, shown in blue. 
4 to 6 could be a single step, with binding of Fd and CoA at the same time, or two steps, 
with the Fd binding step (from 4 to 5) preceding the CoA binding step (from 5 to 6).  
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nitrogenases (Angove et al., 1997; Watt and Reddy, 1994). No previous studies on the 

one-cluster type OFOR have suggested the presence of a [4Fe-4S]0.  

Additionally, it is worth pointing out that OOR does not utilize CoA as a co-

substrate and the reaction has been postulated to go through a “bait-and-switch” 

mechanism. The binding of the negatively charged substrate oxalate and the subsequent 

nucleophilic attack is facilitated by positively charged and polar residues at the active site 

(“bait”: the Asp-out conformation). After the formation of the carboxy-dioxido-methyl-

TPP intermediate, movement of Domain III allows a “switch loop” with an aspartate 

residue to go through a large conformation change and alter the electrostatic environment 

of the active site (“switch”: the Asp-in conformation). The change facilitates the first 

decarboxylation event (Gibson et al., 2016a; Pierce et al., 2017). However, this 

mechanism has not been observed for the other CoA-dependent OFORs.  

 

1.2 FERREDOXINS 

 

Ferredoxins (Fds) are small iron-sulfur proteins that serve as electron mediators in 

biological redox reactions. Historically, Fds were classified as the plant type, which 

contain [2Fe-2S] clusters, and the bacterial type, which contain [4Fe-4S] clusters. In this 

work, the focus will be on the bacterial type as they are generally considered to be the 

redox partner for all known OFORs (Fujii et al., 1996; Pieulle et al., 1995; Yamamoto et 

al., 2010; Yoon et al., 2001). 
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1.2.1 Evolution and structural features of bacterial type Fds 

The bacterial type Fds can be of different cluster types ([4Fe-4S] and the 

derivative [3Fe-4S]) and numbers (monocluster and dicluster). They are believed to have 

evolved from a dicluster [4Fe-4S] common ancestor (Figure 1.6. Fukuyama, 2001).  

Of the bacterial type Fds, the Clostridial type Fd is probably closest to the 

ancestral dicluster [4Fe-4S] Fd. It has two CXXCXXCXnCP motifs which bind two 

[4Fe-4S] clusters and it has the simplest fold of all Fds. Many Fds of this type, such as 

Fds from Clostridium acidi-urici (represented in Figure 1.6 as CauFd) and Clostridium 

pasteurianum, have been subjected to extensive biochemical and structural studies (e.g. 

Bertini et al., 1994, 1995; Moulis and Davasse, 1995; Prince and Adams, 1987). One key 

feature of this type of Fd is that the two [4Fe-4S] clusters are at the same potential, 

suggesting a rapid intramolecular electron-transfer between the two clusters. It is 

therefore difficult to distinguish one cluster from the other experimentally for their role in 

electron-transfer. 

The ancestral dicluster [4Fe-4S] Fd acquired additional structural features during 

evolution and gave rise to other forms. One of them is the Alvin-type, which has a C-

terminal extension and a six to eight amino-acid insertion in the second [4Fe-4S] cluster 

ligating motif (Figure 1.6, AlvinFd. Huber et al., 1995). Correlating with the additional 

structural features, the reduction potentials of the two [4Fe-4S] clusters differ by ~150 

mV ([4Fe-4S]2+/+), suggesting impeded intramolecular electron-transfer between the two 

clusters (Gao-Sheridan et al., 1998, Kyritsis et al., 1998). Other dicluster Fds with 

additional structural features include the insertion of two amino-acids into the first CXXC 
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motif which results in the loss of one ligating cysteine and the formation of a [3Fe-4S] 

cluster and an N-terminal extension with Zn-binding components. These features are 

represented by Fds from Azobacter vinelandii (AzvinFdI) and Sulfolobus tokodaii (StFd), 

respectively (Fujii et al., 1996, 1997; Stout et al., 1988, 1998; Sweeney et al., 1975). The 

reduction potential of the [3Fe-4S] cluster in AzvinFdI ([3Fe-4S]+/0)  is higher (-420 mV) 

than the [4Fe-4S] cluster (-650 mV) and is dependent on pH (Armstrong et al., 1988; 

Iismaa et al., 1991; Sweeney et al., 1975). Additionally, the Zn-binding feature confers 

higher thermostability for StFd and is typical of the thermoacidophilic archaeal Fds (Fujii 

et al., 1996). Overall, the additional features acquired during evolution afforded dicluster 

Fds different redox properties, stabilities and possibly different interactions with protein 

partners.  
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Figure 1.6 A probable evolutionary process of bacterial Fds. This figure was adapted 
with modification from a review article on monocluster [4Fe-4S] Fds (Fukuyama, 2001).  
All crystal structures are color-ramped from N to C terminus. Fd structures viewed 
clockwise: CauFd (PDB:2FDN, Dauter et al., 1997), Fd from Clostridium acidi-urici. 
AlvinFd (PDB:1BLU, Moulis et al., 1996), Fd from Allochromatium vinosum (basonym 
Chromatium vinosum). AzvinFdI (PDB:6FD1, Stout et al., 1998), FdI from Azobacter 
vinelandii, which contains a [4Fe-4S] and a [3Fe-4S] cluster. StFd (PDB:1XER, Fujii et 
al., 1996), Fd from Sulfolobus tokodaii, which contains a [4Fe-4S] and a [3Fe-3S] but one 
iron atom was lost in the crystallization process. BtFd (PDB:1IQZ, Fukuyama et al., 
2002), Fd from Bacillus thermoproteolyticus. DgFdII (PDB: 1FXD, Kissinger et al., 
1991), FdII from Desulfovibrio gigas, in the [3Fe-4S] form. DaFdI (PDB: 1FXR, Sery et 
al., 1994), FdI from Desulfovibrio africanus.  TmFd (PDB:1VJW, Macedo-Ribeiro et al., 
1996), Fd from thermotoga maritima, a disulfide bond is retained in the structure.  
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On the other hand, the ancestral dicluster [4Fe-4S] Fd also lost one [4Fe-4S] 

cluster-ligating motif and gave rise to monocluster [4Fe-4S] Fds (Figure 1.6, right 

branch). The monocluster Fd from Thermotoga maritima (TmFd) could give a glimpse 

into evolutionary diversification. Two cysteines in the second [4Fe-4S] cluster-ligating 

motif (CXXCXXCXnCP) have mutated to residues that could not serve as ligands to iron 

atoms, resulting in the loss of one cluster. However, the remaining two cysteines form a 

disulfide bond, in the position of the lost cluster (Macedo-Ribeiro et al., 1996). In other 

monocluster [4Fe-4S] Fds, for example, FdI from Desulfovibrio africanus (DaFdI), these 

additional cysteines no longer occur, and there is a further loss of the disulfide bond (Sery 

et al., 1994). In FdII from Desulfovibrio gigas (DgFdII), one ligating cysteine changes in 

orientation which would lead to the loss of one iron atom and the formation of a [3Fe-4S] 

cluster (Kissinger et al., 1991). Moreover, gain of additional features is also seen in 

monocluster [4Fe-4S] Fds. As seen in Fd from Bacillus thermoproteolyticus (BtFd), it has 

acquired an additional loop and one %-helix is further extended compared to other 

monocluster [4Fe-4S] Fds (Fukuyama et al., 2002). However, for monocluster Fds, the 

functional difference that may arise from the structural difference has not been 

characterized.  

 

1.2.2 The reduction potential of bacterial Fds 

Because of the diversity in iron-sulfur cluster type, number and the protein 

architecture, bacterial type Fds therefore exhibit diverse biochemical properties. As 
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biological electron mediators, the reduction potentials of Fds have been well 

characterized, though over a wide range of conditions and via different methods. Figure 

1.7 illustrates the range of reduction potentials for different types of Fds.  

 

 

Figure 1.7 The typical reduction potential range in Fds. The values of the potential 
range for each type of Fds were mainly based on a previous review article with 
modifications (Capozzi et al. 1998). [2Fe-2S] cluster Fd is also listed for comparison (-
200 ~ -430 mV. Pochapsky et al., 1994; Stonbaugh et al., 1976). [3Fe-4S] cluster in a 
monocluster Fd, -130 mV (Kissinger et al., 1991). There was only one reported value for 
[3Fe-4S] Fd and the range here is shown as -130 ± 10 mV. [4Fe-4S] cluster in a 
monocluster Fd, -280 ~ -455 mV (Cammack et al., 1977; Mullinger et al., 1975). [4Fe-4S] 
cluster(s) in dicluster Fd, -330 ~-675 mV (Saridakis et al., 2009). [3Fe-4S] cluster in 
dicluster ([3Fe-4S] + [4Fe-4S]) Fd, -140 ~-420 mV (Armstrong et al., 1989; Sweeney et 
al., 1975). [4Fe-4S] cluster in dicluster ([3Fe-4S] + [4Fe-4S]) Fd, -410 ~ -650 mV 
(Armstrong et al., 1989; Iismaa et al., 1991).  
 

–800

–600

–400

–200

0
Dicluster Fd

R
ed

uc
tio

n 
po

te
nt

ia
l (

m
V,

 v
s S

H
E)

Monocluster Fd

[2Fe-2S] [4Fe-4S] 

[3Fe-4S] [4Fe-4S] 
in 2 x [4Fe-4S]

[3Fe-4S] 
in [3Fe-4S] + [4Fe-4S]

[4Fe-4S] 
in [3Fe-4S] + [4Fe-4S]



!

!

18 

The reduction potential of Fd is determined by the type of iron-sulfur cluster and 

the protein environment of the cluster (Perrin et al., 2014). The latter could be further 

attributed to electrostatic potential, hydrogen bonding and solvent accessibility (Stephens 

et al., 1996). How the protein environment modulates Fd potential and how the potential 

difference impacts its biological function will be key questions of this study. 

 

1.3 SCOPE OF THIS STUDY 

 

OFORs are conserved in archaea, anaerobic bacteria and amitochondriate 

eukaryotes and they are responsible for the anaerobic metabolism of 2-oxoacid/CO2 

(Horner et al., 1999; Gibson et al., 2016a). OFOR-catalyzed reactions are fully reversible 

and therefore the biological functions of OFORs are directly related to the direction of the 

reaction. When running in the 2-oxoacid oxidation direction, they play a key role in 

central metabolism (PFOR, OGOR) and amino-acid degradation (IOR and VOR) and 

allow the microorganism to grow in challenging environments (OOR) (Baughn et al., 

2009; Heider et al., 1996; Mai and Adams, 1994; Pierce et al., 2010; Raeburn and 

Rabinowitz, 1971a). The low-potential electrons generated from the reactions could be 

used in downstream reactions such as nitrogen fixation, sulfate reduction and aromatic 

compound reduction (Akaji, 1967; Dorner and Boll, 2002; Wahl and Orme-Johnson, 

1987). 
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PFOR is also responsible for the pyruvate synthesis step in the dicarboxylate-4-

hydroxybutyrate cycle and links the Wood-Ljundahl pathway (or reductive acetyl-

coenzyme A pathway) to the incomplete rTCA cycle in methanogens and acetogens 

(Fuchs, 2011; Furdui and Ragsdale, 2000; Huber et al., 2008).   

While OFOR enzymes usually only engage in one direction of the reaction, in 

some cases, the same enzyme could operate in either the oxidation or the reduction 

direction, depending on the growth condition of the organism (Furdui and Ragsdale, 

2000; Raeburn and Rabinowitz, 1971a, 1971b). This suggests OFOR enzymes are in 

principle fully reversible and they could catalyze both reactions, but what controls the 

catalytic basis of CO2 evolution versus fixation? Is it simply the cascade of enzymatic 

reaction and substrate flux in the pathway that dictate the direction (Bar-Even et al., 

2012b; Yamamoto et al., 2010)? Has the enzyme itself acquired an intrinsic bias towards 

one direction over the other through evolution (Abou Hamdan et al., 2012; Paquete et al., 

2014)? Or do protein-protein interaction and intermolecular electron-transfer between 

Fd and OFOR also have a strong impact on the direction and rate of the reaction? The 

last question, the interplay of OFOR and Fd in CO2 evolution and fixation, will be the 

focus of this dissertation.  

Chapter 2 will investigate the catalytic bias of OFOR in CO2 evolution and 

fixation through an electrocatalytic assay. A PFOR from Desulfovibrio africanus 

(DaPFOR) is known to catalyze the oxidation of pyruvate with DaFdI as the electron 

acceptor (Pieulle et al., 1995). In contrast, an OGOR from Hydrogenobacter 

thermophilus (HtOGOR), an organism that utilizes the rTCA cycle, catalyzes the 
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reduction of CO2 to produce 2-oxoglutarate, with HtFd1 as the donor (Yamamoto et al., 

2010). The two enzymes and their respective Fd redox partners provide an ideal model to 

dissect the catalytic bias of CO2 evolution versus fixation. In the electrocatalytic assay, 

the electrode serves as the ultimate electron donor or acceptor and Fds act as the electron 

mediators between OFORs and the electrode; the catalytic current generated from 

substrate turnover is a measure of enzyme directionality and activity. With this assay, the 

reversibility of DaPFOR and HtOGOR and the ability of DaFdI and HtFd1 in supporting 

CO2 evolution and fixation will be characterized. Specifically, it seeks to answer one key 

question, how does the reduction potential of Fd dictate OFOR activity.   

Chapter 3 builds upon the findings of Chapter 2. It sets out to systematically 

analyze how the reduction potential difference in Fds could impact the activity of 

OFORs. The reduction potentials of DaFdI and HtFd1 will be modulated through 

perturbations of the iron-sulfur cluster environment in terms of hydrogen bonding and 

solvent accessibility. With a series of Fd molecular variants that span a potential range 

over ~200 mV, the activity of DaPFOR in CO2 evolution and fixation will be studied by 

both the electrocatalytic assay and a coupled enzymatic assay. The work in Chapter 3 will 

help to further elucidate the impact of Fd potential on OFOR activity in more detail.  

Chapter 4 and Chapter 5 introduce a new OFOR-Fd system for the study of 

OFOR-catalyzed CO2 fixation, an OGOR and its putative redox partner Fds, from 

Magnetococcus marinus MC-1 strain (MmOGOR and MmFds; Bazylinski et al., 2013; 

Williams et al., 2006). MmOGOR is a better model for the kinetic study of CO2 fixation 

as it originates from a mesophilic organism (better kinetic properties under our 
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experimental conditions, compared to HtOGOR); and there is strong evidence that it is 

involved in the rTCA cycle (its physiological role is to reduce CO2, compared to 

DaPFOR; Williams et al., 2006). Chapter 4 will focus on the kinetic, spectroscopic and 

structural characterization of MmOGOR. Specifically, MmOGOR, as a one-cluster type 

OFOR, will be characterized for its spectroscopic features at key steps of the catalytic 

cycle by UV-vis and EPR spectroscopy. Together with collaborators, MmOGOR at its 

resting state and substrate-bound state will be studied by X-ray crystallography. The 

work in Chapter 4 will provide spectroscopic and structural information that is currently 

lacking for the one-cluster type OFORs.  

Chapter 5 aims to study the kinetic properties of MmOGOR in CO2 fixation. To 

achieve this, it is important to identify the cognate redox partner for MmOGOR. Three 

bacterial type Fds are identified from the genome but the genomic neighborhood 

information alone does not provide sufficient information on biological function. The 

three Fds will be purified and characterized for their redox and spectroscopic properties, 

and importantly, their ability to serve as the redox partners for MmOGOR during 

catalysis. The Fd with the best kinetic properties will be used as the electron mediator for 

MmOGOR in CO2 evolution and fixation assays. Further analysis of the different 

molecular recognition mechanisms between MmOGOR and the three Fds will reveal 

other factors that go beyond the realm of their reduction potentials.  

Overall, this dissertation aims to investigate the role of protein-protein interaction 

in regulating enzyme catalysis, specifically, how the intermolecular electron-transfer 

between OFORs and Fds could dictate enzyme activity in CO2 evolution and fixation. The 
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comparative study of OFORs and Fds from Desulfovibrio africanus and 

Hydrogenobacter thermophilus will provide a critical example of how the reduction 

potential of Fd could dictate OFOR directionality and activity. The subsequent systematic 

analysis on the relationship of Fd potential and OFOR activity will further elucidate the 

role of intermolecular electron-transfer in catalysis. Additionally, the study of the OFOR-

Fd system from Magnetococcus marinus MC-1 will not only recapitulate the importance 

of Fd potential but also highlight other factors that may play a role in the intermolecular 

electron-transfer process. Finally, the characterization of MmOGOR will provide kinetic, 

spectroscopic and structural details for one-cluster type OFORs and also facilitate future 

studies of OFOR-Fd interactions.  
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CHAPTER 2 

 

MEASURING THE CATALYTIC BIAS OF 2-OXOACID:FERREDOXIN 

OXIDOREDUCTASE THROUGH AN FERREDOXIN-MEDIATED 

ELECTROCATALYTIC ASSAY‡ 

!

!

‡This work was adapted with permission from: 

Li, B.; Elliott, S. J., The Catalytic Bias of 2-Oxoacid: ferredoxin Oxidoreductase in CO2: 

evolution and reduction through a ferredoxin-mediated electrocatalytic assay. 

Electrochim Acta 2016, 199, 349-356.  

© 2016 Elsevier 
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 2.1 INTRODUCTION 

 

Fixation of CO2 is one of the most important biological processes on earth, 

providing the building blocks for all life forms. The most prominent example is the “dark” 

reaction of photosynthesis where the enzyme ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCo) converts CO2 and ribulose 1,5-bisphosphate to 

glycerate 3-phosphate. ATP and NADPH provide the driving force required for the 

endergonic process (Spreitzer and Salvucci, 2002). Alternatively, distinct CO2 fixation 

pathways exist in the prokaryotes world (Berg et al., 2010; Fuchs, 2011; Hugler and 

Sievert, 2011). These pathways offer a fascinating insight into the early evolution of 

autotrophy and provide many intriguing examples of how CO2 is transformed to different 

organic molecules. Of our particular interest is the reductive tricarboxylic acid (rTCA) 

cycle in which two members of the 2-oxoacid:ferredoxin oxidoreductase (OFOR) enzyme 

family, pyruvate:ferredoxin oxidoreductase (PFOR) and 2-oxoglutarate:ferredoxin 

oxidoreductase (OGOR) catalyze the reductive carboxylation of acetyl-CoA and 

succinyl-CoA to pyruvate and 2-oxoglutarate, essentially serving as pyruvate and 2-

oxoglutarate synthases (Evans et al., 1966; Buchanan and Arnon, 1990). 

 

Scheme 2.1 The chemical reactions catalyzed by PFOR and OGOR 

CO2 +
R

O

SCoA
+ 2Fdred

PFOR: R= -CH3                OGOR: R= -CH2CH2COOH
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2 H++
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The chemistry shown in Scheme 2.1 is an endergonic process, with an Eo’ on the 

order of -500 mV (Bar-Even, 2013; Fuchs, 2011; Ragsdale, 2003). Reduced ferredoxins 

(Fds) fulfill the energetic requirement of the reaction, serving as the electron donor. 

However, calculations of the energetic requirements for various biological pathways 

usually use a generalized value, -400 mV (vs SHE), for Fd reduction potential (Bar-Even, 

2013; Buckel and Thauer, 2013; Fuchs, 2011). Given that discrepancy, How could Fds 

with a reduction potential at -400 mV compensate the -500 mV thermodynamic gap of 

OFOR reactions? Through the Nernst equation, one could propose that Fd must be kept 

almost entirely in its reduced form in vivo so that the actual potential could reach -500 

mV. For example, in order to make the pyruvate synthesis reaction at equilibrium in vivo, 

the ratio of Fdred/Fdox will need to be kept at 2000/1 (Figure 2.1) (Fuchs, 2011).  

 

Figure 2.1 The energetics of CO2 reduction catalyzed by OFOR (A). The scenario 
where the thermodynamic barrier is overcome by keeping Fd in its fully reduced form. 
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[Fdred]/[ Fdox]=1:1 (-400mV)

[Fdred]/[ Fdox] = 2000:1 ( ~ -500mV)
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! GÕ m= +7.5 kJ/mol

[CO2]aq=[acetyl-CoA]=1mM, 
[CO2]aq /[2-oxoacid] >10,
[Acyl-CoA]/[CoA]>10
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Another view suggests the flux of substrates alone could drive the reaction 

towards pyruvate synthesis, with Fds at a reduction potential of -400 mV. For example, if 

the ratio of acetyl-CoA/CoA and CO2/pyruvate are kept >10 (calculated by eQuilibrator 

(Bar-Even, 2013; Flamholz et al., 2011), and the concentration of acetyl-CoA and 

aqueous CO2 was set at 1 mM), the reaction could proceed to the pyruvate synthesis 

direction (Figure 2.2). While the two hypotheses are not mutually exclusive and they 

could account for the strong driving force required by CO2 reduction, the impact of Fd 

reduction potential has usually not been considered a variable. 

 

 

Figure 2.2 The energetics of CO2 reduction catalyzed by OFOR (B). The scenario 
where [substrate]/[product] is kept above 10, at physiological concentrations. Specifically, 
"G’m denotes calculation at nonstandard conditions with all reactants at 1 mM. The 
example in the text considers pyruvate synthesis by PFOR and is generalized in the figure 
for all OFOR enzymes.   

 

As discussed in Chapter 1, Fds comprise a group of iron-sulfur, electron-transfer 

proteins, exhibit diversity and complexity in terms of their iron-sulfur cluster type, 
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number and reduction potential. It is necessary to take their structural and redox 

variations into account when considering the energetics of reactions with Fd as the redox 

partner. The interplay of OFOR and Fd could be a great model to probe the effect of Fd 

in biological redox reactions.   

All OFOR enzymes are believed to have evolved from a common ancestor and 

are structurally related (Gibson et al, 2016a; Horner et al., 1999). They contain the same 

cofactors: a thiamine pyrophosphate (TPP) as the essential cofactor of the active site and 

one or three [4Fe-4S] clusters that engage in electron-transfer (Gibson et al, 2016; 

Ragsdale, 2003). While PFOR and OGOR identified from organisms that operate the 

rTCA cycle catalyze CO2 reduction with Fds as the electron donor, there are a large 

number of OFOR enzymes that do the reverse, catalyzing the oxidative decarboxylation 

of 2-oxoacid to CO2 with Fds as the electron acceptor. Through these reactions, OFORs 

can provide low-potential electrons to many downstream reactions such as sulfate 

reduction, nitrogen fixation and aromatic compound reduction (Dorner and Boll, 2002; 

Hatchikian and Le Gall, 1970; Wahl and Orme-Johnson, 1987). Most interesting of all, a 

single PFOR could be responsible for both CO2 evolution (pyruvate oxidation) and CO2 

reduction (pyruvate synthesis) in certain microorganisms, depending on the growth 

conditions (Furdui and Ragsdale, 2000). Given these possibilities we ask, What dictates 

the direction of an OFOR enzymes in vivo?  We hypothesize the redox relay mediated by 

Fd plays an essential role. Here, we compared two OFORs with their cognate redox 

partner Fds from Desulfovibrio africanus and Hydrogenobacter thermophilus, two 

microorganisms that differ significantly in their CO2 metabolism.   
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D. africanus belongs to a type of sulfate-reducing bacteria (Desulfovibrio) that 

exhibits a strict anaerobic growth mode with sulfate as the terminal electron acceptor 

(Postgate and Campbell, 1966). A PFOR was identified in the cytoplasm when the 

organism was grown in the presence of sulfate and lactate, and is responsible for the 

oxidation of pyruvate and the delivery of electrons needed for sulfate reduction (Pieulle 

et al., 1995). It was also the first member of the OFOR family to be structurally 

characterized, and has been extensively studied in terms of its spectroscopic properties 

and its reaction kinetics in pyruvate oxidation (Cavazza et al., 2006; Chabriere et al., 

1999, 2001; Pieulle et al., 1995). In contrast, H. thermophilus belongs to the Aquificaceae 

family found in harsh environments such as hot springs, sulfur pools and hydrothermal 

vents where they operate the rTCA cycle to fix CO2 (Burggraf et al., 1992; Kawasumi et 

al., 1984). An OGOR from H. thermophilus (HtOGOR) has been identified and its 

reductive carboxylation reaction was studied (Yoon et al., 1996; Yamamoto et al., 2010). 

For these two OFORs the physiological Fd redox partner for each of the enzyme has been 

identified and characterized (Hatchikian et al., 1979; Ikeda et al., 2005). Specifically, 

DaFdI and HtFd1 demonstrate high sequence similarity (38% sequence identity, 53% 

sequence similarity) and belong to monocluster [4Fe-4S] Fds that have a conserved 

structural architecture (Fukuyama, 2001). Therefore, DaPFOR, HtOGOR and their 

respective redox partner serve as an ideal model to dissect the catalytic bias of CO2 

evolution versus reduction.  
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To facilitate the comparison, an Fd-mediated electrocatalytic assay was developed, 

allowing the rapid assessment of OFOR enzyme directionality and reactivity (Figure 

2.3A).  

 

Figure 2.3 The schematic presentation of the electrocatlytic assay and coupled 
enzyme assay. (A) The electrocatalytic assay, where OFOR enzymes, Fds and substrates 
are present in the electrochemical cell. CoA and acyl-CoA are omitted for simplicity. 
Both 2-oxoacid oxidation (red arrow) and CO2 reduction (blue arrow) are depicted. (B) 
Commonly used coupled enzymatic assay to study OFOR in CO2 reduction. OFOR1 and 
OFOR2 are orthogonal OFOR enzymes that use different substrates. OFOR is either 
PFOR or OGOR, and acyl-CoA is either acetyl-CoA or succinyl-CoA respectively. 
CODH: carbon monoxide dehydrogenase. LDH: lactate dehydrogenase. GDH: glutamate 
dehydrogenase.  
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Traditionally, a CO2 reduction assay by an OFOR enzyme would consist of three 

key components: the reduction of CO2 using reduced Fds as the electron donor, an 

upstream reaction to keep Fds reduced and a downstream reaction to measure product 

formation (Fig. 2.3B). In the Fd-mediated electrochemical assay, the electrode replaces 

both the upstream (electron donor) and downstream reactions (product detection), 

simplifying the study of OFOR enzyme directionality. In the electrocatalytic assay, we 

find that both DaPFOR and HtOGOR are capable of catalyzing both CO2 evolution and 

reduction and the differences (in terms of total current, representative of activity) lies in 

the reduction potential of the electron mediator, Fd. This observation underlines the 

importance of Fd in mediating biological redox reactions. 

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Protein expression and purification   

The plasmid encoding DaPFOR was a gift from Professor Patrik Jones (Imperial 

College London). This construct is based on a modified version of pCDFDuet-1 

(Novagen/EMD Millipore), containing an N-terminal His8-tag followed by a small linker 

(MGHHHHHHHHGTKL-). The sequences of the genes for HtOGOR (korA and korB) 

were codon-optimized for E. coli and the corresponding oligonucleotides were 

synthesized as a single oligonucleotide (GenScript) with a ribosomal binding site 

sequence (AAGGAGA) in between. This oligonucleotide was inserted into pET52b(+) 

(Novagen/EMD Millipore) linearized with KpnI and SacI. The pET52b(+) plasmid 
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contains an N-terminal Strep-tag followed by an HRV 3C cleavage site 

(MASWSHPQFEKGALEVLFQGP-). Oligonucleotides coding for the genes for Fds 

from D. africanus (DaFdI) and H. thermophilus (HtFd1) were synthesized by GenScript 

and inserted into pCDFDuet-1 (Novagen/EMD Millipore) linearized with NcoI and XhoI. 

The plasmid constructs for the two Fds result in expression of tag-free proteins. All 

plasmid constructs were confirmed by DNA sequencing by Genewiz.  

The plasmids were separately transformed into E. coli BL21(DE3) !iscR cells 

(Akhtar and Jones, 2008) on LB-agar plates with 50 (g/mL streptomycin (DaPFOR and 

Fds) or 50 (g/mL ampicillin (HtOGOR). A single colony was inoculated into a 10 mL of 

LB starter culture and grown at 37 °C overnight until saturated. The 10 mL starter culture 

was then diluted into 1 L 2!YT media and grown at 37 °C with shaking at 200 rpm until 

OD600 reaches 0.6. To induce the expression of proteins, IPTG (GoldBio) was added to a 

final concentration of 100 (M and the growth temperature was decreased to 23 °C and 

the shaking rate reduced to 100 rpm. To ensure cofactor loading, all cultures were 

supplemented with ammonium ferrous sulfate at a final concentration of 1 mM. Cultures 

for DaPFOR and HtOGOR were additionally supplemented with thiamine pyrophosphate 

at a final concentration of 1 mM. Cells were harvested by centrifugation (6000 g, 10 min, 

4 °C) after 12 hr of IPTG induction. Cell pellets were stored at -20 °C until use.  

DaPFOR was purified with affinity columns packed with Ni-Sepharose resin (GE 

healthcare). The cell pellets were suspended in 30 mL Buffer A (50 mM HEPES, 100 

mM NaCl, 20 mM imidazole, 1 mM MgCl2, 1 mM thiamine pyrophosphate, 10% 

glycerol (v/v) pH 8.0) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mg/mL 
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lysozyme and 1 (g/mL DNase. The suspension was incubated on ice for 30 min before 

sonication. Cell lysate was clarified by centrifugation (15000g, 30 min, 4 °C) and the 

clarified fraction was loaded on Ni column. After the column was washed with 5 column 

volumes of Buffer A, the protein was eluted with 3 column volumes of Buffer A1 (same 

as Buffer A, plus 200 mM imidazole). The eluant was concentrated and buffer-exchanged 

to Buffer B (20 mM HEPES, 1 mM MgCl2, 1 mM thiamine pyrophosphate, 10% 

glycerol, pH 8.0) by PD-10 column (GE Healthcare). Protein purity was verified by SDS-

PAGE with 10% acrylamide Tris-HCl gels to be > 95%.  

The purification procedure of HtOGOR was similar to that of DaPFOR, but 

carried out anaerobically in the Coy chamber (Coy Laboratory) with Strep-Tactin resin 

(IBA). All buffers were made anaerobic based on the reported procedure (Lanz et al., 

2012). The protein was eluted with Buffer A2 (same as Buffer A, imidazole is replaced 

with 2.5 mM desthiobiotin), concentrated and buffer-exchanged to Buffer B. Protein 

purity was verified by SDS-PAGE with 12.5% acrylamide Tris-HCl gels to be > 95%.  

Fds were purified in two steps, similar to previously reported procedure (Ikeda et 

al., 2005). Specifically, cell pellets were suspended in Buffer C (10 mM Tris-HCl, 1 mM 

MgCl2, pH 8.0) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mg/mL 

lysozyme and 1 (g/mL DNase. After sonication and centrifugation, the clear lysate was 

loaded on a DEAE column, washed with low salt buffer and subsequently eluted by 

Buffer C with a step gradient of NaCl (0-500 mM, 50 mM increase per step). The elution 

was concentrated and loaded on a gel filtration column (HiPrep 26/60 Sephacryl S100 or 

S200 HR, GE Healthcare) pre-equilibrated with Buffer D (50 mM Tris-HCl, 100 mM 
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NaCl, 1 mM MgCl2, pH 8.0) on the ÄKTApurifier system (GE healthcare). Proteins were 

eluted with Buffer D at a flow rate of 0.7 ml/min. Protein purity was verified by SDS-

PAGE with 16% acrylamide Tris-Tricine gels to be > 95%.  

 

2.2.2 Protein characterization and enzyme activity  

The concentration of DaPFOR and HtOGOR was determined using a Quick 

Start™Bradford protein assay kit (Bio-Rad) and the concentration of DaFdI and HtFd1 

was determined with a RC DC™ protein assay (Bio-Rad), both with bovine serum 

albumin (BSA) as the standard. The iron content of the proteins was determined by a 

ferrozine colorimetric assay (Carter 1971).  

The activity of the enzymes was routinely determined based on procedures 

reported previously (Pieulle et al, 1995). Optically-coupled assays were performed on a 

Cary 50 or 100 Bio UV-vis spectrophotometer by monitoring the reduction of methyl 

viologen at 604 nm ($604 = 13.6 mM-1 cm-1). The reaction was carried out in a 3 mL 

serum-stopper cuvette containing 10 mM pyruvate or 2-oxoglutarate, 2 mM methyl 

viologen, 5 mM DTT, 0.2 mM CoA and 100 nM enzyme. Multicomponent Buffer A (10 

mM MES, MOPS, TAPS, CHES and CAPS, pH 7.0) was used. Reaction mixture was 

made anaerobic by purging with argon for 5 min. Concentrations of pyruvate or 2-

oxoglutarate were varied to determine the KM for the substrate. The assay temperature 

was maintained at 30 °C for DaPFOR and 60 °C for HtOGOR. 
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2.2.3 Electrochemistry setup and measurement of Fd reduction potential  

All electrochemistry experiments were performed under anaerobic conditions in 

an MBraun LABmaster glovebox with a constant positive pressure at > 5 mbar and O2 

level <1 ppm. The electrochemical analyses were conducted with a Metrohm/Eco Chemie 

Autolab PGSTAT 12 potentiostat and operated by the GPES software. Electrochemical 

cells were water jacketed and connected to a circulator for temperature control. The 

electrode configuration includes a standard calomel reference electrode (Fisher 

Scientific), a platinum counter electrode (Fisher Scientific) and a pyrolytic graphite edge 

(PGE, Minerals Technologies) working electrode. The working electrode was sanded on 

1500 grit waterproof silicon carbide sandpaper, polished with 1 (m alumina slurry 

(Beuhler) and sonicated for >10 min prior to experiments. The voltammograms were 

analyzed by SOAS (Fourmond et al., 2009) and plotted with ProFit (QuantumSoft). 

Cyclic voltammetry was carried out to measure the reduction potential of Fds. 

Typically, Fds were diluted to a final concentration of 10~20 µM in the electrochemical 

cell by Multicomponent Buffer B (5 mM MES, MOPS, TAPS, CHES and CAPS, pH 7.0). 

Neomycin sulfate was added in the solution at a final concentration of 1 mM to promote 

interaction between Fds and electrode surface. Cyclic voltammetry is typically set at a 

scan rate of 50 mV/s with a step potential of 0.45 mV/s. The experiments were conducted 

at 4, 23, 30, 40 and 60 °C to test the dependence of Fd potential on temperature.  
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2.2.4 Fd-mediated electrocatalytic assay  

In the electrocatalytic assay, DaPFOR and HtOGOR interact with their native or 

non-native redox partner Fds in the presence of substrates for both 2-oxoacid oxidation 

and CO2 reduction. These experiments were carried out over different ranges between -

0.30 and -1.05 V (vs SCE), depending on which Fd was used and the direction of OFOR 

reaction. Cyclic voltammetry is set at a scan rate of 1 mV/s with a 0.15 mV step potential. 

Typically, OFOR enzymes were added to a final concentration of 2-4 µM, with a 1:5 

ratio to Fds. In 2-oxoacid oxidation experiments, 10 mM pyruvate or 2-oxoglutarate and 

0.2 mM CoA were added, similar to that of the activity assay. In the CO2 reduction 

experiments, 10 mM bicarbonate and 1 mM acetyl or succinyl coenzyme A were added. 

Each set of turnover experiment is done with a control experiment where the enzyme is 

omitted from the assay. In all experiments, neomycin was added to a final concentration 

of 1 mM. The voltammograms of the control experiment and its corresponding turnover 

experiment were overlayed after normalizing the current of the background capacitance.  

 

2.3 RESULTS 

 

2.3.1 Protein characterization and enzyme activity 

The purities of all proteins were verified to be > 95% by SDS-PAGE (Figure 2.4). 

Typically,  ~3 g cell pellets (wet weight) from 1 L growth yielded ~10 mg DaPFOR, ~2 

mg HtOGOR, ~6 mg DaFdI and ~6 mg HtFd1. Iron assays typically gave an approximate 
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iron loading of > 10 for DaPFOR (theoretically 12 for three [4Fe-4S] clusters) and > 3 for 

HtOGOR, DaFdI and HtFd1 (theoretically 4 for one [4Fe-4S] cluster).  

 

Figure 2.4 Purified enzymes and Fds visualized by SDS-PAGE. (A) Purified enzymes 
visualized by SDS-PAGE, 12.5% acrylamide Tris-HCl gel. Lane 1, protein standard, All-
Blue (Bio-Rad), Lane 2, HtOGOR, which is a heterodimer with an % subunit at 70 kD 
and # subunit at 33 kD (theoretical molecular weight based on protein sequence), Lane 3, 
DaPFOR, which is homodimer with a 135 kD molecular weight per protomer. (B) 
Purified Fds visualized by SDS-PAGE, 16% acrylamide Tris-Tricine gel. Lane 1, protein 
standard, Lane 2, HtFd1, with a theoretical molecular weight at 7.9 kD, Lane 3, DaFdI, 
with a theoretical molecular weight at 7.3 kD. The size discrepancy in SDS-PAGE is 
probably due to the acidic surface and low molecular weight of Fds (Ikeda et al., 2005). 
 

The oxidative decarboxylation activity of OFOR enzymes was found to be pH-

dependent, as reported previously, with an optimum at 9.0 for DaPFOR and 7.5~7.8 for 

HtOGOR (Pieulle et al., 1995; Yoon et al., 1996). Here, the solution-based activity assay 
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was carried out at pH 7.0 to be consistent with subsequent electrocatalytic assays. At this 

condition, DaPFOR exhibited a kcat of ~360 min-1 (Figure 2.5A). Additionally, HtOGOR 

is reported to have a temperature-optimum at 80 °C (Yoon et al., 1996). In this study, the 

temperature dependence of HtOGOR was tested at from 30 - 90 °C (in 10 °C intervals); 

the activity started to increase drastically above 60 °C (data not shown). At 60 °C, 

HtOGOR exhibited a kcat of ~330 min-1 (Figure 2.5B), similar to the activity of DaPFOR 

at 30 °C. Overall, the activity assays here suggest HtOGOR at 60 °C is as active as 

DaPFOR at 30 °C, when both were assayed at pH 7.0. This laid the groundwork for the 

design of the electrocatalytic assay.   

 

Figure 2.5 Enzyme activity at pH 7.0. (A) DaPFOR, at 30 °C; (B) HtOGOR, at 60 °C. 

 

2.3.2 The reduction potentials of DaFdI and HtFd1  

Both DaFdI and HtFd1 belong to a type of monocluster [4Fe-4S] Fds that are 

presumed to be structurally similar, based upon overall sequence identity. Despite the net 
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negative charge on the protein surface of either Fd, they generate robust electrochemical 

responses on the PGE electrode in the presence of the positively charged aminoglycoside 

co-adsorbant, neomycin. 

 

Figure 2.6 The reduction potential of DaFdI and HtFd1. (A) Cyclic voltammograms 
of DaFdI and HtFd1 at pH 7.0, room temperature (23°C). Scan rate: 50 mV/s. (B) The 
dependence of Fd potential on temperature.  
 

The reduction potentials of HtFd1 and DaFdI were determined to be -485 mV and 

-385 mV at pH 7.0 at room temperature (23 °C). There is very little variation (< 5mV) for 

potential values measured at different scan rates and between different purification 

batches so the values are reported here without standard error. The reduction potential 

value for DaFdI determined by electrochemistry is in agreement with the previous 

reported value of -385 ± 15 mV, determined by redox titration monitored by EPR 

spectroscopy (Hatchikian et al., 1984). The reduction potential value of -485 mV for 

HtFd1 reported here is the lowest for Fds with a single [4Fe-4S] cluster in the literature 

(see more discussion in Chapter 3). 



!

!

40 

The potential values are, however, dependent on temperature (Figure 2.6B). The 

reduction potential values for both DaFdI and HtFd1 decrease with the increase of 

temperature, with nearly identical slopes: 0.88 mV/° for DaFdI and 0.87 mV/° for HtFd1. 

The very similar slopes of temperature dependence indicate the similarity of protein fold 

of the two Fds, and the relative contribution of entropy to the thermodynamics associated 

with the redox reaction. Since H. thermophilus is a thermophilic organism with an 

optimal growth temperature between 70 and 75 °C, the reduction potential of HtFd1 

could reach lower than -530 mV at its physiological condition. The large difference in 

DaFdI and HtFd1 reduction potential provides initial evidence that Fds involved in CO2 

reduction are likely to exhibit a lower potential, and hence serve as better electron donors. 

How the difference in reduction potentials of Fds may impact OFOR activity reactions is 

further addressed in the electrocatalytic assay.  

  

2.3.3 Both DaFdI and HtFd1 could serve as electron acceptors in 2-oxoacid oxidation 

The cyclic voltammetry experiments have demonstrated DaFdI and HtFd1 could 

freely diffuse in solution and generate an electrochemical response at the electrode. In the 

electrocatalytic experiments, the two Fds are further coupled to an enzymatic reaction 

catalyzed by an OFOR present in solution. In this fashion both Fds serve as robust 

electron mediators, shuttling electrons between the enzymes and the electrode during 

catalysis (Figure 2.3A). Under the experimental conditions, the direct interaction between 

OFOR enzymes and the electrode does not generate observable currents discernible from 

the charging capacitance of the electrode, largely due to the bulky nature of these 
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enzymes (data not shown). Pieulle and coworkers have used a similar method to 

investigate the kinetics of intermolecular electron-transfer between DaPFOR and three 

Fds from the same organism (Pieulle et al., 1999). In a general formulation of this 

experiment, electrocatalytic responses are anticipated if the following scheme is followed 

where a 2-oxoacid is oxidized, and Fds are cycled through the oxidized and reduced 

states: 

(1) 2-oxoacid + 2Fdox + CoA ! CO2 + 2Fdred + acyl-CoA (enzymatic step) 

(2) Fdred ! Fdox (electrochemical step) 

In the control experiment, OFORs are omitted and thus only the electrochemical 

(Fd-based) reaction is at work. Fds will be cycled between their oxidized and reduced 

states in the cyclic voltammetry conditions and a voltammogram with reversible “peaks” 

centered at the reduction potential of the Fd will be observed (dashed lines in Figure 2.7 

and 2.8). When OFORs are added, the enzymatic reaction can proceed and reduced Fds 

generated from the enzymatic step will be re-oxidized by the electrode at potential higher 

than the Fd’s reduction potential. The continuous re-oxidation of a constantly reduced 

Fds generates a catalytic anodic current (solid lines in Figure 2.7). Here, DaPFOR and 

HtOGOR were used with DaFdI and HtFd1 in different combinations to evaluate how the 

reduction potential of the Fds could impact the OFOR activity.  

When only DaFdI was present in the assay, a reversible DaFdI voltammogram 

was generated with its center around -390 mV (value based on reduction potential at 

30 °C, Figure 2.7A, dashed line). When DaPFOR was added, the shape of the 

voltammogram changed to a sigmoidal wave and a significant anodic current above the 
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baseline was detected (Figure 2.7A, solid line). This is in agreement with the previous 

reports that DaFdI was able to accept electrons from DaPFOR during the enzymatic step 

(Pieulle et al., 1999). In a similar fashion, when HtOGOR and HtFd1 were examined, in 

the presence of substrates for 2-oxoglutarate oxidation, HtFd1 could act as a redox 

intermediary for HtOGOR, generating a significant anodic current (solid line, Figure 

2.7D). The reduction of HtFd1 by HtOGOR and its substrates has been also observed in 

spectrophotometric measurements (data not shown). How these OFORs would interact 

with a non-native Fd was also examined. Figure 2.7 B and C illustrates that when 

DaPFOR was paired with HtFd1, and when HtOGOR was paired with DaFdI, anodic 

electrocatalytic currents were generated. Thus, both Fds can accept electrons from a non-

native redox partner OFOR. Under the experimental conditions, DaFdI was poised at -

390 and -415 mV and HtFd1 was at -490 and -520 mV (at 30 °C and 60 °C, respectively). 

All of these values are lower than or within the range of the standard potential of 2-

oxoacid oxidation (Eo’ ~ -500 mV). This energetically “downhill” reaction could proceed 

with either Fd as the electron acceptor, whether or not they act as the physiological redox 

partner. Additionally, when compared to the same conditions, the anodic current 

generated for DaFdI was higher than HtFd1 (as in, more reduced Fds were produced in 

the enzymatic reaction, observed by a larger magnitude of current; compare Figure 2.7 A 

and B, Figure 2.7 C and D). Notably, when DaFdI was paired with HtOGOR, it generated 

a greater current than that when HtFd1 was paired with HtOGOR (Figure 2.7 C). This 

observation suggests when electron mediators are structurally similar and thus the 

properties of the interface are not a limiting factor, reduction potential is the dominant 
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force in intermolecular electron-transfer (Gray and Winkler, 1996; Mauk, 1999; Moulis 

and Davasse, 1995; Onda et al., 2000).  

 

 

Figure 2.7 Electrocatlytic assay in the 2-oxoacid oxidation direction. (A)-(B) is 
measured with DaPFOR at 30 °C; (C)-(D) is measured with HtOGOR at 60 °C. 
 

There are two minor considerations for the four sets of experiments described 

above. First, as HtFd1 has a reduction potential about 100 mV lower than that of DaFdI, 
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the potential range of cyclic voltammetry experiments involving HtFd1 is shifted 100 mV 

lower, to allow comparison of voltammograms. At potential lower than -600 mV (vs 

SHE), there is a small reductive feature generated by 2-oxoacid itself. This has been 

observed when only 2-oxoacid is added to the buffer, presumably due to the direct 

reduction of the carboxyl group of 2-oxoacid to carbonyl, but it does not impact the 

results (Bar-Even et al, 2012b). Second, the temperature was set at 60 °C whenever 

HtOGOR was included. At this temperature, the diffusion rates of Fds are faster than that 

at 30 °C making the shapes of non-turnover baselines slightly different (compare Figure 

2.7 A and C, B and D, dashed lines). 

 

2.3.4 Only HtFd1 could serve as an electron donor for the reduction of CO2 

In the 2-oxoacid oxidation experiments, the detection of the anodic turnover 

current is the result of continuous re-oxidation of enzyme-reduced Fds on the electrode, 

presumably due to the coupled enzymatic reaction. In the same manner, when the 

substrates are CO2 (bicarbonate used in the experiment) and acyl-CoA, a cathodic current 

would suggest a continuous re-reduction of enzyme-oxidized Fd on the electrode. 

Similarly, two steps need to proceed in this experiment for detection of a cathodic current: 

(1) Fdox! Fdred (electrochemical step) 

(2) CO2 + 2Fdred + acyl-CoA !2-oxoacid + 2Fdox + CoA (enzymatic step) 

Similar to the oxidative experiments, DaFdI created a voltammetric response 

centered around -390 mV when DaPFOR was absent (Figure 2.8A, dashed line). No 

change was observed upon addition of bicarbonate (as a CO2 source) and acetyl-CoA. 
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When DaPFOR was present, the voltammogram became distorted, with larger separation 

between the oxidative and reductive “peaks”, yet still centered around -390 mV (Figure 

2.8A, solid line). This distortion was probably due to the “unproductive” intermolecular 

electron-transfer between DaFdI and DaPFOR, which clearly did not generate 

electrocatalysis. In this sense, the enzymatic step could not proceed with Fds at a 

reduction potential of ~ -390 mV, and therefore, once the reduction of Fd in the 

electrochemical step reaches equilibrium, no more electrons can continuously “flow” 

from the Fd to generate a cathodic turnover current. In contrast, electrocatalysis was 

observed in the HtOGOR and HtFd1 pair. At 60 °C, HtFd1 demonstrated a reduction 

potential of ~ -520 mV (Figure 2.8D, dashed line). The formation of cathodic current in 

the presence of HtOGOR suggested that the enzymatic reaction was at work, which 

consumed electrochemically reduced HtFd1 and therefore allowed continuous flow of 

electrons to re-reduce HtFd1 (Figure 2.8D, solid line). 

Similarly, the non-native pairing of enzyme and redox mediator was also 

investigated, and the observations were consistent. When DaFdI was used as an electron 

donor for HtOGOR, at 60 °C, it was unsuccessful in supporting CO2 reduction (-415 mV, 

Figure 2.8C) but when HtFd1 is used as an electron donor for DaPFOR, at 30 °C, a 

cathodic current is generated (-490 mV, Figure 2.8B). From the four sets of experiments, 

it is evident that CO2 reduction catalyzed by OFOR enzymes from rTCA cycle requires 

an electron donor at a low reduction potential. 
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Figure 2.8 Electrocatlytic assay in the CO2 reduction direction. (A)-(B) is measured 
with DaPFOR at 30 °C; (C)-(D) is measured with HtOGOR at 60 °C. Blue dashed lines 
indicate the reduction potential of Fd at the assay condition, which also could be 
interpreted as an “onset” potential where the catalysis starts.  
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2.4 DISCUSSION 

 

Previous studies have established a solid groundwork on the biological functions, 

structural and spectroscopic features, and biochemical properties of OFORs and Fds from 

D. africanus and H. thermophilus. The electrochemical study presented in this chapter 

provides a missing link in the understanding of intermolecular electron-transfer and its 

role in determining enzyme directionality and reactivity. The most striking finding is the 

large reduction potential difference between DaFdI and HtFd1. As a bona fide electron 

donor for CO2 reduction in vivo, HtFd1 exhibited a reduction potential at -485 mV (at pH 

7.0, 23 °C) and could reach < -530 mV under optimal growth conditions. The reduction 

potential of -485 mV is the lowest reduction potential for known monocluster [4Fe-4S] 

Fds (see additional discussion in Chapter 3) and could be a key factor in overcoming the 

large thermodynamic barrier of CO2 reduction.  

Further study in Chapter 3 showed a second Fd from H. thermophilus, and a Fd 

from a closely related species, Aquifex aeolicus, also exhibits a reduction potential 

approaching -500 mV. Another model system for the study of the rTCA cycle, 

Chlorobium tepedium, contains two dicluster [4Fe-4S] Fds that demonstrate potentials at 

-514 and -584 mV (Yoon et al., 2001). Moorella thermoacetica operates the Wood-

Ljungdah pathway to fix CO2 and the Fd involved in the pyruvate synthesis step 

displayed potential at -454 and -487 mV (Bender and Ragsdale, 2011). These 

observations indicate the occurrence of low-potential Fds might be a common feature for 

organisms that operate the rTCA cycle and other alternative CO2 fixation pathways. 
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However, there are only a very small number of CO2-fixing organisms from which the 

reduction potentials of Fds have been characterized to date.  It will be difficult to verify 

this hypothesis and generalize how much this “low-potential” value would be without a 

more systematic survey of Fds from CO2-fixing organisms. Future efforts in the 

identification and characterization of Fds from native CO2-fixing organisms, especially 

those that operate the rTCA cycle, the Wood-Ljungdal pathway and the dicarboxylate-4-

hydroxybutyrate cycle (where OFOR is the key enzyme of CO2 fixation), will help to 

provide more evidence to this hypothesis (Fuchs, 2011).  

The electrocatalytic assay successfully demonstrates the reversibility of OFOR 

enzymes. The fact that DaPFOR, an enzyme that, at physiological conditions, engages in 

2-oxoacid oxidation, could be “driven” in the opposite direction, suggested that the 

reduction potential of Fd dictates the direction and reactivity of OFOR. Previous studies 

on OFOR enzymes and Fds from hetereologous organisms support this observation. For 

example, OGOR from Chlorobium limicola demonstrated full activity in 2-oxoglutarate 

synthesis when supplied with Fds from Chromatium or Rhodospirillum rubrum, both are 

organisms that engage in nitrogen fixation and contain Fds that exhibit potential < 500 

mV (Gehring and Arnon, 1972; Giastas et al., 2006; Saridakis et al., 2009; Shanmugam et 

al., 1972). Fds from Clostridium pasteurianum (~ -420 mV) resulted in only ~5% activity 

and Fds from spinach (~-420 mV) or blue-green algae (-390 - -425 mV) resulted in no 

activity (Cammack et al., 1977; Prince and Adams, 1987; Tagawa and Arnon, 1968). The 

dependence on Fd potentials, regardless of their origin, could provide inspiration for 

bioengineering of CO2 fixation pathways. Fds and OFORs from heterologous organisms 
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could be used to build chimeric pathways to achieve maximum efficiency. Alternatively, 

as the reduction potential of Fds is largely modulated by the proteinaceous environment 

of the iron-sulfur cluster, engineering efforts could be focused on modulating the 

potential of Fds by creating different molecular variants. 

In the electrochemical experiment, Fds play a key role as the electron carrier, 

shuttling electrons between the electrode and the enzymatic reaction. Essentially, the 

electron flow is “wired” from substrates, enzyme, Fd to the electrode (Figure 2.3A). 

Especially in CO2 reduction, the electrode serves as the ultimate electron donor and at the 

same time, provides the readout for CO2 reduction. Its function is analogous to the 

upstream and downstream reactions of the coupled assays designed for CO2 reduction by 

OFOR enzymes (Figure 2.3B). Using the electrode as the ultimate electron donor allows 

precise, flexible control of the electron flow in the redox process. This could enable us to 

design further electrochemical experiments to address the dependence of OFOR 

reactivity on Fd reduction potential in a more quantitative manner. On the other hand, it 

is worth noting that the electrocatalytic assay does not represent a single in vivo condition, 

where Fdred/Fdox is usually kept at a ratio defined by the redox state of the cellular 

environment (Buckel and Thauer, 2013; Thauer et al., 1989). Indeed, as we can sweep 

potential, we can generate a large range of applied potentials, and therefore a large range 

of Fdred/Fdox ratios. In the CO2 reduction experiment, the reduced Fds are generated 

electrochemically and at the electrode are cycled between a reduced and oxidized state, 

which is not identical to a cellular model where there is a fixed, equilibrium “Fd pool”. In 

this sense, the observation that HtFd1 but not DaFdI was able to support CO2 reduction 
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catalyzed by either DaPFOR or HtOGOR suggests a difference in reactivity between 

HtFd1 and DaFdI (microscopic), which is related to their reduction potential difference 

(macroscopic).  

 

2.5 CONCLUSIONS 

 

In this study, OFORs and their redox partner Fds from D. africanus and H. 

thermophilus were examined to dissect the difference of OFOR in catalyzing the 

opposing reactions of CO2 evolution and fixation. The large reduction potential 

difference between DaFdI and HtFd1 provided an insight to their opposite biological 

functions in CO2 metabolism. The low reduction potential of HtFd1 (-485 mV at 23 °C, 

pH 7.0, or < -530 mV at the organism’s optimal growth temperature) may be a key factor 

in overcoming the large thermodynamic barrier of CO2 reduction and the occurrence of 

low potential Fds could be a common feature for organisms that operate rTCA cycle or 

other CO2 fixation pathways. The electrocatalytic assay demonstrated the reversibility of 

OFOR and further supported the view that the reduction potential of Fd is the dominating 

factor in biological intermolecular electron-transfer, and specifically, controls the 

catalytic bias of the OFOR reaction.  
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CHAPTER 3 

 

SYSTEMATIC EVALUATION OF THE IMPACT OF FERREDOXIN POTENTIAL 

ON 2-OXOACID:FERREDOXIN OXIDOREDUCTASE ACTIVITY WITH A 

FERREDOXIN “POTENTIAL GRADIENT” 

!
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3.1 INTRODUCTION 

 

In Chapter 2, the comparative study on OFORs and Fds from D. africanus and H. 

thermophilus showed that the reduction potential of the Fd was a dominant factor in 

determining OFOR directionality and reactivity. One prominent finding through the 

electrocatalytic assay was that an Fd at a potential range of -390 to -415 mV (DaFdI at 30 

and 60 °C) was not able to support CO2 reduction but an Fd at a potential range of -490 to 

-520 mV (HtFd1 at 30 and 60 °C) could. This observation is reasonable given the 

thermodynamic barrier of the OFOR reaction (Eo’ = -500 mV) and the physiological roles 

of these Fds. It provides an alternative view to the common notion that the reduction 

potential of all Fds could be simply assigned at -400 mV when considering their 

contribution to the energetics of biological pathways (Bar-Even, 2013; Buckel and 

Thauer, 2013; Fuchs, 2011). Fds, as a group of electron-transfer proteins, are different 

from small-molecule biological redox mediators with a defined standard reduction 

potential, such as NADH and NADPH (-320 mV) (Krebs et al., 1957). Their reduction 

potential spans a broad range and should be taken into consideration when assessing 

biological redox reactions involving Fds.  

Fd as an essential biological redox mediator has been characterized extensively in 

its interaction with its redox partner, but most studies focus on the effect of the protein-

protein interactions (Pieulle et al., 2004; Rumpel et al., 2015; Kurishu et al., 2017). In a 

few cases the effect of different Fds (and other biological redox mediators like 

rubredoxin) on OFOR activities in 2-oxoacid oxidation and CO2 reduction was tested. 



!

!

53 

However, in these studies, the mediators varied in potential, cofactor type and protein 

structure, which complicates any analysis (Furdui and Ragsdale, 2000; Gehring and 

Arnon, 1972; Yoon et al., 1999).  No systematic evaluation on the impact of Fd potential 

upon an enzymatic activity/reactivity has been reported to date.  

On the other hand, the effect of chemical redox mediators on enzyme activity has 

been examined. For example, the iron-sulfur protein IspG required viologen mediators 

with potentials below -300 mV to support turnover; yet among mediators with potentials 

from -312 to -720 mV, the enzyme activity did not solely depend on thermodynamics. 

The mediator with a potential at -312 mV could support an enzyme activity of 53.0 nmol 

min-1 mg-1. Mediators with potentials at -442 and -446 could support enzyme activities of 

257 and 312 nmol min-1 mg-1. At this potential range (-312 ~ -446 mV), the enzyme 

activity increased with the decrease of the mediator potential, suggesting a 

thermodynamics-driven regime. However, the dependence of enzyme activity on the 

mediator potential was inverted when the assays were carried out with mediators with 

potentials below -446 mV. The enzyme activities were 280, 132, 163, 163 nmol min-1 mg-

1 when mediators of -450, -625, -649 and -720 mV were used (Xiao et al., 2009). This is 

indicative of the “inverted region” of Marcus electron-transfer theory and suggests there 

might be a “potential optimum” for redox enzyme reactions (Marcus, 1964). With respect 

to Fds and the OFOR enzyme superfamily, Chapter 2 presented two opposing conditions 

where Fds with different potentials spanning 100 mV were employed. Does such a 

“potential optimum” exist for the Fd-OFOR system? In this chapter, the potential 

dependence of OFORs will be systematically analyzed, using Fds with a broader range of 
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potentials, installing site-directed mutations to generate a gradient of Fd-based reduction 

potentials.  

How to construct such a list with Fds spanning a large potential range while 

minimizing the impact of other factors? One approach is to look for other monocluster 

[4Fe-4S] Fds with known (or unknown) redox potentials that are closely related to DaFdI 

and HtFd1. Table 3.1 lists all monocluster [4Fe-4S] Fds whose reduction potential have 

been determined.  Although these Fds cover a reduction potential range from -280 to -485 

mV, at a closer look, the data were determined under different conditions and with some 

inconsistancies. For example, it is difficult to rationalize the large difference between 

GsFd and PpFdI (110 mV difference) while the two Fds show 68% sequence identity and 

79% sequence similarity. It was also reported that DgFdI could exchange into a DgFdII 

form through the rotation of a cysteine ligand and therefore switch from a [4Fe-4S] to 

[3Fe-4S] cluster, changing its reduction potential from -455 to -130 mV (Kissinger et al., 

1991; Moura et al., 1982). Indeed, the effort to express and purify this Fd using the same 

strategy as DaFdI led to a much lower yield of proteins (mostly in the insoluble fraction) 

and electrochemical experiments showed it exhibited a potential of -405 mV at pH 7.0 

(this work, see Appendix 1). Therefore, relying only on the published Fd potential results 

may not be useful for a systematic assessment of enzyme activity vs Fd redox potential.  

 

Table 3.1 A list of monocluster [4Fe-4S] Fds and their reduction potentials 

 
 
Name 
 

 
Organism 

 
Em (mV) 

 
pH 

 
Reference 
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AaFd6 Aquifex  
aeolicus 

 
-480 

 
7.0 

This work 

     
DaFdI Desulfovibrio 

africanus  
-385  

7.0 
Hatchikian et al., 1984 

DaFdII -385 
     
DdFdI Desulfovibrio 

desulfuricans 
 
-330 

 
7.0 

Zubieta et al., 1973 

     
DgFdI Desulfovibrio 

gigas 
 
-455/-405 

 
8.0/7.0 

Cammack et al., 1977; 
This work 

     
DvFdII Desulfovibrio 

vulgaris Miyazaki 
 
-405 

 
7.4 

Okawara et al.,1988 

     
GsFd Geobacillus 

stearothermophilusa 
 
-280 

 
8.0 

Mullinger et al., 1975 

     
HtFd1 Hydrogenobacter 

thermophilus  
-485  

7.0 
Li and Elliott, 2016 

HtFd2 -485 This work 
     
PfFd Pyrococcus  

furiosus 
 
-365d 

 
8.0 

Smith et al., 1995 

     
PpFdI Paenibacillus 

polymyxac 
-390  

8.0 
Stombaugh et al., 1973 

PpFdII -420 
     
TmFd Thermotoga 

maritima 
 
-388d 

  
8.0 

Smith et al., 1995 

a.! basonym Bacillus stearothermophilus 
b.! not specified in the original paper 
c.! basonym Bacillus polymyxa 
d.! The potential values for Fds from P.furiosus and T.maritima were measured at room 

temperature, for comparison with the rest of the Fds in the table  
  

Instead, we made use of one or two known Fds as model scaffolds and 

systematically engineered the reduction potential through site-directed mutagenesis. The 

reduction potential of iron-sulfur proteins has been subjected to numerous experimental 

and theoretical studies (e.g. Ichiye, 1999; Langen et al., 1992; Maiocco et al., 2015; 






































































































































































































































































































































































