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Abstract 

Iron-sulfur-cluster-containing proteins are present in all living organisms. They are 

involved in a wide array of biological processes such as electron transfer, substrate binding and 

activation, regulation of enzyme activity and gene expression, sensing of reactive species, radical 

generation and sulfur donation. The work in this dissertation is focused on the spectroscopic 

characterization of two proteins that contain [4Fe-4S] clusters in their active site, (E)-4-hydroxy-

3-methylbut-2-enyl diphosphate reductase (IspH) and subunit A of heterodisulfide reductase 

(HdrA).  

  (E)-4-hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) reductase is the terminal 

enzyme in the biosynthesis of isoprenoids via the 1-deoxy-D-xylulose-5-phosphate (DOXP) 

pathway. IspH catalyzes the conversion of (E)-4-hydroxy-3-methylbut-2-enyl diphosphate 

(HMBPP) into two five carbon products, isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP). The DOXP pathway is responsible for the biosynthesis of isoprenoids in 

many pathogenic eubacteria, plastid containing eukaryotes, and parasitic protozoans. Humans 

use a different pathway, making the DOXP route a promising target for the development of 

herbicides and antimicrobials. To develop potential inhibitors for the DOXP pathway the 

catalytic mechanism of IspH has been investigated. Colorimetric assays, site-directed 

mutagenesis, and spectroscopic methods (EPR, ENDOR and Mӧssbauer) have been employed in 

this work to study the role of the [4Fe-4S] cluster and several conserved amino acid residues in 

the active site of the enzyme.  
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EPR-monitored rapid-freeze-quench experiments with wild type IspH under turnover 

conditions in the presence of a reductant and substrate showed the formation of two 

paramagnetic species. The first signal denoted FeS-I, was further characterized with 57Fe-

ENDOR and Mӧssbauer spectroscopies. The electronic and magnetic properties of this 

intermediate are similar to a HiPIP-like [4Fe-4S]3+ species that was detected in 

ferredoxin:thioredoxin reductase, indicating the direct binding of the substrate to a cluster that 

has a formal 3+ oxidation state. This species is also similar to an EPR active intermediate that 

was trapped in IspG, another DOXP pathway enzyme, and heterodisulfide reductase. The second 

species, FeS-II, represents a cluster with product bound because a similar signal was observed 

when dithionite-reduced enzyme was incubated with IPP or DMAPP.  

In EPR-monitored rapid-freeze-quench experiments with mutant IspH (H124F, E126Q 

and T167C) similar and additional paramagnetic intermediates were observed. When reduced 

H124F and T167C IspH were incubated with HMBPP, two EPR active intermediates are 

detected that are similar to the species in the WT enzyme. This is in line with the fact that both of 

these mutants were active, albeit with lower catalytic activity. The E126Q mutant on the other 

hand, has no activity and a paramagnetic species (designated FeS-III) that is different from the 

EPR active species in the WT enzyme can be detected. When dithionite-reduced E126Q IspH 

was incubated with IPP or DMAPP, an identical signal was observed. 

The FeS-III species detected in the E126Q mutant is considered a reaction intermediate 

by several groups and several hypothetical mechanisms are based on the electronic and magnetic 

properties of this species. Our freeze-quench data, however, suggests that this species appears 
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much later in the reaction than the FeS-I species, which makes the catalytic relevance of this 

species questionable. The kinetic and spectroscopic analyses are in line with an important role in 

catalysis for some of the mutated amino acids. H124 and T167 are proposed to participate in the 

correct orientation of the substrate, while the E126 residue is involved in the dehydration of the 

HMBPP. Although the kinetic data obtained here does not argue against the current reaction 

mechanism, there is the real concern that some aspects are based on the properties of the FeS-III 

species detected in the E126Q mutant and not on the properties of the true reaction intermediate, 

FeS-I. This species needs to be further investigated, particularly using ENDOR studies of IspH 

incubated with 13C-labeled HMBPP.  

 Heterodisulfide reductase, also referred as Hdr, is an iron-sulfur flavoprotein that 

catalyzes the reversible cleavage of CoM-S-S-CoB. Heterodisulfide reductase is involved in the 

flavin-based electron bifurcation mode of energy conservation in methanogenic archaea. Since 

the Hdr enzyme contains up to 7 iron-sulfur clusters, it was investigated if it was possible to just 

study the A subunit. This subunit harbors FAD, which is the supposed site of the bifurcation. 

HdrA, from M. marburgensis was overexpressed in M. maripaludis and was successfully 

purified. The enzyme contained substoichiometric amounts of [4Fe-4S] clusters and in vitro 

cluster reconstitution successfully increased the cluster content. FAD was absent and attempts 

to reconstitute it were not successful. EPR-based redox titration of HdrA failed to show a 

particular paramagnetic species that was detected in the redox titration of Hdr and the whole 

Hydrogenase/Hdr complex. This cluster is proposed to be the direct electron acceptor for the 
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high-potential electron from the FAD. The absence of the EPR signature indicates that the HdrA 

subunit cannot be used in these studies. 

 

 

  



 

 

vi 

 

Acknowledgement 

I dedicate this work to all the educators in my home country, Eritrea. Without them I 

could not have been where I am today and become the person that I am today. 

First and foremost, I would like to express my sincere gratitude to my advisor Dr. Duin, 

for his continuous support of my PhD studies. Thank you for giving me the opportunity to be 

part of your group and for your guidance, patience, immense knowledge and encouragement 

throughout my graduate career. I could not have imagined having a better advisor and mentor. 

Besides my advisor, I would like to thank the rest of my thesis committee Drs. Douglas 

Goodwin, Holly Ellis, Bradley Merner and Forrest Smith for their valuable comments and 

instructive suggestions to my research and dissertation. 

Special thanks goes to our collaborators: Drs. Brian Hoffmann, Nicolas Lees and Joshua 

Tesler for the ENDOR measurements; Dr Sebastian Stoian for the Mӧssbauer measurements; Dr 

Leigh for providing M. marburgensis HdrA enzyme and Drs. Dr. Michael Groll and Ingrid Span 

for providing E. coli wild type and mutant plasmids. 

I would like to extend my gratitude to previous members of Dr. Duin’s group Xiao, 

Divya, Ovee and Suman. I am also thankful to the current students Carly, Robel, Bryan and 

Rachel. Thank you for your support, companionship and the enjoyable environment. I would like 

to express my sincere gratitude and appreciation to everyone who have enriched my life during 

my time in Auburn. 



 

 

vii 

 

My endless gratitude goes out to my family, especially my mom, my sisters and Amare 

Araia, who with their continuous love and support have made me the person I am. 

Last, but not least, I want to thank my husband Yohannes for his patience, understanding 

and loving support throughout writing this thesis and my life in general. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

viii 

 

Table of Contents 

Abstract ........................................................................................................................................... ii 

Acknowledgement ......................................................................................................................... vi 

List of Tables .................................................................................................................................xv 

List of Figures .............................................................................................................................. xvi 

List of Abbreviations ................................................................................................................... xxi 

CHAPTER 1 : Introduction .............................................................................................................1 

1.1 Isoprenoids ............................................................................................................................ 1 

1.2 DOXP pathway ..................................................................................................................... 6 

1.2.1 Enzymes of the DOXP pathway ..................................................................................... 8 

1.2.2 DOXP pathway as therapy target and in biotechnology ............................................... 12 

1.3 Iron-sulfur proteins (Fe-S proteins) ..................................................................................... 18 

1.3.1 Types of Iron-sulfur cluster and their properties .......................................................... 19 

1.3.1.1 Cluster conversion/interconversion, sulfur and ligand exchange .......................... 19 

1.3.1.2 Oxidation states and Redox properties .................................................................. 22 

1.3.2 Iron-sulfur proteins in living organisms ....................................................................... 25 



 

 

ix 

 

1.3.2.1 Aconitase ............................................................................................................... 28 

1.3.2.2 Ferredoxin:thioredoxin reductase (FTR) ............................................................... 30 

1.3.2.3 (E)-4-Hydroxy-3-methylbut-2-enyl pyrophosphate synthase (IspG) .................... 32 

1.4 Spectroscopic Techniques for the characterization of Fe-S cluster centers ........................ 34 

1.4.1 Electron Paramagnetic Resonance (EPR)..................................................................... 34 

1.4.1.1 Paramagnetic property of the common Fe-S clusters ............................................ 35 

1.4.1.2 Basic principle ....................................................................................................... 37 

1.4.1.3 Line shape .............................................................................................................. 40 

1.4.1.4 Magnetic interactions ............................................................................................. 42 

1.4.2 Electron Nuclear Double Resonance (ENDOR) .......................................................... 45 

1.4.3 Mӧssbauer (MB) ........................................................................................................... 48 

CHAPTER 2 : (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate Reductase - IspH ......................55 

2.1 Literature review ................................................................................................................. 55 

2.1.1 Active site of IspH and the Fe-S cluster ....................................................................... 57 

2.1.2 Conserved amino acid residues in IspH active site ...................................................... 66 

2.1.3 Proposed reaction mechanisms for IspH ...................................................................... 69 



 

 

x 

 

2.1.4 Inhibition of IspH ......................................................................................................... 75 

2.1.5 Statement of research .................................................................................................... 78 

2.2 Materials and Methods ........................................................................................................ 79 

2.2.1 Chemicals ..................................................................................................................... 79 

2.2.2 (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) Synthesis ........................ 80 

2.2.2.1 (E)-4-Chloro-2-methylbut-2-en-1-ol ..................................................................... 80 

2.2.2.2 Tris (tetra-n-butylammonium) hydrogen pyrophosphate ...................................... 81 

2.2.2.3 (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate ................................................... 81 

2.2.3 Cloning and transformation .......................................................................................... 81 

2.2.4 Expression and purification .......................................................................................... 82 

2.2.5 Protein concentration .................................................................................................... 83 

2.2.6 Iron determination ........................................................................................................ 83 

2.2.7 Circular dichroism (CD) ............................................................................................... 84 

2.2.8 Steady-state kinetic analysis ......................................................................................... 84 

2.2.9 Rapid-freeze-quench (RFQ) ......................................................................................... 85 

2.2.10 Redox titration ............................................................................................................ 85 

2.2.11 ENDOR sample preparation and data collection ........................................................ 88 



 

 

xi 

 

2.2.12 Mӧssbauer sample preparation and data collection .................................................... 88 

2.2.13 EPR data collection .................................................................................................... 89 

2.3 Results ................................................................................................................................. 92 

2.3.1 (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) Synthesis ........................ 92 

2.3.2 Expression and purification .......................................................................................... 92 

2.3.3 Wild type and mutant IspH from E.coli ....................................................................... 95 

2.3.3.1 Circular dichroism (CD) ........................................................................................ 95 

2.3.3.2 Steady-state kinetic analysis .................................................................................. 95 

2.3.3.3 Rapid-freeze-quench studies .................................................................................. 95 

2.3.4 Wild type and mutant IspH from A. aeolicus ............................................................. 112 

2.3.4.1 Steady-state kinetic analysis ................................................................................ 112 

2.3.4.2 Rapid-freeze-quench studies ................................................................................ 112 

2.3.5 Redox titration ............................................................................................................ 130 

2.3.6 ENDOR ...................................................................................................................... 133 

2.3.7 Mӧssbauer ................................................................................................................... 137 

2.4 Discussion and Conclusion ............................................................................................... 148 



 

 

xii 

 

2.4.1 The [4Fe-4S] cluster in wild type IspH ...................................................................... 148 

2.4.2 Active site amino acid residues .................................................................................. 153 

2.4.3 Proposed reaction mechanism .................................................................................... 155 

CHAPTER 3 : HdrA, subunit of Hetrodisulfide reductase ..........................................................157 

3.1 Introduction ....................................................................................................................... 157 

3.1.1 Electron bifurcation .................................................................................................... 157 

3.1.2 Flavin-based electron bifurcation ............................................................................... 158 

3.1.2.1 Electron transferring flavoprotein-butyryl-CoA dehydrogenase (Etf-Bcd) complex.
 ............................................................................................................................. 158 

3.1.2.2 NADH-dependent reduced ferredoxin: NADP oxidoreductase (NfnAB) complex
 ............................................................................................................................. 159 

3.2 Methyl viologen reducing hydrogenase/ heterodisulfide reductase (MvhADG/ HdrABC) 
complex ............................................................................................................................. 163 

3.3 Hetrodisulfide reductase (HdrABC) and HdrA ................................................................. 165 

3.4 Statement of research ........................................................................................................ 172 

3.5 Materials and Methods ...................................................................................................... 173 

3.5.1 Chemicals ................................................................................................................... 173 

3.5.2 Synthesis of the hetrodisulfide CoM-S-S-CoB (HDS) ............................................... 174 

3.5.2.1 7,7'- Dithiodiheptanoic acid ................................................................................. 174 



 

 

xiii 

 

3.5.2.2 7,7'- Dithiobis(succinimido-oxyheptanoate) ........................................................ 175 

3.5.2.3 (+)-N, N'-(7,7'-Dithio-diheptanoyl) bis(O-phospho-L-threonine) (CoB-S-S-CoB)
 ............................................................................................................................. 176 

3.5.2.4 CoM-S-S-CoB ..................................................................................................... 178 

3.5.3 Expression and purification ........................................................................................ 179 

3.5.4 Protein concentration .................................................................................................. 180 

3.5.5 Iron determination ...................................................................................................... 180 

3.5.6 [4Fe-4S] cluster reconstitution ................................................................................... 180 

3.5.7 FAD reconstitution ..................................................................................................... 181 

3.5.8 Redox titration ............................................................................................................ 181 

3.5.9 EPR data collection .................................................................................................... 182 

3.6 Results ............................................................................................................................... 183 

3.6.1 Synthesis CoM-S-S-CoB ............................................................................................ 183 

3.6.2 Purification ................................................................................................................. 183 

3.6.3 [4Fe-4S] cluster reconstitution ................................................................................... 183 

3.6.4 FAD reconstitution ..................................................................................................... 183 

3.6.5 Redox titration ............................................................................................................ 186 

3.7 Discussion and conclusions ............................................................................................... 190 



 

 

xiv 

 

CHAPTER 4 : Summary and Future work ..................................................................................193 

4.1 IspH ................................................................................................................................... 193 

4.2 HdrA .................................................................................................................................. 196 

Reference .....................................................................................................................................198 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xv 

 

List of Tables 

Table 1.1: Distribution of isoprenoid biosynthesis pathways in the three domains of life and 
some of the kingdoms. .................................................................................................................... 3 

Table 1.2: Major Human bacterial pathogens that use DOXP and the diseases they cause. ........ 14 

Table 1.3: DOXP pathway enzymes and their inhibitor. .............................................................. 16 

Table 1.4: Examples of plant metabolites and their application/(s).............................................. 17 

Table 1.5: Function of Fe-S cluster containing proteins. .............................................................. 27 

Table 1.6: List of the nuclei that are important in biology, their isotopes and the corresponding 
nuclear spins.................................................................................................................................. 44 

Table 1.7: ΔEQ and δ values for biologically important compounds. ........................................... 51 

Table 1.8: Typical Mӧssbauer parameters of most common Fe-S clusters. ................................. 52 

Table 2.1: Overview of ENDOR samples prepared. ..................................................................... 91 

Table 2.2: Overview of Mӧssbauer samples prepared. ................................................................. 91 

Table 2.3: Cluster content, kcat, Km and kcat/Km for IspH from E. coli. ....................................... 97 

Table 2.4: Cluster content kcat, Km and kcat /Km for IspH from A. aeolicus at 25°C. ................ 113 

Table 2.5: Cluster content kcat, Km and kcat /Km for IspH from A. aeolicus at 65°C. ................ 113 

Table 2.6: 57Fe Hyperfine coupling tensor for FeS-I intermediate. ............................................ 136 

Table 2.7: Mӧssbauer parameters of wild type IspH from E. coli. ............................................. 151 

 

 

 



 

 

xvi 

 

List of Figures 

Figure 1.1: Example of isoprenoids found in nature. ...................................................................... 2 

Figure 1.2: Classical (black) and alternate (blue and red) mevalonate pathways. .......................... 5 

Figure 1.3: DOXP pathway............................................................................................................. 7 

Figure 1.4: Reactions catalysed by DXS (A), IspC (B) and IspD (C). ........................................... 9 

Figure 1.5: Reactions catalysed by IspE (A) and IspF (B). .......................................................... 11 

Figure 1.6: Structures of the common Fe-S clusters in living organisms. .................................... 20 

Figure 1.7: Possible Fe-S cluster conversions and interconversions. ........................................... 21 

Figure 1.8: Spin state and core oxidation state for the common iron-sulfur clusters. .................. 23 

Figure 1.9: Midpoint potential range of different iron-sulfur clusters. ......................................... 26 

Figure 1.10: Proposed reaction mechanism for aconitase. ........................................................... 29 

Figure 1.11: Proposed reaction mechanism for FTR. ................................................................... 31 

Figure 1.12: Proposed reaction mechanism for IspG.................................................................... 33 

Figure 1.13: EPR spectra of iron-sulfur clusters. .......................................................................... 36 

Figure 1.14: The Zeeman effect. ................................................................................................... 39 

Figure 1.15: Schematic representation of the different types of g-anisotropy and the resulting 
EPR spectra. .................................................................................................................................. 41 

Figure 1.16: Nuclear hyperfine interaction. .................................................................................. 43 

Figure 1.17: Energy level diagram for a system with S = ½ and I = ½. ....................................... 47 

Figure 1.18: Interactions in Mӧssbauer spectroscopy and the resulting theoretical Mӧssbauer 
spectra ........................................................................................................................................... 49 



 

 

xvii 

 

Figure 1.19: Mӧssbauer spectra for Fe-S clusters in their different oxidation states. .................. 54 

Figure 2.1: Amino acid sequence alignment for a selected set of IspH proteins. ......................... 56 

Figure 2.2: Structure of IspH from (A) E. coli (PDB: 3F7T) and (B) A. aeolicus (PDB: 3DNF). 59 

Figure 2.3: Superposition of the crystal structure of IspH from E. coli (green) and A. aeolicus 
(blue). ............................................................................................................................................ 60 

Figure 2.4: Detail of the structure of the active site of IspH from E. coli cocrystallized with 
HMBPP (PDB: 3KE8). ................................................................................................................. 61 

Figure 2.5: EPR signals detected in the one-electron-reduced experiment with A. aeolicus IspH.
....................................................................................................................................................... 63 

Figure 2.6: (A) CW EPR (35 GHz) and pulsed 31P-ENDOR spectra of 57Fe-labeled FeS-I species. 
(B) Pulsed 2H-ENDOR spectra of the FeS-I species when induced with [4-2H] HMBPP. .......... 65 

Figure 2.7: Overview of the EPR active species detected in one-electron reduced WT and mutant 
enzymes incubated with HMBPP. ................................................................................................ 68 

Figure 2.8: Proposed IspH Mechanism-I. ..................................................................................... 70 

Figure 2.9: Proposed IspH Mechanism-II. .................................................................................... 72 

Figure 2.10: Proposed IspH Mechanism-III. ................................................................................ 74 

Figure 2.11: IspH inhibitors. ......................................................................................................... 77 

Figure 2.12: Schematic set up for the rapid-freeze-quench experiment. ...................................... 87 

Figure 2.13: 1H NMR spectrum of HMBPP (D2O, 400 MHz). .................................................... 93 

Figure 2.14: SDS-PAGE analysis of purified IspH. ..................................................................... 94 

Figure 2.15: Circular dichroism spectra for wild type and mutated IspH from E. coli. ............... 96 

Figure 2.16: Single turnover rapid-freeze-quench EPR spectra of wild type IspH from E. coli at 
70 K. .............................................................................................................................................. 99 

Figure 2.17: Multiple turnover rapid-freeze-quench EPR spectra of wild type IspH from E. coli at 
70 K. ............................................................................................................................................ 100 



 

 

xviii 

 

Figure 2.18: EPR spectra dithionite-reduced wild type IspH from E. coli with HMBPP (black), 
IPP (red) and DMAPP (blue). ..................................................................................................... 101 

Figure 2.19: Single turnover rapid-freeze-quench EPR experiment spectra for WT IspH from E. 

coli at 7 K. ................................................................................................................................... 102 

Figure 2.20: Multiple turnover rapid-freeze-quench EPR spectra for WT IspH from E. coli at      
7 K. .............................................................................................................................................. 103 

Figure 2.21: Single turnover rapid-freeze-quench EPR spectra of E126Q IspH from E. coli at    
70 K. ............................................................................................................................................ 105 

Figure 2.22: Multiple turnover rapid-freeze-quench EPR spectra of E126Q variant from E. coli at 
70 K. ............................................................................................................................................ 106 

Figure 2.23: Single turnover rapid-freeze-quench EPR spectra for E126Q IspH from E. coli at    
7 K. .............................................................................................................................................. 107 

Figure 2.24: Multiple turnover rapid-freeze-quench EPR spectra for E126Q IspH from E. coli at 
7 K. .............................................................................................................................................. 108 

Figure 2.25: Multiple turnover rapid-freeze-quench EPR spectra of T167C mutant from E. coli at 
7 and 70 K. .................................................................................................................................. 109 

Figure 2.26: Overview of the intensity of paramagnetic species in freeze-quench studies of WT 
and E126Q IspH from E. coli. .................................................................................................... 111 

Figure 2.27: Single turnover rapid-freeze-quench EPR experiment for wild type IspH from A. 

aeolicus at 7 and 70 K. ................................................................................................................ 115 

Figure 2.28: Multiple turnover rapid-freeze-quench EPR experiment for wild type IspH from A. 

aeolicus at 7 and 70 K. ................................................................................................................ 116 

Figure 2.29: Single turnover rapid-freeze-quench EPR experiment for wild type IspH from A. 

aeolicus at 7 K. ........................................................................................................................... 117 

Figure 2.30: Multiple turnover rapid-freeze-quench EPR experiment for wild type IspH from A. 

aeolicus at 7 K. ........................................................................................................................... 118 

Figure 2.31: EPR spectra for multiple turnover rapid-freeze-quench experiment of H124F mutant 
from A. aeolicus at 7 and 70 K. .................................................................................................. 120 



 

 

xix 

 

Figure 2.32: EPR data for reduced H124F IspH incubated with HMBPP (green) and IPP (red).
..................................................................................................................................................... 121 

Figure 2.33: EPR spectra for multiple turnover rapid-freeze-quench experiment of H124F mutant 
from A. aeolicus at 7 K. .............................................................................................................. 122 

Figure 2.34: Single turnover rapid-freeze-quench EPR data for E126Q variant from A. aeolicus 

at 77 K. ........................................................................................................................................ 124 

Figure 2.35: Multiple turnover rapid-freeze-quench EPR experiment for E126Q IspH variant 
from A. aeolicus at 70 K. ............................................................................................................ 125 

Figure 2.36: (A) Reduced E126Q IspH from A. aeolicus incubated with HMBPP (black), IPP 
(red) and DMAPP (green). (B) as-such and dithionite-reduced E126Q. .................................... 126 

Figure 2.37: Multiple turnover rapid-freeze-quench EPR experiment for E126Q IspH from A. 

aeolicus at 7 K. ........................................................................................................................... 127 

Figure 2.38: Overview of spin intensity of paramagnetic species in freeze-quench studies with 
WT and E126Q IspH from A. aeolicus. ...................................................................................... 129 

Figure 2.39: Spectra of the EPR-monitored redox titration of IspH from E. coli....................... 131 

Figure 2.40: EPR-monitored redox titration curve for IspH from E. coli................................... 132 

Figure 2.41: 35 GHz pulsed Davies ENDOR spectra of FeS-I at 2 K. ....................................... 134 

Figure 2.42: Pulsed Davies ENDOR spectra of FeS-I at g1 and the individual Fe ions. ............ 135 

Figure 2.43: Variable-field Mössbauer spectra recorded at 4.2 K IspH from E. coli. (A) As-
isolated (B) As-isolated incubated with HMBPP. ...................................................................... 138 

Figure 2.44: Field and temperature-dependent Mӧssbauer spectra recorded for the dithionite-
reduced 57Fe enriched IspH from E. coli. ................................................................................... 140 

Figure 2.45: EPR spectra of (A) as-such and (B) dithionite-reduced IspH from E. coli. ........... 141 

Figure 2.46: Field-dependent Mössbauer spectra of a one-electron reduced 57Fe enriched E. coli 
IspH in the presence of HMBPP. ................................................................................................ 143 

Figure 2.47: Zero-field Mössbauer spectra recorded at 150 K. (A) One-electron reduced IspH in 
the presence of HMBPP. (B) As-isolated IspH incubated with HMBPP. (C) Spectrum obtained 
by subtracting B from A. ............................................................................................................ 144 



 

 

xx 

 

Figure 2.48: Field-dependent Mӧssbauer spectra of FeS-I. ........................................................ 145 

Figure 2.49: Temperature-dependent, zero-field 57Fe Mӧssbauer spectra of FeS-I. .................. 147 

Figure 3.1: Proposed mechanism of electron bifurcation for the EtfBC-BcdA complex. .......... 160 

Figure 3.2: Proposed electron bifurcation mechanism for the NfnAB complex. ....................... 162 

Figure 3.3: MvhADG/HdrABC complex from M. marburgensis. ............................................. 164 

Figure 3.4: Redox titration of Hdr from M. marburgensis in the presence CoM-SH................. 167 

Figure 3.5: Proposed mechanisms for Hdr. ................................................................................ 170 

Figure 3.6: Proposed mechanisms for Hdr. ................................................................................ 171 

Figure 3.7: 1H NMR spectrum of CoM-S-S-CoB (D2O, 600 MHz). .......................................... 184 

Figure 3.8: SDS-PAGE analysis of HdrA after the Mono Q column purification step. ............. 185 

Figure 3.9: UV-visible absorption spectra of as-isolated HdrA (Solid line), HdrA after an 
overnight dialysis in the presence of excess FAD (Dashed line) and HdrA after washing away 
excess FAD (Dotted line)............................................................................................................ 187 

Figure 3.10: Redox titration of HdrA from M. marburgensis. ................................................... 188 

Figure 3.11: Redox titration of the Mvh/Hdr complex from M. marburgensis. ......................... 189 

 

  



 

 

xxi 

 

List of Abbreviations 

A. aeolicus   Aquifex aeolicus  

CoB    Coenzyme B  

CoM    Coenzyme M  

CDP-ME   4-Diphosphocytidyl-2-C-methyl-D-erythritol 

CDP-MEP   4-Diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate  

CW    Continuous wave  

DOXP    1-Deoxy-D-xylulose-5-phosphate  

DMAPP   Dimethylallyl diphosphate  

DXS    1-Deoxy-D-xylulose-5-phosphate synthase  

E. coli    Escherichia coli  

ENDOR  Electron nuclear double resonance spectroscopy 

EPR    Electron paramagnetic resonance spectroscopy  

Ferredoxin   Fd 

FTR    Ferredoxin:thioredoxin reductase 

Fe-S       Iron-sulfur cluster 

Hdr   Heterodisulfide reductase  

HDS    Heterodisulfide 

HiPIPs   High-potential iron-sulfur proteins  

HMG-CoA   Hydroxymethylglutaryl-CoA  



 

 

xxii 

 

HMBPP   1-Hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate  

HYSCORE                 Hyperfine sublevel correlation  

IPP    Isopentenyl pyrophosphate  

IspC    1-Deoxy-D-xylulose 5-phosphate reductoisomerase  

IspD   2-C-Methyl-D-erythritol-4-phosphate cytidyltransferase  

IspE    4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase  

IspF    2-C-Methyl-D-erythritol-2,4-cyclodiphosphate synthase  

IspG    1-Hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate synthase  

IspH    (E)-4-Hydroxy-3-methyl-2-butenyl diphosphate reductase  

IUB    International Union of Biochemistry  

M. marburgensis  Methanothemobacter marburgensis 

M. maripaludis Methanococcus maripaludis 

MEcPP   2-C-Methyl-D-erythritol 2,4-cyclodiphosphate  

MEP    2-C-Methyl-D-erythritol 4-phosphate  

MVA    Mevalonate  

P. falciparum   Plasmodium falciparum 

SDS-PAGE   Sodium dodecyl sulfate-polyacrylamide gel electrophoresis  

RFQ   Rapid-freeze-quench 

WT    Wild type 
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CHAPTER 1 : Introduction 

1.1 Isoprenoids 

 Isoprenoids are one of the oldest and largest groups of naturally occurring biomolecules. 

These natural products are structurally and functionally diverse. The building blocks of 

isoprenoids are two simple five carbon isoprenes, isopentenyl diphosphate (IPP) and 

dimethylallyl diphosphate (DMAPP). Initial condensation of the isoprene units followed by 

complex and diverse chemistry affords over 25,000 isoprenoid compounds. Some examples are 

given in Fig 1.1. These compounds are involved in many aspect of every living organism’s 

biological processes. To name a few: aerobic respiration (ubiquinone), membrane stability 

(sterols), visual and photosynthetic pigments (chlorophylls), reproductive hormones (steroid 

hormones), defensive agents (monoterpenes), and as photo-protective agents (carotenoids) (1–4). 

 Up to two decades ago, the mevalonate (MVA) pathway was believed to be the sole 

pathway for the biosynthesis of IPP and DMAPP in all living organisms. A second non-

mevalonate pathway, called 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway, was discovered 

due to the inconsistencies observed in the mevalonate research (2, 5, 6). Very recently a third 

alternate mevalonate pathway has been discovered for the biosynthesis of IPP (7). 

  The mevalonate pathway is the biosynthetic method for the formation of IPP in animals, 

plants, fungi, the majority of archaea and a few eubacteria. In this pathway acetyl-CoA is the 

source of the C-backbone (Fig 1.2). A 3-hydroxy-3-methylglutaryl-CoA molecule formed by the 

condensation of three acetyl-CoA is converted to mevalonate. The IPP is a product of two 

phosphorylation steps followed by decarboxylation of the mevalonate. The isomerization of IPP 

affords DMAPP (5, 8). 
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Figure 1.1: Example of isoprenoids found in nature. 
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Table 1.1: Distribution of isoprenoid biosynthesis pathways in the three domains of life and 
some of the kingdoms. 

 Mevalonate DOXP 

Classical Alternate 

Bacteria ���� ���� ���� 

Archaea ���� ���� ���� 

Fungi                     ����                     ����     ����     

Algae             ����             ���� ���� 

Plant                      ����                     ���� ���� 

Protozoa                     ����                     ���� ���� 

Animals                     ����                     ���� ���� 
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Combination of phylogenetic analysis and biochemical characterization has been 

instrumental in the discovery and identification of two alternate mevalonate pathways for the 

biosynthesis of IPP in some archaea (Fig 1.2). In both biosynthetic pathways, as in the classical 

mevalonate pathway, the primary precursor is acetyl-CoA. Some of the mevalonate pathway 

enzymes are absent (7, 9–11). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

5 

 

 

Figure 1.2: Classical (black) and alternate (blue and red) mevalonate pathways. 
Adapted from (9). 
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1.2 DOXP pathway 

 The DOXP pathway, a mevalonate independent biosynthetic pathway, is the choice of 

IPP and DMAPP synthesis for many eubacteria, plastid containing eukaryotes and parasitic 

protozoans. In this pathway, also referred as 2-C-methyl-D-erythritol-4-phosphate (MEP) or non-

mevalonate pathway, pyruvate and glyceraldehyde-3-phosphate condensation is the beginning of 

the biosynthesis (Fig 1.3) (2, 4, 6).  

  Isotope labeling studies in bacteria and plant species were important in the discovery and 

affirmation of the DOXP pathway in the 1990’s. The results were inconsistent with the long held 

dogma of the universality of the mevalonate pathway. In bacteria 13C-labeled glucose, acetate, 

erythrose and pyruvate were used as single source of carbon. Incorporation of the isotope on to 

the final product, polyterpenoid, as well as the labeling pattern, showed discrepancy with the 

expected labeling patterns based on the mevalonate pathway (6, 12, 13).  

Evidence for the presence of the DOXP pathway came from labeling studies in plant 

systems. In plants there is compartmentation of the two pathways, mevalonate pathway operates 

in the cytoplasm whereas the DOXP pathways is present in the chloroplast. A 14C labeled 

mevalonate was converted into triterpenes and sterols, but not incorporated into the 

monoterpenes and carotenoids. Another instance was when isotopically labeled 1-deoxy-D-

xylulose was used and it was observed that the molecule was efficiently incorporated into 

carotenoid and phytol. Additionally, the labeling pattern showed a process which is in the frame 

of the DOXP pathway (12–14). Furthermore, inhibition studies in plants with mevalonin, an 

HMG-CoA reductase inhibitor, didn’t have any effect on the synthesis of carotenoids and the 

chlorophylls. In contrast, sterol biosynthesis was inhibited (13, 15). 
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Figure 1.3: DOXP pathway. 
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1.2.1 Enzymes of the DOXP pathway  

 In the biosynthesis of the universal precursors, IPP and DMAPP, via the DOXP pathway 

seven enzymes that are nonhomologous to the mevalonate pathway are involved. All the 

enzymes are structurally and functionally varied. The reaction mechanism of the first five 

enzymes have been well established. 

a. 1-Deoxy-D-xylulose-5-phosphate synthase (DXS, EC: 4.1.3.37) 

 The first intermediate in the DOXP pathway is 1-deoxy-D-xylulose-5-phosphate, formed 

by the transketolase-like decarboxylation of pyruvate and D-glyceraldehyde-3-phosphate (Fig 

1.4A). The reaction is catalyzed by thiamine and divalent cation (Mn+2, Mg+2) dependent 1-

deoxy-D-xylulose-5-phosphate synthase. DOXP, besides being an intermediate in IPP and 

DMAPP biosynthesis, is also involved in thiamine (vitamin B1) and pyridoxol (vitamin B6) 

biosynthesis (16–18).  

b. 1-Deoxy-D-xylulose 5-phosphate reductoisomerase (IspC, E.C: 1.1.1.267) 

IspC is the first committed enzyme of the pathway and is involved in the intramolecular 

rearrangement and reduction of DOXP to afford 2-C-methyl-D-erythritol-4-phosphate (MEP) (Fig 

1.4B). Divalent cations, such as Mn2+, Co2+ and Mg2+, and NADPH are paramount for the reaction to 

proceed. IspC has been a target of an antimalarial drug, fosmidomycin (17, 19, 20). 

c. 2-C-Methyl-D-erythritol-4-phosphate cytidyltransferase (IspD, E.C: 2.7.7.60)  

A CTP-dependent reaction converts MEP into 4-diphosphocytidyl-2-C-methyl-D-

erythritol (CDP-ME) (Fig 1.4C). Divalent ions Mg2+, Co2+ and Mn2+ are used as cofactors in 

catalysis (17, 21, 22). 
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Figure 1.4: Reactions catalysed by DXS (A), IspC (B) and IspD (C). 
Adapted from (17). 
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d. 4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE, EC: 2.7.1.148) 

4-Diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate (CDP-MEP) is synthesized by 

the phosphorylation of CDP-ME at C-2 (Fig 1.5 A). The reaction is catalyzed by the action of 

IspE, an ATP and Mg2+ dependent enzyme (23–25).  

e. 2-C-Methyl-D-erythritol-2,4-cyclodiphosphate synthase (IspF, E.C. 4.6.1.12) 

IspF is the fifth enzyme of the DOXP pathway and partakes in the conversion of CDP-

MEP to a cyclic intermediate, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MEcPP). There is 

an intermolecular transphophorylation accompanied by the release of CMP (Fig 1.5 B). Divalent 

ions, Zn2+, Mg2+, Mn2+ are involved in the catalysis (26, 27). 

f. E-4-Hydroxy-3-methylbut-2-nyl pyrophosphate synthase (IspG, E: 1.17.7.1) 

 IspG is an Fe-S cluster containing enzyme and catalyzes the reductive dehydration of 

MEcPP to (E)-4-hydroxy-3-methylbut-2-enyl pyrophosphate (HMBPP). This enzyme will be 

discussed in detail in section 1.3.2.3 (17, 28, 29). 

g. (E)-4-Hydroxy-3-methylbut-2-enyl pyrophosphate reductase (IspH, E: 1.17.1.2) 

The last enzyme in the DOXP pathway is IspH. Like IspG, this enzyme has an Fe-S 

cluster as its cofactor and is involved in the reductive  dehydration of HMBPP to IPP and 

DMAPP (30, 31). The elucidation of the mechanism of this enzyme is the main topic of this 

dissertation. 
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Figure 1.5: Reactions catalysed by IspE (A) and IspF (B). 
Adapted from (25, 27). 
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1.2.2 DOXP pathway as therapy target and in biotechnology 

As the DOXP pathway is essential in plant plastids, pathogenic eubacteria and pathogenic 

protozoa, but absent in humans, the route can be targeted by herbicides and antimicrobials. The 

list of pathogenic bacteria that use the DOXP pathway and the diseases they cause is presented in 

Table 1.2.  

  There is a continuing search for novel herbicides and antimicrobials. Compounds have 

been identified as potential inhibitors of the DOXP enzymes through ligand-based design, 

structure-based design, mechanism-based design and from high-throughput screening. A number 

of hits have been reported (Table 1.3). Ketoclomazone (commercially available herbicide), 

fluoropyruvate and 2-methyl-3-(4-fluorophenyl)-5-(4-methoxy-phenyl)-4H-pyrazolo[1,5-

a]pyrimidin-7-one have been reported to inhibit DXS activity (32–34). Research has also shown 

the feedback inhibition of DXS by IPP and DMAPP (35). 

 Fosmidomycin, a natural antibiotic isolated from Streptomyces lavendualae, is a 

potent herbicidal and antimicrobial targeting the second enzyme of the pathway, IspC. 

Fosmidomycin has been structurally modified to increase its hydrophobicity and its 

antimicrobial efficacy (36–39). A search for compounds that target the IspD is also underway. L-

Erythritol-4-phosphate, azolopyrimidine derivatives and pseudilin derivatives have shown 

inhibitory effect against the enzyme (40–42). Non-phosphate cytidine derivatives have been 

reported as inhibitors of the kinase IspE (43). 

  The activity of the fifth enzyme of the DOXP pathway, IspF, was decreased by the action 

of fluorescent derivatives of cytidine diphosphate (CDP), imidazole derivatives and 

benzimidazole-based compounds (44, 45). It was shown that maculosin, a metabolite from 

Bacillus subtilis, has antimicrobial activity against E. coli and targets IspG (46). The activity of 
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both IspG and IspH was decreased by alkyne diphosphates. IspH is also inhibited by pyridine 

diphosphates and HMBPP analogs (47). 

 However, the only antimicrobial that has reached phase II clinical study is fosmidomycin 

and has been investigated for almost two decades. Fosmidomycin has been used and evaluated as 

a chemotherapeutic agent for acute uncomplicated Plasmodium falciparum, the etiologic agent of 

malaria, in Mozambique, Gabon and Thailand. Even though fosmidomycin is effective, it has a 

short half-life in plasma as well as poor oral availability thus high doses of the compound have to 

be used to achieve the desired effect. Fosmidomycin is more efficient when used in combination 

with clindamycin, but this makes the treatment cost ineffective (19, 39, 48, 49). 

 Besides being a therapeutic target the DOXP pathway is responsible in the biosynthesis 

of a plethora of isoprenoid metabolites that are used as pharmaceuticals, pigments, fragrance, 

flavors and agrochemicals (Table 1.4) (50–53). The pathway can be manipulated so as to 

overproduce these natural products. The potent antitumor drug paclitaxel (trade name Taxol) can 

be isolated from the Taxus brevifolia pacific yew tree. There is, however, a limited supply of 

these slow growing trees. Production was improved by applying combinatorial biosynthetic 

strategies in E. coli (54). In addition, advances in customized metabolic engineering and 

synthetic biology has been used to increase β-carotene, ubiquinone and lycopene production in 

E. coli (55–57). 
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Table 1.2: Major Human bacterial pathogens that use DOXP and the diseases they cause. 
Adapted from (58). 
 

Microorganism  Disease 
Gram-negative cocci  

Neisseria meningitidis Meningitis, Waterhouse–Friderichsen syndrome 
N. gonorrhea Gonorrhoea 

Gram-positive non-spore-forming rods  
Corynebacterium diphtheriae  Diphtheria 
Listeria monocytogenes Listeriosis 
Actinomyces israelii Keratoactinomycosis 
Nocardia sp. Bronchopneumonia 

Gram-positive spore-forming rods  
Bacillus anthracis  Anthrax  
Clostridium histolyticum  Gas gangrene  
C. difficile  Colitits  
C. botulinum  Botulism  
C. tetani  Tetanus  

Gram-negative rods  
E. coli  Enterocolitis, urinary tract infection  
Salmonella typhi  Typhus  
S. paratyphi  Bacteraemia  
Shigella sonnei  Typhus  
Yersinia enterocolitica  Enterocolitis, diarrhoeal  
Y. pseudotuberculosis  
 

Gastroenteritis 
Y. pestis   
 

Plague 
Klebsiella pneumoniae   
 

Pneumonia 
K. ozaenae Ozena, atrophic rhinitis 
K. rhinoscleromatis Rhinoscleroma 
Serrratia marcescens Wound infections, sepsis 
Proteus sp. Wound infections, sepsis 
Pseudomonas sp. Wound infections, sepsis 
Brucella abortus Morbus Bang 
B. melitensis Malta fever 
Francisella tularensis Tularaemia 
Haemophilus influenzae Pneumonia, meningitis 
H. ducreyi Ulcus molle 
Pasteurella sp. Wound infections, sepsis 
Bordetella pertussis Pertussis 
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Table 1.2: Continued 
 
Microorganism Disease 

Gram-negative/spiral-shaped bacteria  
Vibrio cholerae  Cholera  
H. pylori  Gastritis Type B  
Campylobacter jejuni  Enterocolitis  

Spirochaetal bacteria  
Treponema pallidum  Syphilis  
T. vincenti  Necrotizing gingivitis  
Chlamydia psittaci  Psittacosis  
C. trachomatis  Chlamydia  
C. pneumoniae  Pneumonia  
C. lymphogranulomatosis  Lymphogranulomatosis  

Wall-less bacteria  
Mycoplasma penetrans   
 

Urogenital infections 
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Table 1.3: DOXP pathway enzymes and their inhibitor. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enzyme Example of inhibitors  

DXS 
Ketoclomazone, 5-(4-methoxy-phenyl)-4H-pyrazolo[1,5-a]pyrimidin-7-one, 

fluoropyruvate, IPP and DMAPP 

IspC Fosmidomycin, FR900098 

IspD L-erythritol-4-phosphate, azolopyrimidine and pseudilin derivatives 

IspE Cytidine derivatives 

IspF Fluorescent derivatives of CDP, imidazole and benzimidazole derivatives 

IspG Maculosin, alkyne diphosphate 

IspH HMBPP analogs, alkyne diphosphate, pyridine diphosphates 
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Table 1.4: Examples of plant metabolites and their application/(s). 

Plant metabolite Source Application 

Paclitaxel Taxus brevifolia Antitumor drug 

β-carotene, lycopene Dunaliella sp 
Pharmaceuticals, color, food industry, 

provitamin A  

Vinblastine and Vincristine Catharanthus roseus Antitumor drugs  

Pyrethroids Chrysanthemum 

cinerariaefolium 
Insecticide 

Sclareol Salvia sclarea Fragrance industry 

Steviol Stevia rebaudiana As sweetener in food industry 

Diterpene resin acid Pinus spp Industrial coatings and inks 
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1.3 Iron-sulfur proteins (Fe-S proteins) 

 IspH is an iron-sulfur protein. In the following sections the properties of this class of 

proteins and their cofactors will be discussed, as well as some of the biophysical techniques used 

to study them. Iron-sulfur proteins are metalloenzymes that contain one or more iron-sulfur 

clusters as their cofactors. Even though iron-sulfur proteins are one of the oldest catalysts and 

play a central role in the biological processes of all life forms, ranging from electron transfer to 

DNA repair, they were not discovered until the 1960s. The cluster is a low-molecular weight 

inorganic molecule comprising one to eight Fe atoms bridged by inorganic sulfide (S2-). Besides 

the acid-labile bridging sulfides, the Fe is coordinated to cysteine thiols, a link to the polypeptide 

chain of proteins, resulting in tetrahedral coordination of the Fe sites. In some occasions the Fe 

site is coordinated to non-cysteine ligands such as; other amino acid side chains (aspartate, 

histidine, glutamate, serine), main chain peptide groups, cofactors, and/or relatively simple 

inorganic molecules or species like water (in the form of either H2O or OH-), carbon monoxide 

(CO), cyanide (CN-) or substrate molecules, as well as some more complex molecules. The non-

cysteine ligand can impart specific properties to the Fe-S cluster that can be crucial for its 

designated function (59).  

 The International Union of Biochemistry (IUB) classifies the Fe-S proteins into two 

categories: simple and complex iron-sulfur proteins. Simple Fe-S proteins contain one or more 

iron-sulfur clusters. Whereas, the complex Fe-S proteins have other active redox centers such as 

flavin, molybdenum or heme, besides the cluster (60). 
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1.3.1 Types of Iron-sulfur cluster and their properties 

 In metalloenzymes, there are a variety of Fe-S clusters and the basic cluster types are; 

mono nuclear [Fe], rhombic [2Fe-2S], cuboidal [3Fe-4S] and cubane [4Fe-4S] (Fig 1.6). The 

versatility of the Fe-S cluster function is attributed to its remarkable chemistry. Different 

properties of the cluster such as electron transfer, coordination chemistry and the ability to 

undergo cluster interconversion are exploited.  

1.3.1.1 Cluster conversion/interconversion, sulfur and ligand exchange  

 Conditions such as the presence of O2, reducing agents and iron chelators can cause 

conversion/interconversion among the different structures of Fe-S clusters (Fig 1.7). It has been 

reported that mutation of one of the Cys ligands in Clostridium pasteurianum rubredoxin to Ala 

resulted in the conversion of the mononuclear Fe(S-Cys)4 to a [2Fe-2S] cluster. In fumarate 

nitrate reduction (FNR) protein from E. coli interconversion between a [4Fe-4S] cluster and a 

[2Fe-2S] cluster has been observed. It has also been reported that oxidation of a [4Fe-4S] cluster 

in aconitase resulted in the formation of an inactive [3Fe-4S] cluster, which can be reversed by 

adding Fe in a reducing environment (61–63).  

 Flexibility of the Fe-S cluster was demonstrated by labeling studies with sulfide which 

showed the tendency of the sulfide in the cluster to exchange with free sulfide in solution (64). 

Moreover, it has been reported that a ligand exchange takes place when a cuboidal [3Fe-4S] 

cluster was converted to linear a [3Fe-4S] cluster (65).  
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Figure 1.6: Structures of the common Fe-S clusters in living organisms. 
Adapted from (66).  
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Figure 1.7: Possible Fe-S cluster conversions and interconversions. 
(1) mononuclear [Fe], (2) binuclear [2Fe-2S], (3) linear [3Fe-4S], (4) cuboidal [3Fe-4S] and (5) 

cubane [4Fe-4S]. Adapted from (67). 

 

 

 

 

 

 

 

 



 

 

22 

 

1.3.1.2 Oxidation states and Redox properties  

 The common Fe-S clusters can exist in different oxidation states and the number of 

potential oxidation states can be determined. A cluster with n irons can exhibit a maximum of 

n+1 oxidation states. Summing the oxidation states of the cluster components (Fe2+/3+ and the 

bridging S2-) and neglecting ligand-based oxidation events, the charge of the cluster could be 

calculated. As shown in Fig 1.8 the typical cluster oxidation states encountered in protein bound 

clusters are +1 and +2 for the [2Fe-2S] clusters, 0 and +1 for the [3Fe-4S] clusters, +1 and +2 for 

ferredoxin-type [4Fe-4S] clusters, and +2 and +3 for high-potential iron-sulfur proteins (HiPIP) 

[4Fe-4S] clusters. Each of the cluster redox couples has a characteristic reduction potential, 

which is critical for their function as electron transfer cofactors. The redox potential of the Fe-S 

cluster is further modified by the protein environment and its role is changed as such. For 

example, when two of the terminal Cys ligands for a [2Fe-2S] cluster are replaced with His 

residues, clusters called Rieske clusters are formed. Rieske clusters have the same core oxidation 

state as the typical [2Fe-2S] cluster, but their overall charge is changed resulting in more positive 

and functionally specific redox potentials. Fe-S proteins have a wide range of redox potentials, 

from -0.650V to +0.45V (Fig 1.9) (68–70).  

1.3.1.3 Electron delocalization, spin states and magnetism 

 Electronic structure and magnetic properties of the iron site affects the reactivity as well 

as the function of an Fe-S protein in living organisms. Spectroscopic techniques, such as 

Electron Paramagnetic Resonance (EPR), Electron Nuclear Double Resonance (ENDOR), 

Magnetic Circular Dichroism (MCD) and Mӧssbauer as well as computational approaches have 

been, and still are, instrumental in supplying valuable information about the electronic and  
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Figure 1.8: Spin state and core oxidation state for the common iron-sulfur clusters. 
Adapted from (71). 
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magnetic properties of molecules.  

The individual iron ions in Fe-S clusters are high-spin with either +2 or +3 oxidation 

states. The d5 ferric ion (Fe3+) has a high spin S = 5/2 state, whereas the d6 ferrous ion (Fe2+) has 

a high spin S = 2 state. The total spin of the cluster can be calculated from the spin state of the 

individual iron ions. In its oxidized state the binuclear cluster [2Fe-2S]2+ contains only two 

valence-localized Fe3+ and antiferromagnetic coupling of the pair affords a spin state S = 0. The 

reduced [2Fe-2S]1+ cluster contains valence-localized Fe3+ and valence-localized Fe2+, resulting 

in a cluster with an electronic spin of S = 1/2 due to antiferromagnetic coupling of the ions. The 

antiferromagnetic coupling of three Fe3+ in the [3Fe-4S]1+ state of cuboidal clusters result in a 

ground state spin of S = 1/2 . The [3Fe-4S]0 reduced state has S = 2 as a consequence of the 

delocalized Fe2.5+/Fe2.5+ pair (ferromagnetic coupling of a Fe2+ and a Fe3+), giving rise to S = 9/2, 

which is coupled antiparallel to the S = 5/2 spin of the third Fe3+. The total spin for the [4Fe-4S] 

cluster in its most oxidized [4Fe-4S]3+ state is S = 1/2. In this state the Fe3+/Fe3+ pair is 

ferromagnetically coupled to yield spin S = 5. One Fe3+ is ferromagnetically coupled with a Fe2+ 

to afford a Fe2.5+/Fe2.5+ delocalized pair with S = 9/2, which is further coupled 

antiferromagnetically to the S = 5. The [4Fe-4S]2+ state is a combination of 2 Fe3+ and 2 Fe2+ and 

a spin state S = 0 is generated by the antiferromagnetic coupling of two valence-delocalized 

Fe2.5+/Fe2.5+ pairs. Whereas the reduced [4Fe-4S]1+ state either S = 1/2 or 3/2 is obtained. The 

spin S = 1/2 is observed when the Fe2+/Fe2+ pair is ferromagnetically coupled to yield spin S = 4, 

which is coupled antiparallel with the mixed-valence pair with S = 9/2. The ultra-reduced [4Fe-

4S]0 state with all Fe2+ has S = 4 and has been identified in few enzymes. There is 

antiferromagnetic coupling of two valence localized Fe2+ resulting in a spin of S = 0 and the 
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ferromagnetic coupling of the other two Fe2+ (S = 4), followed by the antiferromagnetic coupling 

of the pair to afford the total cluster spin (71–73).  

 Fe-S clusters containing iron centers with unpaired electrons and half integer (and its 

multiple) ground state spin impart a paramagnetic property to the cluster and are weakly attracted 

to an externally applied magnetic field. Whereas iron centers with a whole integer spin state are 

diamagnetic species that are weakly repelled by an externally applied magnetic field. 

1.3.2 Iron-sulfur proteins in living organisms 

 Fe-S clusters are one of the most common prosthetic groups in living organisms. The first 

identified and published function of these non-heme iron proteins was simple electron transfer. 

Besides the redox function that includes proton-coupled electron transfer and oxidation or 

reduction of substrates, Fe-S clusters facilitate multiple nonredox functions such as substrate 

binding and activation, regulation of enzyme activity and gene expression, sensing of reactive 

species, radical generation and sulfur donation. Table 1.5 lists some of the biological functions 

of Fe-S proteins/clusters that have been identified up to date. These functions are attributed to the 

unique structural and reactivity properties of iron sulfur clusters (59, 71).  
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Figure 1.9: Midpoint potential range of different iron-sulfur clusters. 
Adapted from (66). 
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Table 1.5: Function of Fe-S cluster containing proteins. 
Adapted from (59) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Function Cluster type Examples 
Electron transfer [2Fe-2S], [3Fe-4S], [4Fe-4S] Ferredoxin, redox enzymes 

Coupled proton and electron 
transfer 

[2Fe-2S] Rieske protein 

[8Fe-7S] Nitrogenase 

Substrate binding and 
activation 

[4Fe-4S] (De) hydratases 
[4Fe-4S] Radical SAM enzymes 

[4Fe-4S]-siroheme Sulfite reductase 

Fe or cluster storage 
[2Fe-2S] Ferredoxin 
[4Fe-4S] Polyferredoxin 

Structural 
[4Fe-4S] Endonuclease III 
[4Fe-4S] Mut Y 

Regulation of enzyme activity  
[4Fe-4S] 

Glutamine PRPP 
amidotransferase 

[2Fe-2S] Ferrochelatase 

Regulation gene expression 

[4Fe-4S]/ [2Fe-2S] FNR 

[4Fe-4S] IRP 
[2Fe-2S] IscR 

Disulfide reduction 
[4Fe-4S] 

Ferredoxin:thioredoxin 
reductase 

[4Fe-4S] Heterodisulfide reductase 
Sulfur donation 

[2Fe-2S] Biotin synthase 
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Both enzymes, IspH and HDR, in my research projects contain a [4Fe-4S] cluster in their 

active site that is believed to be directly involved in substrate binding and electron transfer. In 

the next sections I will discuss Fe-S proteins that have an active-site cluster involved in electron 

transfer and/or substrate binding.  

1.3.2.1 Aconitase 

 Aconitase is a hydrolyase that catalyzes the reversible isomerization of citrate and 

isocitrate via a cis-aconitate intermediate in the citric acid cycle. An as-isolated aconitase 

contains an inactive [3Fe-4S]2+ cluster that is held in place by three cysteine residues from the 

protein. The cuboidal cluster is converted in to an active enzyme [4Fe-4S]2+ cluster by the 

addition of Fe2+ (63, 74, 75). This fourth iron site is referred to as the unique or apical iron and is 

coordinated to a hydroxyl ligand besides the three bridging sulfides. During catalysis the citrate 

is bound to the unique iron site through its carboxyl and hydroxyl oxygen atoms and protonation 

of the hydroxyl bound to the iron site by an acid, His 101, occurs. This results in a hexa-

coordinated unique iron. Changes in Mӧssbauer and EPR data for an 57Fe2+ activated aconitase 

were observed when citrate was added. Further, cluster coordination to water, citrate and 

isocitrate were demonstrated with the help of labeling studies (76, 77). The reaction proceeds by 

the formation of the cis-aconitate intermediate, when a Ser 642 abstracts a proton from C2 of the 

citrate. The cis-aconitate is flipped by 180° about the C2-C3 double bond. Reversal of the acid-

base catalysis yields isocitrate (Fig 1.10) (77, 78).  
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Figure 1.10: Proposed reaction mechanism for aconitase. 
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1.3.2.2 Ferredoxin:thioredoxin reductase (FTR) 

 Ferredoxin:thioredoxin reductase is a [4Fe-4S] protein in chloroplast and catalyzes the 

sequential two electron reduction of thioredoxin disulfide by ferredoxin. In as-isolated FTR the 

cluster is in a [4Fe-4S]2+ state and near the cluster there is a redox-active disulfide (79–81).  

 The mechanism of action of FTR involves initial electron transfer from ferredoxin via the 

cluster and breaking of the disulfide bond forming a thiyl radical and a thiolate (Fig 1.11). A 

stable thiyl radical or a [4Fe-4S]+ cluster have not been observed in EPR and it has been 

proposed that two internal electron transfers from the cluster to the thiyl radical, results in an 

EPR active [4Fe-4S]3+ cluster. The unique iron of the [4Fe-4S]3+ cluster is ligated to three 

bridging S2-, a Cys ligand and the cysteinyl radical. The nucleophilic cysteine attacks the 

thioredoxin disulfide bond, forming a new heterodisulfide thioredoxin intermediate. The second 

electron transfer from another ferredoxin cleaves the heterodisulfide bond, fully reducing the 

thioredoxin, reducing the cluster to its original [4Fe-4S]2+ state, and regenerating the disulfide 

bond in the active site of FTR (79–81). EPR, Mӧssbauer, ENDOR and redox titration studies of 

the one-electron-reduced intermediate supports the presence of a [4Fe-4S]3+ cluster with 

modified HiPIP-like properties. This difference is attributed to the association of the [4Fe-4S]3+ 

cluster to the active-site cysteinyl residue (82, 83).  

 



 

 

31 

 

 
 

Figure 1.11: Proposed reaction mechanism for FTR. 
Adapted from (80). 
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 1.3.2.3 (E)-4-Hydroxy-3-methylbut-2-enyl pyrophosphate synthase (IspG) 

 IspG, also referred to as GcpE, is a [4Fe-4S] enzyme that catalyzes the reductive 

dehydration of 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MEcPP) to (E)-4-Hydroxy-3-

methylbut-2-enyl pyrophosphate (HMBPP) in the DOXP pathway (Fig 1.3). The cluster is 

involved in a sequential two electron transfer and substrate binding (28, 29, 84). As of now, the 

in vivo electron source has not been established. The cluster has three of its iron sites bound to 

three bridging S2- and a Cys ligand. X-ray crystallography and Mӧssbauer spectroscopy 

investigations have indicated the presence of a fourth apical iron. In as-isolated IspG the apical 

iron is coordinated to a non-cysteine ligand, a Glu residue in the active site, whereas during 

catalysis it is bound to the substrate (85, 86). The reaction mechanism of IspG involves initial 

deprotonation of the C3 hydroxyl group and subsequent binding of MEcPP to the apical iron of 

the [4Fe-4S]2+ cluster through the C3 oxygen. This is followed by the opening of the 

cyclodiphosphate ring and formation of a carbocation at C2. The first electron transfer is 

followed by two internal electron transfers to the substrate resulting in the formation of a 

ferraoxetane intermediate. At this point the cluster is in a HiPIP-like [4Fe-4S]3+ state and is 

bound to the C2 of MEcPP. Transfer of the second external electron and protonation of the 

leaving hydroxyl group affords a water molecule and HMBPP (Fig 1.12). Spectroscopic studies 

such as EPR, hyperfine sublevel correlation (HYSCORE) and ENDOR were instrumental in 

identifying the cluster-bound ferraoxetane intermediate (47, 87, 88). 
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Figure 1.12: Proposed reaction mechanism for IspG. 
Adapted from (47). 
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1.4 Spectroscopic Techniques for the characterization of Fe-S cluster centers 

 Many physical and chemical methods contribute to the current understanding and 

progress in Fe-S protein research, but no single method will provide the solution for many open 

questions regarding an Fe-S enzyme in a biological system. To probe the Fe-S clusters in 

metalloproteins a combination of spectroscopic methods that targets certain properties of the Fe 

can be employed. In these research projects electron paramagnetic resonance (EPR), electron 

nuclear double resonance (ENDOR) and Mӧssbauer were applied. The last two techniques were 

done in collaboration with the group of Brian Hoffmann at the Northwestern University and 

Sebastian Stoian of the MagLab in Tallahassee, FL. 

1.4.1 Electron Paramagnetic Resonance (EPR) 

Electron paramagnetic resonance (EPR) spectroscopy, also called electron spin resonance 

(ESR) spectroscopy was introducted by Zavoisky in 1944. EPR is a spectroscopic technique that 

measures the absorption of microwave radiation between energy levels of an unpaired electron 

placed in a strong magnetic field. It characterizes the properties and probes the environment of a 

paramagnetic center. EPR spectroscopy is widely used in the investigation of biological systems 

that encompass paramagnetic species like metal ions, substrate radicals, triplet states and redox-

active centers in proteins. The transition metal ions are usually open–shell systems, i.e., they 

contain partially filled d or f shells, and they have one (S = 1/2) or more (S > 1/2) unpaired 

electrons in at least one of their common oxidation states. The paramagnetic centers can be 

identified and quantified without interference from diamagnetic species in the protein. Thus, 

EPR spectroscopy can be a means to study the structure and function of active sites of enzymes 

containing EPR active cofactors (89, 90). 
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1.4.1.1 Paramagnetic property of the common Fe-S clusters 

As discussed in section 1.3.1 the Fe-S clusters in Fe-S proteins have characteristic and 

varied electronic and magnetic properties which can impart a paramagnetic character on the 

cluster center. Certain oxidation states of a cluster have a paramagnetic species giving a distinct 

EPR spectrum with specific peaks and patterns (Fig 1.13). Therefore, EPR spectroscopy can be 

used to identify and quantify paramagnetic species from which structural and functional 

characterization of the Fe-S protein can be deduced (91). 
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Figure 1.13: EPR spectra of iron-sulfur clusters. 
Adapted from (91). 
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1.4.1.2 Basic principle 

 Spectroscopy is the measurement and interpretation of the energy differences between the 

atomic or molecular states. Knowledge of the energy differences (ΔE) is used to infer the 

identity, structure and dynamics of a sample. According to Planck’s law, electromagnetic 

radiation will be absorbed if: 

ΔE = hν,                  (1) 

Where h is Planck's constant and v is the frequency of the radiation.  

Unlike the conventional spectroscopy, in EPR electronic constraints prevent the varying 

of the frequency (v) of the radiation, instead the magnetic field is swept. The most commonly 

used frequency is in the range of 9-10 GHz (X-band) and the first derivative of the true 

absorption is recorded.  

The interaction of the magnetic moment (�) of an isolated electron with an externally 

applied magnetic field (B0) results in the splitting of the energy level of the electron and this 

phenomenon is called the Zeeman effect (Fig 1.14). The magnetic field produces two energy 

levels, highest and lowest energy state depending on alignment of B0 along or against the 

magnetic moment. The projection of the electron spin, ms, on the direction of the magnetic field 

is used to identify the two states, the parallel state as ms = - 1/2 and the antiparallel is ms = + 1/2. 

The electronic Zeeman energy of the states can be calculated as: 

E = -�B0                  (2) 

Where μ = geβms, β is a conversion constant called the Bohr magneton and ge is the 

spectroscopic g factor of the free electron. 

E½ = ½ geβB0                     (3) 

E-½ = -½ geβB0                 (4) 
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Absorption of energy will occur when the condition in (5) is satisfied 

ΔE = ge��0 = ℎ�                 (5)  

The total angular momentum of an electron in a molecule has both the intrinsic spin 

angular momentum (� ̅) and orbital angular momentum (�̅). These two magnetic moments 

interact, and the energy of this spin-orbit interaction depends on their relative orientations.  

Electron in space 

 � ̅ ∝ g�� ̅                  (6) 

Electron in a molecule 

� ̅ ∝ g�� ̅ + �̅                  (7) 

The spin-orbit coupling term is proportional to � ̅ and both terms on the right can be combined 

changing the value of ge to g,  

� ̅ ∝ g� ̅                   (8) 

           ΔE = ℎ� = (g�+�g)0 = g��0                          (9) 

The value of g can be calculated from ν (in MHz) and B0 (in Gauss) using,  

g = ℎ�/�B0                          (10) 

g = 0.7145�/B0                  (11) 

Where h = 6.626·10-34 J·s; β = 9.274·10-28 J·G-1 

 The quantity ‘ge + δg ’, the g-factor, contains the chemical information on the nature of 

the bond between the electron and the molecule, the electronic structure of the molecule and can 

be taken as a fingerprint of the molecule.  
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Figure 1.14: The Zeeman effect. 
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1.4.1.3 Line shape 

Orbitals in a molecule are oriented and the magnitude of mixing of spin angular 

momentum to orbital angular momentum is direction dependent or anisotropic. A paramagnetic 

molecule has a principal axis system and the g-factors measured along these axes are called the 

principal g-factors, labeled as gx, gy and gz. Fig 1.15 represents the absorption and first-

derivative spectra for three different classes of anisotropy. When gx = gy = gz , it is designated as 

isotropic; when gx = gy ≠ gz, it is axial, and when gx ≠ gy ≠ gz, it is rhombic. In biomolecular EPR 

spectroscopy the parameters are analyzed in frozen solution samples so as to fix the molecules in 

all possible orientations, resulting in resolution of the g-values.  
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Figure 1.15: Schematic representation of the different types of g-anisotropy and the 
resulting EPR spectra. 
Adapted from (92).  
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1.4.1.4 Magnetic interactions  

In EPR spectroscopy besides the Zeeman interaction there are other types of interaction 

that do occur. The first two types are caused by the interaction of the unpaired electron with a 

magnetic nucleus and are named nuclear hyperfine interaction. It is termed hyperfine when the 

nuclear magnetic moment arises from the parent nucleus, whereas in superhyperfine interaction 

the magnetic moment is from a neighboring nucleus. The third type is the interaction between 

two unpaired electrons on different atoms normally within a molecule and it is termed spin-spin 

interaction.  

The hyperfine interaction adds an energy term to the Zeeman expression and the energy 

becomes: 

ΔE = hν = gβB0 + hAmI             (12) 

Where A is the hyperfine coupling constant and mI is the magnetic quantum number for the 

nucleus.  

 The mI has 2I + 1 possibilities and hence hyperfine interaction splits the Zeeman 

transition into 2I + 1 lines of equal intensity. The local field of the nucleus either adds or 

subtracts from the applied B0 field. As a result the energy levels are split (Fig. 1.16) and the EPR 

spectra will be different than when only Zeeman interaction is accounted for. Some of the nuclei 

which are of interest and often appear in biomolecules are listed in Table 1.6. 
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Figure 1.16: Nuclear hyperfine interaction. 
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Table 1.6: List of the nuclei that are important in biology, their isotopes and the 
corresponding nuclear spins. 

Ligand Isotope Nuclear spin 

H 1, 2 1/2,1 

C 13 1/2 

N 14, 15 1, 1/2 

O 17 5/2 

F 19 1/2 

P 31 1/2 

S 33 3/2 

Cl 35, 37 3/2 

As 75 3/2 

Se 77 1/2 

Br 79, 81 3/2 

I 127 5/2 

V 50, 51 6, 7/2 

Mn 55 5/2 

Fe 57 1/2 

Co 59 7/2 

Ni 61 3/2 

Cu 63, 65 3/2 

Mo 95, 97 5/2 

W 183 1/2 
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1.4.2 Electron Nuclear Double Resonance (ENDOR)  

EPR spectroscopy is a valuable method in the identification and characterization, to some 

extent, of paramagnetic centers. When a paramagnetic center is in the vicinity of nuclei, there 

will be electron-nuclear interactions that are manifested as hyperfine interactions. Since the EPR 

linewidth is broad (for a single-crystal Gaussian linewidth range is 200-500 MHz; ca 7-18 mT) 

these interactions are generally not well resolved. In addition, if the hyperfine couplings are 

small in magnitude but large in number there will be overlap of spectra resulting in poor 

resolution. There are many nuclei (Table 1.6) that could be ligands or are present in compounds 

coordinated to paramagnetic centers, such as Fe-S clusters, in the active site of an enzyme of 

interest. Knowledge of the interactions would be important in understanding the properties and 

function of the cluster in a protein. ENDOR spectroscopy is used to detect these interactions and 

gain insight in to the interactions (93). 

The ENDOR spectrometer consists of a standard EPR spectrometer with an NMR radio 

frequency source and a radio frequency coil within the microwave cavity. In ENDOR 

spectroscopy the sample is analyzed with both EPR and NMR simultaneously, enhancing 

spectral resolution of small hyperfine couplings. Hyperfine interaction can be measured directly 

and is governed by spin Hamiltonian. For a system with effective electron spin S = 1/2 and a 

single nucleus with I = 1/2 the Hamiltonian is expressed as: 

H = geβeBS - gnβnBI + SAI         (13)  

Where βe and βn are electronic and nuclear magnetons; ge and gn are the electronic and nuclear g 

factors; A is the nuclear hyperfine coupling constant.  

The first term in the equation represents the electron Zeeman interaction (with a 

magnitude of ~10 GHz), the second term is the nuclear Zeeman interaction (1-15 MHz) and the 
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last term is the electron-nuclear hyperfine interaction (0-10 MHz). EPR transitions involve a 

change in electronic spin level ΔMS = ±1, ΔMI = 0, while ENDOR transitions are: ΔMS = 0, ΔMI 

= ± 1.The interactions, their energy levels and allowed transitions in EPR and ENDOR are 

illustrated in Fig 1.17. 

The energies of the interactions are expressed as: 

E (mSmI) = geβeBmS - gnβnBmI + hAmSmI            (14)  

 ENDOR spectra are measured at static magnetic fields, corresponding to a single EPR 

resonance. A nucleus at this fixed magnetic field will resonate at a Larmor frequency, �N, which 

changes with magnetic field, B. An unpaired electron spin creates an internal field that perturbs 

the magnetically active nuclear spins as well as the internal magnetic field felt by that nuclear 

spin. ENDOR measures the interaction induced chamge in the internal field of the nuclei and is 

reported as hyperfine coupling interaction tensor, A. Transitions in ENDOR may be Larmor 

centered, �N , and split by the hyperfine coupling or the transition may be centered at half of the 

hyperfine coupling (A/2) and split by 2�N. A nucleus with spin I can have 4*I possible number of 

ENDOR lines. For example for 57Fe with I = 1/2, two ENDOR line are expected. In addition to 

the ability of ENDOR to resolve weaker hyperfine interactions, the nuclear Zeeman (Larmor) 

frequency can be used to identify the interacting nuclei. The hyperfine coupling constant, A, 

could provide information regarding the electron-nuclear spin distance, bonding, geometry and 

structure of the sample under analysis (93, 94). 
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Figure 1.17: Energy level diagram for a system with S = ½ and I = ½. 
Adapted from (94). 
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1.4.3 Mӧssbauer (MB) 

Mӧssbauer is a γ-ray resonance spectroscopy where radiation emitted by an excited state 

of a nucleus is absorbed by another nucleus of the same type of atom. In Mӧssbauer, γ-radiation 

emission and absorption should take place without imparting recoil energy. This recoil free 

phenomenon is called Mӧssbauer effect and is observed by placing the mӧssbauer active nucleus 

in a solid or frozen solution matrix. The Mӧssbauer effect is detected in isotopes with very low 

lying excited states and has been observed in isotopes of 44 elements such as 57Fe, 191Ir, 197Au, 

119Sn, 121Sb, 125Te, 129I. Of all the Mӧssbauer active atoms, the nucleus 57Fe has been studied 

extensively using Mӧssbauer spectroscopy (95, 96).  

During Mӧssbauer analysis γ-rays transmitted through the sample are measured by a 

detector. Hyperfine interactions shift the transition energy, disturbing emitted and absorbed γ-ray 

resonance. To compensate for the energy change and conserve resonance the γ-ray is modulated 

by moving the source relative to the observer with a range of velocity. At a velocity where there 

is resonance between the γ-radiation and the absorbing nuclei, a fraction of the radiation will be 

absorbed resulting in a drop in transmittance observed as a dip in the spectrum. All parameters of 

Mӧssbauer are reported in units of mm s-1. 

 The resonance of the nuclear ground and excited states are shifted due to the electrical 

monopole interaction of the nuclear charge distribution and the electrons at the nucleus. This 

interaction gives rise to isomer shift (δ), a quantity that is directly obtained from the center of the 

Mӧssbauer spectrum (Fig 1.18-A). The isomer shift measures the s-electron density around the 

nucleus. The s-electron density can be affected by the screening effect of d-electrons. This 

shielding effect is dependent on the occupancy of the d-orbital and hence can be used to 

determine the oxidation state of a metal center. For example, Fe2+ with a d6 electron  
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Figure 1.18: Interactions in Mӧssbauer spectroscopy and the resulting theoretical 
Mӧssbauer spectra  
ES and EA are the energy changes in the source and absorber respectively. Adapted from (96). 
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configuration has a larger positive isomer shift than Fe3+ (d5). This is because of the greater 

screening effect on the s-electrons by the d-electrons in Fe2+. The isomer shift values are also 

altered by spin state and coordination environment of the metal center (Table 1.7).  

A second interaction, called electric quadrupole interaction, is observed when the nucleus 

is placed in an electronic environment resulting in quadrupole splitting. Quadrupole splitting 

(ΔEQ) is due to the interaction of the nuclear quadrupole moment and the electric field gradient 

from the electron surrounding the Mӧssbauer active nucleus. For 57Fe the Mӧssbauer spectra will 

change from a singlet to a doublet (Fig 1.18-B).  

 The third nuclear interaction observed is the magnetic or hyperfine splitting. This 

phenomena, also known as the Zeeman effect, results from the interaction of the magnetic 

moment of the nuclear ground and excited states with a magnetic field. The magnetic field will 

split the nuclear levels into 2I + 1 substates. In case of 57Fe the magnetic dipole interaction leads 

to a spectrum with sextet splitting (Fig 1.18-C). 

 Mӧssbauer spectroscopy yields characteristic spectra for the different types of Fe-S 

clusters and it is a reflection of the formal charges (and therefore spin states) of each iron ion and 

the way they are spin coupled to each other in the cluster. On top of that Mӧssbauer is eminently 

suitable to study the magnetic property of EPR inactive Fe-S cluster species. Fe-S clusters with 

one to four iron sites have typical Mӧssbauer parameters (Table 1.8) and by deducing these 

parameters from the spectra one can pin point the valence state, spin state, oxidation state and 

coordination environment of the iron site in Fe-S proteins (97). Therefore a combination of EPR 

and Mӧssbauer spectroscopy data can be important in conclusive structural, functional and 

mechanistic studies of an Fe-S protein. 
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Table 1.7: ΔEQ and δ values for biologically important compounds. 
Adapted from (95). 

Oxidation state Spin state  Ligand set ΔEQ (mm/s) δ (mm/s) 

Fe4+ 2 Fe-(O, N) 0.5-1.0 0.0-0.1 

 1 Hemes 1.0-2.0 0.0-0.1 

  Fe-(O, N) 0.5-4.3 -0.20-0.10 

Fe3+ 5/2 Hemes 0.5-1.5 0.35-0.45 

  Fe-S < 1.0 0.20-0.35 

  Fe-(O, N) 0.5-1.5 0.40-0.60 

 3/2 Hemes 3.0-3.6 0.30-0.40 

 1/2 Hemes 1.5-2.5 0.15-0.25 

  Fe-(O, N) 2.0-3.0 0.10-0.25 

Fe 2+ 2 Hemes 1.5-3.0 0.85-1.0 

  Fe-S 2.0-3.0 0.60-0.70 

  Fe-(O, N) 2.0-3.2 1.1-1.3 

 0 Hemes < 1.5 0.3-0.45 
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Table 1.8: Typical Mӧssbauer parameters of most common Fe-S clusters. 
Adapted from (97). 
 

 
 

 
aMixed-valence pairs are indicated by brackets {–} 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cluster type Formal valencesa Spin δ (mm/s) (4.2K) |ΔEQ | (mm/s) 

[Fe]3+ Fe3+ 5/2 0.32 0.5 
[Fe]2+ Fe2+ 2 0.70 3.25 
[2Fe-2S]2+ 2Fe3+ 0 0.27 0.6 
[2Fe-2S]1+ Fe3+, Fe2+ 1/2 0.35, 0.65 0.6, 2.7 
[3Fe-4S]1+ 3 Fe3+ 1/2 0.27 0.63 
[3Fe-4S]0 {Fe2+/Fe3+}, Fe3+  2 0.46, 0.32 1.47,0.52 
[4Fe-4S]1+ {Fe2+/Fe3+}, 2 Fe2+ 1/2 0.5, 0.58 1.32, 1.89 
[4Fe-4S]2+ 2 {Fe2+/Fe3+} 0 0.42 1.12 
[4Fe-4S]3+ {Fe2+/Fe3+}, 2Fe3+ 1/2 0.4, 0.29 1.03, 0.88 
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Fig 1.19 shows examples of Mӧssbauer spectra for some Fe-S clusters in proteins. 

Spectra for a [2Fe-2S]2+ cluster show one quadrupole doublet with δ = 0.27 mm/s for the two 

Fe3+ sites. The [2Fe-2S]+ cluster spectrum exhibits two distinct quadrupole doublets, an inner 

doublet with δ = 0.30 mm/s for valence-localized Fe3+ site and an outer doublet with δ = 0.72 

mm/s for the valence-localized Fe2+ site. Mӧssbauer characteristic spectra for the [3Fe-4S]+ 

cluster has one quadrupole doublet with δ = 0.27 mm/s that is representative of three equivalent 

Fe3+sites. Reduction of the cluster to a [3Fe-4S]0 cluster results in a minor doublet with δ = 0.32 

mm/s for an Fe3+ site and a major doublet with δ = 0.46 mm/s for the delocalized Fe2.5+/Fe2.5+ 

pair. The super-oxidized [4Fe-4S]3+ cluster has an inner major doublet with δ = 0.29 mm/s for 

the two Fe3+ sites and a minor doublet with δ = 0.4 mm/s for the Fe2.5+/Fe2.5+ pair. Spectra for the 

[4Fe-4S]2+ cluster has a single quadrupole doublet with δ = 0.45 mm/s for two equivalent 

Fe2.5+/Fe2.5+ pairs. The [4Fe-4S]1+ cluster has an inner doublet with δ = 0.49 mm/s representative 

of the Fe2.5+/Fe2.5+ pair and a second doublet with δ = 0.62 mm/s for the Fe2+/Fe2+ pair (67, 98). 
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Figure 1.19: Mӧssbauer spectra for Fe-S clusters in their different oxidation states. 
Quadrupole doublets are indicated by brackets. Adapted from (67, 98, 99). 
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CHAPTER 2 : (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate Reductase - IspH 

2.1 Literature review 

IspH, also known as LytB, is the ultimate enzyme in the DOXP pathway and catalyzes 

the 2 H+/ 2 e- reductive  dehydration of (E)-4-hydroxy-3-methylbut-2-enyl pyrophosphate 

(HMBPP) to isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) (Fig 

1. 3) (30, 31, 100, 101).  

The natural electron source has not been established. The NAD(P)H/flavodoxin 

reductase/flavodoxin system or ferredoxin have been proposed as candidates. In vitro, donors 

such as photoactivated deazaflavin, NADPH/ferredoxin reductase/ferredoxin, 

NAD(P)H/flavodoxin reductase/flavodoxin, and dithionite alone or with methyl viologen have 

been used to determine the activity (47, 102). The enzyme activity is significantly affected by the 

source of the enzyme (E. coli, A. aeolicus, or P. falciparum), enzyme type (as-isolated or 

reconstituted), electron donor as well as the conditions used. IspH from A. aeolicus with reduced 

methyl viologen as the electron donor has a specific activity of 6.6 µmol min-1mg-1 at 60°C and 

1.95 µmol min-1mg-1 at room temperature (100, 103). E. coli IspH in combination with the 

NADH-flavodoxin reductase-flavodoxin reducing system has a specific activity of 0.7 µmol min-

1 mg-1 and a specific activity of 3.4 µmol min-1 mg-1 was observed with photoactivated 

deazaflavin (104). Like the activity of IspH, the ratio of IPP to DMAPP formed is dependent on 

the origin of the enzyme, enzyme type and electron source. In the literature the reported 

IPP:DMAPP ratio are in the range of 4:1 and 6.3:1 (100, 104). 

 Very recently another unexpected function was discovered for IspH, its ability to catalyze 

the hydration of acetylenes to aldehyde and ketone. This function was stumbled upon during X- 

ray crystallography studies to determine the interaction of acetylene inhibitors with 
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Figure 2.1: Amino acid sequence alignment for a selected set of IspH proteins. 
Numbers refer residues in the E. coli sequence. Tt, Thermus thermophilus; EC, Escherichia coli ; 
Yp, Yersinia pestis; Vc, Vibrio cholerae; Mt, Mycobacterium tuberculosis; Pf, Plasmodium 

falciparum; Ba, Bacillus anthracis; Aa, Aquifex aeolicus; At, Arabidopsis thaliana. Black 
background, 100% conserved. Gray background 80% conserved.  
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oxidized IspH (105). 

2.1.1 Active site of IspH and the Fe-S cluster 

 The amino acid sequence alignment of IspH (using Blosum62-12-2) from 75 organisms 

shows the presence of three conserved Cys residues. Other highly conserved residues are E126, 

H124, H41, T167, S225 and N227 in E. coli numbering. In IspH from E. coli mutation of any of 

the cysteine residues significantly decreased the enzyme activity. The Cys residues tether the 

cluster to the protein environment. It is important to point out that the place of the Cys residues 

in the sequence presented in Fig 2.1 (only 9 organisms shown) has no homology with any of the 

typical consensus sequence for [4Fe-4S] clusters (e.g: Cys-X-X-Cys-X-X-Cys-Xn-Cys-Pro) 

(104).  

 The crystal structure of as-isolated IspH from both E. coli and A. aeolicus has been 

solved. In both organisms, the enzyme has a “trefoil” fold with three α/β domains (D1, D2 and 

D3) surrounding a hydrophobic central cavity (ca.10° A x 20° A) with a [3Fe- 4S] cluster bound 

to three Cys residues, C12, C96 and C197 (C13, C96, and C193 in A. aeolicus) (Figs 2.2). The 

cavity is located at the front side of the enzyme and the cluster is found at the bottom of this 

crevice. It is proposed that the substrate enters and product exits the active site through the 

opening of the cavity. The overall structure of the IspH in E. coli and A. aeolicus is very similar. 

In both enzymes the conserved E126 is in close proximity of the cluster. The central cavity is 

also lined by a series of polar residues, including the highly conserved H41, H124, S225, and 

N227 (H42, H124, S221, and N223 in A. Aeolicus). When crystal structures of the two enzymes 

were superimposed, the A. aeolicus domain D3 was tilted by about 20° with respect to domains 

D1 and D2 causing widening of the central cavity of the enzyme (Fig 2.3). It was observed that 

the dihedral angles of R9-G10-F11 from E. coli and A10-G11-F12 from A. aeolicus and C197 
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(E. coli) and C193 (A. aeolicus) were different. It is proposed that these amino acids could be 

involved in the opening (A. aeolicus conformation) and closing (E. coli conformation) of the 

active site cavity (106, 107).   

 There has been a debate about the type of the Fe-S cluster in the active site. Even though 

the crystal structure of the as-isolated IspH from E. coli and A. aeolicus has a [3Fe-4S] cluster, 

EPR studies have indicated otherwise. Duin and coworkers showed that the as-isolated 

dithionite-reduced IspH from A. aeolicus, P. falciparum and E. coli showed characteristic [4Fe-

4S]+ EPR spectra confirming the presence of an oxygen sensitive [4Fe-4S] cluster (Fig 2.5A). In 

addition there was a direct linear correlation between cluster content and reactivity (103).  

 Mӧssbauer spectroscopy based characterization of IspH from E. coli also supported the 

presence of a [4Fe-4S]2+ cluster. The isomer shift and quadrupole splitting suggested the 

presence of a Fe2.5+/Fe2.5+ delocalized pair and another mixed valence-localized Fe2+/Fe3+ pair. 

The parameters for the Fe2.5+ pair (δ = 0.42 mm/s and ΔEQ = 1.21 mm/s) and the Fe3+ site (δ = 

0.37 mm/s and ΔEQ = 0.89 mm/s) are characteristic for tetrahedrally sulfur-coordinated Fe 

centers. Whereas the Fe2+ site (δ = 0.89 mm/s and ΔEQ = 1.97 mm/s) exhibits parameters that are 

indicative of an Fe center bound to non-sulfur ligands, 3 N/O. The identity of the ligand has not 

been determined. Addition of HMBPP to the as-purified enzyme significantly decreases the 

isomer shift of the valence-trapped Fe2+ to δ = 0.64 mm/s, indicating a direct coordination of 

HMBPP to the cluster (108, 109). 

Cocrystallization of the as-isolated E. coli IspH with HMBPP supports the presence of a 

[4Fe-4S] cluster. The crystal structure has a closed conformation with HMBPP coordinated to 

the unique Fe of the [4Fe-4S] cluster through the oxygen of the hydroxyl group, forming an 

alkoxide complex (Fig 2.4). The substrate is oriented in such a way that the three allylic carbons  
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Figure 2.2: Structure of IspH from (A) E. coli (PDB: 3F7T) and (B) A. aeolicus (PDB: 
3DNF). 
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Figure 2.3: Superposition of the crystal structure of IspH from E. coli (green) and A. 

aeolicus (blue). 
Adapted from (106). 
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Figure 2.4: Detail of the structure of the active site of IspH from E. coli cocrystallized with 
HMBPP (PDB: 3KE8). 
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are sandwiched between the pyrophosphate moiety and the apical iron center. In the active site a 

network of hydrogen-bonds are formed among the substrate, the amino acids lining the cavity 

(including the conserved E126, H124, H41 and T167) and a water molecule forming a cyclic 

conformation. The water molecule has been proposed as the initial proton donor for  dehydration 

(110, 111).  

For the conversion of HMBPP to IPP and DMAPP a total of two electrons are 

sequentially transferred. By limiting the availability of electrons, one can stall and trap an 

intermediate in the reaction mechanism. For IspH a one-electron-reduced form of the enzyme 

was induced by incubating the as purified enzyme with an excess of dithionite and subsequently 

removing the excess dithionite to yield an EPR active [4Fe-4S]+ form (Fig 2.5A). A second 

paramagnetic intermediate was observed when HMBPP was added to the one-electron-reduced 

IspH (Fig 2.5B). 

The induced paramagnetic species has a slightly rhombic signal, which for convenience 

will be called FeS-I, with g-values 2.173, 2.013, and 1.997. This species is similar to a signal 

detected in FTR, Hdr and IspG (80, 87, 103, 112). The EPR spectra, with the average g value 

greater than ge (with the exception of Hdr), of these enzymes are similar with those observed for 

high-potential iron-sulfur proteins (HiPIPs) with a [4Fe-4S]3+ cluster. Unlike the signals for 

HiPIPs which are observed under highly oxidizing conditions the IspH, FTR, Hdr and IspG 

signals were trapped under reducing condition. Also the signal for HiPIPs can only be detected at 

temperatures below 20 K. Whereas the IspH, FTR, Hdr and IspG signals are saturated below 20 

K and can be detected up to 150 K. The HiPIP-like spectra in FTR, Hdr and IspG have been 

proposed to represent an intermediate where the cluster is a [4Fe-4S]3+ based species and directly 

binding substrate. Based on the similarities of both the shape and temperature behavior of the  
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Figure 2.5: EPR signals detected in the one-electron-reduced experiment with A. aeolicus 
IspH. 
(A) [4Fe-4S]+ reduced signal for natural Fe-containing enzyme. (B) FeS-I species with natural 

Fe-containing enzyme (black) and 57Fe-labeled enzyme (gray). Adapted from (103). 
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IspH signal with those EPR signals detected in FTR, Hdr and IspG, it was proposed that the 

intermediate in the one-electron-reduced experiment is a [4Fe-4S]3+ species. For both IspG and 

IspH, however, there is only indirect evidence for this assignment. 

EPR analysis of one-electron-reduced 57Fe-enriched IspH incubated with HMBPP 

resulted in the broadening of the FeS-I EPR signal (Fig 2.5B), confirming that the signal is Fe-S 

cluster-based. Furthermore the HiPIP-like intermediate was analyzed with ENDOR 

spectroscopy. 31P-ENDOR revealed the presence of a weak 31P hyperfine splitting (Fig 2.6A) 

with a coupling constant of about 0.17 MHz. This data suggests that the phosphate at the C1 of 

HMBPP is near the cluster center, but the small coupling constant indicates the phosphate is not 

directly bound to the cluster and the Fe-P distance was estimated to be 6.6 Å. Pulsed 2H-ENDOR 

studies of the one-electron-reduced IspH incubated with [4-2H]-HMBPP showed the presence of 

a 2H-coupling with the Fe-S cluster, with a maximal coupling of 5.4 MHz (Fig 2.6B). The 

distance between the metal center and the deuterium at C4 in FeS-I intermediate was estimated 

to be 3.4 Å. It was suggested that the C4 hydroxyl of HMBPP was ligated to the unique iron of 

the Fe-S cluster (103). But HYSCORE labeling studies of WT IspH incubated with [4-17O]-

HMBPP, didn’t show any 17O hyperfine interaction, indicating the absence of Fe-O bond. The 

lack of direct Fe-O coordination was also observed in the HYSCORE studies of a paramagnetic 

species trapped in E126Q mutant IspH upon reduction and subsequent reaction with HMBPP, 

this species will be referred to as FeS-III in this work. When the FeS-III species was generated 

with [4-17O]-HMBPP a weak 17O hyperfine interaction was observed (ca 1 MHz) (113). Unlike 

IspG, where the C3-hydroxyl of MEcPP initially ligates the cluster and remains coordinated 

throughout the reaction mechanism, in IspH there is an initial binding of the oxidized cluster to 

the substrate hydroxyl followed by the rotation of the hydroxyl group away from the  
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Figure 2.6: (A) CW EPR (35 GHz) and pulsed 31P-ENDOR spectra of 57Fe-labeled FeS-I 
species. (B) Pulsed 2H-ENDOR spectra of the FeS-I species when induced with [4-2H] 
HMBPP. 
Adapted from (103). 
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apical Fe of the cluster upon reduction. 

2.1.2 Conserved amino acid residues in IspH active site 

The crystal structures of both A. aeolicus and E. coli, and the bioinformatics data, 

indicate that there are a number of conserved residues in the active site that can be critical for 

catalysis. As of now the exact role of each amino acid has not been solidified. Site-directed 

mutagenesis coupled with specific activity and spectroscopic studies have been instrumental in 

proposing the contribution of each amino acid (99, 107). 

Replacing E126 by A, D and Q afforded mutants with very low activity (99, 107). 

Mutation of T167 to N and V yielded an insoluble protein. T167C and T167S variants showed 

32% and 99% activity respectively (106, 111). Cocrystallization of E126D, E126Q and T167C 

with HMBPP showed a closed conformation orientation and a [3Fe-4S] cluster in the active site. 

The alkoxide complex for wild type crystallized with HMBPP was not observed instead the 

hydroxylmethyl of the substrate rotates away from the cluster and a new hydrogen bond network 

has been observed. The superimposition of the crystal structure of the mutants and the WT shows 

no obvious changes in the local structure (111). EPR spectroscopy analysis of a paramagnetic 

species formed (FeS-III) by incubating HMBPP with one-electron-reduced mutants from A. 

aeolicus, E126A and E126Q, was different than the WT IspH with g values 2.120, 2.002, and 

1.965 (Fig 2.7) (103). 13C-ENDOR spectroscopy studies of E126A IspH incubated with [U-13C]-

HMBPP showed a hyperfine coupling constant of 1.7 MHz for C-2 and 0.8 MHz for C-3 of 

HMBPP, corroborating the rotation of the hydroxyl observed in the crystal structure (114). 

Thr167 has been proposed to be involved in the formation and stabilization of the alkoxide 

complex intermediate and as well as  dehydration. The Glu126 has been proposed to be involved 

in the protonation of hydroxyl group and/or protonation at C2 or C4 of the substrate.  
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In the E. coli crystal structure (3KE8) the HMBPP diphosphate group is hydrogen bonded 

to seven residues: H41, H74, H124, S225, S226, N227 and S269. It has been observed that these 

amino acids structurally rearrange when the enzyme active site is opening and closing, except for 

the H124. It would be expected that mutation of only one amino acids might not have a 

significant effect on the active site environment and hence activity. But H124N, S225C, and 

N227Q variants were found to be inactive. Also replacing H41, H74, and H124 by Ala afforded 

an insoluble protein, while H41N and H74N mutants were found to be active (106).  

Unlike IspH from E. coli, mutating H42 and H124 to alanine yielded a soluble protein in 

A. aeolicus. EPR data was collected for A. aeolicus variants H42A, H42F, H124A and H124F 

that were prepared by incubating HMBPP with one-electron-reduced mutants (Fig 2.7). During 

activity assays H42F variant had partial activity and the FeS-I paramagnetic species was 

detected. Whereas the H42A variant lost most of it activity and the one-electron-reduced signal, 

[4Fe-4S]+, was observed but not the FeS-I species. It was suggested that the presence of the ring 

in the Phe might have caused less disturbance in the active site conformation. It was proposed 

the H42 might play a role in the transition of the open to the closed conformation and its 

mutation might have caused a conformational change in the active site.  

Both H124F and H124A showed insignificant activity. When HMBPP was added to the 

one-electron-reduced signal, in both variants the [4Fe-4S]+ spectra disappeared. But the FeS-I 

was detected only in the H124F, albeit the spin concentration was low. In the H124A mutant a 

radical like signal was observed. The fact that the H124 doesn’t rearrange when IspH active site 

is closed or open makes it important for substrate docking. It was proposed that the binding of 

the substrate was affected and the transfer of the first electron results in a substrate based radical 

species that is not stabilized by the cluster. 
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Figure 2.7: Overview of the EPR active species detected in one-electron reduced WT and 
mutant enzymes incubated with HMBPP. 
All samples were measured at 50K except for H42A, which was measured at 10K. 
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2.1.3 Proposed reaction mechanisms for IspH 

For the sequential two electron reduction and dehydration of HMBPP to IPP and DMAPP 

a number of mechanisms have been proposed for IspH. One mechanism is based on the 

formation of an allyl radical (Fig 2.8). Initially the HMBPP forms an alkoxide complex with the 

apical iron of the [4Fe-4S]2+ cluster, that is stabilized by T167. The first electron transfer reduces 

the cluster followed by rotation of the hydroxylmethyl of the substrate away from the apical iron 

and formation of an allyl radical. The hydroxyl group is protonated by E126 and water is 

released. A second electron transfer creates an anionic allyl intermediate followed by the 

protonation at C2 or C4 to yield IPP or DMAPP respectively (111). The proton donor for the last 

step has been proposed to be the diphosphate group of HMBPP. The proposed allylic radical 

intermediate, which is expected to be EPR active, was not observed when HMBPP was 

incubated with one-electron-reduced IspH, instead a HiPIP-like Fe-S cluster-based signal was 

observed. As already mentioned EPR analysis of one-electron-reduced 57Fe-labeled IspH 

incubated with HMBPP resulted in the broadening of the HiPIP-like paramagnetic intermediate, 

confirming that the signal is Fe-S cluster-based and not a radical species. In addition, the 13C-

ENDOR study of E126A IspH incubated with [U-13C]-HMBPP doesn’t show a large hyperfine 

coupling expected for a radical substrate (103, 116).  

A second reaction mechanism that has been proposed is a Birch reduction-like 

mechanism (Fig 2.9) (117, 118). HMBPP is directly bound to the apical iron, which is proposed 

to be the key step in catalysis, and the first electron transfer reduces the [4Fe-4S]2+ cluster. 

Subsequent electron transfer from the cluster to the substrate triggers dehydration of HMBPP 

and formation of an allyl radical intermediate. In this mechanism T167 (E. coli numbering) has 

been proposed as the ultimate proton donor for the dehydration. Upon the 
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Figure 2.8: Proposed IspH Mechanism-I. 
Adapted from (111). 
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an second electron transfer an allylic anion is formed and protonation at either C2 or C4 position 

produces IPP or DMAPP respectively. The terminal phosphate group of HMBPP has been 

proposed in mediating the final protonation step. As with the first proposed mode of action if 

there is an allyl radical, EPR analysis should show an isotropic radical signal if such a species is 

stable enough to be detected, but this was not the case.  

The third mode of catalysis is a bioorganometallic mechanism, where there is an 

interaction between the cluster and the π-system of HMBPP. As shown in Fig 2.10 initially an 

alkoxide intermediate is formed between the HMBPP hydroxyl group and the apical iron of the 

[4Fe-4S]2+ cluster. Transfer of the first electron reduces the cluster followed by the rotation of 

HMBPP hydroxylmethyl group away from the apical iron. A π-interaction between the cluster 

and the alkene group stabilizes the intermediate. E126 is the proposed proton donor for the 

dehydration of the substrate. This is followed by an internal two electron transfer to HMBPP 

affording an η3-allyl anion intermediate that is stabilized by the HiPIP-like [4Fe-4S]3+ cluster. 

Second electron transfer to the η3-allyl anion intermediate followed by protonation at C2 and C4 

yields IPP and DMAPP respectively. In the presence of an excess reductant the products can 

rebind to the cluster. This was supported by the fact that a paramagnetic species was trapped 

when dithionite-reduced WT IspH was incubated with IPP, which we are calling FeS-II (113, 

116). The basis for this mechanism is the spectroscopic and the crystallographic studies of the 

inactive E126Q mutant IspH. It has been proposed that the paramagnetic species observed in the 

E126Q mutant, FeS-III intermediate, to represent the π-complex in this mechanism. But the 

kinetic competence of this intermediate has not been established and it could be a dead end 

product from a side reaction. Also the oxidation state of this intermediate has not been 

established. The HiPIP-like intermediate with [4Fe-4S]3+ cluster, has been proposed to be similar 
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Figure 2.9: Proposed IspH Mechanism-II. 
Adapted from (117). 
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to the intermediate that was observed in the one-electron-reduced (FeS-I) experiment. The 

assignment of this intermediate was based on the similarity of its g-value and temperature 

behavior to an intermediate detected in the well-studied FTR. Both the FeS-I and FeS-III 

intermediates have g-values that are representative of the HiPIP clusters, but the kinetic 

competence as well as the oxidation state of the FeS-III species hasn’t been determined 

experimentally. The presence of the proposed intermediates, FeS-I, FeS-II and FeS-III, in the 

overall reaction path has not been analyzed. Hence rapid-freeze-quench experiments should be 

used to analyze the catalytic action of IspH under turnover and pre-steady-state conditions. 
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Figure 2.10: Proposed IspH Mechanism-III. 
Adapted from (47). 
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2.1.4 Inhibition of IspH 

Worldwide millions of people suffer and die due to infectious diseases each year. In 2014 

globally, mainly in low income countries, close to 2 million people died due to tuberculosis and 

malaria (112, 113). It is paramount to develop antimicrobials to combat these infectious diseases. 

Antimicrobials can target cellular structures, biosynthesis of macromolecular compounds and 

biochemical processes. There has been an increase in antimicrobial drug resistance and the 

efficacy of many available therapies has been compromised (121). In 2014 approximately 

480,000 people developed multidrug resistant TB (MDR-TB) and there were about 190,000 

deaths from MDR-TB (120). This crisis calls for the rapid development of novel anti-infective 

agents and identification of novel targets for anti-infective drugs. Since the DOXP pathway is 

found in a wide group of pathogenic bacteria and apicomplexan parasites but absent in all 

mammals (Table 1.2), the enzymes in this pathway are possible targets for anti-infective drugs. 

There have been ongoing research in the development and characterization of inhibitors 

and drug leads that target IspH (Fig 2.11). HMBPP analogs have been synthesized by 

substituting the terminal hydroxyl with a thiol group (IC50 = 0.21 μM) and an amino group (IC50 

= 0.15 μM). Mӧssbauer studies of the as-isolated IspH in the presence of either (E)-4-mercapto-

3-methylbut-2-enyl diphosphate or (E)-4-amino-3-methylbut-2-enyl diphosphate showed an 

isomer shift similar to that of IspH incubated with HMBPP. This indicates that the analogs 

coordination mode is similar to that of the substrate, the apical iron of the cluster binds the thiol 

and amino moiety of the analogs. This was supported by the crystal structure of the as-isolated 

IspH cocrystallized with either the thiol or the amino analog. It is not clear if inhibition occurs 

due to binding to the reduced or oxidized cluster (109, 122). By taking advantage of the 

metallacycle mode of catalysis (mechanism III), novel alkyne diphosphate inhibitors were 
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identified as inhibitors. ENDOR based labeling studies of [U-13C3] propargyl diphosphate 

incubated with IspH showed a hyperfine coupling constant of 6 MHz. Based on this finding it 

has been proposed that the inhibitor binds the apical iron of the reduced cluster in a sideways-on 

mode through its C≡C π-orbital. The most potent inhibitor was but-3-ynyl diphosphate with an 

IC50 of 0.45 μM (123). Screening of compound libraries also lead to the discovery of pyridine 

diphosphates as inhibitors of IspH. It has been proposed that the nitrogen atom of the aromatic 

ring interacts with the apical iron of the reduced cluster in side-on η2 coordination and the most 

potent inhibitor that was reported was (pyridine-3-yl) ethyl diphosphate with an IC50 of 9.1 μM. 

The binding mode was supported by the large 14N hyperfine coupling constant in HYSCORE 

spectra observed when IspH was incubated with (pyridine-3-yl) methyl diphosphate (123, 124). 

As of now the exact inhibition mechanism of the inhibitors is not well understood. 
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Figure 2.11: IspH inhibitors. 
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2.1.5 Statement of research  

 In this research project several questions related to the function of IspH in the conversion 

of HMBPP to IPP and DMAPP will be addressed. 

I. The kinetic competence of the FeS-I intermediate, observed when the one-electron-reduced 

IspH was incubated with HMBPP, will be investigated. EPR-based rapid-freeze-quench will be 

used to study the formation of intermediates pre-steady-state and under turnover conditions. 

II. It has been proposed that the FeS-I intermediate is an oxidized HiPIP-like species with a [4Fe-

4S]3+ cluster. ENDOR and Mӧssbauer spectroscopy will be used to establish the redox state and 

other properties of this intermediate. 

III. In the crystal structure of the IspH protein from A. aeolicus and E. coli, there are conserved 

amino acids that have been proposed to be involved in hydrogen bonding and a role for several 

amino acid residues in catalysis has been implied. H124 might be involved in diphosphate 

binding and correct orientation of HMBPP. T167 (E. coli numbering) has been proposed as the 

proton source for the dehydration step. E126 could be involved in the dehydration step as well as 

a protonation of C2 or C4. Site-directed mutagenesis, photometric assays and EPR-based rapid-

freeze-quench under single and multiple turnover conditions will be used to investigate the role 

of these residues.  

IV. FeS-III intermediate, the EPR active species trapped when one-electron-reduced IspH E. coli 

E126Q variant was incubated with HMBPP, has been proposed to be an intermediate in the 

reaction mechanism of IspH (Fig 2.10). Kinetic competency of this intermediate, under turnover 

conditions, will be established using EPR-based-kinetics studies.  

V. ENDOR and Mӧssbauer spectroscopy will be used to probe the redox state of FeS-III 

intermediate in the E126Q mutant. 
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2.2 Materials and Methods 

2.2.1 Chemicals 

E. coli strain XL-1 blue was purchased from Agilent technology (Santa Clara, CA). IPP, 

DMAPP and HMBPP were from Echelon biosciences (Salt Lake City, UT). Sodium dithionite 

was from Alfa Aesar (Haverhill, MA). All gases and gas mixtures were from Airgas (Radnor 

Township, PA). All other chemicals were from AMRESCO (Solon, OH), Acros (New Jersey, 

USA) or Sigma-Aldrich (St. Louis, MO). His-trap Ni2+ affinity and PD-10 columns were from 

GE Healthcare (Uppsala, Sweden). Centricon and amicon ultrafiltration units were from 

Millipore (Billerica, MA). Elemental 57Fe (97-98%) was purchased from WEB Research (Edina, 

MN) or from Cambridge Isotope Laboratories, Inc. Tewksbury, MA. 57FeCl3 was prepared by 

dissolving 57Fe (solid) in 37% HCl at room temperature. After all iron was dissolved, 5 M NaOH 

was added to bring the 57FeCl3 solution to a pH of 4-5. The stock solution was stored at 4oC until 

use. 

Purification steps, sample handling and experiments were done in an anaerobic glove box 

(Coy Laboratory Products, Inc., Grass Lake, MI) filled with a mixture of 95% N2 and 5% H2 or a 

Vacuum Atmospheres Co. (Hawthorne, CA) dry box filled with argon. Anaerobic buffers and 

solutions were used in all procedures. The buffers were filtered over a 0.45 μm membrane 

(Fisher Scientific Pittsburg, PA), boiled and purged under constant flow of nitrogen gas. 

Subsequently the buffers were stirred under vacuum for 2-3 hrs. The closed-off bottles were 

repressurized with argon and directly used or stored. All buffers and solutions were equilibrated 

and stirred overnight inside the glove box before use. 
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2.2.2 (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) Synthesis 

HMBPP, the substrate for IspH, was synthesized as described in the literature (125, 126). 

2.2.2.1 (E)-4-Chloro-2-methylbut-2-en-1-ol 

 

 TiCl4 (285 mg, 1.50 mmol, 165 µL) was dissolved in 3 mL of dry CH2Cl2 under argon 

and the solution was cooled to -80 to -90°C followed by drop-wise addition, with stirring, of 84.0 

mg of 2-methyl-2-vinyloxirane in 0.40 mL of dry CH2Cl2. The mixture was stirred for 90 min 

and the reaction was quenched with 5 mL 1 N HCl. When the mixture was warmed to room 

temperature the phases separated. The aqueous layer was extracted 4 times with 20 mL of diethyl 

ether and the combined organic phase was dried over MgSO4. The organic extract was purified 

with flash chromatography (diethyl ether/ hexane 1:1 v/v). Collected fractions were run on TLC 

(ethyl acetate/hexane 1:4 v/v) and stained with KMnO4. Fractions that contain the desired 

product were collected and the solvent was removed to afford, (E)-4-chloro-2-methylbut-2-en-1-

ol. Purity of the product was confirmed with NMR spectroscopy. 

1H NMR (CD3CN, 400 MHz): 5.62 (tq, J = 8.2; 1.58, 1H), 4.16 (d, J = 8.2, 2H), 3.89 (s, 2H), 

1.64 (d, J = 1.60, 3H). 
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2.2.2.2 Tris (tetra-n-butylammonium) hydrogen pyrophosphate   

Disodium dihydrogen pyrophosphate (3.13 g, 14.0 mmol) was dissolved in 25 mL of 

deionized water containing 1 mL of concentrated NH4OH. The clear solution was passed over a 

cation exchange resin Dowex 50WX8 (2 × 30 cm, H+ form) and developed with deionized water. 

The first 150 mL fraction was collected and titrated with tetrabutylammonium hydroxide to pH 

7.3. The fractions were lyophilized resulting in a flocculent white tris(tetra-n-butylammonium) 

hydrogen pyrophosphate. 

2.2.2.3 (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate 

Tris(tetra-n-butylammonium) hydrogen pyrophosphate (227 mg, 0.250 mmol) in 400 µL 

of MeCN was added slowly to 25.0 mg of (E)-4-chloro-2-methylbut-2-en-1-ol (0.210 mmol) in 

250 µL of MeCN affording an orange-red solution. The solution was stirred for 2 hrs at room 

temperature and the solvent was removed under reduced pressure. The orange-colored oily 

residue was dissolved in 3 mL of H2O and passed over a column of DOWEX 50WX8 (1×4 cm, 

NH4
+ form) that has been prequilibrated with 20 mL of 25 mM NH4HCO3. The diphosphate was 

eluted with 20 mL of 25 mM NH4HCO3, flash frozen and lyophilized to yield tan colored (E)-1-

hydroxy-2-methylbut-2-enyl-4-diphosphate (HMBPP).  

1H NMR (D2O, 400 MHz): 5.52 (tq, J = 6.9, 1H), 4.39 (t, J = 7.2, 2H), 3.88 (s, 2H), 1.57 (s, 3H). 

2.2.3 Cloning and transformation  

  The pASK-IBA33+ plasmid containing the AaIspHwt gene, from A. aeolicus, and encoding 

ampicillin resistance was generously provided by Dr. Hassam Jomaa (Justus-Leibig University, 

Giessen, Germany). The genes were expressed under anhydrotetracycline induction. The IspH 

H124F and E126Q mutants from A. aeolicus were encoded with an ampicillin resistance pASK-
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IBA33+ expression vector. The gene was expressed under anhydrotetracycline induction. These 

plasmids were gift of Dr. Eric Oldfield (University of Illinois, Urbana-Champaign, IL). 

  E. coli wild type and mutants (T167C and E126Q) were a generous gift of Dr. Michael 

Groll (Center of Integrated Protein Science, Munich, Germany). The ispH gene was cloned into 

an ampicillin resistance pQE30 plasmid. 

   In the lab of Dr E. Duin the respective plasmids were transformed into E. coli XL-1 blue 

cells by heat shock of the cells at 42°C for 45 seconds. The transformed cells were inoculated in 

SOC medium and grown at 37°C for 2 hrs. The cells were inoculated on LB agar plates 

containing ampicillin (100 mg/L) and incubated at 37°C overnight. Colonies were selected for 

continuing growth. These cultures were used to prepare glycerol stocks that were stored at -80°C. 

2.2.4 Expression and purification 

A cell culture, 5 ml, was started on an SOC medium (20 g tryptone, 5 g yeast extract, 0.5 

g NaCl, 10 ml 1 M MgSO4, 10 ml 1 M MgCl2, 20% glucose, 100 mg ampicillin per liter). Cells 

were grown for 6 hrs at 37°C with constant shaking (250 rpm). The 5 ml culture was used to 

inoculated 50 ml SOC medium which was supplemented with 50 μl 1 M FeCl3 (for a 57Fe-

isotope-enriched protein, 57FeCl3 was used) and allowed to grow overnight while shaking (250 

rpm) at 37 °C. The overnight culture was transferred to a 1L diluted SOC medium containing 

500 μl 1M FeCl3.  

  In the case of IspH from A. aeolicus the cell culture (WT and mutants) was grown to an 

of OD600 0.4-0.6 before inducing with 0.1 mg/L (final concentration) of anhydrotetracycline. E. 

coli cultures (WT and mutants) were not chemically induced. The cultures, from both organisms, 

were incubated until the OD600 reached 3-4.5 and were harvested by centrifugation at 5,000 rpm 

for 20 minutes. Cell pellets were stored at -80 °C. 
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 The cell pellet was resuspended in 100 ml 30 mM Tris-HCl, 100 mM NaCl, pH 8.0 

(buffer A), and lysed by sonication, 3 times for 3 min each at 60% power with a 0.5 sec on/0.5 

sec off pulse on ice, followed by centrifugation at 126,603 x g for 20 min at 4°C (Beckman XL-

70 Ultracentrifuge, TYPE 45 Ti Rotor, Beckman Coulter, Inc.). The supernatant from A. aeolicus 

was subjected to a heat treatment by incubation at 65°C in a water-bath for 30 mins followed by 

a centrifugation step at 126,603 x g for 30 mins. The cell extract after the first (E. coli) and 

second (A. aeolicus) centrifugation step was filtered with a 0.2 µM filter (Millipore) and loaded 

to a pre-washed His-trap Ni2+ affinity column, The protein was eluted with an imidazole gradient 

(0 to 100% 500 mM imidazole) in 30 mM Tris-HCl, 100 mM NaCl , pH 8.0 (buffer A). Pure 

IspH fractions, ascertained by SDS-PAGE, were pooled and immediately used or stored at 4°C. 

2.2.5 Protein concentration 

The protein concentration was determined with Bradford assay with bovine serum 

albumin as a standard or by measuring the absorbance at 280nm using ε = 26,930 M-1cm-1 (A. 

aeolicus) or ε = 19,940 M-1cm-1 (E. coli) (127).  

2.2.6 Iron determination 

Ferrozine-based colorimetry was used for determination of the iron content of the protein 

(128). All containers and pipette tips used were boiled in 1 M HCl and washed with ultra-pure 

water. Iron standards (0, 10, 20, 30, 40, 50 μM) were prepared by dissolving ferrous 

ethylenediammonium sulfate in 10 mM HCl. The iron releasing reagent was prepared by mixing 

equal volumes of 1.2 M HCl and 4.5 % potassium permanganate. The iron chelating and 

reducing reagent contained 6.5 M ferrozine, 13.1 mM neocuprine, 2 M ascorbic acid, and 5 M 

ammonium acetate in a 25 ml solution. To 1 ml iron standard samples and the protein samples 
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0.5 ml of the iron releasing reagent was added, followed by incubation at 60°C in a water-bath 

for 2 hrs. To each sample 100 μl of the iron chelating and reducing reagent was added and 

incubated for at least another 30 mins. The absorbance at 562 nm was used to obtain the value 

for the samples and to generate a standard curve, from which the iron concentration in the 

protein samples was determined. 

2.2.7 Circular dichroism (CD) 

Proper folding of the E126Q and T167C mutant IspH from E. coli was checked with CD 

spectroscopy (Jasco J-810 spectropolarimeter Easton, MD). Spectra for wild type and mutant 

IspH (10 μM of enzyme in 5 mM potassium phosphate buffer, pH 8.0) were obtained by 

transferring 200 μl of enzyme into a 0.5 mm path length cuvette which was capped inside the 

glove box. All CD data were collected from 300 to 190 nm. Spectra were corrected by 

subtracting the CD spectra of the buffer obtained under similar conditions. Each spectrum is the 

average of 8 accumulations. CD spectroscopy investigation of the H124F and E126Q mutants 

from A. aeolicus were performed by Weiya Xu. The enzymes were overexpressed from glycerol 

stock that was stored at -80°C. 

2.2.8 Steady-state kinetic analysis 

 A photometric assay was used to investigate the steady-states kinetics of IspH. To a 

solution of IspH (in 30 mM Tris-HCl, 100mM NaCl, pH 8.0), sodium dithionite, the redox dye 

methyl viologen and varied concentrations of HMBPP were added. The change in absorbance at 

603 nm due to reduced methyl viologen as a function of time was monitored. The study was 

achieved under anaerobic conditions with a temperature controlled cuvette holder (q pod) inside 

a glovebox that was connected through fiber optics to an Agilent 8453 UV-visible 
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Spectrophotometer (Palo Alto, CA). For IspH from A. aeolicus (wild type and mutants) 

measurements were done at both 25°C and 65°C. For E. coli (wild type and mutants) all 

measurements were performed at 25°C. The data were fit to the Michaelis-Menten equation 

using Origin software to obtain the steady-state kinetic parameters which were calculated as the 

average of three separate experiments. 

2.2.9 Rapid-freeze-quench (RFQ) 

 The rapid-freeze-quench method was used to trap intermediates in the enzymatic 

reaction. A setup shown schematically in Fig. 2.12 (Kin-Tek Laboratories, Inc, La Marque, TX) 

was used to rapidly mix and freeze samples. Sodium dithionite reduced IspH (wild type and 

variants) was loaded in one syringe and in the second syringe HMBPP was loaded. Enzyme and 

substrate were set to ratios of either 1:1 or 1:10 (single turnover and multiple turnover 

respectively) and incubated at 25°C. The reaction mixture, a final volume of 300 μl, was aged 

and quenched at a pre-determined time period in cold isopentane. The ‘snow’ was subsequently 

packed to an EPR tube. For control the as-isolated enzyme was also prepared. Dithionite reduce 

enzyme was mixed with buffer A to get the reduced sample. Samples for longer incubation time 

were mixed by hand and quenched with cold ethanol. Each method had at least 2 to 3 

overlapping time points. Each sample was analyzed by EPR spectroscopy.  

2.2.10 Redox titration 

Redox titration of IspH from E. coli, in the absence of HMBPP, was performed using 

sodium dithionite as the reductant and potassium ferricyanide as the oxidant in the presence of 

dye-mediators. 2-hydroxy-1,4-naphthoquinone (E°´= -145 mV), phenosafranin (E°´= -252 mV) , 

anthraquinone-2-sulfonate (E°´= -255 mV), safranin O (E°´= -289 mV), neutral red (E°´= - 325 
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mV), benzyl viologen (E°´= -350 mV) and methyl viologen (E°´= -453 mV) were used as 

mediators at a final concentration of 50 μM. The potential was measured, at 25°C under stirring, 

with a Ag/AgCl reference electrode that was connected to a redox titration cell. The measured 

redox potentials were corrected to obtain their value relative to the standard electrode potential 

(SHE) by subtracting -200 mV. IspH was placed in the titration cell and the dye mediators were 

added. The protein-dye mediator mixture was fully reduced by adding dithionite, to a potential of 

-740 mV vs Ag/AgCl (-540 mV vs SHE). The sample was titrated in the oxidizing direction with 

potassium ferricyanide and rereduced with sodium dithionite. When the mixture has equilibrated 

at the desired potential, every 10-25 mV a 300 μl aliquot was transferred in to a calibrated EPR 

tube and immediately frozen in liquid nitrogen. EPR spectra were recorded and a titration curve 

was prepared by fitting the data to the Nernest equation (Equation 15), which was rewritten to 

express the detectable amount of reduced species, using Origin software to obtain the mid-point 

potential of IspH. 

  y = h/ (1+ exp ((n/25.693)*(x-E))            (15) 

Where: h is height of the curve 
 n is the amount of electrons involved 

E the mid-point potential  
x are potential readings (in mV) obtained during titration 
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Figure 2.12: Schematic set up for the rapid-freeze-quench experiment. 
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2.2.11 ENDOR sample preparation and data collection 

 To determine the electronic properties of the intermediates FeS-I and FeS-III, 57Fe 

enriched wild type and mutant IspH respectively was analyzed with ENDOR. Some of these 

samples were prepared by Weiya Xu. To trap the FeS-I intermediate 57Fe-labeled as-isolated WT 

IspH (P. falciparum) was incubated with excess sodium dithionite. The excess dithionite was 

removed using a PD-10 column to obtain the one-electron-reduced form of the enzyme. An 

intermediate signal was induced by incubating the one-electron-reduced IspH with HMBPP for 

25 s in an ENDOR tube. To determine the electronic properties of the intermediate FeS-III, 

ENDOR samples were prepared by incubating dithionite-reduced 57Fe-labeled E126Q mutant 

IspH (E. coli and A. aeolicus) with HMBPP for one minute at room temperature. The reactions 

were quenched using cold ethanol. The ENDOR samples were prepared are summarized in 

Table 2.1. Pulsed Davies ENDOR data were collected by Nicholas Lees and Joshua Tesler in the 

group of Brian Hoffman at Northwestern University, Evanston, IL. Samples were stored in liquid 

nitrogen and transported in a nitrogen dry-shipper (Taylor-Wharton, Minnetonka, MN).  

2.2.12 Mӧssbauer sample preparation and data collection 

 To determine the oxidation state of the different [4Fe-4S] species for WT IspH, 57Fe-

enriched IspH (E. coli) was analyzed with Mӧssbauer. Oxidized samples were prepared by 

mixing as-isolated IspH with only buffer or HMBPP. Reduced sample was obtained by mixing 

the enzyme with sodium dithionite. A sample containing the FeS-II species was prepared by 

incubating dithionite-reduced IspH with IPP. All samples were transferred in to a Mӧssbauer cell 

and an EPR tube that were frozen simultaneously (30 sec) in liquid nitrogen and cold ethanol 

respectively. To probe the electronic properties of the intermediate FeS-III, samples were 



 

 

89 

 

prepared by incubating dithionite-reduced 57Fe-labeled E126Q mutant IspH (A. aeolicus) with 

HMBPP for one minute at room temperature and the reaction was quenched by placing the 

Mӧssbauer cell in liquid nitrogen.To prepare a one-electron-reduced sample, 57Fe-labeled wild 

type enzyme (E. coli) was incubated with an excess of sodium dithionite. The excess dithionite 

was removed from the sample by passage through a desalting PD-10 column to obtain the one-

electron-reduced form of the enzyme. An intermediate signal (FeS-I) was induced by adding 

HMBPP. The sample was transferred into a Mӧssbauer cell and frozen in liquid nitrogen at about 

30 sec after mixing. An overview of the samples prepared is presented in Table 2.2. Mӧssbauer 

data were collected by Dr Sebastian Stoian in the National High Magnetic Field Laboratory 

(MagLab), Florida State University, Tallahassee, FL. Samples were stored in liquid nitrogen and 

transported in a nitrogen dry-shipper (Taylor-Wharton, Minnetonka, MN). 

2.2.13 EPR data collection 

 CW EPR spectra were collected at X-band frequency with a Bruker EMX spectrometer 

(Bruker Biospin Corporation, Billerica, MA) fitted with the ER-4119-HS high sensitivity 

perpendicular-mode cavity. An Oxford Instruments ESR 900 helium flow cryostat in 

combination with an ITC 503S temperature controller was used for measurements in the 4.5-300 

K range. A liquid nitrogen finger Dewar was fitted to the cavity for 77 K measurements. 

Instrument conditions were: microwave frequency of 9.386 GHz; field modulation frequency of 

100 kHz and modulation amplitude of 0.6 mT. Sample specific settings are given in the legends 

to the figures.  

 Quantitation of the spin concentration of EPR-active species within a sample was 

determined by comparison of the double integral of the EPR intensity with that of a 10 mM 

copper perchlorate standard (10 mM CuSO4, 2 M NaClO4, 10 mM HCl). The spin concentration 
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was corrected for the amount of [4Fe-4S] cluster present in the sample. When multiple 

paramagnetic species were present in the samples, a spectrum that has only one of the species 

was subtracted from the overlapping spectrum to get the second spectrum and vice versa. If this 

was not possible the individual signals were simulated. The double integration value of 

individual species was obtained and spin concentration determined same as for the single species 

spectrum. The software packages developed by either S. P. J. Albracht or Fred Hagen were used 

for spectral simulation and double integration of the signals (129, 130).  
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Table 2.1: Overview of ENDOR samples prepared. 

 
IspH samples 

 
Source 

 
Cluster type 

Cluster 
concentration 

(mM) 

Spin concentration 
(mM) 

One-electron-reduced 
with HMBPP 

P. falciparum [4Fe-4S]3+ 

 
1.7 0.2 

E126Q + dithionite + 
HMBPP 

E. coli [4Fe-4S]+ 

 
0.66 0.19 

E126Q + dithionite + 
HMBPP 

A. aeolicus [4Fe-4S]+ 

 
0.766 0.493 

 
 

 

Table 2.2: Overview of Mӧssbauer samples prepared. 

 
IspH samples 

 
Source 

 
Cluster type 

Cluster 
concentration 

(mM) 

Spin concentration 
(mM) 

WT (as-such) E. coli [4Fe-4S]2+ 

 
1.04 n.a 

As-such + HMBPP E. coli [4Fe-4S]2+ 

 
0.98 n.a 

As-such + dithionite 
(reduced) 

E. coli [4Fe-4S]+ 

 
2.6 0.42 

Reduced + IPP E. coli [4Fe-4S]+ 

 
0.94 0.67 

One-electron-reduced 
with HMBPP 

E. coli [4Fe-4S]3+ 

 
0.6 0.8 

E126Q + dithionite + 
HMBPP 

A. aeolicus [4Fe-4S]+ 

 
0.766 0.493 

n.a = not available 
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2.3 Results 

2.3.1 (E)-4-Hydroxy-3-methylbut-2-enyl diphosphate (HMBPP) Synthesis  

The final step in the HMBPP synthesis is the DOWEX 50WX8 column step (see section 

2.2.2). Fractions that contain HMBPP, as analyzed with TLC, were lyophilized and analyzed by 

1H NMR (Fig 2.13). The percentage purity of HMBPP was determined with 1,4,-dioxane as an 

internal standard. From the NMR spectrum it can be concluded that the sample is close to pure. 

The weight percentage of the HMBPP in the powdered sample is only 24%. We assume the 76% 

is all salt. 

2.3.2 Expression and purification 

Wild type and mutant IspH from E. coli and A. aeolicus were overexpressed in E. coli X-

L1 blue cells and purified from the cell extract using a Ni-affinity column (see sections 2.2.3 and 

2.2.4). The purity of the protein was determined by SDS-PAGE (Fig 2.14). The SDS-PAGE for 

the wild type and mutant proteins showed prominent bands at around 36 kDa for E. coli IspH 

(Fig 2.14-A) and 32 kDa for IspH from A. aeolicus (Fig 2.14-B).  
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Figure 2.13: 1H NMR spectrum of HMBPP (D2O, 400 MHz). 

* unassigned impurity. 
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Figure 2.14: SDS-PAGE analysis of purified IspH. 
(A) IspH wild type and mutants from E. coli. (B) IspH wild type and mutants from A. aeolicus. 
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2.3.3 Wild type and mutant IspH from E.coli 

2.3.3.1 Circular dichroism (CD) 

To check the proper folding of the mutants, circular dichroism spectra were measured for 

WT and, E126Q and T167C mutant IspH (Fig. 2.15). The data showed that all the protein 

samples have a very similar overall spectral shape, indicating that there are no significant 

structural differences.  

2.3.3.2 Steady-state kinetic analysis 

 Activity assays of WT, E126Q and T167C IspH were performed in 30 mM Tris-HCl, 100 

mM NaCl, pH 8, in the presence of reduced methyl viologen at 25°C. The Michaelis-Menten 

equation was used to determine the steady-state kinetic constants which were corrected for 

cluster content. Table 2.1 shows the overall comparison of the kinetic parameters for wild-type 

and mutant IspH at 25°C. The data shows that the T167C mutant still has 30 % of the WT 

activity, while the E126Q mutant was completely inactive. 

2.3.3.3 Rapid-freeze-quench studies 

 The rapid-freeze-quench (RFQ) technique in combination with EPR spectroscopy was 

used to trap and acquire kinetic information on paramagnetic species formed during the reaction 

of IspH (wild type and mutant) with HMBPP in the presence of dithionite as reductant. Enzyme 

(cluster) and substrate concentrations were set to a 1:1 (single turnover) or a 1:10 (multiple 

turnover) ratio. The reaction mixture was incubated for a desired time interval at room 

temperature, followed by rapid mixing, incubation, and freezing to stop the reaction. In the 

following sections the results of the RFQ for the WT and mutant enzyme will be presented and  
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Figure 2.15: Circular dichroism spectra for wild type and mutated IspH from E. coli. 
Solid line: wild typ. Dashed line: E126Q. Dotted line: T167C. 
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Table 2.3: Cluster content, kcat, Km and kcat/Km for IspH from E. coli. 
Reaction mixture contained 37.5 μM dithionite, 60 μM methyl viologen, 2 μM enzyme and 10-

400 μm HMBPP in a total volume of 1 ml. 

 
 
 
 
 
 
 
 
  

n.d = not detected 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzyme (IspH) Cluster content 

(%) 

kcat (s-1 ) Km (μM) kcat/Km (μM-1 s-1) 

E. coli WT 54 1.29 ± 0.07 65.9 ± 10.1 0.02 ± 0.003 

T167C 28 0.39 ± 0.04 161.4 ± 53.7 0.002 ± 0.0008 

E126Q 36 n.d n.d n.d 
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discussed. RFQ experiments were performed in doublet or triplicate and the data presented are 

representative for the enzyme behavior in all studies.  

I. Wild type IspH from E. coli 

Measurement of the sample prepared in both the single turnover and the multiple 

turnover experiments for wild type E. coli in the presence of HMBPP revealed the formation of 

two EPR active species at 70 K (Fig 2.16 and Fig 2.17). In addition to the species detected at 70 

K, the EPR signal due to the reduced cluster, with g values 2.035 and 1.84, can be detected at 7 

K (Fig 2.19 and Fig 2.20). Under both experimental conditions there was the immediate 

oxidation of the reduced cluster (Fig 2.19 and Fig 2.20) and the concomitant development of a 

low spin (S = 1/2) near-axial signal with g values of 2.176, 2.008 and 2.00. The intensity of this 

signal peaked and then slowly decreased. In the single turnover experiment the signal was 

detectable up to 8 s, in the multiple turn over experiment up to 5 s. This spectrum is similar to 

that of the FeS-I species, the HMBPP bound intermediate with a HiPIP-like [4Fe-4S]3+ cluster 

that was trapped in the one-electron-reduced experiment for wild type IspH (Fig 2.5). At 1 sec, 

in single turnover condition, an additional spectrum with g values of 2.08, 2.006 and 1.991 was 

detected. After 8 s only this second species remained. For the multiple turnover condition the 

second EPR active species started forming after 5 s. We are denoting this species as FeS-II. A 

paramagnetic species similar to FeS-II was trapped when dithionite-reduced IspH was incubated 

with either IPP or DMAPP (Fig 2.18). Therefore it is assigned to a product-cluster species. The 

development of the FeS-II species observed in the single turnover RFQ is in line with the 

catalytic turnover determined in the methyl viologen dependent kinetic assay, in which one 

turnover takes about 1 s (Table 2.3). Note that concomitantly with the FeS-II species also the 

[4Fe-4S]+ species returns (Fig 2.19 and Fig 2.20). 
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Figure 2.16: Single turnover rapid-freeze-quench EPR spectra of wild type IspH from E. 

coli at 70 K. 
Dithionite-reduced IspH was incubated with HMBPP at a 1:1 ratio at different time intervals. 

Final concentrations: 165 μM IspH cluster, 33 mM dithionite and 165 μM HMBPP. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.26. 
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Figure 2.17: Multiple turnover rapid-freeze-quench EPR spectra of wild type IspH from E. 

coli at 70 K. 
Dithionite-reduced IspH was incubated with HMBPP at a 1:10 ratio. Final concentrations: 165 

μM cluster, 33 mM dithionite and 1.65 mM HMBPP. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.26. 
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Figure 2.18: EPR spectra dithionite-reduced wild type IspH from E. coli with HMBPP 
(black), IPP (red) and DMAPP (blue). 
The black spectrum was obtained by incubating WT IspH with HMBPP and dithionite for 3 min.  

Final concentrations: 165 μM cluster, 33 mM dithionite and 1.65 mM HMBPP. 

To obtain the products signal, reduced IspH was incubated with IPP or DMAPP for 30 s. Final 

concentrations: 319 mΜ cluster, 33 mM dithionite, IPP 4.49 mM and DMAPP 4.49 mM. 

The intensity of the spectra obtained with IPP and DMAPP is much lower than that of the IspH 

plus HMBPP. In this figure the spectra have been normalized for comparison of the signal shape. 
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Figure 2.19: Single turnover rapid-freeze-quench EPR experiment spectra for WT IspH 
from E. coli at 7 K. 
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Figure 2.20: Multiple turnover rapid-freeze-quench EPR spectra for WT IspH from E. coli 

at 7 K. 
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II. E126Q variant from E. coli 

In the rapid-freeze-quench study of E126Q IspH under single turnover and multiple 

turnover conditions a paramagnetic species with g values of 2.134, 2.005 and 1.971 was 

observed at 70K (Fig 2.21 and Fig 2.22). The signal appears at the beginning of the series and its 

intensity increases with time. This species is similar to the EPR active FeS-III, the species that 

was trapped when one-electron-reduced E126Q and E126A mutants were incubated with 

HMBPP (Fig 2.7). A similar signal was induced when a dithionite-reduced E126Q IspH from A. 

aeolicus was incubated with IPP or DMAPP (Fig 2.36). This signal was present in the as-isolated 

as well as the dithionite-reduced E126Q IspH (Fig 2.21 and Fig 2.22). Figs 2.23 and 2.24 show 

the spectra obtained for both series at 7 K. A slow disappearance of the [4Fe-4S]+ cluster is 

detected. 

III. T167C variant from E. coli 

In the multiple turnover rapid-freeze-quench experiment of T167C two EPR active 

species that are similar to the species in the wild type were detected at 70 K (Fig 2.25). This is 

the first time that the effect of a mutation of the T167 in the active site of the IspH has been 

spectroscopically investigated. The slightly rhombic FeS-I intermediate with g values 2.172, 2.01 

and 1.996 appeared at the beginning of the series and decreased in intensity at 2 s. In samples 

collected after 8 min only the FeS-II species with g values 2.080, 2.006 and 1.991 was detected. 

Based on the colorimetric kinetic assay of T167C, one turnover takes about 3 s (Table 2.3). 

Hence in the multiple turnover (1:13) RFQ it would be expected for the FeS-II species to start 

developing at around 34 s, unfortunately EPR samples were not collected around that incubation 

time. As in the WT and E126Q IspH the reduced cluster was detected at 7 K (Fig 2.25). Slow 



 

 

105 

 

 

 

 
 

Figure 2.21: Single turnover rapid-freeze-quench EPR spectra of E126Q IspH from E. coli 

at 70 K. 
Dithionite-reduced IspH was incubated with HMBPP at a 1:1 ratio. Cluster concentration 70.9 

μM, dithionite 33 mM, HMBPP 70.9 μM. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.26. 
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Figure 2.22: Multiple turnover rapid-freeze-quench EPR spectra of E126Q variant from E. 

coli at 70 K. 
Dithionite-reduced IspH was incubated with HMBPP at a 1:10 ratio. Cluster concentration 

102.28 μM, dithionite 33 mM, HMBPP 1.5 mM. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.26. 
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Figure 2.23: Single turnover rapid-freeze-quench EPR spectra for E126Q IspH from E. coli 
at 7 K. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.26. 
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Figure 2.24: Multiple turnover rapid-freeze-quench EPR spectra for E126Q IspH from E. 

coli at 7 K. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.26. 
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Figure 2.25: Multiple turnover rapid-freeze-quench EPR spectra of T167C mutant from E. 

coli at 7 and 70 K. 
Final concentrations: Cluster 75 μM, dithionite 33 mM, and HMBPP 1 mM. 
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disappearance and reappearance of the [4Fe-4S]+ cluster was detected in the time range 

measured. 

IV. Overview of EPR active species in E. coli 

For comparison the spin intensities of the different signals were determined either 

through direct double integration of the signals or through simulation of the different 

components when more than one species was present followed by double-integration of the 

separate components. These data are collected in Figure 2.26. Note that in the E126Q mutant, 

the FeS-III species is already present in the as-isolated enzyme (Fig 2.21 and Fig 2.22). We 

assume that this signal accumulates in the recombinant enzyme when it is expressed in E. coli. 

Since we are interested in the development of the FeS-III species in our experiment we 

determined the amount present before the experiment and corrected the signal intensity in all 

samples with this amount. The spin intensities were corrected for packing. About 35% of EPR 

signal is lost due to the incomplete packing of the enzyme “snow” in the EPR tubes. 

The plots confirm the trend that in WT enzyme the [4Fe-4S]+ signal is lost quickly. At the 

same time the FeS-I species develops (Fig 2.26-A and B). Most likely we are detecting the fast 

binding of the substrate to the cluster and the concomitant change in redox state from 1+ to 3+. 

At the end of the reaction the [4Fe-4S]+ cluster signal comes back and, most likely, a product-

[4Fe-4S]+ species (Fig 2.26A and B). The ratio of the 2 is probably determined by the 

dissociation constants of the enzyme for the products. For the E126Q mutant a different behavior 

is observed. It appears as if the [4Fe-4S]+ signal is slowly converted into the FeS-III species in 

the multi-turnover experiment (Fig 2.26D). In the single-turn-over experiment there does not 

appear to be a connection between the 2 events (Fig 2.26C). 
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Figure 2.26: Overview of the intensity of paramagnetic species in freeze-quench studies of 
WT and E126Q IspH from E. coli.  
Black squares are WT intermediate signal, FeS-I. The red circles are WT product signal (FeS-II), 

blue triangle reduced [4Fe-4S]+ cluster and the green diamond for the E126Q species, FeS-III. 

The signal intensity of the FeS-III species in the E126Q mutant experiments were corrected for 

the amount present in the dithionite-reduced enzyme. 
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 2.3.4 Wild type and mutant IspH from A. aeolicus  

2.3.4.1 Steady-state kinetic analysis 

  As with the IspH from E. coli the kinetic parameters for wild type, H124F and E126Q 

IspH were obtained colorimetrically in the presence of methyl viologen in 30 mM Tris-HCl, 100 

mM NaCl, pH 8. Table 2.2 and 2.3 shows the overall comparison of the kinetic parameters for 

wild-type and variants at 25°C and 65°C respectively. The data shows that the H124F mutant 

still has activity, albeit very low, 6.6 % and 4.9 % at 25°C and 65°C respectively, while the 

E126Q mutant was completely inactive. 

2.3.4.2 Rapid-freeze-quench studies 

 Rapid-freeze-quench (RFQ) in combination with EPR spectroscopy was performed to 

acquire kinetic information on the intermediates formed when dithionite-reduced IspH (wild type 

and mutant) was incubated, at varied time intervals, with HMBPP at room temperature. In the 

reaction mixture, the enzyme (cluster) and substrate concentrations were set to either 1:1 or 1:10 

ratios. In the following sections the results of the RFQ for the wild type and mutant enzyme will 

be presented and discussed. RFQ data are representative of doublet and triplicate runs. When 

applicable the spin intensities were corrected for packing. 

I. Wild type A. aeolicus 

Measurements of samples prepared in both the single turnover and the multiple turnover 

experiments for wild type A. aeolicus in the presence of HMBPP revealed the formation of two 

paramagnetic species (Fig 2.27 and Fig 2.28). Under both reaction conditions a high spin (S = 

3/2) species with two visible g values of 4.668 and 3.384, developed at the beginning of the  
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Table 2.4: Cluster content kcat, Km and kcat /Km for IspH from A. aeolicus at 25°C. 
Reaction mixture contains 37.5 μM dithionite, 60 μM methyl viologen, 2 μM enzyme and 16-

400 μm HMBPP in a total volume of 1 ml. 

 

Enzyme (IspH) Cluster content (%) kcat (s-1 ) Km (μM) kcat /Km (μM-1s-1) 

 A. aeolicus WT 53 1.36 ± 0.13 50.5 ± 13.4 0.03 ± 0.008 

H124F 45 0.09 ± 0.022 186 ± 146.9 0.0005 ± 0.0004 

E126Q 43 n.d n.d n.d 

 
 
 
 
Table 2.5: Cluster content kcat, Km and kcat /Km for IspH from A. aeolicus at 65°C. 
Reaction mixture contains 37.5 μM dithionite, 60 μM methyl viologen, 2 μM enzyme and 16-

400 μm HMBPP in a total volume of 1 ml. 

 

Enzyme (IspH) Cluster content (%) kcat (s-1 ) Km (μM) kcat /Km (μM-1s-1) 

 A. aeolicus WT 53 5.31 ± 0.48 46.05 ± 12.69 0.12 ± 0.033 

H124F 45 0.26 ± 0.01 15.64 ± 1.67 0.017 ± 0.001 

E126Q 43 n.d n.d n.d 
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series and disappeared after 1 s (single turnover) and 5 s (multiple turnover). This spectra was 

detected at 7 K and probably represents the FeS-I species, an intermediate in which the substrate 

is bound to a HiPIP-like [4Fe-4S]3+ cluster. When one-electron-reduced IspH from A. aeolicus 

and HMBPP are mixed by hand the FeS-I species has spin state S = 1/2. The generation of the 

spin state S = 3/2 must be an artifact of the procedure used, in which the reaction mixture was 

sprayed into a cold isopentane to quench the reaction. The second EPR active species, detected at 

70 K, has g values of 2.073, 2.006 and 1.991 that are similar to the FeS-II species detected in the 

rapid-freeze-quench data for WT enzyme from E. coli with HMBPP as well as the spectra 

observed when reduced E. coli IspH was mixed with IPP or DMAPP (Fig 2.16 - Fig 2.18). This 

species started to develop from around 80 ms and increases in intensity at longer incubation time. 

The FeS-II develops faster in the RFQ based assay when compared to the methyl viologen 

dependent kinetic assay at 25°C, in which the catalytic turnover was approximately 0.74 s/ cycle 

(Table 2.4). Besides the FeS-I and FeS-II species detected at 7 K and 70 K respectively, the 

reduced cluster was also detected at 7 K (Fig 2.29 and Fig 2.30). As with the E. coli enzyme a 

quick disappearance, followed by a slow reappearance is observed. 

II. H124F variant from A.aeolicus 

   As with the WT enzyme, multiple turnover RFQ data for the dithionite-reduced H124F 

variant incubated with HMBPP resulted in the formation of two paramagnetic species (Fig 2.31). 

The first signal has the same electronic properties, g values of 4.668 and 3.384, as the FeS-I 

species detected at 7 K in the wild type A. aeolicus. The intensity of this signal decreased 

gradually and it disappeared after 6 min. Another feature with g values of 2.079, 2.004 and 1.989 

started forming after 3 min and can be detected at 70K. A spectrum with similar g values was 

detected at 70 K when dithionite-reduced H124F was incubated with IPP (Fig 2.32). This  
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Figure 2.27: Single turnover rapid-freeze-quench EPR experiment for wild type IspH from 
A. aeolicus at 7 and 70 K. 
Cluster concentration 124 μM, dithionite 33 mM, HMBPP 124 μM. 
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Figure 2.28: Multiple turnover rapid-freeze-quench EPR experiment for wild type IspH 
from A. aeolicus at 7 and 70 K. 
Cluster concentration 135.5 μM, dithionite 33 mM, HMBPP 1.5 mM. 
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Figure 2.29: Single turnover rapid-freeze-quench EPR experiment for wild type IspH from 
A. aeolicus at 7 K. 
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Figure 2.30: Multiple turnover rapid-freeze-quench EPR experiment for wild type IspH 
from A. aeolicus at 7 K. 
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intermediate is the FeS-II species that was observed in wild type IspH from both E. coli and A. 

aeolicus. The appearance of this signal can be explained as the product rebinding (or staying 

attached) to the reduced [4Fe-4S]1+ cluster. There is a discrepancy between the parameters 

obtained with the colorimetric assay and the freeze-quench experiment. The methyl viologen 

based activity assay had a turnover number of about 11s while the freeze-quench data showed 

the development of the FeS-II species after 3 min. The reason for this could be that a significant 

amount of IPP and DMAPP has to be produced before rebinding can be detected. From previous 

work we also know that the reaction in the presence of reduced methyl viologen can be 

significantly faster than the reaction in the presence of dithionite only. At 7 K the reduced [4Fe-

4S]1+ cluster signal was detected (Fig 2.33). The cluster is more difficult to detect due to the 

overlap with the other signals present but a similar trend of the initial disappearance followed by 

the slow reappearance of the signal can be detected under the reaction conditions. 
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Figure 2.31: EPR spectra for multiple turnover rapid-freeze-quench experiment of H124F 
mutant from A. aeolicus at 7 and 70 K. 
Cluster concentration 123 μM, dithionite 33 mM, HMBPP 1.5 mM. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.38. 
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Figure 2.32: EPR data for reduced H124F IspH incubated with HMBPP (green) and IPP 
(red). 
A sample containing 240.8 μM IspH (cluster concentration) and 33 mM dithionite was incubated 
for 30 s with 3.4 mM of IPP in a final volume of 277 μl. Multiple turnover spectra for reduced 
H124F in the presence of HMBPP incubated for 30 min was used for comparison. 
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Figure 2.33: EPR spectra for multiple turnover rapid-freeze-quench experiment of H124F 
mutant from A. aeolicus at 7 K. 
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III. E126Q variant from A. aeolicus 

  A stable EPR signal that is similar to the E126Q mutant from E. coli was observed for the 

mutant from A. aeolicus in both single turnover and multiple turnover conditions. The 

paramagnetic species, whose intensity increases with time, was detected at 70 K and has g values 

2.117, 2.003 and 1.964 (Fig 2.34 and Fig 2.35). This signal is similar to the EPR active FeS-III, 

the species that was trapped when one-electron-reduced E126Q and E126A were incubated with 

HMBPP (Fig 2.7). A similar signal was trapped when the dithionite-reduced E126Q was 

incubated with IPP or DMAPP (Fig 2.36). Unlike the E126Q mutant from E. coli the FeS-III 

species was not observed in the as-isolated and the dithionite-reduced E126Q (Fig 2.36). The 

reduced [4Fe-4S]+ cluster signal was detected at 7 K and a set of spectra are shown in Fig 2.37. 

As with the E. coli E126Q mutant IspH a slow disappearance of the cluster is detected, slow in 

comparison to the WT IspH and the other mutants. 

 

 



 

 

124 

 

 

Figure 2.34: Single turnover rapid-freeze-quench EPR data for E126Q variant from A. 

aeolicus at 77 K. 
Cluster concentration 150 μM, dithionite 33 mM and HMBPP 150 μM. 

Panel A and B are plotted on different scales. The actual intensities are plotted in Fig 2.38. 
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Figure 2.35: Multiple turnover rapid-freeze-quench EPR experiment for E126Q IspH 
variant from A. aeolicus at 70 K. 
Final concentrations: Cluster 164.8 μM, dithionite 33 mM and HMBPP 1.65 mM. 

Both panels are plotted on different scales. The actual intensities are plotted in Fig 2.38. 
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Figure 2.36: (A) Reduced E126Q IspH from A. aeolicus incubated with HMBPP (black), 
IPP (red) and DMAPP (green). (B) as-such and dithionite-reduced E126Q. 
A sample containing 103 μM IspH (cluster concentration) and 33 mM dithionite was incubated 

for 30 s with 3 mM of IPP or DMAPP in a final volume of 300 μl. Multiple turnover spectra for 

reduced E126Q in the presence of HMBPP incubated for 6 min was used for comparison. 
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Figure 2.37: Multiple turnover rapid-freeze-quench EPR experiment for E126Q IspH from 
A. aeolicus at 7 K. 
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IV. Overview of EPR active species in A. aeolicus 

For easy comparison all the signal intensities were estimated and plots of signal intensity 

vs. time can be found in Figure 2.38. In the WT enzyme the intensity of the [4Fe-4S]+ signal is 

close to 0 at 4.6 ms, and most of the FeS-I species is already present. Since it is impossible to get 

the signal intensity for the FeS-I species we set the intensity to the same amount as was found for 

the E. coli enzyme. This is done to at least get an idea of the trends of the signal development 

and disappearance. These trends are the same as found for WT enzyme, the plots confirm the 

trend that in WT enzyme the [4Fe-4S]+ signal is lost quickly. At the same time the FeS-I species 

develops. Most likely we are detecting the fast binding of the substrate to the cluster and the 

concomitant change in redox state from 1+ to 3+. At the end of the reaction the [4Fe-4S]+ cluster 

signal comes back and a product-[4Fe-4S]+ species is detected. The ratio of the 2 is probably 

determined by the dissociation constants of the enzyme for the products. For the E126Q mutant a 

different behavior is observed. It appears as if the [4Fe-4S]+ signal is slowly converted into the 

FeS-III species in the multi-turnover experiment (Fig 2.38D). We do not have the [4Fe-4S]+ data 

for the single-turn-over experiment (Fig 2.38C). 
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Figure 2.38: Overview of spin intensity of paramagnetic species in freeze-quench studies 
with WT and E126Q IspH from A. aeolicus.  
Black squares are WT intermediate signal, FeS-I. The red circles are WT product signal (FeS-II), 

blue triangles are reduced [4Fe-4S]+ cluster and the green diamonds for E126Q species, FeS-III. 
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2.3.5 Redox titration 

 In the redox titration of wild type IspH from E. coil, as expected, the EPR signal for a 

[4Fe-4S]+ cluster with g values of 2.039 and 1.893 was detected throughout the measured redox 

potential range (Fig 2.39). The EPR signal is sharp and most intense at -540 mV. A decrease in 

intensity as well as signal broadening was observed with an increase in potential. The estimated 

midpoint potential of the cluster center was -541.95 mV (Fig 40). Besides the [4Fe-4S]+ EPR 

signal the sample showed a radical signal around g = 2. This feature is due to the presence of 

benzyl viologen and methyl viologen, dye mediators, which show a radical signal in the lower 

potential range. The oxidation-reduction of the process was fully reversible (not shown). 
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Figure 2.39: Spectra of the EPR-monitored redox titration of IspH from E. coli. 
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Figure 2.40: EPR-monitored redox titration curve for IspH from E. coli. 
Data points correspond to the amplitude of the trough centered at g = 1.893. The solid line is a 

Nernst plot, n = 1 with Em = -541.95 mV. Height (h) in equation (15) was left open during the 

fitting process. 
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2.3.6 ENDOR  

To determine the identity and property of the [4Fe-4S] cluster-based intermediate trapped 

when one-electron-reduced IspH from E. coli, A. aeolicus and P. falciparum was incubated with 

HMBPP, 57Fe-ENDOR was employed. 57Fe-pulsed Davies ENDOR spectra of 57Fe-labeled IspH 

(P. falciparum) were recorded at the canonical orientations of the g tensors in the EPR line (Fig 

2.41). The intermediate, FeS-I, ENDOR signal taken at a field corresponding to g1 showed eight 

resolved peaks which correspond to the ν+/ ν− pairs of the four 57Fe ions of the cluster. The peaks 

were assigned to four doublets centered at A/2 with a Larmar splitting of 2ν = 3.15 MHz, which 

are labelled as Fe1-4 in Fig 2.42. The hyperfine coupling constants for each Fe in the cluster are 

listed in Table 2.6. The values and signs of the hyperfine coupling constants are consistent with 

the hyperfine coupling constants for a [4Fe-4S]3+ or a [4Fe-4S]1+ cluster where the Fe2.5+/Fe2.5+ 

pair are negative and have large hyperfine coupling constants (Fe3 and Fe4). While the hyperfine 

coupling constants for the Fe3+/Fe3+ pair are positive and smaller (Fe1 and Fe2). ENDOR samples 

for reduced E126Q incubated with HMBPP have not been analyzed yet. 
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Figure 2.41: 35 GHz pulsed Davies ENDOR spectra of FeS-I at 2 K. 
A sample containing 1.7 mM one-electron-reduced IspH and 33mM HMBPP was incubated for 

25 s at RT before freezing. Data collected at the indicated g values (black), and simulations 

(blue, dashed). Conditions: microwave frequency 34.834 - 34.884 GHz, microwave pulse length 

80 ns, τ = 800 ns, RF pulse length 20 µs, repetition rate 100 ms, 80 - 200 transients/point. Sample 

was prepared by Weiya Xu and data collected by Nicholas Lees. 
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Figure 2.42: Pulsed Davies ENDOR spectra of FeS-I at g1 and the individual Fe ions. 
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Table 2.6: 57Fe Hyperfine coupling tensor for FeS-I intermediate. 

Fe site Ax (MHz) Ay (MHz) Az (MHz) Aiso (MHz)a 

Fe1 (Fe3+) + 12.0 + 22.0 + 27.5 + 20.5 
Fe2 (Fe3+) + 30.3 + 29.5 + 28.5 + 29.4 

Fe3 (Fe2.5+) - 27.0 - 35.0 - 36.0 - 32.7 
Fe4 (Fe2.5+) - 32.5 - 38.0 - 35.9 - 35.9 

 

a Isotropic coupling were obtained as Aiso = (Ax + Ay + Az)/3.  
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2.3.7 Mӧssbauer  

 To investigate the ground state electronic property of individual Fe sites within the 

cluster, 57Fe-labeled IspH samples were prepared at different conditions and were assessed with 

Mӧssbauer spectroscopy. All the experimental data were simulated to deduce the components in 

the spectra. Zero-field Mӧssbauer spectra of an as-such IspH from E. coli indicated three distinct 

spectral components that have a relative area of 2:1:1 (Fig 2.43 A-1). The major quadruple 

doublet, component in red, has an isomer shift δ = 0.45 mm/s and quadrupole splitting ΔEQ = 

1.23 mm/s which is characteristic for a tetrahedrally sulfur-coordinated valence-delocalized 

Fe2+/Fe3+ (Fe2.5+) pair. The isomer shift δ = 0.37 mm/s and the quadrupole splitting ΔEQ = 0.94 

mm/s for the blue labeled component are typical for a tetrahedrally sulfur-coordinated Fe and is 

representative of a high spin Fe3+ site. The quadruple doublet in green has δ = 0.90 mm/s and 

ΔEQ = 1.93 mm/s which is characteristic for a high-spin Fe2+ ion that is bound to non-sulfur 

ligands, 3 N/O. The strong-field Mӧssbauer spectrum of the as-isolated IspH displayed a 

magnetic splitting that is only due to the applied magnetic field indicating that the cluster is 

diamagnetic (Fig 2.43 A-2). Both the zero-field and high-field data indicate that the cluster is a 

diamagnetic (S = 0) [4Fe-4S]2+ species. This observation is consistent with the absence of an 

EPR active species in the as-isolate IspH (Fig 2.45 trace A). 
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Figure 2.43: Variable-field Mössbauer spectra recorded at 4.2 K IspH from E. coli. (A) As-
isolated (B) As-isolated incubated with HMBPP. 
The hatched and solid gray traces are the experimental data and simulation respectively. Spectra 

in red, blue and green represent individual components Fe2.5+ pair, Fe3+ and Fe2+ respectively. 

Enzyme (cluster) 1.04mM (A) and 0.98 mM (B) and HMBPP 8.1 mM. Data collected by 

Sebastian Stoian. 
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Incubation of the as-such IspH with HMBPP resulted in a Mӧssbauer spectrum that 

exhibited three distinct quadrupole doublets in zero-field (Fig 2.43 B-1). The quantities for the 

Fe2.5+/Fe2.5+ pair (red spectra - δ = 0.45 mm/s and ΔEQ = 1.35) and the valence-localized Fe3+ 

(blue spectra - δ = 0.38 mm/s and ΔEQ = -0.88 mm/s) are similar to the values observed for the 

as-such enzyme. The third component of the spectrum (green spectra) has a quadrupole splitting 

similar to that of the as-such enzyme, ΔEQ = 1.22 mm/s, whereas the isomer shift δ = 0.64 mm/s 

is lower. The change in the isomer shift is characteristic of a valence-trapped Fe2+ coordinated to 

a non-sulfur ligand, most likely the hydroxyl oxygen of HMBPP. The strong-field Mӧssbauer 

spectrum displayed magnetic splitting that is due to the applied magnetic field indicating that the 

cluster is diamagnetic (Fig 2.43 B-2). Both the zero-field and high-field data indicate that the 

cluster is a diamagnetic (S = 0) [4Fe-4S]2+ species. 

Mӧssbauer spectroscopy analysis of dithionite-reduced 57Fe enriched IspH showed two 

quadrupole doublets with an intensity ratio of 1:1 (Fig 2.44). A valence-delocalized Fe2+/Fe3+ 

pair (inner doublet) and a valence-localized Fe2+/Fe2+ pair were detected. In the EPR sample that 

was made by reducing IspH with dithionite, in parallel to the Mӧssbauer sample, the [4Fe-4S]+ 

signal was detected (Fig 2.45 trace B).  
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Figure 2.44: Field and temperature-dependent Mӧssbauer spectra recorded for the 
dithionite-reduced 57Fe enriched IspH from E. coli. 
Sample was prepared by incubating 2.6 mM enzyme (cluster) with 50 mM dithionite. Data 

collected by Sebastian Stoian. 
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Figure 2.45: EPR spectra of (A) as-such and (B) dithionite-reduced IspH from E. coli. 
IspH (cluster) 110 μM and 22 mM dithionite. 

 

 

 

 

 

 

 

 



 

 

142 

 

To probe the HMBPP induced FeS-I intermediate, one-electron-reduced, 57Fe-labeled, 

wild type enzyme (E. coli), was incubated with HMBPP for 30 s and the reaction was stopped by 

freezing the sample in liquid nitrogen. Field-dependent Mӧssbauer spectroscopy analysis at 4.2 

K, showed that the sample contained two distinct spectra (Fig 2.46). One component that is 

labeled in red accounts for 44% of the spectral area. This spectrum is similar to the one observed 

when the as-such IspH was incubated with HMBPP in which the cluster is a [4Fe-4S]2+ with spin 

state S = 0. The second component, labeled in blue, accounts for 50% of the spectra. To 

determine the identity of the second spectra the zero-field Mӧssbauer spectra of the as-isolated 

enzyme in the presence of HMBPP (Fig 2.47 trace B) was subtracted from that of the one-

electron-reduced IspH in the presence of HMBPP (Fig 2.47 trace A). The resulting spectra in 

Fig 2.47 trace C showed two spectral components with an intensity ratio of 1:1. The component 

shown in red was assigned to a valence-localized Fe3+/Fe3+ ion pair with isomer shift δ = 0.36 

mm/s and quadrupole splitting ΔEQ = 0.75 mm/s. The blue component has an isomer shift δ = 

0.45 mm/s and a quadrupole splitting ΔEQ = 1.35 mm/s that is characteristic for a valence-

delocalized, mixed valent Fe2+/Fe3+ pairs. Field-dependent spectra of trace C displayed magnetic 

splitting due to both the internal and the applied magnetic field (Fig 2.48). The magnetic 

hyperfine coupling constant, A, for the valence-delocalized Fe2.5+/Fe2.5+ pairs was calculated as 

Ax
 = -24 T, Ay

 = -24 T, Az
 = -20 T. Whereas for the valence-trapped Fe3+/Fe3+ pair the values 

were Ax
 = 24 T, Ay

 = 22 T, Az
 = 20 T. The opposite signs of the hyperfine coupling constants 

indicate antiparallel alignment of the spins for the valence-delocalized and valence-localized 

pairs. Both the zero-field and the high-field data indicate a paramagnetic intermediate with a 

[4Fe-4S]3+ cluster and spin state S = 1/2.  
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Figure 2.46: Field-dependent Mössbauer spectra of a one-electron reduced 57Fe enriched E. 

coli IspH in the presence of HMBPP. 
The hatched and solid gray lines are the experimental data and simulation respectively. Spectra 

in blue and red represent a substrate-bound [4Fe-4S]2+
 cluster and substrate-bound [4Fe-4S]3+ 

intermediate respectively. Enzyme (cluster) 0.6 mM, dithionite 33 mM and HMBPP 8.1 mM. 

Data collected by Sebastian Stoian. 
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Figure 2.47: Zero-field Mössbauer spectra recorded at 150 K. (A) One-electron reduced 
IspH in the presence of HMBPP. (B) As-isolated IspH incubated with HMBPP. (C) 
Spectrum obtained by subtracting B from A. 
The hatched black line and solid gray traces are the experimental data and simulation 

respectively. Spectra in blue and red represent individual components Fe2.5+ pair and Fe3+ pair 

respectively (A and C). In spectrum B simulation is labeled in blue. Data collected by Sebastian 

Stoian. 
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Figure 2.48: Field-dependent Mӧssbauer spectra of FeS-I. 
The intermediate spectrum was obtained by subtracting spectra for the as-isolated enzyme in the 
presence of HMBPP that of the one-electron reduced enzyme in the presence of HMBPP. The 
hatched and solid gray lines represent the experimental data and the spectral simulation 
respectively. The blue and red spectra represent component contributions. Data collected by 
Sebastian Stoian. 
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Temperature based analysis of the paramagnetic [4Fe-4S]3+ intermediate showed that the 

intermediate is slow relaxing and can be observed up to 180 K without broadening (Fig 2.49). 

The EPR sample that was made in parallel to the Mӧssbauer sample showed the FeS-I EPR signal 

(data not shown).  

 The Mӧssbauer spectra for reduced WT IspH incubated with IPP and reduced E126Q 

with HMBPP have not been analyzed yet. 
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Figure 2.49: Temperature-dependent, zero-field 57Fe Mӧssbauer spectra of FeS-I. 
The intermediate was trapped when one-electron-reduced was incubated with HMBPP. Data 
collected by Sebastian Stoian. 
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2.4 Discussion and Conclusion 

2.4.1 The [4Fe-4S] cluster in wild type IspH 

IspH contains a single [4Fe-4S] cluster in the active site, whose electronic properties 

change depending on the active site environment such as the presence of a reductant, an oxidant, 

substrates and/or products. In the EPR analysis of the as-isolated IspH no paramagnetic species 

was detected, indicative for the presence of a [4Fe-4S]2+ cluster and the absence of a [3Fe-4S]+ 

cluster (Fig 2.45). The Mӧssbauer data for the as-isolated enzyme also corroborates this 

observation. Conventional [4Fe-4S]2+ clusters exhibit two overlapping equal intensity doublets 

with δ = 0.40-0.45 mm/s and ΔEQ = 1.0-1.2 mm/s that are indicative of two valence-delocalized 

Fe2.5+/Fe2.5+ pairs and all Fe ions are coordinated by sulfur ions in a tetrahedral orientation (77). 

In IspH, however, three distinct Fe sites were identified (Table 2.7), a valence-delocalized 

Fe2.5+/Fe2.5+ pair, an Fe2+ site, and an Fe3+ site. The parameters for both the Fe2.5+ and the Fe3+ 

sites are within the ranges observed for tetrahedrally sulfur-coordinated Fe sites. On the other 

hand the large isomer shift for the Fe2+ is indicative of the presence of a unique Fe ion with an 

atypical coordination environment, most likely due to the presence of a fourth non-sulfur ligand. 

There have been reports on the presence of such unique Fe2+ iron sites in other [4Fe-4S]2+ 

clusters. In aconitase (section 1.3.2.1) a 6-fold coordination of the unique Fe ion with 3S and 3O 

atoms from a carboxylate and a hydroxyl group of the citrate/cis-aconitate/isocitrate and a water 

molecule resulted in an isomer shift of 0.84-0.89 mm/s (76). Another unique iron with an 

unusual coordination environment, a total of 5 S atoms was observed in ferredoxin:thioredoxin 

reductase (FTR) (section 1.3.2.2) (82). In IspH the identity of the fourth ligand still remains to be 

determined.  
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Mӧssbauer spectroscopy analysis of the as-isolated IspH incubated with HMBPP showed 

the cluster to be a [4Fe-4S]2+ with a valence-delocalized Fe2.5+/Fe2.5+ pair and a valence-localized 

Fe3+ site with parameters identical to those observed in the as-such enzyme. On the other hand 

the isomer shift for the unique valence-localized Fe2+ has decreased, but still larger than the 

typical Fe2+ isomer shift (Table 2.7). The alteration in the isomer shift is due to a change in the 

coordination environment of the Fe2+ ion in the presence of HMBPP. Cocrystallization of the as-

isolated E. coli IspH with HMBPP showed the coordination of the hydroxyl oxygen of the 

substrate to the unique Fe of the [4Fe-4S] cluster (110). 

Rapid-freeze-quench experiments were performed to trap and analyze EPR active 

reaction intermediates during the conversion of HMBPP into IPP and DMAPP by the catalytic 

action of IspH. Time-dependent studies on wild type IspH from E. coli and A. aeolicus under 

single turnover and multiple turnover conditions revealed the presence of two paramagnetic 

species. In E. coli, the first transient intermediate trapped at 70 K resembles the paramagnetic 

species that was observed when one-electron-reduced IspH was incubated with HMBPP, which 

we denoted FeS-I. The species is a near-axial low spin (S = 1/2) signal with g values of 2.176, 

2.008 and 2.00. Similar signals were detected in FTR and IspG (another DOXP pathway 

enzyme). The observed average of the g values is greater than ge, 2.0023, which is similar to the 

value observed in oxidized high-potential iron-sulfur proteins (HiPIPs) with a [4Fe-4S]3+ cluster. 

The third enzyme that has been proposed to incorporate the HiPIP-like paramagnetic species in 

its catalytic action is heterodisulfide reductase (Hdr). The g values (2.013, 1.993 and 1.938) of 

the signal are slightly different than the other enzymes and the observed average of the g values 

is less than ge (80, 83, 87, 131). On the other hand the EPR active intermediate that was trapped 

in A. aeolicus was a high spin (S = 3/2) species with two visible g values of 4.668 and 3.384 
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which was only detected at lower temperature, 7 K. 

Both ENDOR and Mӧssbauer spectroscopy have been used to assess the ground state 

electronic properties of intermediate FeS-I. ENDOR spectroscopy investigations of 57Fe enriched 

FeS-I intermediate from P. falciparum showed large negative hyperfine coupling constants (A 

iso) representative of an Fe2.5+/Fe2.5+ pair and a smaller and positive Aiso value consistent with a 

valence-localized Fe3+/Fe3+ pair. The hyperfine coupling constant are comparable to the values 

observed for a HiPIP-like [4Fe-4S]3+ cluster in FTR and Hdr as well as in typical HiPIPs and 

model systems with [4Fe-4S]3+ S = 1/2 cluster (132, 133). The anisotropy of the hyperfine 

tensors (ΔA = Amax - Amin) could be used to differentiate the unique Fe ion from the typical Fe 

ion, in which a large anisotropy will be expected for the unique Fe due to distortion of the 

coordination environment. As reported in Table 2.6, the anisotropy of Fe1 is ΔA = 15.5 MHz and 

1.8 MHz for Fe2, indicating that Fe1 is proximal to the substrate. Mӧssbauer spectroscopy 

analysis of the FeS-I intermediate from E. coli (Table 2.7) showed valence-delocalized 

Fe2.5+/Fe2.5+ pairs and valence-localized Fe3+/Fe3+ pairs, whose hyperfine coupling constant 

magnitude and sign are comparable to those observed for a [4Fe-4S]3+ cluster in HiPIPs as well 

as FTR. In IspH the two Fe3+ ions are indistinguishable. In FTR, however, the hyperfine 

coupling constant for the two ferric ions are different, in which the unique Fe3+ ion with distorted 

ligation environment has a pronounced anisotropy (82).  

The second intermediate, that was detected during catalysis is a slightly rhombic high 

spin (S = 1/2) signal with g values of 2.080, 2.006 and 1.991 and was observed in both E. coli 

and A. aeolicus. This paramagnetic signal, which we are designating as FeS-II, was also detected 

when dithionite-reduced IspH from E. coli was incubated with IPP or DMAPP. We are 

proposing that this signal represents the rebinding of the products to the reduced cluster, or  
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Table 2.7: Mӧssbauer parameters of wild type IspH from E. coli. 

Cluster S  Site δδδδ 
(mm/s) 

ΔEQ 
(mm/s) 

Ax (T) Ay (T) Az (T)  Rel. 
area 

Substrate-free 
[4Fe-4S]2+ 

 

0 a [Fe2.5+]2 0.44 1.23 
n.a. 

2 
b Fe2+ 0.90 1.93 1 
c Fe3+ 0.37 0.94 1 

Substrate-bound 
[4Fe-4S]2+ 

 

0 a [Fe2.5+]2 0.43 1.35 
n.a. 

2 
b Fe2+ 0.64 1.22 1 
c Fe3+ 0.38 -0.88 1 

FeS-I intermediate  
[4Fe-4S]3+ 

1/2 a [Fe2.5+]2 0.43 1.35 -24 -24 -20 1 
b [Fe3+]2 0.36 0.75 +22 +22 +20 1 

 Dithionite-
reduced [4Fe-4S]1+ 

1/2 a [Fe2.5+]2 t.b.d. 
1 

b [Fe2+]2 1 

n.a. = not available 
t.b.d. = to be determined 
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dependent how you look at it, product still bound to the cluster. 

In the freeze-quench experiment we can distinguish two steps. First the substrate binds to 

the [4Fe-4S]+ cluster, converting it into a [4Fe-4S]3+-intermediate species. This step is fast in A. 

aeolicus, and most of it is already done within 4.6 ms. In the second step the product is formed 

and the cluster is reduced to the 1+ state. It is not clear if the product is first released and then 

rebinds or whether the cluster-product complex gets reduced after the reaction is completed. In 

both enzymes this appears to be a direct transformation where FeS-I converts into FeS-II and no 

obvious delays can be detected. 

IspH is involved in a two one-electron step reductive dehydration of HMBPP and the 

active site [4Fe-4S] cluster is involved in electron transfer. The cluster would in theory only 

transfer one electron at-a-time. Therefore, during catalysis, transfer of the first electron from the 

cluster to the substrate will result in the formation of a substrate based radical. In a radical-type 

mechanism, the phosphate group would be a better leaving group, instead of the hydroxyl group 

of HMBPP. The formation of a radical can be avoided by the internal transfer of two electrons 

from the cluster to the substrate, resulting in a [4Fe-4S]3+ cluster. In FTR, Hdr and IspG, this is 

achieved by binding of cluster to the substrate or a reaction intermediate. Spectroscopy studies 

(EPR, ENDOR and Mӧssbauer) strongly indicated the formation of an intermediate in IspH 

similar to the HiPIP-like [4Fe-4S]3+ species that was detected in FTR. In FTR there is direct 

binding of the substrate to the cluster. Even though the HYSCORE spectrum of WT IspH 

incubated with [4-17O]-HMBPP has shown the absence of bonding between the cluster and 

hydroxyl group of the substrate, the exact binding mode of the cluster to the substrate has not 

been established. Side-on π-interaction of the unique Fe to HMBPP has been proposed based on 

the ENDOR spectroscopy studies of E126A IspH incubated with [U-13C]-HMBPP (114). Recent 
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DFT calculations performed on WT IspH in the presence of HMBPP, have shown that the one 

electron reduced [4Fe-4S] cluster preferably interacts with the HMBPP double bond forming an 

η2 complex (134). Further experimental ENDOR studies of the FeS-I intermediate using 13C-

labeled HMBPP are needed to confirm this binding mode.   

2.4.2 Active site amino acid residues 

In the crystal structure of E. coli IspH incubated with HMBPP, conserved amino acids in 

the active site such as E126, H124 and T167 form a network of hydrogen-bonds with the 

substrate. Site-directed mutagenesis coupled with kinetic assays and spectroscopic studies have 

been employed to investigate the effect of the mutations on IspH activity, on the iron-sulfur 

cluster and on the reaction intermediate, which will be instrumental in deducing the role of the 

residues in catalysis.  

In EPR-monitored rapid-freeze-quench experiments with mutant IspH (H124F, E126Q 

and T167C) similar and additional paramagnetic intermediates were observed. When reduced 

H124F (A. aeolicus) and T167C (E. coli) IspH were incubated with HMBPP, two EPR active 

intermediates are detected that are similar to the species detected in WT enzymes. This is in line 

with the fact that both these mutants were active, albeit with lower catalytic activity. In the 

hypothetical mechanism II (Fig 2.9) T167 was the proposed proton donor for the dehydration of 

HMBPP. The kinetic and spectroscopic analyzes shows otherwise. With the T167 gone, E126 

would take over as the direct hydrogen donor. The hydroxyl group of Thr doesn’t have the pKa 

in the range, whereas the carboxyl side chain of Glu has a pKa of 4.25 (can be a bit higher). Most 

likely the hydrogen comes from water and Glu and Thr are just passing the hydrogen along. We 

are proposing that T167 is involved in the proper orientation of HMBPP during catalysis. 
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Likewise the work of Wieya Xu showed that the H124 is important in the correct orientation of 

the substrate.  

The E126Q mutant (from both organisms) on the other hand, has no activity and a 

paramagnetic species (designated FeS-III) can be detected that is different from the EPR active 

species in the WT enzyme. The FeS-III species was also detected in the as-isolated as well as the 

dithionite-reduced E126Q mutant IspH from E. coli. The fact that this signal is trapped in the 

dithionite-reduced enzyme would indicate it is a [4Fe-4S]+ cluster-based signal. When dithionite-

reduced E126Q IspH was incubated with IPP or DMAPP, the same signal was observed. The 

RFQ data that is available indicates a clean conversion of the [4Fe-4S]+ species into the [4Fe-

4S]+-substrate species without the intermediate formation of other paramagnetic or diamagnetic 

species. Another group has reported a paramagnetic species that resembles the product bound 

cluster in WT IspH (FeS-II), when dithionite-reduced E126Q IspH was incubated with IPP 

(113). The FeS-III species detected in the E126Q mutant is considered a reaction intermediate by 

several groups and several hypothetical mechanisms are based on the electronic and magnetic 

properties of this species. Our freeze-quench data for the IspH from both E. coli and A. aeolicus, 

however, shows that this species appears after the FeS-I species (Fig 2.26 and 2.38) and not 

before as proposed in the hypothetical reaction mechanism (Fig. 2.10). The competence of an 

intermediate in a reaction mechanism can be assessed by determining the individual rate 

constants of the reaction steps. For FeS-III species to be a catalytically relevant intermediate, its 

rate of formation should be faster than or as fast as the FeS-I and FeS-II species. The oxidation 

of the [4Fe-4S]+ cluster is very slow in this mutant. This result would suggest that the E126, 

besides the proposed dehydration of HMBPP, it might also be involved in the binding of the 

substrate. Mutation of this residue might change the active site structure. When the His42 residue 
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in A. aeolicus was mutated into an Ala residue all activity was lost. Up to 55% of the activity, 

however, was still detectable in the H42F mutant showing that the position of the His residue 

was probably important to keep the active site structure intact and the Phe residue could save 

most of the activity without providing the H-bond to the substrate phosphate group. The 

superimposition of the crystal structure of WT and E126Q mutant IspH cocrystallized with 

HMBPP, however, shows no obvious changes in the local structure. Therefore the Glu126 must 

be involved in more than the protonation step and must also play a role in the successful binding 

to or close to the [4Fe-4S] cluster.  

2.4.3 Proposed reaction mechanism 

 For the reductive dehydration of HMBPP two electrons are needed. The [4Fe-4S] cluster 

in IspH can transfer only one electron at a time, hence a radical intermediate would be expected 

in the reaction mechanism. The data from the rapid-freeze-quench study of IspH from both E. 

coli and A. aeolicus under turn over conditions didn’t show the formation of a stable radical. 

Reduced 57Fe-labeled WT IspH from E. coli when incubated with HMBPP as well as IPP 

showed broadening of the paramagnetic species. 57Fe-labeled E126Q incubated with HMBPP 

also showed significant broadening of the FeS-III species. In addition, it has been reported that 

ENDOR investigations of E126A IspH incubated with [U-13C] HMBPP didn’t show the large 

hyperfine coupling expected for a radical substrate (113). The spectroscopic data suggest all the 

signals in WT and mutant IspH are Fe-S cluster-based and not radical-based. It is possible that 

the electron is very short-lived and cannot be detected by the technique used here. However, the 

mechanisms that incorporate substrate-base radical (proposed mechanism I and II Fig 2.8 and 

Fig 2.9) predict that these would be relatively stable. The absence in our freeze-quench runs 

would indicate that the mechanisms are probably not correct.  
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The third hypothetical reaction mechanism for IspH (Fig 2.8) is based on the electronic 

and magnetic properties of the FeS-III species detected in the E126Q mutant, which is 

considered a reaction intermediate. Our freeze-quench data, however, shows that this species 

appears much later in the reaction than both the FeS-I and FeS-II species which makes the 

catalytic relevance of this species questionable. Although the kinetic data obtained here does not 

argue against the current reaction mechanism there is the real concern that some aspects are 

based on the properties of the FeS-III species detected in the E126Q mutant and not on the 

properties of the true reaction intermediate FeS-I. This species from the WT enzyme needs to be 

further studied, particular using ENDOR studies of IspH incubated with 13C-labeled HMBPP. 
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CHAPTER 3 : HdrA, subunit of Hetrodisulfide reductase  

3.1 Introduction 

3.1.1 Electron bifurcation 

Electron bifurcation is an electron transfer process in which two electrons enter a system 

at a certain redox potential, one electron is transferred to an acceptor with low redox potential 

and the second electron is transferred to an acceptor with a high redox potential. These 

energetically challenging redox conversions don’t involve ATP hydrolysis, instead the 

endergonic electron transfer is coupled with an exergonic transfer. For the electron transfers to 

proceed both the endergonic and the exergonic processes should occur almost simultaneously. 

Electron bifurcation is important in biological energy transduction. Enzyme complexes involved 

in electron bifurcation contain either quinone or flavin, 2-electron carrier cofactors (135).  

The classic example of an electron bifurcation process is the Q-cycle, in complex III, of 

the electron transfer chain in mitochondria. In this system quinone (Eo’ = +110 mV) is the 

organic electron carrier and the bifurcating molecule. The endergonic reduction of cytochrome 

bL (Eo
 
’= -20 mV) is coupled to the exergonic reduction of the Rieske [2Fe-2S] cluster (Eo’ = 

+290 mV). Of two electrons entering the Q-cycle, one electron flows through the Rieske cluster 

to cytochrome c. The second electron flows to cytochrome bH via cytochrome bL and eventually 

reduces another quinone molecule. Crystallographic data have shown conformational changes in 

the protein during the different stages of this process. It was reported that the Rieske cluster 

moves back and forward between its electron donor, QH2, and its electron acceptor, cytochrome 

c, as it is reduced and oxidized. This movement prevents the transfer of the second electron to 

the Rieske cluster and instead it will be directed to the low potential cytochrome bL (135, 136). 
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3.1.2 Flavin-based electron bifurcation 

Flavin-based electron bifurcation was discovered recently in clostridia, an anaerobic 

bacterium (137). Electron bifurcation is one of the mechanisms through which energy is 

conserved in anaerobic bacteria and methanogenic archaea. Protein complexes involved in 

electron bifurcation contain at least one flavin, either FAD or FMN, and other redox active 

prosthetic groups. The enzyme complexes are composed of different subunits and it is proposed 

that the prosthetic groups, which are adjustable relative to each other, are strategically spaced 

between the electron donor and the electron acceptor in the subunits. The bifurcation process is 

crucial in the production of the reduced low potential ferredoxin that is essential for some 

processes in anaerobic organisms. Since the discovery of the flavin-based electron bifurcation, in 

2008, a number of electron bifurcating protein complexes have been identified. Two of the 

protein complexes will be discuss in the next sections. 

3.1.2.1 Electron transferring flavoprotein-butyryl-CoA dehydrogenase (Etf-Bcd) complex. 

Etf-Bcd complex from clostridia was the first flavin-based electron bifurcating complex 

identified (137). It is involved in the coupled reduction of ferredoxin (Eo’ = -500 mV) and 

crotonyl-CoA (Eo’ = -10 mV) by NADH (Eo’ = -280 mV) (Reaction 1). In Etf-Bcd complex FAD 

is the only cofactor present. It has been shown that the Etf is a heterodimer with two subunits, α 

and β, each housing one FAD: α-FAD and β-FAD respectively. The Bcd sub-complex is a 

homotetramer and contains one FAD (dehydrogenase FAD, Dh-FAD). β-FAD has been 

proposed as the site of electron bifurcation and the hydride acceptor from the NADH that is 

docked in its proximity. The ferredoxin and crotonyl-CoA are in close proximity to the β-FAD 

and the Dh-FAD respectively (138). 
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Crotonyl-CoA + 2 NADH + Fdox → Butyryl-CoA + 2 NAD+ + Fdred          (1) 

In the proposed mechanism of electron bifurcation, NADH binds to the β-subunit of Etf 

that is followed by two electron and a hydride transfer to β-FAD forming β-FADH- (Fig 3.1). 

Subsequently one electron is transferred to the α-FAD resulting in the formation of α-FAD-• and 

the unstable β-FADH•. After the first electron transfer there is a conformational change, bringing 

the α-subunit of Etf closer to Bcd and away from β-FAD. The electron is transferred from α-

FAD•- to Dh-FAD forming Dh-FADH•. The conformational change prevents the unstable β-

FADH• from donating the second electron to α-FAD•- and instead the second electron is 

transferred to ferredoxin. This process is repeated, leading to a second reduced ferredoxin and 

butyryl-CoA, by hydride transfer from Dh-FADH to crotonyl-CoA. In the cell, the reduced 

ferredoxin is used to regenerate NADH in a reaction that involves the H+/Na+-pumping 

ferredoxin-NAD+ reductase and ultimately produce ATP. In the proposed electron bifurcation 

mechanism the binding order has not been established experimentally (138). Recent work done 

by Carly Engle with just Etf showed that bifurcation indeed takes place when NADH is added. 

Both the unstable β-FADH• and the stable α-FAD•- could be detected within 5 msec 

3.1.2.2 NADH-dependent reduced ferredoxin: NADP oxidoreductase (NfnAB) complex 

 NfnAB complex is a transhydrogenase found in various anaerobic bacteria and archaea. It 

catalyzes the coupled reversible ferredoxin (Eo’ = -500 mV) and NAD+ (Eo’ = -280 mV) 

reductions by NADPH (Eo’ = -380 mV). In Reaction 2 the reversible reaction is the electron 

bifurcating process. The complex has two subunits, NfnA that houses one FAD (a-FAD) and a 

[2Fe-2S] cluster and NfnB subunit housing a second FAD (b-FAD) and two [4Fe-4S] clusters. 

The proposed binding site for NAD(H) is NfnA whereas the NADP(H) is bound to NfnB. The b- 
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Figure 3.1: Proposed mechanism of electron bifurcation for the EtfBC-BcdA complex. 
FAD is represented with small rectangles, quinone is yellow, anionic semiquinone is red, neutral 

semiquinone is light blue (Etf) and dark blue (Bcd) and hydroquinone is white. Adapted from 
(138). 
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FAD is found in the center of the NfnAB complex and it has been proposed as the electron 

bifurcating site, serving as a 2-to-1 electron switch. It has been proposed that the ferredoxin 

docks on the NfnB subunit near the [4Fe-4S], that is the furthest from the b-FAD (139). 

  2NADPH + 2Fdox + NAD+  2NADP+ + 2Fdred + NADH + H+           (2) 

In the proposed mechanism (Fig 3.2) a hydride and 2 electrons are transferred from 

NADPH to b-FAD, generating b-FADH-. Subsequently one electron is transferred to a-FAD 

through the [2Fe-2S] cluster generating b-FADH•. The second electron from b-FADH• is 

delivered to ferredoxin via the two [4Fe-4S] clusters in NfnB. This process is repeated in a 

second round affording a reduced NAD+ and a second Fdred. It has been postulated that the 

transfer of the second electron to the high potential redox center is prevented by the 

rearrangement of the subunits/domain in the enzyme complex. The NADPH generated is 

consumed in the acetogenesis of CO2 by the organism (139).  
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Figure 3.2: Proposed electron bifurcation mechanism for the NfnAB complex. 
Adapted from (139). 
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3.2 Methyl viologen reducing hydrogenase/ heterodisulfide reductase (MvhADG/ HdrABC) 

complex  

The MvhADG/HdrABC complex is a cytoplasmic enzyme complex in methanogenic 

archaea that catalyzes the coupled endergonic ferredoxin (Eo
’ = -500 mV) and exergonic CoM-S-

S-CoB heterodisulfide (Eo’ = -140 mV) reductions by H2 (Eo
’ = -414 mV) (Reaction 3). The 

reduced ferredoxin is used in the first step of methanogenesis, the reduction of CO2 to formyl-

methanofuran. The thiol coenzymes enter the last step of methanogenesis and participate in 

methane synthesis and regeneration of the CoM-S-S-CoB heterodisulfide by the action of Methyl 

coenzyme M reductase (MCR) (140, 141). 

2H2+ Fdox + CoM-S-S-CoB → 2H+ + Fdred + CoM-SH + CoB-SH    (3) 

The protein complex is a highly oxygen sensitive heterohexamer composed of MvhA, 

MvhD, MvhG, HdrA, HdrB and HdrC subunits (Fig 3.3). During purification the two 

components of the complex can be separated. MvhADG sub-complex is a [NiFe]-hydrogenase 

that catalyzes the reduction of methyl viologen by H2. Sequence analysis has shown that the 51 

kDa protein MvhA subunit houses the [NiFe] cluster, which is involved in H2 oxidation. MvhD 

is the smallest subunit, 17 kDa, carrying a [2Fe-2S] cluster. Sequence analyses of some 

methanogens have shown the mvhD gene to be fused to the hdrA gene of the HdrABC sub-

complex and it has been proposed that the cluster might link the two components of the complex. 

The MvhG subunit, with molecular weight of 34 kDa, contains three [4Fe-4S] clusters. HdrA 

subunit, a 72 kDa protein, contains four [4Fe-4S] clusters and an FAD. HdrA is the proposed site 

of the electron bifurcation. Besides the cofactors the subunit contains 4 conserved cysteines that 

are not involved in cluster coordination. It has been proposed that ferredoxin docks onto HdrA. 

The proposed heterodisulfide reduction site is the 33 kDa protein HdrB, which harbors a Zn and  
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Figure 3.3: MvhADG/HdrABC complex from M. marburgensis. 
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a [4Fe-4S] cluster. The third subunit of the HdrABC sub-complex HdrC (21 kDa) contains two 

[4Fe-4S] cluster (142). 

3.3 Hetrodisulfide reductase (HdrABC) and HdrA 

Hetrodisulfide reductase (Hdr) (EC 1.8.98.1) is an iron-sulfur flavoprotein disulfide 

reductase that catalyzes the reversible cleavage of the heterodisulfide CoM-S-S-CoB to CoM-SH 

and CoB-SH. In the HdrA amino acid sequence analysis, a consensus sequence for FAD-binding, 

GXGX2GX3AX13E, and four copies of CX2CX2CX3C(P) sequences that are characteristic for 

[4Fe-4S] cluster binding site were detected. A motif that indicates the presence of four cysteines, 

which are not involved in cluster coordination, was also detected. The loosely bound FAD in the 

subunit is the bifurcating site in the CoM-S-S-CoB coupled reduction of Fd. The [4Fe-4S] 

clusters have been proposed to be involved in electron transfer but their arrangement and their 

redox properties haven’t been established. The position and the role of the cysteines are 

unknown. The presence of  two [4Fe-4S] clusters in HdrC was confirmed by the presence of two 

copies of the sequence motif CX2CX2CX3C(P) (143). The HdrB and HdrC from 

Methanothermobacter marburgensis showed sequence similarity with the membrane bound Hdr 

in Methanosarcina that is capable of reducing the CoM-S-S-CoB. In this organism the HdrA 

subunit is absent. This was used as a basis for the assignment of HdrB and HdrC subunits as 

possible catalytic sites for the heterodisulfide reduction (144).  

Indirect spectroscopic studies have been used to deduce the role of HdrB subunit in 

catalysis as well as to identify the cofactor in the subunit. When HdrB was incubated with CoM-

SH in oxidizing condition an EPR active species with g values 2.013, 1.991 and 1.938 was 

observed. The same signal was detected when Hdr was incubated with CoM-SH. When 57Fe-

enriched Hdr was incubated with CoM-SH there was broadening of the signal, suggesting that 
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the paramagnetic species is iron-based. Incubation of either enzyme or subunit with 33S-labeled 

CoM-SH resulted in the broadening of the EPR signal indicating a direct binding of the CoM-SH 

thiol group to a [4Fe-4S] cluster. Variable-temperature magnetic circular dichroism (VTMCD) 

spectroscopy of Hdr incubated with CoM-SH showed the presence of a [4Fe-4S]3+ cluster. This 

was supported by 57Fe-pulsed ENDOR of both Hdr and HdrB which showed an unusually large 

isotropic hyperfine coupling for two distinct Fe sites, a mixed-valence Fe2+/Fe3+ pair and a 

Fe3+/Fe3+ pair, with a unique iron that is coordinated to a fifth ligand. The Fe site that binds the 

ligand has not been identified. Based on the above results it has been deduced that the prosthetic 

group in HdrB is a [4Fe-4S] cluster that is involved in direct substrate binding, electron transfer 

and disulfide bond cleavage. It is important to mention that HdrB alone was unable to catalyze 

the reduction of CoM-S-S-CoB (132, 144–146).  

 To measure the different midpoint potentials of all the cofactors in Hdr, a redox titration 

experiment was performed (Fig 3.4). In the redox titration of M. marburgensis Hdr in the 

presence of CoM-SH, a paramagnetic species with g values 2.052, 1.933 and 1.887 was detected. 

This signal was due to the [4Fe-4S]+ clusters in Hdr, with midpoint potential below -400mV. 

Another signal with g values 2.058, 1.933 and 1.863 was detected. This signal has a midpoint 

potential of -154 mV and was proposed to represent one of the [4Fe-4S] clusters. Another peak 

with g = 1.937 started forming at -151 and it has been proposed the signal represents a [4Fe-4S] 

cluster bound to the substrate CoM-SH. A radical signal was also detectable at g value 2.033 

whose intensity increased at -120 mV. The fact this paramagnetic species was detected in a very 

small potential window indicates that the species is unstable and it has been proposed that this 

radical could be due the flavinsemiquinone or possibly a thiol radical (112). A large radical 

species is present at lower potential. This species is present on the redox dyes methyl viologen  
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Figure 3.4: Redox titration of Hdr from M. marburgensis in the presence CoM-SH. 
Adapted from (112). 
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and benzyl viologen. 

The mechanism of electron bifurcation in the sub-complex HdrABC is not known. But a 

crossed-over mechanism has been proposed based on the radical signal, at g value 2.033, 

detected in the redox titration of Hdr. Due to change in the electrostatic environment of a 2-

electron redox compound, such as quinones and flavins, the midpoint potentials of the individual 

electron transfers are modified. Hence redox process proceeds through two individual reduction 

steps instead of the simultaneous 2-electron transfer. In the crossed-over model, the potential of 

the 2-electron transition of the compound is halfway between the two redox potential of the 

individual 1-electron transfer steps. The first oxidation potential is more positive than the second 

potential. During catalysis the flavin will be fully reduced (FADH2) by H2. The low potential Fd 

is close to the reduced flavin. Electron for CoM-S-S-CoB are probably first transferred to a [4Fe-

4S] cluster in the HdrA or HdrB subunits. The first electron transfer from the relatively higher 

potential first oxidation center to the [4Fe-4S] cluster in HdrA results in the formation of highly 

reactive “red hot” FADH• flavinsemiquinone. The [4Fe-4S] cluster moves away from the flavin 

site, passes the electron to HdrC and eventually the CoM-S-S-CoB is reduced. The low potential 

FADH• semiquinone transfers its electron to Fd, which is in close proximity. This process is 

repeated a second round and the whole process affords two reduced ferredoxins, CoM-SH and 

CoB-SH. During redox titration of the FAD a 2-electron Nernst curve would be observed and the 

semiquinone would be detectable in a very narrow potential range, indicating a crossed-over 

mechanism (147). 

The heterodisulfide reduction involves the transfer of two sequential electrons. In the 

proposed mode of catalysis the first bifurcated electron is relayed from HdrA through HdrC to 

HdrB. The [4Fe-4S]2+ in HdrB is reduced to [4Fe-4S]1+. As shown in Fig 3.5 nucleophilic attack 
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by the cluster bound cysteine results in the cleavage of the heterodisulfide releasing CoB-SH. It 

has been proposed that a transient heterodisulfide intermediate is formed by the interaction of 

coenzyme M to the cysteine of the cluster forming CoM-S-S-Cys heterodisulfide. This is 

followed by two internal electron transfers from the cluster to the thiol coenzyme, resulting in a 

[4Fe-4S]3+ cluster with its unique iron bound to the thiol coenzyme. In another proposed 

mechanism (Fig 3.6) the bridging S2- initiates the nucleophilic attack and release of CoM-SH. 

The subsequent two electron transfer to CoM-SH results in the formation of the paramagnetic 

[4Fe-4S]3+ intermediate. The EPR active intermediate observed is believed to be the same 

intermediate as the one trapped when oxidized Hdr was incubated with CoM-SH. From the 

spectroscopic data it has been proposed that this species is similar to the paramagnetic HiPIP-like 

intermediate observed in FTR, IspG and IspH, in which the cluster is a [4Fe-4S]3+ based species 

and directly bound to the substrate. The second electron transfer reduces the cluster back to [4Fe-

4S]2+ with concomitant protonation and release of CoM-SH (80, 87, 103, 145). 

  At present the exact route of electron transfer through the Mvh sub-complex prosthetic 

groups and their redox properties is unknown. The role of the [2Fe-2S] cluster in MvhD is 

unknown. The role of the four conserved cysteines in HdrA has not been established, but it has 

been suggested that two of the cysteines could be involved in electron transfer by forming an 

active-site disulfide and act as a 1 electron/2 electron switch. The clusters in HdrA that are 

directly interacting with either the Mvh sub-complex or the flavin have not been identified. In 

the absence of a crystal structure the characterization and identification of the Fe-S cluster 

centers in Mvh/Hdr complex becomes complicated due to the presence of multiple clusters. 
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Figure 3.5: Proposed mechanisms for Hdr. 
Adapted from (145). 
.  
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Figure 3.6: Proposed mechanisms for Hdr. 
Adapted from (145). 
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3.4 Statement of research  

I. The presence of multiple cofactors renders the Mvh/Hdr enzyme very complex. Hence probing 

the smallest subunit which contains less cofactors and that still contains all the essential cofactors 

for electron bifurcation would be an easier system to study. For this purpose the HdrA subunit of 

the reductase from M. marburgensis was overexpress in M. maripaludis.  

II. It has been reported that the FAD in heterodisulfide reductase was easily lost during 

purification. Since HdrA houses the FAD, procedures to reconstitution the cofactor in the subunit 

will be optimized. 

III. To understand the flow of electrons in HdrA and identify the cofactors, midpoint potentials 

of the cofactors in the subunit will be determined by performing redox titrations. 
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3.5 Materials and Methods  

 All purification steps, sample handling and experiments were done in a glove box (Coy 

Laboratory Products, Inc., Grass Lake, USA) filled with 95% N2 and 5% H2 or a Vacuum 

Atmospheres Co. (Hawthorne, CA) dry box filled with argon. Also, all buffers and solutions 

used in the procedures were filtered with 0.45 μm membrane, degassed by boiling them, and 

purged with nitrogen. The buffers were subsequently stirred under vacuum for 2 to 3 hrs. The 

closed off bottles were repressurized with argon and directly used or stored. All buffers and 

solutions were equilibrated and stirred overnight inside the glove box before use. 

3.5.1 Chemicals 

 Sodium dithionite was from Alfa Aesar (Haverhill, MA). All gases and gas mixtures 

were from Airgas (Radnor Township, PA). FAD was from TCI (Tokyo, Japan). Dialysis 

membrane was from Spectrum Labs (Rancho Dominguez, CA). All other chemicals were from 

AMRESCO (Solon, OH), Acros (New Jersey, USA) or Sigma-Aldrich (St. Louis, MO). His-trap 

Ni2+ affinity, Mono Q and PD-10 columns were purchased from GE Healthcare (Uppsala, 

Sweden). Serdolit Pad II resins were from Serva electrophoresis (Heidelberg, Germany). 

Centricon and amicon ultrafiltration units were from Millipore (Billerica, MA).  
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3.5.2 Synthesis of the hetrodisulfide CoM-S-S-CoB (HDS) 

 HDS was chemically synthesized by following the steps in the literature (148). 

3.5.2.1 7,7'- Dithiodiheptanoic acid 

 

  7-Mercaptoheptanoic acid was synthesized by dissolving 7-bromoheptanoic acid (9.60 g, 

46.6 mmol) in 110 ml of ethanol and adding 17.4 g (228 mmol) of thiourea in the stirred 

solution. After the mixture was refluxed, under argon, at 90°C for 17 hrs, it was cooled to room 

temperature followed by the addition of 25 ml 60% NaOH. The mixture was refluxed under 

argon for an addition 2 hrs and cooled to room temperature. The yellow/white solution was 

concentrated to around half of the original volume with a rotavap, at 60-70°C. To the 

concentrated solution a 100 ml 1 M HCl was added followed by 20 ml concentrated HCl. The 

thiol was extracted 3 times with 100 ml dichloromethane. The dichloromethane phase was 
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extracted 3 times with 150 ml of an aqueous solution of 1 M sodium bicarbonate. The aqueous 

extract was acidified with HCl to a pH of 1-2, and extracted 3 times with 200 ml 

dichloromethane. The organic phase was filtered and dried over cotton layered with anhydrous 

magnesium sulfate, and concentrated at room temperature to 70 ml. The thiol was oxidized to a 

disulfide by mixing the dichloromethane phase with an aqueous solution of 10% (w/v) iodine 

and 20% (w/v) potassium iodide until the brown color persisted. The aqueous phase was 

removed and the dichloromethane phase was washed 3 times each with an aqueous solution of 1 

M sodium thiosulfate and water. The organic phase was filtered and dried with anhydrous 

magnesium sulfate over cotton layer, and concentrated under vacuum. The product was 

crystallized twice from benzene and dried under high-vacuum to yield a white crystal. 

3.5.2.2 7, 7'- Dithiobis(succinimido-oxyheptanoate) 

 
 

 At room temperature 7,7'-dithiodiheptanoic acid (388 mg, 1.20 mmol) was dissolved in 8 

ml of 1,4-dioxane followed by the addition of 290 mg (2.50 mmol) N-hydroxysuccinimide under 

stirring. A solution of 505 mg (2.40 mmol) dicyclohexylcarbodiimide in 3 ml 1,4-dioxane was 

added drop-wise and the resulting solution was stirred for 16 hrs at room temperature. The 
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precipitated dicyclohexylurea was removed by filtration over a glass filter and the filtrate was 

washed 2 times with 5 ml 1,4-dioxane, and dried to a clear oil under vacuum. The product was 

recrystallized twice from boiling 2-propanol, and dried for 1 day under high vacuum to give 

white crystals.  

3.5.2.3 (+)-N, N'-(7,7'-Dithio-diheptanoyl) bis(O-phospho-L-threonine) (CoB-S-S-CoB) 

 

  O-phospho-L-threonine (400 mg, 2.00 mmol) and triethylamine (0.560 ml, 4.00 mmol) 

were dissolved in 4 ml water. This solution was added to 7,7'-dithiobis(succinimido-

oxyheptanoate) (362 mg, 0.700 mmol) dissolved in 18 ml tetrahydrofuran and 4 ml acetonitrile. 

The solution was stirred at room temperature under argon for 36 hrs and followed by the removal 

of solvents under vacuum at 30°C. The resulting white residue was dissolved in 25 ml 1 M HCl 

and washed three times with 8 ml dichloromethane. Traces of dichloromethane were removed 
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from the aqueous phase under vacuum. The aqueous phase was applied to a 2 × 13 cm column of 

polystyrene Serdolit Pad II preequilibrated overnight with 1 M HCl. The column was washed 

with 100 ml of 1 M HCI, followed by 150 ml H2O. The product was eluted with a methanol 

gradient (80 ml H2O/MeOH, 4:1; 120 ml H2O/MeOH, 1:1; 80 ml H2O/MeOH, 1:4, 100 ml 

MeOH). The collected fractions were concentrated under vacuum (50°C) to 1/10 of the original 

volume. Subsequently, 2 ml 2 M ammonia was added to obtain the ammonium salt followed by 

lyophilization. The white solid obtained from each fraction was analyzed with NMR 

spectroscopy. 

1H-NMR (D2O, 300 MHz): 4.71 (s, D2O), 4.53-4.62 (m, 1H, CHPO3
2-), 4.2 (d, J = 4, 2H, 

CHCOO), 2.77 (t, J = 7, 4H, SCH2), 2.31-2.42 (m, 4H, COCH2), 1.59-1.74 (m, 8H. SCH2CH2, 

COCH2CH2), 1. 34-1. 48 (m, 8H, CH2CH2), 1.30 (d, J = 6Hz, 6H CH3). 



 

 

178 

 

3.5.2.4 CoM-S-S-CoB 

 

Coenzyme B disulfide tetraammonium salt (73.0 mg, 0.0970 mmol) and coenzyme M 

sodium salt (330 mg, 2.00 mmol) were dissolved in water (5 ml) and NH3 (aq., conc., 0.50 ml). 

The solution was stirred for one hour followed by dropwise addition of KI3 (0.5 M in water) until 

the brown color fades away very slowly. The solution was acidified with HCl (20%) to pH 0 and 

loaded to a Serdolit Pad II column equilibrated overnight with 20% HCl. The column was 

washed with HCl (aq., 1 M, 0.5 M, 0.2 M, 0.1 M and 0.025 M) until all coenzyme M 

homodisulfide had eluted (UV: λmax ca. 240 nm). The product was eluted with water, followed 

by methanol in water (10%, 25% and 50%). Each fraction was collected separately, pH adjusted 

to 5 with NH3 (aq., 100 mM), lyophilized and analyzed with NMR. 
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1H-NMR (600 MHz, D2O, dioxane = 3.665 ppm): 4.74 (overlapping with the solvent signal at 

4.72 ppm, CHOPO3 2-), 4.41 (dd, J = 2.67, 2.01, 1 H, CHNCO); 3.23 (2 H; CH2SO3
- ), 2.98 ( 2 

H; CH2S), 2.73 (t, J = 7.29, 2 H, CH2S); 2.35 (dt, J = 14.22, 7.53, 1 H, CH2CO); 2.31 (dt, J = 

14.16, 7.32, 1 H, CH2C=O); 1.65 (quint, J = 7.34, 2 H, CH2); 1.59 (quint, J = 7.46, 2 H, CH2); 

1.38 (quintetoid, Jobs = 7.3, 2 H, CH2); 1.31 (quartetoid, Jobs =7.1, 2 H, CH2); 1.26 (d, J = 6.42, 3 

H, CH3). 

3.5.3 Expression and purification  

 M. maripaludis cells containing a M. marburgensis HdrA gene with a His-tag was 

graciously supplied by the Leigh group (Department of Microbiology, University of 

Washington) 

The M. maripaludis cell pellets were resuspended in buffer A (50 mM Tris/HCl, 100 mM 

NaCl pH 7.6). The suspended cells were then lysed by sonication on ice 3 times for a total of 7 

min at 80% power using a pulse of 0.5 sec on/0.5 sec off, followed by anaerobic 

ultracentrifugation at 126,603 x g for 20 min at 4°C (Beckman XL-70 Ultracentrifuge, TYPE 45 

Ti Rotor, Beckman Coulter, Inc.). The supernatant was filtered with a 0.2 µM filter (Millipore) 

and loaded on a His-trap Ni2+-affinity column pre-washed and pre-equilibrated with buffer A. 

The protein was eluted with an imidazole gradient (0% to 100%) of buffer B (50 mM TrisHCl, 

100 mM NaCl, 500 mM imidazole pH 7.6). The fractions were pooled and analyzed with 12% 

SDS-PAGE. Fractions containing HdrA were washed with buffer A, concentrated and loaded on 

a Mono Q column. A NaCl step gradient was used to elute the protein, buffer C (buffer A + 2 M 

NaCl). Fractions were analyzed with 12% SDS PAGE. 
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3.5.4 Protein concentration 

The protein concentration was determined with Bradford assay using bovine serum 

albumin as a standard (127). Alternatively the absorbance at 280 nm ( ε = 42750 M-1cm-1) was 

also measured. 

3.5.5 Iron determination 

Rapid ferrozine-based colorimetry was used to determination the iron content of the 

protein (128). All containers and pipette tips used were boiled in 1 M HCl and washed with ultra-

pure water. Iron standards (0, 10, 20, 30, 40, 50 μM) were prepared by dissolving ferrous 

ethylenediammonium sulfate in 10 mM HCl. The iron releasing reagent was prepared by mixing 

equal volumes of 0.6 M HCl and 4.5% potassium permanganate. The iron chelating and reducing 

reagent contained 6.5 M ferrozine, 13.1 mM neocuprine, 2 M ascorbic acid, and 5 M ammonium 

acetate in a 25 ml solution. To 1 ml iron standard samples and the protein samples, 0.5 ml of the 

iron releasing reagent was added, followed by incubation at 60°C for 2 hrs. To each sample 100 

μl of the iron chelating and reducing reagent was added followed by incubation for at least 

another 30 mins. The absorbance at 562 nm was used to obtain the value for the samples and to 

generate a standard curve, from which the iron concentration in the protein samples was 

determined. 

3.5.6 [4Fe-4S] cluster reconstitution 

 Most of the HdrA samples showed substoichiometric amounts of the expected [4Fe-4S] 

clusters. An in vitro chemical reconstitution of the cluster was achieved by an overnight 

incubation (room temperature) of the enzyme with dithiothreitol (at least 5 mM), FeCl3 (10x 
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protein concentration), and Na2S (10x protein concentration) in buffer A. To remove black iron-

containing precipitate, the samples were centrifuged at 6000 rpm for 5 min or filtered with a 0.2 

µM filter (Millipore). The supernatant was concentrated using a 30 kD cut-off filter and desalted 

by passing through a PD-10 column. The eluted protein was used directly. 

3.5.7 FAD reconstitution 

 Since the as purified HdrA doesn’t contain FAD, the following procedure was followed 

to insert the FAD. The enzyme was incubated in buffer A containing 0.7 mM FAD, 8 mM urea 

for 10 min. The enzyme mixture was transferred to a 15 kD cut-off dialysis membrane and 

dialyzed overnight against buffer A containing 0.7 mM FAD. Excess FAD was washed with 

buffer A using an amicon device with 30 kDa cut-off. In each step UV-Vis spectroscopy was 

used to check the insertion of FAD.  

3.5.8 Redox titration 

 To trap EPR active species of HdrA at different potentials, a redox titration was 

performed using sodium dithionite as the reductant and potassium ferricyanide as the oxidant in 

the presence of dye-mediators. Indigo-disulphonate (E°´= -125 mV), 2-hydroxy-l, 4-

naphthoquinone (E°´= -145 mV), phenosafranin (E°´= -252 mV), anthraquinone-2-sulfonate 

(E°´= -255 mV), safranin O (E°´= -289 mV), neutral red (E°´= -325 mV), benzyl viologen (E°´= 

-350 mV) and methyl viologen (E°´= -453 mV) were used as mediators at a final concentration 

of 50 μM. The potential was measured, at 25°C while stirring, with a Ag/AgCl reference 

electrode that was connected to the redox titration cell. The enzyme was placed in the titration 

cell and the dye mediators were added. The protein-dye mediator mixture was fully reduced by 

adding dithionite, to a potential of -621 mV vs Ag/AgCl (-421 mV vs SHE). The sample was 
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titrated in the oxidizing direction with potassium ferricyanide. When the mixture has equilibrated 

at the desired potential, 300 μl aliquots were transferred into an EPR tube and frozen in liquid 

nitrogen. 

3.5.9 EPR data collection 

 CW EPR spectra were collected at X-band frequency with a Bruker EMX spectrometer 

(Bruker Biospin Corporation, Billerica, MA) fitted with the ER-4119-HS high sensitivity 

perpendicular-mode cavity. An Oxford Instruments ESR 900 helium flow cryostat in 

combination with an ITC 503S temperature controller was used for measurements in the 4.5-300 

K range. A liquid nitrogen finger Dewar was fitted to the cavity for 77 K measurements. 

Instrument conditions were: microwave frequency of 9.386 GHz; field modulation frequency of 

100 kHz and modulation amplitude of 0.6 mT. Sample specific settings are given in the legends 

to the figures. 

 Quantitation of the spin concentration of EPR-active species within a sample was 

determined by comparison of the double integral of the EPR intensity with that of a 10 mM 

copper perchlorate standard (10 mM CuSO4, 2 M NaClO4, 10 mM HCl). The spin concentration 

was corrected for the amount of [4Fe-4S] cluster present in the sample. When multiple 

paramagnetic species were present in the samples, a spectrum that has only one of the species 

was subtracted from the overlapping spectrum to get the second spectrum and vice versa. If this 

was not possible the individual signals were simulated. The double integration value of 

individual species was obtained and spin concentration determined the same as for the single 

species spectra. The software packages developed by either S. P. J. Albracht or Fred Hagen were 

used for spectral simulation and double integration of the signals (129, 130).  
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3.6 Results  

3.6.1 Synthesis CoM-S-S-CoB 

The last step of the HDS synthesis is the Serdolit Pad II column. The collected fractions 

were lyophilized and analyzed by 1H NMR (Fig 3.7). The fractions eluted with 25% and 50% 

methanol in water contained CoM-S-S-CoB. The final product also contained coenzyme B and 

CoB-S-S-CoB. 

3.6.2 Purification 

HdrA from M. marburgensis that was overexpressed in M. maripaludis was successfully 

purified from the cell extract using two column steps, a Ni-affinity column and a Mono Q 

column. The purity of the protein was determined by SDS-PAGE which showed a prominent 

band around 75 kDa (Fig 3.8). 

3.6.3 [4Fe-4S] cluster reconstitution 

To increase the cluster content of HdrA, which was substoichiometric, in vitro 

reconstitution was performed. After reconstitution the cluster content of HdrA increased from 2 

to 3.5.  

3.6.4 FAD reconstitution 

 The FAD in HdrA was lost during the purification process (or was never present) and 

hence attempts were made to reconstitute the cofactor. The reconstitution process was followed 

using UV-Vis spectroscopy (Fig 3.9). After the overnight dialysis of HdrA in the presence of 

excess FAD, two peaks were observed at 375 and 450 nm (Fig 3.9 - dashed line). To remove the  
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Figure 3.7: 1H NMR spectrum of CoM-S-S-CoB (D2O, 600 MHz). 

 

* Unassigned impurity. Δ Impurity from Coenzyme B or CoB-S-S-CoB. 
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Figure 3.8: SDS-PAGE analysis of HdrA after the Mono Q column purification step. 
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excess FAD, the enzyme was washed with buffer A (50 mM Tris/HCl, 100 mM NaCl pH 7.6). 

This resulted in the bleaching of the peaks at 375 and 450 nm (Fig 3.9 - dotted line). 

3.6.5 Redox titration 

 In the redox titration of HdrA from M. marburgensis a broader EPR signal that represents 

a [4Fe-4S]+ cluster with g values 2.078, 1.935 and 1.886 was detected at potentials -421 to -295 

mV (Fig 3.10). At higher potential a signal due to the presence of [3Fe-4S]+ clusters was 

detected at g = 2.029. Besides the Fe-based EPR signal the entire sample series showed a radical 

signal around g = 2. This signal is due to benzyl viologen and methyl viologen, dye mediators, 

which show a radical signal. This signal was truncated to better present the EPR data. 
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Figure 3.9: UV-visible absorption spectra of as-isolated HdrA (Solid line), HdrA after an 
overnight dialysis in the presence of excess FAD (Dashed line) and HdrA after washing 
away excess FAD (Dotted line). 
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Figure 3.10: Redox titration of HdrA from M. marburgensis. 
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Figure 3.11: Redox titration of the Mvh/Hdr complex from M. marburgensis. 
Sample preparation and data collection were done by Carly Engel.  
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3.7 Discussion and conclusions  

When HdrA from M. marburgensis was expressed in M. maripaludis, the enzyme 

contained enough Fe ions to form 2[4Fe-4S] clusters and no FAD was detected. A cluster 

reconstitution procedure was performed with the goal to restore the cluster content up to the 

expected amount of 4. After this procedure enough Fe ions were present to accommodate for 3.5 

[4Fe-4S] clusters. Attempts to reconstitute the FAD were not successful when performed on 

enzyme with partial amount (~2) of cluster present. This is indicated by the broad weak band at 

410 nm in the absorption spectrum (Fig. 3.9 - Dotted line) of the HdrA after this procedure and 

the absence of the flavin peaks.  

In the redox titration performed with the Hdr enzyme (Fig 3.4) and the whole Mvh/Hdr 

complex (Fig 3.11) there is a 4Fe cluster that has a midpoint potential, around -154 mV, which is 

a value clearly different than the bulk of the 4Fe clusters. The relatively high midpoint potential 

of this cluster makes it the best candidate as the direct electron acceptor of the first electron from 

FADH2. The redox titrations were performed on the HdrA subunit to see if the characteristic 

signature of this ‘high-potential’ cluster was detectable. This does not appear to be the case. At 

low potential the ‘regular’-type 4Fe EPR signals can be detected. The tell-tale g = 1.863 peak 

was not detectable in the -200 to -100 mV range or at any other range.  

If we assume, based on the cluster content, that almost all 4 clusters are at least partially 

present, we have to conclude that in the isolated HdrA subunit this cluster does not show its 

characteristic properties. This might be due to need for the presence of the other subunits, but it 

can also be due to the fact that no FAD is present. The FAD molecule is not that tightly bound to 

the Mvh/Hdr complex. To purify the complex with a full content the enzyme needs to be purified 



 

 

191 

 

in a buffer containing FAD. The assumption, however, that only HdrA is needed to binds and 

contain FAD might be wrong and the HdrB and/or HdrC subunits might also be required. 

In M. maripaludis, the Hdr is part of a much larger enzyme complex that in addition to 

Hdr contains hydrogenase (Vhu), formylmethanofuran dehydrogenase (Fwd), formate 

dehydrogenase (Fdh), and the electron acceptor polyferredoxin (FwdF subunit). It was found that 

when the cells are grown with H2 as the electron source the Fdh is no longer part of the complex 

(Hdr/Vhu/Fwd). When formate is used as an electron source the hydrogenase is absent (Hdr 

/Fwd/Fdh). The VhuD subunit, which contains the [2Fe-2S] cluster however is still part of the 

latter complex (149). It appears that the VhuD plays a very important role in these complexes. 

Most likely this is related to the presence of the [2Fe-2S] cluster. There is not a good reason why 

there would be a [2Fe-2S] cluster in the middle of a row of [4Fe-4S] clusters unless this cluster is 

important for the bifurcation process. VhuD is homologous to the [2Fe-2S] cluster containing 

MvhD in M. marburgensis. As mentioned earlier in some organisms the MvhD and HdrA 

subunits form one subunit. We propose that the [2Fe-2S] cluster in MvhD could play the same 

role the Rieske [2Fe-2S] cluster plays in the complex III of the electron transfer chain in 

mitochondria. This would also imply that the electron flow through the system is from the 

hydrogenase units to HdrA, to MvhD and to HdrBC. This is still under the assumption that HdrA 

contains the FAD site. Such an electron flow pattern might actually be correct based on 

preliminary crystallization data (Rudolph Thauer, personal communication). 

We propose that the combination of the HdrA and the MvhD subunits might be the core 

of the bifurcation process. Coexpression of these two subunits could result in a properly folded 2 

subunit protein that might even contain the FAD. Currently the group of John Leigh at the 
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University of Washington, Seattle, is working at the coexpression of M. marburgensis HdrA and 

MvhD subunits in a M. maripaludis host. 
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CHAPTER 4 : Summary and Future work 

Protein-bound iron–sulfur clusters are one of the most ubiquitous and functionally 

versatile prosthetic groups in nature. The most common clusters in Fe-S proteins are the mono 

nuclear [Fe], rhombic [2Fe-2S], cuboidal [3Fe-4S] and cubane [4Fe-4S] types. Both enzymes 

that have been studies, IspH and HdrA, are [4Fe-4S] cluster-containing proteins. IspH is 

involved in the DOXP pathway for isoprenoid biosynthesis and converts HMBPP into IPP and 

DMAPP. HdrA is a subunit of the heterodisulfide reductase, an enzyme that is involved in the 

reductive catalysis of heterodisulfide CoM-S-S-CoB to CoM-SH and CoB-SH. 

4.1 IspH 

The [4Fe-4S] cluster in IspH is involved in electron transfer and substrate binding. 

Mӧssbauer studies of the as-isolated IspH as well as in the presence of HMBPP supported the 

presence of an active site [4Fe-4S]2+ cluster with a unique iron ion which has a fourth non-sulfur 

ligand.  

EPR-monitored rapid-freeze-quench experiments were used to analyze the overall 

reaction of wild type and mutant IspH under single and multiple turnover conditions. In the wild 

type IspH from both E. coli and A. aeolicus in the presence of a reductant and substrate two 

cluster-associated paramagnetic reaction intermediates, FeS-I and FeS-II, were observed. During 

the two one-electron step reductive dehydration of HMBPP there was a time-based appearance 

and disappearance of the FeS-I species and the appearance of the FeS-II species. The first 

transient intermediate trapped, FeS-I species, has a gav value that is characteristic for high-

potential iron-sulfur proteins (HiPIP) with a [4Fe-4S]3+ cluster. The interesting aspect is that in 

this case the signal is produced under reductive conditions. Further investigation of the 
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intermediate using ENDOR and Mӧssbauer spectroscopy indicated that the paramagnetic signal 

is indeed due to a HiPIP-like [4Fe-4S]3+ cluster. There are only a couple of enzymes: FTR, IspG 

and Hdr, which show a HiPIP-like signal in the presence of a reductant. The main theme is that 

the reaction that is catalyzed requires two electrons but the iron-sulfur protein can only donate 

one electron at-a-time. Instead of creating a radical species by transferring one electron, the 

substrate is bound to the unique iron of the cluster and in that process two electrons are 

transferred from the reduced cluster to the substrate and the cluster becomes [4Fe-4S]3+. The 

second cluster-based species, FeS-II, is the result of the products IPP or DMAPP binding to the 

reduced [4Fe-4S]1+ cluster. A similar signal was observed when dithionite-reduced enzyme was 

incubated with IPP or DMAPP. Mӧssbauer studies are underway to determine the redox state of 

the FeS-II species. An alternative experiment would be to look at the redox behavior of this 

signal. If the signal is due to a [4Fe-4S]+ species it should be detectable when reduced. If it is a 

HiPIP like form, it should be detectable when oxidized. 

 For both EPR active intermediates, the exact binding model of the cluster to the substrate 

or the product is unclear. Based on the signal obtained for the E126Q IspH mutant (FeS-III) a 

side-on binding to the π-bond has been proposed but we are not sure how comparable the two 

signals are (see below). Several experiments can be performed to further investigate this. The 

binding of compounds would change the midpoint potential of the iron-sulfur cluster. EPR-based 

redox titrations in the presence IPP and DMAPP could be used to determine this change in 

midpoint potential of the cluster. Labeling of the substrate and/or products with 13C and 

subsequent investigation of the observed signals with 13C and 57Fe-ENDOR spectroscopy can 

provide very detailed insight to the binding mode. 
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Based on sequence analysis and crystal structure of IspH, three conserved residues 

(H124, E126 and T167) that are believed to be involved in the reaction mechanism or substrate 

binding were mutated. H124F and T167C IspH mutants showed decreased activity. Two EPR 

active intermediates, similar to the species observed in the WT enzyme, are detected in the RFQ 

studies of both mutants. The data presented shows that mutation of the two residues have an 

effect on the cluster environment and therefore the reaction. The role of the H124 in the docking 

and proper orientation of the substrate has been confirmed. T167 is involved in stabilization of 

HMBPP through hydrogen bonding. 

The E126 mutant has no activity and a new stable Fe-S cluster-based paramagnetic 

species was detected. It was also found that the same signal can be induced by simply adding the 

product to reduced E126Q mutant enzyme. The signal should most likely be due to a [4Fe-4S]1+ 

and not a [4Fe-4S]3+. To clarify the oxidation state, the intermediate is currently under 

investigation using 57Fe-ENDOR and Mӧssbauer. The FeS-III species is already present in the 

as-isolated as well as dithionite-reduced E126Q mutant IspH from E. coli. It is not clear why this 

does not happen for the A. aeolicus enzyme. Since both enzymes have similar Km and kcat values 

we should expect the same to happen for the A. aeolicus enzyme. One possible explanation is 

that IspH and IspG and maybe some of the other DOXP enzymes, may form a complex where 

the substrates/products are directly transferred between the different enzymes. Pull down 

experiments with WT IspH and IspG from both organisms should be performed to test this 

hypothesis. 

The loss of activity and formation of a paramagnetic intermediate different than the WT 

could support the role of Glu126 as a proton donor, however, the role might be more complex. 

Attempts to determine dependence of kinetic parameters of IspH on pH and hence identify the 
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ionizable amino acids were not successful. This was mainly due to the fact that the redox 

potential of the reductant dithionite is also highly pH dependent making it impossible to figure 

out a trend. 

The fact that the signal develops much slower than the FeS-I species put doubt on the 

proposal that this species comes before the FeS-I species in the reaction mechanism. Most likely 

it is not catalytically competent. If we compare the behavior of the reduced Fe-S signal we see an 

almost immediate disappearance in the WT enzyme but a much slower change in the E126Q 

mutant. Assuming that the disappearance indicates the binding of the substrate it can be 

concluded that this is now much slower. We have to consider that the mutation of E126 into a 

Gln must have more than one effect. Something similar was found in previous work for the H42 

residue, where mutation into an Ala completely removed all activity while mutation into a Phe 

salvaged a large part of the activity. We concluded that the local structure integrity must be 

affected by changing this residue. Something similar might be the case with the E126 residue, 

but on the other hand crystallization studies of WT and E126Q/D mutant IspH show no obvious 

changes in the local structure. Therefore mutating this residue also has a huge effect on the 

binding of substrate. 

4.2 HdrA  

The subunit A of heterodisulfide reductase (HdrA) from M. marburgensis was 

overexpressed in M. maripaludis and was successfully purified. HdrA is an iron-sulfur 

flavoprotein with four [4Fe-4S] clusters and one FAD. The Fe-S clusters are involved in electron 

transfer. The purified enzyme contained enough Fe ions to accommodate two [4Fe-4S] clusters. 

In vitro cluster reconstitution successfully increased the cluster content close to the expected four 

[4Fe-4S] clusters. In the redox titration of HdrA the signature EPR signal proposed to be due to a 
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[4Fe-4S] cluster that accepts the electrons from FAD was not detected. The titration was 

performed in the absence of FAD, this experiment has to be repeated in a buffer containing FAD. 

We did not observed an obvious binding of FAD but we cannot exclude that the presence of 

FAD might have an effect on the clusters. 

The FAD in HdrA is the proposed site of the electron bifurcation, but in the purified 

enzyme the cofactor was absent. In vitro reconstitution of the FAD was not successful. Other 

subunits might be important for the proper binding of FAD to HdrA, and hence in the future 

HdrA will be coexpressed with HdrB and/or the HdrC subunits. In some methanogens the MvhD 

of the hydrogenase is fused to HdrA. Combination of the two subunits might be needed for the 

FAD binding and the bifurcation process. The HdrA and MvhD subunits from M. marburgensis 

have already been coexpression in M. maripaludis and will soon be available for study.  
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