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Spectroscopic investigations of the GcpE and LytB enzymes involved in the last 

two steps of the DOXP pathway for isoprene synthesis have been described.  YfgB, one 

of the accessory proteins has also been characterized. 

The LytB enzyme converts (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate 

(HMBPP) to isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) in 

the last step of the DOXP pathway for isoprenoid synthesis.  EPR measurements on the 

LytB enzyme showed that the purified enzyme contains mixture of [3Fe-4S]+1 and [4Fe-

4S]+1 clusters after reduction with dithionite solution. We propose that the LytB enzyme 

is also a 4Fe cluster containing enzyme. The formation of 3Fe clusters in the active site is 

due to instability of the 4Fe cluster. 

 The GcpE enzyme converts 2-C-methyl-D-erythritol-2,4-cyclodiphosphate 

(MEcPP) to (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBPP) in the second to 

the last step of the DOXP pathway.  Purification of the enzyme under exclusion of 

molecular oxygen yielded a protein that solely contained a [4Fe-4S] cluster. An unusual 
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paramagnetic species that resembles the signal of a HiPIP-type 4Fe cluster is detected 

under turnover conditions in the presence of substrate and the artificial reductant 

dithionite. The EPR signal is similar to that found in ferredoxin:thioredoxin reductase. 

Since it was shown for the latter enzyme that the 4Fe cluster is directly involved in the 

binding of substrate, we propose that the 4Fe cluster in GcpE has a similar function. Pre-

steady-state experiments showed that the HiPIP-like signal represents a true reaction 

intermediate. Further characterization of the HiPIP-like signal by Electron nuclear double 

resonance (ENDOR) spectroscopy revealed the presence of a weak 31P superhyperfine 

coupling due to the phosphate groups present in the substrate MEcPP. This would further 

confirm the binding of the substrate to the cluster during the reaction mechanism. 

However, due to the presence of other EPR-active species this is not a solid conclusion. 

 The YfgB enzyme, one of the accessory proteins of DOXP pathway, belongs to 

the radical SAM family enzyme.  The YfgB enzyme contains a well defined CxxxCxxC 

motif that is common to all radical SAM enzymes.  Reconstitution of the cluster in YfgB 

resulted in the presence of a [4Fe-4S]2+/1+ cluster.  The presence of only one 4Fe cluster 

would be in line with the role of activating enzyme as in pyruvate formate-lyase 

activating enzyme (PFL-AE) and anaerobic ribonucleotide reductase activating enzyme 

(ARR-AE). 
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CHAPTER 1 

GENERAL INTRODUCTION AND ANALYTICAL TECHNIQUES 

 

1.1 General Introduction  

1.1.1 Background and Significance 

Isoprenoids are essential biomolecules present in all organisms.  They form the 

largest group of natural products and thousands have been isolated from microorganisms, 

plants and animals, where they serve vital functions.  They are involved in membrane 

structure (sterols, hopanoids), redox reactions (ubiquinone, plastoquinone, menaquinone, 

phylloquinone), in light harvesting and photo protection (carotenoids and chlorophylls).  

They are involved in the regulation of growth and development (steroid hormones, 

cytokinins, gibberellins, abscisic acids) and have various functions as secondary 

metabolites in plants, including the protection against herbivores and pathogens, and 

attracting pollinators and seed-dispersing animals (1-3).    

Despite their various functions, all isoprenoids are derived from the five-carbon 

building blocks isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate 

(DMAPP) (4-6).  Two pathways are known for the synthesis of IPP and DMAPP, that are 

distributed differently in different organisms. 

In the mevalonate pathway, IPP is synthesized from acetyl-CoA (Figure 1-1) and 

then isomerized to DMAPP.  This pathway is found in mammals, fungi, archeabacteria, 

certain eubacteria and in the plants’ cytoplasm.  This pathway has been studied 
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Figure 1-1: The Mevalonate (left) and the DOXP (right) pathways of Isoprenoid 

biosynthesis.  Most of the enzymes are named after their respective genes.  For 

simplicity, the phosphate groups are represented by the letter “P’. 
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extensively in the 1950s and has resulted in the discovery of a large number of natural 

products (4,7,8). 

The second pathway is the non-mevalonate pathway (Figure 1-1) also known as 

the deoxy-D-xylulose-5-phosphate (DOXP) pathway.  Using 13C-labelling experiments, 

the groups of Rohmer and Arigoni independently observed that the labeling patterns for 

hopanoid precursors in certain bacteria, for menaquinone by Escherichia coli and for 

glinkgolides by Ginkgo biloba seedlings was not compatible with a mevalonate pathway 

and this led to the reassigning of a large number of isoprenoids whose origin were said to 

be mevalonate to a non-mevalonate origin (9-13) . 

The non-mevalonate pathway is present in most eubacteria, in several pathogenic 

organisms and in the plants’ chloroplasts (14).  This pathway is initiated by the 

condensation of pyruvate and D-glyceraldehyde-3-phosphate by DOXP synthase to form 

1-deoxy-D-xylulose-5-phosphate (DOXP) which is then converted to 2-C-methyl-D-

erythritol-4-phosphate (MEP) by DOXP reductoisomerase as shown in figure 1-1.   

The first five enzymes involved in this pathway have been characterized and are well 

understood (15-18).   The reaction mechanism of the enzymes involved in the last two 

steps 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate synthase (GcpE) and (E)-4-

hydroxyl-3-methylbut-2-enyl diphosphate reductase (LytB) yielding IPP and DMAPP are 

not well understood.  Here, we show that both enzymes are iron-sulfur cluster containing 

proteins. 

 The rapidly increasing resistance developed by many pathogenic organisms to 

most of the currently available drugs is posing a serious health concern. The situation has 

led to an increase in multi-drug resistant pathogens (19,20).   
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Among these pathogens is the Mycobacterium tuberculosis that causes 

tuberculosis and is responsible for more than one-quarter of adult deaths in the world. 

 Plasmodium falciparum, a protozoan parasite, which causes malaria, is a major 

threat to human health in most developing countries causing 1.5 to 2.7 million deaths 

among children and pregnant women annually (21).   Although the mechanism of 

antibiotics has been investigated, little has been achieved with regard to the 

implementation of preventive measures.  There is a need for the development of new 

drugs for the treatment of bacterial infections and malaria; and this should exploit target 

mechanisms that are different from commercial drugs that are currently available.  

Therefore, it is important to fully understand the operation of the metabolic pathways that 

exist in these pathogenic organisms so as to find the appropriate target that can be used in 

the development of drugs against them (22,23).  

The  1-deoxy-D-xylulose-5-phosphate (DOXP) (Figure 1-1) pathway is one of 

such metabolic processes that is used in various pathogenic organisms for isoprene 

biosynthesis (19).   This is a new and unique target for the development of anti-infective 

drugs.  Since the DOXP pathway is not utilized by mammalian cells, specific compounds 

that inhibit this pathway should kill the respective pathogens, with little toxicity to 

humans (10). 

It has been shown that Fosmidomycin is an effective and safe anti-malarial drug 

in the treatment of patients having uncomplicated Plasmodium falciparum infections.   

However, recrudescent infections occurred in some patients after termination of the 

treatment which restricted its use as a single therapeutic agent (24).  Fosmidomycin in 
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combination with clindamycin (25) has proven clinically to be effective in the treatment 

of malaria parasites with an overall cure rate of 95%.   

Fosmidomycin, (3-(N-formyl-N-hydroxyamino) propylphosphonic acid) also 

known as FR31564 and its derivative FR90098 are two compounds that have been shown 

so far to inhibit DOXP reductoisomerase, an enzyme involved in the DOXP pathway.  

The structures of Fosmidomycin and its derivative are shown in figure 1-2.  

Fosmidomycin is a natural antibiotic from Streptomyces lavendulae that shows a potent 

antibacterial activity against most Gram-negative and some Gram-positive bacteria 

(26,27) 

 

N P
O

O

O

O

OH

_
                                        

N P
O

O

O

O

OH

_
 

                     Fosmidomycin                                                          FR90098                                       

Figure 1-2: Structure of Fosmidomycin and its derivative (28).  

 

The second reason to target this pathway is the possible broad application of the 

anti-infective drugs that can be developed that would eventually save more human lives 

from diseases since the alternative pathway is found in a variety of pathogenic organisms.  
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Table 1-1: List of microorganisms that utilize the DOXP pathway and the diseases they 

cause (19) 

Microorganisms                                                     Examples of diseases 

Gram – negative cocci 

Neisseria menningitidis                                       Menningtis    

  N. gonnorrhoea         Gonorrhoea 

Gram positive non – spore forming rods 

   Corynebacterium diphteriae           Diphteria 

   Listeria monocytogenes            Listeriosis 

Gram positive spore forming rods 

    Bacillus anthracis              Anthrax 

    Clostridium histolyticum             Gas gangrene 

    C. difficle               Colitits 

    C. botulinum              Botulism 

    C. tetani              Tetanus 

Gram negative rods 

     E. coli              Urinary tract infection 

     Salmonella typhi             Typhus 

    Yersinia enterocolitica                            Enterocolitis 

    Y. pestis          Plague 

     Y. peudotuberculosis          Gastroenteritis 

     Psedomonas sp.         Wound infections, sepsis 

     Haemophilus inflenzae         Pneumonia, meningitis 
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Gram negative / spiral shaped bacteria 

      Vibrio cholerae         Cholera 

      Haemophilus pylori         Gastritis Type B 

      Campylobacter jejuni         Enterocolitis 

Acid fast rods 

     M. tuberculosis         Tuberculosis 

     M. bovis         Tuberculosis 

     M. leprae         Leprosy 

     M. ovium-intracellulare         Pulmonary Tuberculosis 

 

 

1.1.2 Iron Sulfur Clusters 

Proteins containing iron-sulfur clusters comprise a huge class with a wide range 

of biological functions. Iron-sulfur clusters contain one or more iron ions covalently 

bound to sulfide ions.  These form a core structure or cluster that is linked to the 

polypeptide chain by thiolate side chains of cysteine residues.  They are found in all 

known living organisms ranging from anaerobic, aerobic, photosynthetic bacteria to 

fungi, algae, plants and mammals (29,30). 

 

Classification of iron-sulfur proteins 

Iron-sulfur proteins have been classified into two basic groups in accordance with the 

International Union of Biochemistry (IUB) (31). 
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1. Simple Fe-S proteins: They contain iron sulfur clusters only, without any other 

prosthetic groups.  These include rubredoxins and ferredoxins which function 

only in electron transfer and other proteins in which the iron-sulfur cluster(s) are 

involved in catalysis like hydrogenases, endonuclease III and aconitase (32,33). 

2. Complex iron sulfur proteins: They have other prosthetic groups in addition to 

the iron sulfur clusters and usually have enzymatic activity.  These include iron- 

sulfur proteins containing flavin, molybdopterin and siroheme (32)    

 

Structures of [Fe-S] Clusters 

To understand the properties of Fe-S clusters, we can think of the more complex 

clusters as an assembly of the simplest cluster, the [2Fe-2S] cluster.  The cubane [4Fe-4S] 

can be formed from two [2Fe-2S] cluster units; the [3Fe-4S] can be assembled from [4Fe-

4S] cluster unit with a loss of one Fe atom; the [8Fe-7S] cluster can also be assembled by 

cluster fusion of two units of [4Fe-4S] cluster.  Based on the various spectroscopic 

techniques that have been applied together with many biochemical studies, five basic 

structures of Fe-S clusters have been established.  Figure 1-3 gives an overview of the 

standard type iron-sulfur clusters as found in different proteins.   

The standard types are the single iron, [2Fe-2S], Rieske [2Fe-2S-His], [3Fe-4S] 

and [4Fe-4S] clusters (34).  They are called standard types because they were first 

isolated and characterized from ferredoxins.  Figure 1-4 shows the EPR spectra of the 

standard type iron-sulfur clusters that have been detected in ferredoxins. 

For the [4Fe-4S] cluster three oxidation states are possible.  In vivo these clusters 

show only 2+/1+ transition in standard 4Fe clusters, or 2+/3+ transition in high-potential 
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Figure 1-3: Structures, core oxidation states and spin states of some structurally 

characterized [Fe-S] clusters in biology (35).  From top to bottom: A single iron, a [2Fe-

2S] cluster, Rieske [2Fe-2S-2-His] cluster, a [3Fe-4S] cluster and a [4Fe-4S] cluster.   
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Figure 1-4: EPR spectra of Fe-S clusters in ferredoxins isolated from:   

(a) Mastigocladus laminosus, (b) Desulfovibrio gigas, (c) Bacillus stearothermophillus, 

(d) Chromatium vinosum high-potential iron-sulfur protein and (e) Clostridium 

pasteurianum.  Spectra were recorded between 10 K and 20 K. 

(Used with permission from ref (36).  Copyright Portland Press/The Biochemical 

Society) 
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iron-sulfur proteins (HiPIPs).  For [3Fe-4S] cluster, transitions from 1+/0 or 0/1+ are 

possible (Figure 1-5).   

The remarkable structures of Fe-S clusters form the basis for their various 

functions (37,38).   

 

Properties of iron-sulfur clusters 

Fe-S clusters have the ability for conversion and inter-conversion in the free form 

and protein-bound form, which supports the fact that they are modular structures (37).  

An example is found in synthetic complexes in which [2Fe-2S] clusters is converted to 

[4Fe-4S] clusters that is, 2[2Fe-2S]1+ →   [4Fe-4S]2+ (39).  In Desulfovibrio gigas 

ferrodoxin II and aconitase (40), there is inter-conversion between [3Fe-4Fe]1+ and [4Fe-

4S]2+ structures (41) as depicted in figure 1-5. 

[3Fe-4S]1+
[4Fe-4S]3+   S = 1/2S = 1/2

[4Fe-4S]2+    S = 0

[4Fe-4S]+1   S = 1/2

Fe2+

[3Fe-4S]0S = 0

-e-+e--e-+e-

-e-+e-

 

Figure 1-5: Relationship between various cluster forms as seen in the enzyme aconitase 

(41).  

Moreover, Fe-S clusters have the tendency to undergo ligand exchange processes 

without cluster conversion (37).  This was observed in Azotobacter vinelandii ferredoxin 

which contains two types of Fe-S clusters, [3Fe-4S] and [4Fe-4S], both of which are 
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cuboidal.  The enzyme contains 107 residues in which eight are cysteine (cys) residues, 

seven of these cysteines bind the two Fe-S clusters present.  Mutation of Cys 20, a  

ligand to the [4Fe-4S] to Alanine resulted in the binding of Cys 24 to this [4Fe-4S] 

cluster; Cys 24 is a free residue in the native protein.  Even when Cys 20 was mutated 

into a serine residue was the thiolate from Cys 24 preferred over the oxygen from Ser 20 

(42).   

 

 Spin States 

The spin state of the different types of clusters can be explained using the spin 

coupling model (43-45).   First the iron ions in the cluster are considered separately.  

They can either have a +3 (d5) or a +2 (d6) oxidation state.  In both cases they have a high 

spin configuration: S = 5/2 for Fe3+ and S = 2 for Fe2+  (46).  A [2Fe-2S]2+/1+ cluster 

shows S = 0 in the oxidized state and S = ½ in the reduced state.  This could be explained 

based on Mössbauer spectroscopy data (47); one doublet could be detected due to two 

Fe3+ ions for the oxidized state and two doublet with the same intensity due to one Fe3+ 

and one Fe2+ for the reduced state.  The total spin of S = ½ for the reduced cluster 

resulted from the antiferromagnetic coupling of high spin Fe2+ (S = 2) and high spin Fe3+ 

(S = 5/2) ions.  In the oxidized form, two S = 5/2 ferric ions couple to the diamagnetic S 

= 0 spin state (48).   

The [3Fe-4S]1+/0 cluster form has a spin state S = ½ in the oxidized state and in 

the reduced state, a spin S = 2.  It was shown by Mössbauer that a mixed valence Fe2+ - 

Fe3+ dimer exist in a reduced state, the spin S = 5/2 ferric and S = 2 ferrous ions couple 

ferromagnetically leading to a S = 9/2 spin state.  Antiferromagnetic coupling of S = 9/2 
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with the S = 5/2 of the third ferric ion lead to S = 2 spin state.  In the oxidized cluster, 

two S = 5/2 spins are coupled to an intermediate spin S = 2 (or 3) which is then coupled 

to the third spin S = 5/2 yielding the S = ½ spin state (49).   

For the [4Fe-4S]2+/1+ and [4Fe-4S]3+/2+ clusters, three different coupled pairs were 

used in determining their spin states (48); (Fe3+ - Fe3+) with S = 5, (Fe2+ - Fe3+) with S = 

9/2 and (Fe2+ - Fe2+) with S = 4.  For [4Fe-4S]3+ , (Fe3+ - Fe3+) coupled to (Fe2+ - Fe3+) to 

give S = ½ spin state.  For [4Fe-4S]2+ , (Fe2+ - Fe3+) coupled to (Fe2+ - Fe3+) gives S = 0 

spin state.  For [4Fe-4S]1+ , (Fe2+ - Fe3+) coupled to (Fe2+ - Fe2+)  gives S = ½ or 3/2 spin 

state.  

 

Functions of biological iron sulfur clusters 

1. Electron Transfer 

  Iron sulfur clusters function as electron carriers in biological systems; this is due 

to their ability to delocalize electron density over iron and sulfur.  They are involved in 

various biological processes such as nitrogen fixation and photosynthesis  (50).   Fe-S 

clusters have varying redox potentials depending on the cluster type.  The more prevalent 

type of [2Fe-2S]2+/+ clusters that are coordinated to the protein by four Cys residues 

encompass a wide range of redox potentials, ranging from -450 mV to +100 mV versus 

the normal hydrogen electrode (NHE) (35,51-53).  Figure 1-6 shows an overview of the 

redox potential range vs NHE of various forms of iron-sulfur clusters.  

 The Rieske type [2Fe-2S]2+/+ have higher redox potentials in the range of  

-150 mV to +300 mV due to the presence of two  histidyl-N ligands at the reducible Fe 

site (54-57).  
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Figure 1-6: The redox potential range (mV vs. NHE) of various forms of iron-sulfur 

clusters (35).  
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Cuboidal [3Fe-4S]+/0 clusters have redox potentials that fall in the range from 

 -420 mV to +100 mV vs N.H.E.  Ferredoxin-like cuboidal [4Fe-4S] clusters have 

potentials between -650 mV and +100 mV vs N.H.E (35,58,59).  The high potential iron 

proteins (HiPIPs) have midpoint potentials at around +350 mV, this was observed in 

photosynthetic bacterial (60). 

A large range of redox potentials may be observed for each cluster type due to the 

protein environment, which might include the nature of the cluster ligands and the 

hydrophobicity and charge of residues in the environment of the cluster  (32,35). 

2. Substrate binding and catalysis 

Iron sulfur clusters can serve as the substrate binding sites in redox and non-redox 

enzymes (61).  The first example of this is a group of hydratases and dehydratases.  The 

iron-sulfur cluster that is present in the active site is coordinated to the protein by only 

three cysteine-sulfur ligands.  This creates a unique ‘uncoordinated’ Fe on the cluster that 

can bind the substrate during turnover (62).  An example is the mitochondrial aconitase 

enzyme in which the unique Fe binds the substrate citrate (63). 

Another example is the 4Fe cluster in the radical SAM family that has a unique 

iron site that is involved in the binding of S-adenosyl–methionine (SAM) via the amino 

and carboxylate groups of the methionine fragment to facilitate reductive cleavage and 

generation of the 5’-deoxyadenosyl radical in the radical (64).  Examples of the radical 

SAM superfamily enzymes are anaerobic ribonucleotide reductase (65), biotin synthase 

(66), pyruvate formate lyase (67) in which most of the reactions occur by free radical 

mechanisms (68).  
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3. Regulatory and sensing function 

The ability of the Fe-S clusters to assume different oxidation states and the fact 

that they are oxygen sensitive makes them useful in sensing and signaling reactions 

(69,70) .   

An example is the SoxR/SoxS system of E.coli.  SoxR is a transcriptional 

activator that triggers the response to the O-
2 radical in E.coli.  SoxR contains a 2Fe 

cluster.  SoxR is inactive in the +1 oxidation state.  In the presence of di-oxygen, the 

[2Fe-2S] becomes oxidized to the +2 state which activates SoxR and thereby stimulates 

transcriptional expression of SoxS, which is responsible for activating the transcription of  

numerous enzymes in the oxidative stress response (71-73).   

The FNR (fumarate and nitrate reduction) active protein dimer dissociate into 

inactive monomers ([2Fe-2S]2+ ) in the presence of oxygen.  This controls gene 

expression in both aerobic and anaerobic pathways of E.coli (73).   

Cytoplasmic aconitase (or iron regulatory protein – IRP) functions as a sensor for 

Fe ions.  Low Fe concentrations result in the loss of 4Fe cluster that is present in the 

protein.  The loss of the cluster results in activation of the protein which bind to specific 

RNA structures called iron responsive elements (IREs).  IREs are RNA stem loop 

structures which occur in the untranslated regions of certain messenger RNAs.  The most 

studied IREs are those of ferrritin mRNA and transferring receptor mRNA which are 

regulated by the assembly of [4Fe-4S] on IRP (63).   

Both GcpE and LytB contain a [4Fe-4S] cluster in their active sites that seems to 

be directly involved in substrate binding.  Therefore, we will give an overview of three 

types of Fe-S proteins that have an active-site cluster involved in substrate binding - the 
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class of hydrolases, the class of radical SAM proteins and the smaller group containing 

ferredoxin:thioredoxin reductase (FTR) and heterodisulfide reductase (HDR). 

 

Class of hydrolases enzyme 

The most famous protein in the class of hydrolases is the enzyme aconitase  (74).  

Aconitase catalyzes the conversion of citrate to isocitrate via the intermediate cis-

aconitate in the Kreb’s cycle (75).  The reaction is shown in figure 1-7. 

COO-

COO-

COO-

COO-

COO-
COO-

COO-

COO-

COO-HO
HO H2-

+ H2O

Citrate cis-Aconitate Isocitrate

+ H2O

- H2O

O

 

Figure 1-7: Reaction catalysed by enzyme aconitase 

 

Early work on aconitase showed that it was unstable.  It was found later that the 

activity of aconitase can be recovered by the addition of a ferrous ion.  This led to the 

discovery that aconitase was an iron-sulfur protein (76).  Aconitase as-purified contained 

[3Fe-4S]+1 clusters (77), this is the oxidized form of the protein and it is inactive. 

The presence of the 3Fe cluster in aconitase arises because the fourth iron in the 

cluster is not coordinated to a cysteine thiolate group, but was coordinated to OH/H2O.  

Only three cysteine residues are conserved in the active site of aconitase.  The iron can 

easily be removed during isolation to give the 3Fe cluster. The application of 

spectroscopy (Mössbauer spectroscopy in combination with electron paramagnetic 

resonance) with chemical methods in the study of aconitase established the conversion of 

a [3Fe-4S]0 cluster to a [4Fe-4S]2+ form (78) as shown in figure 1-5 above.   
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Furthermore, the studies showed that the iron added during the reaction was 

returned to the same site where it was removed during isolation.  This means it was site 

specific, thus leading to the investigation of the function of the cluster in the catalytic 

mechanism of the enzyme aconitase (79).  The diamagnetic [4Fe-4S]2+ cluster which is 

the native form of the active enzyme can be reduced to the [4Fe-4S]1+ form which is 

detectable in EPR with the enzyme still retaining its activity (about 30%) (80).  In the 

absence and presence of the substrate with the reduced [4Fe-4S]1+ form, the EPR spectra 

were different thus indicating that there is a direct interaction between the substrate and 

the cluster.   

The use of Mössbauer and 1H, 2H, 17O-ENDOR demonstrated that the hydroxyl of 

the fourth Fe is converted to a water molecule upon the binding of the substrate to the 

cluster.  This led to a change in the coordination number (81,82).  The non-ligated iron 

atom (Fea) serves as a Lewis acid in catalyzing abstraction of the hydroxyl and a proton 

from adjacent carbons.  Figure 1-8 shows the ENDOR representation of the [4Fe-4S]+ 

cluster of aconitase enzyme-substrate complex.    

 

Reaction mechanism of aconitase enzyme 

Aconitase catalyzes four stereospecific reactions (since the enzymatic reaction is 

reversible); the dehydration of citrate or isocitrate to cis-aconitate and the rehydration of 

cis-aconitate to isocitrate and citrate.  Aconitase contains a [4Fe-4S]+2 cluster with a 

hydroxyl bound to the unique iron (Fe4) in its substrate-free form.  Upon binding of the 

substrate, the hydroxyl group bound to Fe4 is protonated and the coordination number of 

Fe4 increases from four to six (Figure 1-9 A) (83).    
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Figure 1-8: ENDOR-derived structure of the [4Fe-4S]+ cluster of the aconitase 

enzyme-substrate complex (83)  
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 The proton donated to form H2O is derived from His 101.  The proton could also 

be donated by His 167.  The binding of the substrate to the cluster  leads to a 

conformational change that reorients the cluster to also maintain the position of the 

hydroxyl/H2O molecule on Fe4 (83,84) 

The amino acid residue that is involved in the abstraction of a proton from the Cβ 

atom of citrate and isocitrate is Ser 642 shown as “B” (Figure 1-9 B).  After abstraction 

of a proton from the Cβ of the isocitrate, there is formation of a carbanion intermediate 

(Figure 1-9 B).  Collapse of the carbanion intermediate with concomitant protonation of 

the substrate hydroxyl by His 101 cleaves the carbon-oxygen bonds to yield the products 

– cis-aconitate and water (83,85).  

 

Class of ferredoxin:thioredoxin reductase (FTR) and heterodisulfide reductase 

(HDR). 

The FTR enzyme is involved in the reduction of a disulfide on the substrate 

thioredoxin, in two one-electron steps by using reduced [2Fe-2S] ferredoxin as the 

electron donor.  The enzyme contains an active-site disulfide and a [4Fe-4S]2+ cluster as 

the prosthetic group.  The function of the [4Fe-4S]2+  is to mediate transfer of an electron 

to the active-site disulfide and stabilizing the cystenyl radical intermediate resulting from 

one-electron reduction of the active-site disulfide (86).   

The basis for assigning this role comes from various spectroscopic studies of N-

ethylmaleimide-modified FTR (NEM-FTR) from spinach.  NEM causes the alkylation of 

one of the disulfide cysteines resulting in the formation of a paramagnetic species (gxyz = 

1.98, 2.00, 2.11).  This is interpreted as a [4Fe-4S]3+ cluster.  The [4Fe-4S]3+ observed  

 20



 

   

 
 
 

S(Cys)

FeS

SFe

Fe

S

(Cys)S

OH

S

Fe

(Cys)S
O

O C
C R

O

HFeS

SFe

Fe

S

S

Fe

OH
H

-O

O C
C R

O

H

-
A

O

O C
C

O

H

S

S

S

Fe

OH

C

C

O
O

CH2

C
O

O

H H

H

-
B

O

O C
C

O

H

S

S

S

Fe

OH

C

C

O
O

CH2

C
O

O

H

H

-
HB O C

C

O

S

S

S

Fe

OH

C

C

O
O

CH2

C
O

O
H

OH
H

H

-

B

- -

HB HB

HB

--

-

-

-

HB

B

B

(Cys)S

(Cys)S
S(Cys)

(His 101)

(Ser 642)

 

 

Figure 1-9: (A) Schematic representation of the transition from substrate free 

aconitase to the substrate bound form.  (B) Reaction of isocitrate to cis-aconitate 

assuming deprotonation when substrate binds and Fe-OH2 is formed.  Formation of the an 

intermediate and collapse of this intermediate forms the product (83). 
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has different properties from the [4Fe-4S]3+ cluster in high potential iron-sulfur proteins 

(87,88) which can be reduced in a one-electron step to a diamagnetic state (Figure 1-10). 

 The cluster properties observed in NEM-FTR were attributed to the association of 

one of the cysteine residues of the active site disulfide to the cluster.  EPR studies on FTR 

reduced with benzyl viologens showed the same EPR signal as seen in NEM-FTR ([4Fe-

4S]3+ cluster) under turnover conditions.  This indicates that the latter species is a stable 

analog of a one-electron reduced intermediate (88).   

A mechanism involving a one-electron reduced intermediate that incorporates the 

thiol-disulfide interchange reaction established for NAD(P)H-dependent flavin 

containing disulfide oxidoreductases (89) was proposed to rationalize the redox and 

spectroscopic properties of FTR and NEM-FTR as shown in figure 1-10.     

The initial electron from the reduced Fd is used to cleave the active-site disulfide leading 

to the formation of an interchange thiol that is then free to attack and cleave the substrate 

disulfide with the formation of a heterodisulfide.  Subsequent one electron reduction 

leads to cleavage of the heterodisulfide that then effects complete reduction of 

thioredoxin disulfide with restoration of the FTR active-site disulfide (88). 

HDR catalyzes the reversible reduction of heterodisulfide (CoM-S-S-CoB) to the 

thiol coenzymes, coenzyme M (CoM-SH) and coenzyme B (CoB-SH).  The  

heterodisulfide functions as the terminal electron acceptor of an energy conserving 

electron transport chain that is known as the disulfide respiration process. 

  Variable temperature magnetic circular dichroism (VTMCD) and EPR studies of 

HDR revealed the presence of a novel type of [4Fe-4S]3+ cluster which is readily formed  
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Figure 1-10: Proposed mechanism of FTR.  The substrate thioredoxin is 

represented by T (88).   
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under oxidizing conditions with duroquinone and on addition of thiols such as CoB-SH, 

CoM-SH to give CoB-HDR and CoM-HDR respectively with electronic and redox 

properties similar to those of the [4Fe-4S]3+ cluster that was characterized in NEM-FTR 

(88,90).  

Two different mechanisms (Figures 1-11 and 1-12) were proposed for the 

reversible heterodisulfide/dithiol cleavage reaction that is catalyzed by HDR in two one-

electron steps.  This is based on the fact that the redox potentials favor the reductive 

reaction (Em = -30 mV and -185 mV for CoB-HDR and CoM-HDR respectively).  The 

first one electron reduction of the [4Fe-4S]2+ only occurs in the presence of a substrate to 

give [4Fe- 4S]1+ that is proposed as a transient intermediate that quickly reacts to cleave 

the heterodisulfide.  Since disulfides are generally cleaved by nucleophilic substitution 

reactions, it was proposed that a cluster ligating cysteine  (Figure 1-11) or a cluster sulfur 

(Figure 1-12) becomes electron rich on reduction to initiate the nucleophilic attack on the 

heterodisulfide (90). 

In the mechanism shown in figure 1-11, the nucleophilic attack results in the 

formation of CoB-SH and a transient intermediate with a weakly coordinated  

CoM-S-S-Cys heterodisulfide that is cleaved by accepting two electrons from the cluster 

to give a [4Fe-4S]3+ cluster with Cys-S- and CoM-S- thiolates attached to one Fe atom. 

Nucleophilic attack in mechanism shown in figure 1-12 results in the formation of CoB-

SH and a [4Fe-4S]3+ with CoM-S- attached to a cluster sulfur.  In both mechanisms a 

second one electron reduces [4Fe-4S]3+ cluster back to its resting state[4Fe-4S]2+ with 

concomitant dissociation and protonation of CoM-S- (90).  
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Figure 1-11: The proposed active site mechanism for the reversible 

heterodisulfide/dithiol reaction catalyzed by HDR where a cluster ligating cysteine 

becomes electron rich.  The reaction intermediates are shown in parenthesis.  The 

oxidation state of the [4Fe-4S] cores is indicated above each of the cubane clusters (90).  
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Figure 1-12: The proposed active site mechanism for the reversible 

heterodisulfide/dithiol reaction catalyzed by HDR where a cluster sulfur becomes 

electron rich.  The reaction intermediates are shown in parenthesis.  The oxidation state 

of the [4Fe-4S] cores is indicated above each of the cubane clusters (90).  
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Class of radical SAM enzymes 

Enzyme catalysis involving both stable and transient organic radicals is emerging 

as a major mechanistic tool in diverse biological systems.  The ability to observe radicals 

using spectroscopy gives convincing evidence that radicals participate in some enzymatic 

reactions.  Enzymes that utilize radical chemistry are able to catalyze difficult chemical 

reactions that are challenging and unusual, but are not easy to work with because of their 

high reactivity and sensitivity to oxygen (91).   

Radical SAM proteins use SAM to create a low potential radical on an amino acid 

residue in the protein that can be used to catalyze radical-type reactions either by actual 

protein or by acceptor proteins.  Most radical enzymes are able to generate their own 

organic radicals while many depend on activating enzymes (activases) to provide the 

organic radical that they store as stable glycyl, cystenyl, tyrosinyl or tryptophanyl radicals 

for repeated catalytic turnovers (92-94). 

Radical SAM enzymes belong to a protein family that has over 600 members and 

are present in plants, bacterial and mammals.  They function in various biosynthetic 

pathways and catalyze a variety of reactions that include unusual methylations, sulfur 

insertion, isomerization, ring formation, anaerobic oxidation and protein radical 

formation.  They also function in biodegradation pathways and in the synthesis of  

antibiotics, herbicides, DNA precursors and vitamins (95).  Examples of the radical SAM 

enzymes include lysine 2,3-aminomutase (LAM), lipoate synthase (LipA), Biotin 

synthase (BioB), spore photoproduct lyase (SPP lyase); activating enzymes of anaerobic 

ribonucleotide reductase (aRNR-AE), pyruvate formate lyase (PFL-AE) and benzyl 

succinate synthase (BssDrAE) (96,97).  HemN (oxygen-independent 
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Coproporphyrinogen lll oxidase), MiaB, a tRNA-methylthiotransferase, and the B12-

independent glycerol dehydrates activating enzyme are some that are discovered recently 

(98-100).   

Although they have diverse functions, all radical SAM enzymes contain a [4Fe-

4S] cluster that is ligated by three cystenyl residues.  The [4Fe-4S] clusters of radical 

SAM enzymes are not very stable.  They can easily break down to [3Fe-4S] or [2Fe-2S] 

clusters.  They all share a conserved defining “CxxxCxxC” motif (where C is the amino 

acid cysteine and “x” is any amino acid) that is demonstrated to be responsible for the 

binding of the [4Fe-4S] cluster.  This cluster is used in the reductive cleavage of SAM to 

generate a 5’deoxyadenosyl radical (92,101,102).     

Radical SAM enzymes require the presence of S-adenosyl-L-methionine (Adomet 

or SAM), functioning as a co-substrate/cofactor, to be near the [4Fe-4S] cluster to 

perform carbon based radical chemistry through which electron can be transferred from 

the [4Fe-4S] to SAM.  The non-cyteine ligated Fe atom has been shown by spectroscopic  

studies to be coordinated by both the amino group and a carboxylate oxygen of SAM as 

shown in figure 1-13 (103,104). 

 

Reaction Steps of Radical SAM Enzymes 

The initial step in all radical SAM enzymes is the reduction of the [4Fe-4S]+2 

clusters from the +2 oxidation state to the active +1 oxidation state (Figure 1-14).  This is 

usually done by an external electron donor like dithionite.  Reduced flavodoxin has been 

used for some radical SAM enzymes in E.coli (105-108) and adrenodoxin in plant biotin 

synthase (BioB) (109-111).  The next step involves the transfer of an electron from the  
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Figure 1-13: Derived Structures of the [4Fe-4S] cluster and SAM showing the 

coordination of the non-cysteine ligated Fe and SAM (92). 
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reduced [4Fe-4S] cluster ([4Fe-4S]+1) to the sulfonium atom of SAM resulting in the 

break down of SAM into methionine and the 5’-deoxyadenosyl radical that cannot be 

observed because of its high reactivity (111).   

Two mechanisms have been proposed for the reductive cleavage of SAM 

(112,113).  Both mechanisms are dependent on the non-cystenyl Fe of the iron-sulfur 

cluster being coordinated through the carboxylate and the amino groups of SAM.  15N 

and 17O ENDOR spectroscopy proved SAM is directly ligated to the iron sulfur cluster in 

BioB, PFL activase and LAM as shown in figure 1-15a (104,112). 

  Selenium XAS showed that selenium is ligated to the unique iron in the [4Fe-4S] 

cluster upon reductive cleavage when Se-adenosylselenomethionine is employed as the 

coenzyme for LAM (96,114).   This evidence suggests that the sulfur of methionine is 

liganded to iron when an electron is transferred to generate the 5’-deoxyadenosyl radical 

and methionine.  This mechanism is supported by the active structures of LAM, HemN 

and MoaA (98,115).    Another mechanism proposed is the ligation of the methionine 

sulfur to a sulfide of the [4Fe-4S] cluster upon reductive cleavage.  This mechanism 

(Figure 1-15b) is proposed for PFL activase and BioB (113), but there is no currently 

available structural evidence that might support this mechanism for a glycyl radical 

activase.   

The 5’-deoxyadenosyl radical generated abstracts a hydrogen atom from either an 

organic substrate to give a substrate radical (example is LAM) or a protein yielding a 

stable glycyl radical which can be observed directly by electron paramagnetic resonance 

(EPR) (95,116).   
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Figure1-15: Mechanisms for the reductive cleavage of SAM.  (a)  The reversible 

cleavage with ligation of sulfur in methionine to the unique iron.  (b)  Irreversible 

cleavage with interaction of sulfur in methionine with a sulfide in the [4Fe-4S] cluster. 
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The last step which can be different for different radical SAM enzymes involves 

either restoration of SAM in that the product radical re-abstracts a hydrogen atom from 

5’deoxyadenosine (SAM acts as a cofactor) or SAM is consumed and functions as a co-

substrate.  However, in some cases, the stable protein radicals are regenerated at the end 

of the reaction cycle and are used over and over. 

 

1.2 SPECTROSCOPIC TECHNIQUES 

1.2.1 Electron Paramagnetic Resonance (EPR) spectroscopy  

Introduction and Background 

EPR is a technique that involves the absorption of energy from a microwave 

electromagnetic field by a system containing unpaired electron spins when placed in a 

strong magnetic field (116).  It involves reorientation of the magnetic moment of an 

electron as induced by the magnetic field.  According to the Pauli exclusion principle, 

only electrons that are unpaired can reorient their spins, so this technique is limited to 

such systems.   

EPR has been successfully applied to biological systems for studying metal 

centers, since the technique can provide information concerning the redox state of the 

metal, the g-values, ground state spin hyperfine and zero-field splitting (117).    

An EPR spectrometer is composed of the main console, magnetic power supply 

and the microwave bridge.  The main console consists of the oscilloscope, detector, 

computer field modulation unit that set the center field and sweep the range of the applied 

DC magnetic field.  A diagram of a continuous-wave EPR is shown in figure 1-16. 
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The magnetic power supply is a current controlled magnetic field source that 

produces strong magnetic field lines along two adjustable pole pieces spaced apart to 

allow for the placement of the sample within the field.  The maximum field of the magnet 

depends on its size, the maximum operating current and the positioning of the pole 

pieces. 

The microwave bridge consists of microwave cavity and sample.  The sample is 

inserted into the microwave cavity.  At Auburn University the microwave cavity is either 

a high sensitivity perpendicular-mode or a dual-mode.  The cavities can be fitted with 

either a liquid nitrogen finger dewar for measurement at 77 K or with a variable 

temperature helium flow cryostat for measurement in the 3.8 – 300 K range. 

Magnetic resonance relies on the behavior of particles that possess both a 

magnetic moment and angular momentum.  The angular momentum or the spin of an 

electron is given by a spin vector, S, which can have the value 2/h±  and can take the 

values ±1/2 (spin quantum number) in any direction specified by the experiment.  The 

magnetic moment of an electron (µ) is related to the angular momentum by the equation 

(118), 

                                    
h

Sg βµ −
=                                                     (eq.1-1) 

 

(the minus sign indicates that the spin and the magnetic moment are in opposite 

directions) where, S is the angular momentum or spin of an electron, β is the Bohr 

magneton, and g is a dimensionless factor, for a free electron, the value is 2.0032 (ge). 
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Thus if an electron is placed in a magnetic field, the electron magnetic moment 

will align itself so that the angular momentum (spin) will be in opposite direction to the 

field.  The energy of such a moment in a field is 

 

     H = oH
rr

⋅− µ                               (eq.1-2)  

If the direction of magnetic field is Ho, 

          H = 
h

rr o
o

HSg
H

β
µ =⋅−                                    (eq.1-3)  

The Zeeman energy of the electron has the value 
h

oHg β−
 and 

h
oHg β+ . 

The minimum energy state is that in which the spin angular momentum vector (- /2) is 

aligned opposite to the magnetic moment vector (gβ/2).  The ground spin state of an 

electron in a magnetic field is -1/2; the excited spin state is +1/2 (116,119). 

h

In principle, the EPR experiment involves the excitation of an electron from the 

ground state to an excited state, that is, the realignment of both the angular momentum 

and magnetic moment vectors in the applied magnetic field, Ho.  The difference between 

these two states or the energy splitting is,  

                          oHghE βν ==∆                                     (eq.1-4)  

where E is the energy, h is the Planck’s constant and ν is the frequency of the 

electromagnetic radiation from the spectrometer (~ 9 GHz at X-band).  

The energy difference between the spin states depends upon the value of Ho, 

which is usually represented by a splitting diagram (Figure 1-17).  Equation 1-4 defines 

the “resonance” condition – which is the combination of electromagnetic radiation (hν), 

magnetic field (Ho) and orbital behavior of the electron (the g-value).  Under these  
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Figure 1-17:  Representation of the energy level diagram for a free electron as a function 

of an applied magnetic field, H (117). 
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conditions, the sample will absorb microwave energy.  In essence, the EPR experiment 

involves the application of a constant microwave frequency ν, while an applied magnetic 

field, Ho,  is swept, the only condition being that hν/Ho = gβ.  A spin flip then results 

when the resonance condition is met.  The selection rules governing this condition within 

a magnetic field applied perpendicular to the microwave energy is ∆Ms = ± 1 (117). 

EPR spectra are usually obtained by a procedure similar to continuous wave method; in 

which the absorption of energy from a continuous electromagnetic field    

satisfies the relationship, hν = gβHo (resonance condition) (117).  The energy interval 

available from the incident electromagnetic radiation is fixed at (hν = ∆E), a spectrum is 

generated by steadily changing the difference between ground and excited spin states of 

the electron spin systems by changing the magnetic field, thus making the difference 

equal to hν for each system.  In going from lower to higher values of Ho, one brings the 

system into resonance that have steadily decreasing g values; that is, as Ho increases, the 

value of g necessary to satisfy hν = gβHo decreases.  

To allow for the necessary signal amplification, the d.c absorption is converted to 

an a.c one by modulating the external magnetic field, Ho, at a fixed frequency with a 

secondary field Hm.  The detector is driven at the same frequency and is therefore 

sensitive only to input which varies with the frequency of modulation; essentially the d.c 

noise is ignored.  The result of this modulation is that the “absorption” is displayed in the 

first derivative or dispersion mode which indicates that the absorption difference between 

Ho ± Hm represents the instantaneous slope of the absorption curve at Ho.  As Ho is swept 

through the absorption envelope, the change in slope per increment in Ho is measured and 

a first derivative is generated (Figure 1-18)  (120-122).  
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Figure 1-18: Schematic representation of EPR experiment (121) 
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In making an EPR measurement, the temperature to use needs to be considered.  

Physiological processes usually occur in an aqueous environment and at temperatures 

above about 273K, at these temperatures water is liquid which is difficult for EPR 

measurements. The type of paramagnetic species may dictate the choice of the 

temperature, often EPR are too broad to measure at physiological temperatures, due to 

rapid spin relaxation rates which cause broadening of the EPR signals.  This can be 

observed if the paramagnetic species has S > ½ or has significant g anisotropy and so 

most transition metal ions and high spin species require cryogenic temperatures for EPR 

studies (122).  

Temperature is also important in EPR measurements with regard to the Boltzman 

population of the various spin states.  The intensity of an EPR signal is directly 

proportional to the population difference between the two levels in resonance, and this 

population difference is inversely proportional to the temperature.   The population 

difference is small at room temperature, but is much larger at liquid helium temperature 

for measurements at X-band frequency, for metalloproteins in which the EPR spectral 

extend over a magnetic field range, the gain in sensitivity at cryogenic temperatures is an 

important factor in detecting EPR signals (123).   

Quantitative analyses EPR signals can be of interest in EPR measurements.   This 

involves comparing the doubly integrated area of the EPR signal that is of importance to 

that of a concentration standard, most commonly used standards are copper (II) sulfate, 

potassium peroxylamine disulfonate (K2NO(SO3)2), copper permanganate and TEMPO        

(2,2,6,6-tetramethyl-1-piperindinoxy) (117).  It is crucial that both the sample and the 

standard EPR spectra are recorded under non-saturating conditions (124).   
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Under non-saturating conditions, the EPR signal intensity is directly proportional 

to the concentration of the spins provided the spectra are recorded under the same 

conditions (i.e. temperature, sample volume, magnetic field modulation frequency and 

amplitude, and microwave power), thus, the ratio of the doubly integrated areas of the 

standard and sample will be equal to the ratio of their concentrations.  

For biological systems, the sample may contain more than one paramagnetic 

center.  This is usually observed for proteins that are involved in electron transfer. 

Spectral simulation of different EPR signal components is of important use.  A set of 

parameters that are obtained can be verified by spectrum simulation and comparison with 

the experimental spectrum (125).  Integration of the simulated spectrum can be helpful in 

identifying overlapped or hidden signals.  In addition, it is possible to calculate the total 

doubly integrated area of single species by measuring the area of a resolved peak at a 

single turning in the first derivative such as g = gz provided that all the g values are 

known (126).  This method has been helpful and widely used for quantitative EPR 

measurements in biological systems. 

 

g- value 

The most important information in an EPR spectrum is the g-value. The g- value for a 

free electron in space is 2.0023 and this is the ideal value.  The value of g can be 

calculated from the numerical expression below assuming ν to be in units of GHz and Ho 

expressed as gauss. 

                    g = hν/βHo     or        
oH

g ν)5.714(
=                                     (eq.1-5)
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The above expression is valid for a molecule in one orientation in a magnetic 

field.  For a free unpaired electron, the Zeeman splitting constant is 

                                            ge = 2.00232 

although the orbital angular momentum and interactions with other spins (other electrons 

or nuclei) can cause the g- value of 2.0 to vary according to 

                                          ggg e ∆+=                                                       (eq.1-6) 

Most metal complexes in biological systems have g-values that deviate from the 

ideal value.  This is due to the fact that when an electron rotates around a nucleus, the 

electron experiences another magnetic field (H1) due to the movement of the nucleus 

around the electron (from it’s point of view) in addition to the applied magnetic field, 

(Ho).  The orbital angular momentum together with the spin angular momentum now 

have an effect on the magnetic moment of the electron and thus the nature of the 

additional field (H1) depends on the orbital in which the electron resides causing the g-

value to stray from the ideal value.   

Lowered symmetry caused the ground state orbital angular momentum to be 

quenched for metal ions in biological systems; however, spin-coupling provides an 

effective mechanism for mixing excited states with orbital angular momentum into the 

ground states.  The efficiency of this coupling varies from system to system, so spin orbit 

coupling is an important component of the g value that makes characterization of the 

paramagnetic center possible; at the same time, this coupling must have directionality, it 

must be anisotropic (118,127). 

The spin-orbital Hamiltonian is given by: 

                                            ( )SgBos ••=Η β..                                     (eq.1-7) 
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where g is a 3x3 tensor, B is the row vector, and S is a column vector. 

Biological samples are typically measured as solutions of frozen liquid in which 

the molecules are randomly oriented with respect to the applied magnetic field.  Three 

possible groups of g-anisotropy in a simple S = ½ EPR signal and their first derivative 

line shapes are shown in figure 1-19.  The first group is the isotropic resonance in which  

gx = gy = gz (for a cubic).  The second group is called the axial system in which  

gx = gy ≠ gz.  In this group gz is denoted as g// (g: parallel) and gx = gy = g⊥; g⊥ (g: 

perpendicular) and may be either greater or less than g// as shown in the figure 1-18.  The 

third group is called the anisotropy (rhombic) in which all the g values are unequal (gx ≠ 

gy ≠ gz) (118,128). 

      Zero-field splitting (ZFS) can occur in complex systems that involve two or 

more unpaired electrons as a result of spin-orbit coupling between the ground states and 

the excited states resulting in the difference in energies of the spin sub-states (Ms).   

The Kramer’s systems are those with an odd number of unpaired electrons and 

should, in principle, always exhibit an EPR signal even on large ZFS due to degeneracy 

within the ± Ms Levels.  For a S = 5/2 with no ZFS as depicted in figure 1-20, transitions 

occur at the same magnetic field and frequency for all ∆Ms ± 1.  Introduction of weak 

ZFS results in the same transition but at a slightly different magnetic fields a shown in 

figure 1-21A.  When the axial ZFS is greater than the quanta of microwave energy, only 

the Ms ± 1 doublet transition is allowed as depicted in figure 1-21B.  

When both axial and rhombic ZFS are present, the description above becomes more 

detailed and the spin Hamiltonian becomes:  
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Figure 1-19: Idealized powder EPR spectra of isotropic, axial and rhombic S = 1/2ystem.  

Taken with permission from (118).  (Copyright University Science Books) 
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No ZFS (D = 0)

                        
Figure 1-20: The energy level diagram for a d5 high spin system (S = 5/2) in the absence 

of zero-field splitting (D = 0) (117) 
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Figure 1-21:  The energy level diagram and spectrum of a d5 high-spin ion in both a 

weak (A) and strong (B) tetrahedral magnetic field applied parallel to the tetragonal axis 

(121). 

 

 

 

 

 

 46



H = 
( ) ( ) SBgSSESSSD eyxz •+−+⎥⎦

⎤
⎢⎣
⎡ +

− β222

3
1

               (eq.1-8) 

where D and E are the axial and rhombic ZFS parameters respectively.  Rhombic 

distortion serves to mix the Ms level so that transitions within each level become 

possible.  Effective g-values can be predicted as a function of E/D for each doublet, based 

on the above equation and assuming the free electron value (i.e., ge = 2).  The resulting 

plots are called “rhombograms” depicted in figure 1-22 (129), that are helpful 

for the interpretation of EPR spectral for systems with S > ½.   The intensity of the 

transitions from the individual doublets depend on the Boltzman population and both the 

transition probability and the ZFS.  For a pure axial system, E = 0 and |D| > 0. In a 

rhombic system, E/D = 0.33, E > 0, and D can either be negative or positive.  

Non- Kramer’s systems, those with even number of unpaired electrons, generally 

usually have a large ZFS as opposed to Kramer’s systems.  For a S = 2 system in which 

D < 0 for a typical reduced [3Fe-4Fe]0 cluster as shown in figure 1-23, the two lowest 

levels of the S = 2 (Ms ± 2) are split by an energy defined by D
E 23=∆ .  The energy 

levels of the lowest doublet can be separated by an amount that is much more than 0.3 

cm-1 (provided by most X-band spectrometers) depending on the degree of rhombicity in 

the ZFS.  This transition is not usually observed by EPR spectroscopy (130).   

Changing the orientation of the microwave magnetic field from the perpendicular 

applied magnetic field to the parallel magnetic field changes the EPR selection rule to 

∆Ms = 0.  Due to the mixing of field-induced mixing of zero-field components, ∆Ms = 2 

and ∆Ms = 4 transitions are now possible, but the transitions from Kramer’s systems are 

formally forbidden. 
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Figure 1-22:  Rhombogram plot for a S = 5/2 as function of the ratio of rhombic and 

axial zero-field splitting parameters (E/D).  The upper panel represents the Ms = ± 5/2 

doublet; the middle panel represents Ms = ± 3/2 doublet and the lower panel represents 

the Ms = ± ½ doublet (121).  
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Figure 1-23:  Graphical representation of the zero-field splitting of the S = 2 of a ground 

state of a reduced [3Fe-4S]0 cluster (131).  
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Hyperfine Splitting 

The interactions of the unpaired electrons of a paramagnetic center with a nearby 

nucleus give rise to hyperfine interactions.  These interactions can result from the 

electron interacting with its own nucleus (simply called hyperfine interaction) or 

interaction of the electron with a nucleus that belongs to a different part of the molecule,  

most commonly the ligand to the metal, this type of interaction is known as   

superhyperfine interaction. 

 The electron-nuclear interactions result in splitting of the EPR spectrum, thus 

adding another term to the energy expression of the EPR transition as thus, 

                                   sIs MAhMHgMhE +== 0βν                    (eq. 1-9) 

where A is the hyperfine coupling constant, MI is the nuclei spin. 

The hyperfine coupling constants can be calculated from splittings in the EPR 

spectrum.  For most metalloproteins, these splittings cannot be resolved and the 

importance of the chemical information which they carry cannot be known. Electron 

nuclear double resonance (ENDOR) spectroscopy retrieves this information, thus making  

ENDOR to be of great use in the study of metalloproteins (132). 

 

1.2.2 Electron Nuclear Double Resonance (ENDOR) of Metalloproteins  

ENDOR is an important spectroscopic technique that helps in the understanding 

of the functions of metal ions in biological systems.  Its application is growing unabated 

since new biological systems are being explored and enzymic intermediates become the 

central point of research.  Information about the structure, composition and bonding at 
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the active site of biological systems is important, leading to the identification of enzymic 

mechanisms (133). 

ENDOR experiments have been performed on a number of biological systems to 

determine the active site structure.  This involves the use of bonding and geometric 

information to know the hyperfine interaction tensor (A), [for hyperfine coupled nuclei (I 

= 1/2)] together with the quadrupole interaction tensor (I>1/2).   

In metalloenzymes, identification of the spin center that gives rise to the EPR 

signal has been investigated by using continuous wave (CW) ENDOR, in combination 

with isotopic labeling since few metals have isotopes in their natural abundance that have 

nuclear spin greater than 0 (I > 0).  ENDOR from 57Fe (I = 1/2) and 95Mo (I = 5/2) have 

been used to determine the contribution of these nuclei to the electron spin S = 1/2 and S 

= 3/2 clusters of carbon monoxide dehydrogenase  (CODH) (134) and nitrogenase (135) 

respectively.   

Proton ENDOR is being used to probe the origin of EPR signals of most organic 

based radicals by the use of isotopic labeling of amino acids.  Proton ENDOR has been 

used to identify the tyrosyl radicals in photosystem II and in ribonucleotide reductase and 

a tryptophan in cytochrome-c-peroxidases (CcP) (136,137).   Hydrogen bonding to the 

clusters in Fe-S is important since this interaction can also modulate the cluster function.  

Isotopic substitution of 2D gives insight to probe the hydrogen bonding to metal clusters 

(138). 

Metal ligands of metalloproteins have been identified by the use of ENDOR by 

obtaining information from ENDOR signals of 14N (I = 1), 1H (I = 1/2) in native samples 

which is then confirmed by isotopic labeling with 15N (I = 1/2) and 2D (I = 1).  ENDOR 
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study of the Rieske [2Fe-2S] center of phthalate dioxygenase (CDO) (139) from 

Pseudomonas cepacia confirmed that the two imidazole nitrogens from histidine are 

coordinated to the [2Fe-2S] cluster.  This makes it different from the ferredoxin-type  

[2Fe-2S] center that is ligated by cysteine residues.   

Furthermore, ENDOR has been used in the characterization of the iron sulfur 

cluster in aconitase enzyme (83,140) both in the substrate free [E] and substrate bound 

states [ES]. 

   

1.2.3 RESONANCE RAMAN SPECTROSCOPY 

 Raman spectroscopy is a scattering technique and a form of vibrational 

spectroscopy. Vibrational spectra are observed experimentally as infrared or raman 

spectra (141).  Raman scattering effect occurs by the interaction of the incident light with 

the electrons in the molecule.  The energy of the incident light is not enough to excite the 

molecule to a higher electronic level.  This results in changing the molecule from its 

initial vibrational state to a different vibrational state (142) . Raman spectra give insight 

into the vibrational motions of atoms in molecules.  Since these vibrations are sensitive to 

chemical changes, the vibrational spectrum can be used in monitoring molecular 

chemistry.   

A Raman spectrum is the dispersion of scattered light from a sample that is 

illuminated by a monochromatic light source.  This scattering results from the interaction 

of the electric vector of an electromagnetic wave with the electrons of a compound 

leading to the scattering of the incident light.   
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Raman scattering uses excitation at a given frequency (ν0), such that most of the 

scattered light has the same frequency i.e., it does not involve a change in the energy 

content of the incident and the scattered light.  This is known as Rayleigh scattering 

(Figure 1- 24b) and it is elastic.   

When the scattered light has a lower energy than the incident light, and thus has a 

lower frequency (higher wavelength), this effect is called Stokes Raman scattering 

(Figure1-24a).  Anti-stokes Raman scattering occurs when the scattered light is of higher 

energy than the incident light i.e, the scattered light has a higher frequency (shorter 

wavelength) (Figure 1-24c).  These two forms of Raman scattering are known as inelastic 

scattering   (143,144).  In Raman scattering, the Raman shift (∆ν = ν1 - ν2), relates to the 

energy of the vibrational transition which gives information about the molecular 

structure. 

 

Resonance Raman of Metalloproteins 

Resonance Raman spectroscopy (RR) is used in the study of metal centers of 

metalloproteins.  The RR technique is a form of Raman spectroscopy in which the 

wavelength of the incident light beam lies under an electronic absorption of the sample.  

It makes use of the monochromatic laser light that is tuned to the same frequency as an 

allowed electronic transition of the chromophore (Figure 1-25).  Thus, only the normal 

modes which are vibronically active in the electronic transition will have their raman 

intensities increased (141).  This results in the observation of a resonance enhancement in 

the scattering intensity of only the bands that are coupled to electronic transition.  This  
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Figure 1-24: Schematic diagram showing the relationship between (a) Stokes 

Raman scattering (b) Rayleigh scattering and (c) Anti-Stokes Raman scattering 

(141).  
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Figure 1-25:  Schematic diagram of a Resonance Raman scattering.  The dashed 

lines represent the virtual excited states (141). 
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then minimizes the interference from the sample environment such as amino acid 

vibrations and hence selectively identifies the chromophoric centers of interest. 

 The enhancement depends on the energy and intensity of electronic transitions 

and on their coupling to the vibrational modes that are involved in the chromophore.   

Resonance Raman can be of importance in monitoring the structural changes of a 

chromophore, in particular metal centers, that are modulated by its environment, since 

most of these metal centers of the chromophores are located at the active sites that is 

responsible for the function of the metalloprotein.  The frequencies and intensities of the 

RR bands are sensitive to the nature of the chemical bonding and the molecular 

configuration of the atoms participating in the vibrations and thus provide structural and 

mechanistic information about chromophoric metalloproteins (145). 

In metalloproteins, metal d-d transitions are ineffective in resonance enhancement 

because they are too weak.  Metal to ligand charge transfer (MLCT) transitions are 

possible when the metal is bound to π acid ligands, as is the case for compounds such as 

CO, NO, O2 and porphyrin.  Ligand to metal charge transfer (LMCT) are possible for any 

metal, but only the more reducible ones like Fe (III) and Cu (II) have LMCT in the 

visible regions.   

In Fe-S clusters, most of the transitions in the visible region are due to S → Fe 

(III) charge transfer, the amount of ferric character determines the degree of resonance 

enhancement gain.  Therefore, the greater the resonance enhancement, the more Fe (III) 

character present in the cluster (146-148).  Table 1-2 shows the different types of clusters 

in the reduced and oxidized state and the ferric character associated with each of them. 

 Resonance Raman spectroscopy has also provided signatures of the cluster type in 
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Fe-S protein.  The frequency and intensity of Fe-S vibrational mode allows a distinction 

between [2Fe-2S], [3Fe-4S] and [4Fe-4S] clusters (146).  Figure 1-25 shows the 

overview of RR spectra for some standard type Fe-S clusters. 

 

 
 
Table 1-2:  Resonance enhancement of different Fe-S clusters (149) 

  

Cluster type Formal Oxidation State Resonance Enhancement 
[2Fe-2S]2+ 2Fe (III) Strong 
[2Fe-2S]1+ 1Fe (III), 1Fe (II) Medium 
[3Fe-4S]1+ 3Fe (III) Strong 
[3Fe-4S]0 2Fe (III), 1Fe (II) Medium 
[4Fe-4S]3+ 3Fe (III), 1Fe (II) Medium 
[4Fe-4S]2+ 2Fe (III), 2Fe (II) Medium 
[4Fe-4S]1+ 1Fe (III), 3Fe (II) Very weak 
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Figure 1-26: RR spectra of iron-sulfur clusters from different organisms.  

(A) Putidaredoxin  (B) [3Fe-4S]+1 cluster from Pyrococcus furiousus ferredoxin  

(C) [4Fe-4S]+2 from Clostridium pasteurianum 4Fe ferredoxin   

(D) [4Fe-4S]+3 from Chromatium vinosum, HiPIP. 

(Courtesy of Michael Johnson at the Center for Metalloenzymes, University of Georgia, 

Athens)         
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1.3 Statement of purpose 

The research presented here is focused on the characterization of the iron-sulfur 

clusters that are present in the enzymes GcpE and LytB.  These enzymes are involved in 

the last two steps of the alternative pathway of isoprenoid synthesis.  The alternative 

pathway is utilized by various pathogenic organisms.   

The ultimate goal of Dr. Duin’s research is to design compounds that can inhibit 

GcpE and LytB enzymes that will eventually serve as anti-infective drugs in the 

treatment of the diseases caused by these pathogens.  Before this can be achieved, a better 

understanding of the respective reaction mechanisms is necessary. 

In this work, the purification and characterization of GcpE from Thermus 

thermophilus and LytB from Aquifex aeolicus will be discussed.  The third enzyme 

studied is an accessory protein called YfgB.  YfgB enzyme is not involved in the 

alternative pathway of isoprenoid synthesis.  Genetic evidence (Heidi Sofia, personal 

communication) indicates that YfgB belongs to the class of radical SAM proteins and is 

probably an activating protein for GcpE enzyme. 

The goal of this work is to characterize the iron-sulfur clusters present in these 

proteins using various spectroscopic techniques so as to establish their roles.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Biochemical and chemical reagents 

Glucose, dithiothreitol (DTT), sodium sulfide, ampicilin, ferrous 

ethylenediammonium sulfate, neocuprine, ferrozine, imidazole, iron (III) chloride,  Tris 

base, sodium dithionite, potassium permanganate, ammonium acetate, S-adenosyl 

methionine (SAM) and Isopropyl-β-D-thiogalactoside (IPTG) were purchased from 

Sigma-Aldrich (St. Louis, MO).  Absolute ethanol, ethylene glycol, magnesium sulfate, 

magnesium chloride, tryptone, yeast extract, LB-agar, sodium chloride, hydrochloric acid 

and Tris-base were from Fisher Biotech (Pittsburgh, PA).  Diethyl amino ethyl (DEAE) 

sepharose, Mono Quaternary ammonium (mono Q), XK 16/60 sephadex 200, PD-10 

columns were purchased from Amersham Biosciences (Piscataway, NJ).  Centricon 

ultrafiltration units were from Millipore.   

MEcPP was synthesized at Justus-Liebig University at Giessen by Jochen 

Wiesner.   All buffers, media and reagents were prepared using water that had been 

purified at a resistance of 18.2 MΩ/cm through a Millipore system (MilliQ, QPAK II). 

Anaerobic buffers were used for all purifications and experiments.  The buffers 

were filtered and subsequently boiled under nitrogen gas flow.  The buffers were stirred 

under vacuum for 1-2 h.  The buffer could then be used or stored under argon.  For 

storage, 0.3 atmospheric over pressure was applied to the head space of the storage 
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bottles.  All purification steps and experiments were performed under exclusion of 

dioxygen in an anaerobic tent under an atmosphere of 95% N2 and 5% H2 (Figure 2-1). 

 

2.2 Construction of LytB plasmid 

 Expression plasmids were constructed at Justus-Liebig University at Giessen by 

Jochen Wiesner using the following procedure:  

The lytB gene of Aquifex aeolicus was amplified by polymerase chain reaction 

(PCR) using A. aeolicus genomic DNA and the oligonucleotides Aa-LytB-cHis-for  

(5’-CCATGGTTGACATAATAATCGCA-3’) and Aa-LytB-cHis-rev  

(5’-AGATCTGGAGGAAACCAATTGCCC-3’), introducing an NcoI and BglII 

restriction sites respectively.   

The PCR product was ligated into the pCR-TOPO-T/A-vector (Invitrogen), 

verified by restriction endonuclease analysis and sequencing, and subsequently cloned 

into pQE60 vector (Qiagen) using the restriction enzymes NcoI and BglII resulting in the 

plasmid pQE60-Aa-LytB.  This construct allowed the production of the A.aeolicus LytB 

protein in Escherichia coli with a carboxyl terminal extension of eight amino acids (150). 

 

2.3 Expression and Purification of LytB protein 

2.3.1 Expression of LytB protein  

E.coli XL-1 blue cells were transformed with pQE60-Aa-LytB.  Cells from frozen 

glycerol stocks were plated on LB-agar plates supplemented with 10 mg/mL ampicilin 

(LB-Amp).  A single colony with the above construct was used to inoculate 2 mL SOC 

media containing 10 mg/ml ampicilin.  The culture was incubated overnight for  
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Figure 2-1: Picture of the anaerobic tent.  
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approximately 17 hours with shaking at 37°C.  The 2 mL culture was used to inoculate 30 

mL SOC-Amp media which was subsequently incubated for 12 hours at 37°C.  50% of 

the 30 mL culture was used to inoculate two 100 mL SOC-Amp media containing 10 mM 

FeCl3. The cultures were incubated for 12 hours at 37°C, and used to inoculate two 1L 

flasks of SOC-Amp media containing 100 Mm FeCl3.  When the O.D. of the culture at 

600 nm reached a value of 0.4-0.5, which took about 1 h, isopropyl-β-D-thiogalactoside 

(IPTG) was added to a final concentration of 0.4 mM.  The incubation continued at 37°C 

for 9 hours with shaking until the O.D at 600 nm reached 4.0-4.5.  The cells were 

harvested by centrifugation at 10,000 rpm for 20 minutes and cell pellets were stored at -

80°C. 

 

2.3.2 Purification of LytB protein 

Cells from a 1L growth were resuspended in 50 mL buffer A (30 mM Tris-HCl 

pH 8.0, 100 mM NaCl). Cell lysis was performed by sonication followed by 

centrifugation at 16,000 rpm for 20 minutes at 4°C to remove precipitated materials.  

This was followed by heat treatment of the supernatant at 65°C for 30 minutes in a water 

bath followed by centrifugation at 25,000 rpm for 25 minutes.  The supernatant 

containing LytB protein was filtered using a 0.2 µm filter unit.  The protein was purified 

by immobilized metal affinity chromatography using the Ni-His Trap column connected 

to a Pharmacia fast protein liquid chromatography (FPLC) device.  The column was first 

washed with buffer A containing 30 mM Tris-HCl (pH 8.0), 100 mM NaCl (40 mL).  The 

protein was then eluted using a linear imidazole gradient of 100% buffer B (70 mL) 

containing 30 mM Tris-HCl (pH 8.0), 100 mM NaCl, 500mM imidazole.  The fractions 
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containing LytB protein (dark-brown color) as determined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) were pooled and concentrated using a 

centricon ultrafiltration unit with 10 kDa cut-off when necessary and stored at -20°C. 

 

2.4 Determination of protein concentration 

Protein concentration of LytB protein was determined using the Bradford method.  

In this method, the absorption of protein samples with an unknown concentration was 

compared with a set of samples (as shown in the table below) with a known BSA (Bovine 

Serum Albumin) concentration. BSA solution (1.33 mg/ml) was used to prepare the 

calibration curve.  Dye reagent was prepared by diluting 1 part Dye Reagent concentrate 

with 4 parts distilled D. I. water.  20 µL protein solution or BSA solution was added to 

1mL of the dye reagent in a plastic cuvette.  The solution was mixed and after 5 min the 

absorbance was measured at 595 nm.  50 µl BSA solutions were prepared as shown in 

table 2-1 for a calibration curve. 

 
Table 2-1: Different volume of BSA and buffer used in the preparation of the       

calibration curve  

Concentration (mg/mL) Volume of BSA (µL) Volume of buffer (µL) 
          0.0 (blank)            0.0             50.0 
          0.2             7.5             42.5 
          0.4             15.0             35.0 
          0.6             22.6             27.4 
          0.8             30.0             20.0 
          1.0            37.6             12.4 
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2.5 Absorption spectrophotometry  

The absorption experiments were performed using an ocean optics USB 2000 

miniature fiber optic spectrometer by transferring an aliquot of the purified protein into a  

closed cuvette containing the necessary buffer.  Cluster reduction was carried out under 

anaerobic conditions by filling a syringe with sodium dithionite and then injecting it into 

the closed cuvette.  

 

2.6 EPR measurements 

EPR spectra at X-band (9 GHz frequency) were obtained with a Bruker EMX 

spectrometer.  Sample cooling was performed with an Oxford Instrument ESR 900 flow 

cryostat with an ITC4 temperature controller.  The cavity is fitted with either a liquid 

nitrogen finger dewar for measurement at 77 K or with a variable temperature helium 

flow cryostat for measurement in the 3.8 – 300 K. 

Spin quantifications were carried out under non-saturating conditions using 10 

mM copper perchlorate as the standard (10 mM CuSO4; 2 mM NaClO4; 10 mM HCl).  

Double integration of the signals and comparison to the signal of the standard were 

performed when necessary. 

 

2.7 Plasmid construction for GcpE 

The gcpE gene of Thermus thermophilus was identified by scanning the genome 

of T. thermophilus with the amino acid sequence of the E.coli GcpE protein.  The T. 

thermophilus genome was at > 99.5% completion by genome sequencing.  The amino 

acid sequence was back-translated into the codon usage of E. coli and produced as a fully 
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synthetic gene in order to overcome the G/C-rich codon bias of T. thermophilus.   

The synthetic gene was cloned into the pQE60 expression vector (Qiagen) using 

the NcoI and BglII restriction sites.  The carboxy-terminal His-tag was removed by 

digestion of the plasmid with BglII and HindIII and then relegated with T4 DNA ligase.  

The vector-derived sequences resulted in the addition of the sequence Gly-Ser-Ala at the 

carboxyl terminus (7). 

 

2.8 Expression and Purification of GcpE protein 

2.8.1 Expression of GcpE protein  

 Expression of GcpE protein was the same as for LytB protein except that the 

incubation of a 1 L culture of GcpE protein continued for 8 hrs with shaking until the 

optical density at 600 nm reached 4.5-5.0 and the cells were stored until needed at -80°C 

 

2.8.2 Purification of GcpE protein 

The cell pellet from 1L growth was resuspended in 80 mL buffer A containing 20 

mM Tris-HCl (pH 8.0). Cell lysis was performed by sonication followed by 

centrifugation at 16,000 rpm for 20 minutes to remove precipitated materials.  This was 

followed by heat treatment of the supernatant containing GcpE protein at 65°C for 30 

minutes.  Precipitated material was removed by centrifugation at 25,000 rpm for 25 

minutes.  The supernatant was filtered using a 0.2 µm filter unit.  The protein solution 

was loaded onto a 1.6 × 40 cm diethylaminoethyl (DEAE) sepharose column (weak anion 

exchanger) equilibrated with buffer A. The protein was eluted using a linear gradient 

from 0 to 1 M NaCl in buffer A.   
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Fractions containing dark brown color were pooled and rebuffered in buffer A, 

washed in an Amicon filtration unit (cut-off) to lower the salt concentration for the 

binding of the protein to the next column.  The protein was further purified on 1 × 10 cm 

source 15 Q (strong anion exchanger) column with a linear gradient of 0 to 1 M NaCl in 

buffer A. Fractions containing dark color were pooled and concentrated using a centricon 

ultrafiltration unit with 30 kDa cut-off.  The protein was finally purified by gel filtration 

using an XK 16/60 superdex 200 column equilibrated with buffer A containing 100 mM 

NaCl.  The dark brown color fractions were collected, concentrated and stored at -200C 

until further use. 

  

2.9 Protein and iron determinations 

2.9.1 Determination of protein concentration using the Bradford method 

The protein determination was similar to LytB described above. 

 

2.9.2 Protein determination using amino acid analysis 

Amino acid analysis of GcpE protein was done to determine the precise 

concentration at the Molecular Structural Facility at University of California at Davis.  

Samples containing 0.5 mg/mL of protein were weighed and dried for tared hydrolysis. 

Liquid phase hydrolysis was performed using 6N HCl in 0.1% phenol at 110°C for 24 

hours and the samples were dried.  The samples were dissolved in Norleu dilution buffer 

to a final volume of 800 µL.  50 µL sample was loaded onto L-8800 amino acid analyzer 

for the analysis after vortexing and centrifugation. 
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2.9.3 Iron determination by AAS 

The graphite furnace Atomic absorption spectrometry (AAS) experiment was 

performed on protein samples to determine the iron content of the protein.  Iron content 

was determined using an AA 240 (Varian, CA).  Samples containing 0.5 mM protein was 

diluted 10,000 times in 20 mM Tris–HCl (pH 8.0), and loaded on the atomic absorption 

instrument.  The samples were dried for 60 s at 50 - 150°C followed by ashing for 30 s at 

900°C.  The samples were atomized for 7 s at 2600°C and cleaned for 3 s at 3000°C.  The 

concentrations (µg/L) were recorded and the peaks were analyzed using spectral AA 

software. 

 

2.9.4 Iron determination by Colorimetry method 

The iron content was also determined by using a rapid colorimetric method (151).  

The iron standard was prepared using 0.0523 M of ferrous ethylenediammonium sulfate 

in 0.01 M HCl for the calibration curve.  0.25 mL of freshly prepared iron releasing 

reagent which contained 0.6 M HCl and 0.142 M potassium permanganate (KMnO4) 

were added to 0.5 mL of the protein sample and the standards.  The digested mixture was 

incubated in a capped tube for 2 hours at 60°C.  Following the digestion, 0.1 mL of 

reducing, iron chelating reagent which contained 6.5 mM ferrozine (disodium 3-(2-

pyridyl)-5,6-bis(4-phenyl sulfonate)-1,2,4-triazine), 13.1 mM neocuprine (2,9-dimethyl-

1,10-phenanthroline), 2 M ascorbic acid and 5 M ammonium acetate were added to the 

digested mixture and mixed.  The solution was left to stand at room temperature for at 

least 30 min.  After this, the absorbance of standards and protein samples were measured 

at 562 nm.  The calibration curve was prepared as shown in table 2-2.   
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Table 2-2: Volume of standard and water used in preparing the calibration curve 

 

Volume of standard (mL) Amount of water(mL) Concentration (mM) 
              0.0              1.0           0.0 (blank) 
              0.2              0.8           0.01096 
              0.4              0.6           0.02092 
              0.6              0.4           0.03138 
              0.8              0.2           0.04184 
              1.0              0.0           0.05230 
 

 

2.10 Resonance Raman Spectroscopy (RR) of GcpE enzyme 

The resonance Raman spectra on GcpE protein were recorded by Heather 

Hernandez at the Center for Metalloenzymes, University of Georgia, Athens, GA using a 

SA Ramanor U1000 double monochromator fitted with a cooled RCA 31034 

photomultiplier tube with 90° scattering geometry was used.  A schematic diagram of RR 

spectrometer is shown in Figure 2-2. 

Experiments were performed on GcpE protein as isolated using 0.5 mM protein 

and in the presence of 1.9 mM MEcPP.  Plasma lines are filtered out by passing incident 

light through a premonochromator.  The filtered light is focused on the sample by a 

focusing lens.  The sample is loaded inside an anaerobic box onto a gold-plated copper 

holder as a droplet (a volume of about 10 µL at a time), it is then shrouded with a glass 

bulb and the whole holder is frozen under vacuum by attachment to a cryogenic helium 

refrigeration system.  The sample was cooled down to about 17 K.  The spectra were 

recorded digitally by using a computer interfaced to a printer.  Each spectrum is the sum  
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Figure 2-2: Schematic representation of a low-temperature Raman spectrometer (148)  
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of 40 scans, with 6 cm-1 spectral bandwidth to improve the signal to noise ratio.  The 

excitation frequency and a Na2SO4 standard which are accurate to ±1 cm-1 were used for 

the calibration of band positions.  Raman spectra were collected with approximately 70-

100 mW laser power at the sample at 457.9 nm excitation wavelength. 

 

2.11 EPR experiment on GcpE 

  The EPR spectra were recorded at 77 K.  Samples containing GcpE enzyme, 

substrate and dithionite were prepared at 55°C in which the dithionite solution was used 

to initiate the reaction.  Samples were frozen in cold ethanol (200 K).  For kinetic studies, 

the samples were frozen in cold ethanol at different time intervals. 

  

2.12 ENDOR of GcpE protein  

The ENDOR samples were prepared as described above.  The sample solutions 

were transferred into an ENDOR tube and frozen in cold ethanol after 22 s.   Another 

sample was prepared using the same molar concentration of MEcPP and dithionite, 

transferred into an ENDOR tube and frozen after approximately 5 min in cold ethanol.  

The two samples were then transferred into EPR tubes.  EPR measurements were 

performed on the samples to check the signal intensity.  The ENDOR experiments were 

carried out at North Western University at Chicago by Nick Lees. 

  

2.13 Rapid Freeze quench kinetic experiment coupled with EPR of GcpE  

 Rapid Freeze quench kinetic analyses were carried out to trap the radical 

intermediate in the reaction mechanism at Emory University, Atlanta Georgia.  We drove 
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there by ourselves and the experiment was performed with the help of Dr. Vincent Hynh 

in the department of physics at Emory University. 

The Freeze quench set up is shown in figure 2-3.  In this experiment, the GcpE 

protein (0.4 mM) and the substrate (5.5 mM) were filled into syringe 1.  The solution 

from syringe 1 was rapidly mixed with 25 mM dithionite in syringe 2.  From the mixing 

chamber, the mixture flows through the aging tube into a collection funnel filled with 

cold isopropanol causing a rapid quench of the reaction.  By changing the speed with 

which the syringes are emptied and the length of the aging tube, samples that are frozen 

at different time interval can be prepared enabling kinetic analysis of EPR active species. 

After the filled syringes were put in place the whole system was flushed with Ar to 

remove oxygen from the tubes and syringe head spaces. The ‘snow’ that was collected in 

the cold isopropanol was packed in EPR tubes which were stored in liquid nitrogen. 

 

2.14 Activity assay of GcpE protein 

The activity assay was carried out by monitoring the oxidation of methyl viologen 

at 732 nm with GcpE protein at 55°C.  MEcPP was added with the aid of a syringe in a 

closed cuvette to the resulting solution of methyl viologen, dithionite, GcpE in 20 mM 

Tris-HCl, pH 8.0 to initiate the reaction.  The oxidation of methyl viologen was 

monitored spectrophotometrically by measuring the decrease in absorbance at 732 nm 

which is observed by a color change from intense blue to colorless 

 

 2.15 Plasmid construction for YfgB 

The plasmid for YfgB was constructed using the same procedure as for GcpE.  
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Figure 2-3:  Schematic representation of a rapid freeze quench instrument (152) 
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2.16 Expression and purification of YfgB protein 

2.16.1 Expression of YfgB protein 

YfgB protein expression was the same as described above for the LytB and GcpE 

enzymes except that the incubation was stopped when the optical density at 600 nm 

reached 5.0-6.0 after 11 hours. 

 

2.16.2 Purification of YfgB protein 

YfgB protein was purified using a similar procedure as GcpE with the following 

changes.  The protein solution was loaded onto DEAE sepharose column equilibrated 

with buffer A (20 mM Tris-HCl, pH 8.0).  The protein was eluted using a linear gradient 

of 0 to 100 % buffer B containing (1 M NaCl, 20 mM Tris-HCl, pH 8.0).  The fractions 

containing the YfgB protein as determined by SDS-PAGE were pooled, concentrated and 

loaded onto a 1 × 10 cm source 15 Q column for further purification. 

The protein was eluted with a linear gradient of 0 to 1 M NaCl.  Fractions 

containing the YfgB protein as determined by SDS-PAGE were collected.  The protein 

was concentrated using a centricon ultrafiltration unit with a 10 kDa cut off and stored at 

-20°C. 

 

2.17 Reconstitution of YfgB protein 

 Reconstitution of the iron-sulfur cluster was carried out in the anaerobic tent using 

a procedure described previously (151).  The enzyme concentration was 660 µM.  

Dithiothreitol (DTT) in 50 mM Tris-HCl (pH 8.0) was added to the enzyme to a final 

concentration of 5 mM.  FeCl3 and Na2S (dissolved in anaerobic water) in a five-fold 
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molar excess with respect to the enzyme concentration were added to the solution.  After 

3 hours, the mixture was centrifuged at 4500 rpm for 5 minutes and desalted on a PD-10 

column equilibrated with 50 mM Tris-HCl (pH 8.0).  The reconstituted protein was 

stored at -20°C.  An alternative method using L-cysteine resulted into precipitation of the 

protein. 

 

2.18 Protein and iron determination of reconstituted YfgB  

Protein determination was carried out before and after reconstitution of the cluster 

using the Bradford method described above. 

Iron determination was carried out using the colorimetry method as previously 

described for GcpE protein above. 

 

 

2.19 EPR of reconstituted YfgB protein 

Samples containing 87 µM YfgB were first reduced by 50 mM dithionite 

dithionite, 20% ethylene glycol was added to the sample.  The protein solution was 

transferred into EPR tubes and frozen in liquid nitrogen.  The spectra were recorded at 

10K under non-saturating conditions. 

  

 2.20 Effect of SAM on YfgB protein 

Effect of SAM on YfgB protein was determined using both the UV-visible and 

EPR spectroscopy.  Twenty fold molar excess concentration of SAM with respect to the 

YfgB enzyme was prepared and added to the sodium dithionite reduced YfgB protein in 
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50 mM Tris-HCl, pH 8.0 with the aid of a syringe in a closed cuvette at 25°C.  The UV-

visible and the EPR spectra were recorded.  Alternative experiments were performed in 

which excess dithionite was removed using the desalting PD-10 column before SAM 

were added. 

 

2.21 GcpE protein in the presence of reduced-YfgB and SAM 

  Reconstituted YfgB was first reduced with the dithionite solution followed by the 

addition of SAM (twenty fold molar excess).  GcpE enzyme was then added to the 

resulting solution.  Both absorption and EPR spectra were recorded.   
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CHAPTER THREE 

RESULTS ON LytB PROTEIN 

 

3.1 Protein expression and purification 

The LytB gene of Aquifex aeolicus was expressed in E. coli XL-1 blue cells as 

recommended by Jochen Wiesner from the Justus-Liebig University, Giessen, Germany.  

The expression of the LytB was first carried out at 37°C without induction with IPTG.  

This yielded low amounts of protein after purification.  Optimal protein production was 

observed when cultures were grown with induction of IPTG at 37°C to a final 

concentration of 0.4 mM.  Figure 3-1 shows the growth curve for the E. coli cells in the 

presence of IPTG. The protein was present in the cytosol and was purified as described in 

chapter 2. After a rough purification step using a heat treatment at 65°C the protein 

solution was loaded unto a nickel affinity chromatography column.  Figure 3-2 shows the 

purification profile for this column.  The highest peak represents protein elution and this 

occurred when 100% buffer B (500 mM imidazole) has been used.   Over 80% pure LytB 

protein was obtained as determined by SDS-PAGE gel.  Figure 3-3 shows the different 

purification steps for LytB protein.  The molecular weight of LytB was determined as 

approximately 32 kDa from SDS-PAGE.  The purification of LytB protein yielded 20 mg 

of protein from a 1L cell culture with an optical density at 600 nm of 4.0-4.5. 
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Figure 3-1: Growth curve of recombinant E. coli XL-Blue cells in the presence of    

IPTG 
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Figure 3-2: The nickel histidine trap column profile of the LytB purification.  The 

dashed lines represent the % concentration of buffer B.  The dotted lines represent the 

conductivity.  The high intense peak is where LytB protein came off the column when 

100% buffer B was used.  
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Figure 3-3: SDS-PAGE of purification steps of LytB protein.  Lane 1, protein 

standard;  Lane 2, Cell extract;  Lane 3, Sample after heat treatment;  Lane 4, Flow 

through of the nickel His-trap column;  Lane 5-6, Samples after elution from the nickel 

His-trap column.  
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3.2 Spectroscopic measurements of LytB protein 

3.2.1 UV-Visible absorption spectra 

The absorption experiment was performed to determine the type of cluster 

contained in the LytB protein.  The absorption spectrum of the as-isolated LytB protein 

showed a pronounced shoulder at 420nm which indicates the presence of [4Fe-4S]2+  

and/or [3Fe-4S]1+ clusters.  After reduction with sodium dithionite solution, the 

absorption at 420 nm decreases, indicating that the cluster has been reduced (Figure 3-4).  

The spectra were recorded at 0, 5, 10, 15 and 20 min after the addition of the dithionite 

solution. 

  

3.2.2 Electron paramagnetic resonance (EPR) of LytB protein 

EPR measurements on the as-isolated LytB protein solution showed the presence 

of an isotropic EPR signal that can be attributed to a [3Fe-4S]1+ cluster  

(Figure 3-5).  Reduction of the cluster in LytB enzyme with sodium dithionite solution in 

the presence of ethylene glycol induced the appearance of an EPR signal with g values at 

4.3, 5.1 and 5.8 which are typical of an S = 3/2 [4Fe-4S]1+  and  g = 1.861, 1.919 and 

2.043 which are typical of  an S = ½ [4Fe-4S]1+  cluster (Figure 3-6 and 3-7).  Spin 

quantification by double integration of the signal was performed by recording the copper-

sulfate standard under the same conditions.  It was confirmed that in a 2 mM protein 

sample, 14.5% of the cluster was [3Fe-4S]1+as determined from the as-isolated LytB 

protein, 41% contained [4Fe-4S]1+ as determined from the reduced preparation (for both 

high and low spin) and, therefore, 35% contained no cluster.    
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Figure 3-4: UV-visible absorption spectral of the LytB protein.  The upper spectrum is 

LytB (0.6 mM) as purified; the lower spectra were recorded 0, 5, 10, 15 and 20 min  

after reduction with 50 mM sodium dithionite.  
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Figure 3-5: EPR spectrum of LytB protein (0.6 mM) as-isolated at 10 K with 

ethylene glycol.  EPR conditions: microwave frequency, 9.3809 GHz; microwave 

power, 1.992 mW; field modulation, 0.6 mT; modulation frequency, 100 kHz. 
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Figure 3-6: EPR spectrum of LytB (0.44 mM) in the presence of dithionite (3.7 mM) 

and ethylene glycol (20%) at 10 K.  The spectrum is for both spin 3/2 and spin ½.  The 

EPR conditions are microwave frequency is 9.384 GHz, microwave power is at 0.199 

mW, modulation amplitude is 0.6 mT and modulation frequency is 100 kHz. 
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Figure 3-7: EPR spectrum of LytB protein (0.44 mM) in the presence of dithionite (3.7 

mM) and 20% ethylene glycol.  The spectrum is for S = ½ only.  EPR conditions: 

microwave frequency, 9.385 GHz; microwave power, 0.199 mW; modulation frequency, 

100 kHz; modulation amplitude, 0.6 mT.  
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This EPR result together with the absorption spectra confirmed that LytB contains 

a [4Fe-4S]+1 cluster that can be reduced by dithionite solution.  This is in line with the    

previous work where the activity related to the presence of the 4Fe cluster.  The 3Fe is 

probably due to breakdown of the 4Fe cluster.  This might be due to instability of the 

cluster in the cell. 

 
3.3 Problems encountered 

Although the obtained spectroscopic data obtained on LytB protein is of high quality, the 

presence of only 50% of the intact cluster is a concern.  In addition the yield of several 

purifications was collected to produce the EPR spectra observed.  Before there was a 

chance to improve the cluster content and protein yield, other problems occurred. 

In comparison with the E. coli strains that overexpress the GcpE and YfgB 

protein, the E. coli strain that expresses the LytB protein has a very short life expectancy, 

approximately two weeks.  It also turned out that the back up glycerol stocks were not 

viable after some weeks.  Since good progress was made with the GcpE protein (Chapter 

4), the project on LytB protein was terminated. 

New constructs were sent by Jochen Wiesner since it was suspected that genetic 

leakage due to use of the lac promoter might be a problem.  The expression in the new 

constructs was under regulation of the tet promoter.  E. coli cells transformed with the 

new plasmids coding for either A. aeolicus or Plasmodium falciparum do not show any 

instability as observed with the old plasmid. 

Weiya Xu is now working on the characterization of LytB protein from these two 

organisms. 
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CHAPTER FOUR 

RESULTS FOR THE GcpE PROTEIN 

 

4.1 Expression and purification of GcpE enzyme 

The GcpE gene was overexpressed in E.coli X-L1 blue cells.  Initial expression in 

the absence of IPTG at 37°C did not give a good yield.  Optimal protein yield was 

observed when expressed by induction with IPTG at 37°C.  Cells were harvested when an 

optical density at 600 nm reached 4.0-4.5 (Figure 4-1).  The protein was purified under 

anaerobic conditions by applying three chromatographic steps that include both weak and 

strong anion exchange chromatography and size exclusion chromatography to the 

supernatant after heat treatment at 65°C.  Figures 4-2 and 4-3 show the profile for the 

chromatographic steps for DEAE, and mono Q 200 columns from each respective 

purification step.  The peaks with highest intensity indicate the elution of the GcpE 

protein as judged by SDS-PAGE.  From the sequence alignment of GcpE , the weight of 

the protein was known as 42 kDa by taking the number of amino acid residues present 

and multiplying this by the average molecular weight of an amino acid (110 g/mol).  We 

were able to achieve 95% purity for GcpE as determined by SDS-PAGE.  We do not 

always include the last column in our purification, since only a very small increase in 

purity was achieved and no other EPR-active species are present after the first two 

column steps.   
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Figure 4-1: Growth curve of recombinant E. coli XL-1 blue cells in the absence 

(circle) and presence (square) of IPTG (0.4 mM) 
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Figure 4-2: DEAE column profile of the purification of the GcpE protein.  The solid 

line is the absorbance at 280 nm.  The dashed lines represent the % conductivity; the 

dotted lines represent the % concentration of buffer B used.  The protein was eluted 

between 18% and 32% buffer B.   
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Figure 4-3: Mono Q column profile during GcpE purification.  The solid line is the 

absorbance at 280 nm.  The dotted lines represent the % conductivity; the dashed lines 

represent the % concentration of buffer B.  The sharp peak indicates the position where 

GcpE is eluted which is between 18% and 20% of buffer B.  
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Figure 4-4 shows the SDS-PAGE analysis of the different fractions obtained 

during purification.  Generally 25 mg of GcpE protein is obtained from a 1L growth. 

 

4.2 Absorption spectroscopy 

The absorption spectrum of GcpE was recorded to detect the presence of iron-

sulfur clusters.  The protein was brown in color as purified and the absorption spectra 

revealed a pronounced shoulder at 420 nm indicating the presence of a [4Fe-4S]2+ and/or 

[3Fe-4S]1+ cluster.  A [2Fe-2S]2+ cluster containing protein would show additional peaks 

at about 320 nm and 500 nm.    

EPR and MCD spectroscopy of the samples demonstrated the presence of only the   

diamagnetic S = 0 [4Fe-4S]2+ cluster since there were no signals detected in either the 

presence or absence of dithionite solution. The protein as purified did not show any EPR 

signal (not shown) which eliminates the presence of a [3Fe-4S]1+ cluster.   

Reduction of the cluster was performed by using sodium dithionite as a  reductant.  

The spectra were recorded for a total time of 60 min in the presence of 0.28 mM 

dithionite and 1.66 mM dithionite for a period of 1 hr.  The 420 nm band did not 

disappear even in the presence of excess dithionite solution, thus showing the cluster can 

not be reduced with excess dithionite (Figure 4-5). 

An alternative method for cluster reduction was performed using a titanium (III) 

citrate solution.  This resulted in the bleaching of the 420 nm peak which indicates 

reduction of the iron-sulfur cluster (Figure 4-6).  For further confirmation of the reduction 

of the cluster, the EPR spectrum of the GcpE protein in the presence of titanium citrate  
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Figure 4-4: SDS-PAGE of different fractions obtained during purification of GcpE 

protein.  Lane 1, protein standard; Lane 2, Cell lysate; Lane 3, heat stable protein;  Lane 

4, flow through; Lane 5, Sample after DEAE sepharose column (weak anion exchanger); 

Lane 6, Sample after 15 Q sepharose column (strong anion exchanger); Lane 7, Sample 

after superdex 200 gel filtration column. 
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Figure 4-5: Absorption spectra of GcpE.  The as-isolated enzyme (0.040mM) 

incubated for a total time of 60 min in the presence of 0.28 mM dithionite and 

subsequently for a total time of 60 min in the presence of 1.66 mM dithionite.  Spectra 

were taken after 1, 2, 5, 10, 15, 30, 45 and 60 min.  The band at 330 nm is due to 

dithionite. 
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Figure 4-6: Absorption spectra of GcpE protein.  Panel A shows the GcpE protein 

(0.044 mM) as-purified.  Panel B shows GcpE in the presence of 0.25 mM titanium 

citrate incubated for a total time of 10 min.  The spectral were taken after 1, 2, 5 and 10 

min. 
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solution was recorded, but there was no signal detected that could confirm the reduction 

of the cluster due to the presence of the Ti (III) citrate signal at around g = 2.  This 

indicates that the cluster may have been broken down under these conditions.  

 
4.3 Protein and Iron determinations of the GcpE protein 

Accurate determination of the protein concentration was performed via amino 

acid analysis because the BSA based assay seemed to give a high estimate.  The A420/A280 

ratio would indicate full cluster content, but comparison of the iron content with that of 

the protein concentration determined with Bradford assay would indicate that only 60-

70% of the cluster is intact.  

The amino acid analysis gave both the type and amount of amino acids present 

which was used to calculate the exact protein concentration. Table 4-1 shows the type of 

amino acids present and their concentrations (not all amino acid were determined). The 

sample protein concentration was calculated by using the corrected amino-acid 

concentration and divide by the amount of corresponding amino-acid residue present (as 

determined from the sequence).  The corrected amino-acid concentration was calculated 

by using: 

             [AA]mmol × [Norleu standard] × Dilution factor × 1/sample weight(g) 

For Glx,  

  
mM

mM
gmg

mmolnmol

0133.0
48
630.0

630.0
10004.95

1
50

800
065.2
0.21000874.3

==
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⎜⎜
⎝

⎛
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Table 4-1: Amino acids present in GcpE protein and their corresponding 

concentrations  

 
 

Amino acid Average 
Concentration (nmol) 

Amount of residue 
present 

Cysteine (Cys) 0.046 3 
Asparagine (Asx) 1.586 20 
Threonine (Thr) 1.472 21 

Serine (Ser) 1.183 16 
Glutaminic acid (Glx) 3.874 48 

Glycine (Gly) 2.831 35 
Alanine (Ala) 3.749 46 
Valine (Val) 2.699 36 

Methionine (Met) 0.109 10 
Isoleucine (Ile) 1.228 16 
Leucine (Leu) 3.605 45 
Norleu (Nor) 2.065 Standard 

Tyrosine (Tyr) 0.479 7 
Phenylalanine (Phe) 0.688 9 

Histidine (His) 0.794 10 
Lysine (Lys) 1.757 22 

Arginine (Arg) 2.534 32 
Proline (Pro) 2.151 27 

 
 

Each amino-acid concentration was calculated as above and the protein 

concentration was determined by finding the average of the concentrations of all amino-

acids present.  The Bradford method overestimates the protein by a factor of 1.5.  

Iron determination was performed by using both the atomic absorption 

spectrometry (AAS) and a rapid ferrozine-based colorimetric method. The purified GcpE 

enzyme contains 3.9 mole Fe per mole of enzyme as determined both by AAS and the 

colorimetric method. 
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4.4. Effect of ferricyanide solution on GcpE protein 

Electron paramagnetic resonance (EPR) spectral was recorded at 5K for GcpE protein to 

determine if the cluster can be oxidized to give the EPR active [4Fe-4S]3+ cluster.  A 

spectrum that can be assigned to a [3Fe-4S]1+ (Figure 4-7) was observed indicating that 

the cluster was probably broken down in the presence of excess ferricyanide solution 

since this signal was not observed in the native protein.   

 

4.5 Resonance Raman (RR) spectroscopy of GcpE protein 

Since no 3Fe EPR signal is detected in the protein as purified it appears that GcpE 

contains a [4Fe-4S]2+ cluster that cannot be reduced or oxidized.  To confirm the 

presence of a [4Fe-4S]2+ cluster a RR spectrum was measured for GcpE as purified 

(Figure 4-8, upper panel).  The results confirmed the presence of a [4Fe-4S]2+ cluster 

because of the positions and relative heights of the bands in the 325-400 cm-1 region 

which are typical for regular [4Fe-4S]2+ clusters with either 3 or 4 cysteine ligands 

(153,154).   

No bands were detected that can be assigned to a 3Fe or 2Fe cluster.  The low- 

frequency region is different.  The typical 250 cm -1 band has a very low intensity, while 

the 265 cm -1 band is more intense.  The reason for this difference is not clear since these 

bands are associated with internal Fe-S bonds (153).  

RR spectroscopy of the GcpE protein in the presence of MEcPP was also 

recorded to test if MEcPP binds to the [4Fe-4S]2+ cluster.  This experiment was intended 

to check binding of substrate to the oxidized cluster since we have reasons to believe that  
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Figure 4-7: EPR spectrum of GcpE (0.21 mM) in the presence of excess ferrycyanide 

(2.5 mM).  Temperature; 5 K.  Microwave frequency is 9.385 GHz, microwave power 

incident to the cavity is 1.994 mW. 
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Figure 4-8: Resonance Raman spectra of GcpE.  Upper panel:  GcpE as isolated, 0.50 

mM.  Lower panel:  GcpE in the presence of 1.9 mM MEcPP.  Each spectrum is a sum of 

40 scans, with 6 cm -1 spectral bandwidth.  The peak marked with an asterisk is due to 

frozen water. 
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substrate binds to the reduced cluster (See below).  The spectrum (Figure 4-8, lower 

panel) is also similar to the RR spectrum in the absence of substrate.  This might indicate 

that MEcPP is probably not binding to the cluster.  However, we cannot exclude that a 

water molecule might be present as a fourth ligand.  Replacing this ligand with an oxygen 

from the substrate would not lead to any detectable changes. 

  

4.6 Electron Paramagnetic Resonance (EPR) spectroscopy of GcpE protein 

The finding that the dithionite solution can not reduce the 4Fe cluster in the GcpE 

protein (Figure 4-5) is unexpected since dithionite is the electron donor in the activity 

assay.  EPR spectra of GcpE protein in the presence of dithionite and substrate were 

recorded under steady-state conditions to test the effect of both compounds on the GcpE 

enzyme.  For the experiment, GcpE and MEcPP were incubated at 55°C.  The reaction 

was started by addition of dithionite with an end concentration of 4.7 mM in total volume 

of 2 ml in 100 mM Tris-HCl buffer, pH 8.0.   

Since the maximal specific activity of GcpE is 0.6 µmol min-1 mg-1 (7), the 

complete reaction should last about 3 min.  The development of an EPR active species 

was followed by transferring aliquots of the solution into an EPR tube and flash freezing 

the sample in cold ethanol (200K) at different time intervals.  During the first minute of 

the reaction, a transient EPR signal was detected that has its highest intensity in samples 

that were frozen within 10-12 s (Figure 4-9).  The spectrum shows a rhombic EPR signal 

with gxyz = 2.000, 2.019 and 2.087 and has a spin intensity of 0.6 relative to the protein 

concentration.  The shape of the EPR signal is similar to that of a  HiPIP-type [4Fe-4S]3+ 

cluster. The signal intensity decreases over time and is lost after 1.5-2 min (Figure 4-10).  
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Figure 4-9: HiPIP-like EPR signal detected in GcpE during turn-over experiments (a) 

and (b) the simulated spectrum.  The starting solution contained 0.10mM GcpE, 4.0mM 

MEcPP and 4.7 mM dithionite solution in 2 mL of 100 mM Tris-HCl buffer, pH 8.0.  The 

sample was frozen after 10 s.  EPR conditions: microwave frequency, 9.388 GHz; 

microwave power incident to the cavity, 2.01 mW; field modulation frequency, 100 kHz; 

modulation amplitude, 0.6 mT.  Simulation parameters: gxyz = 1.9999, 2.0185 and 2.0874; 

Wxyz: 1.05, 0.95 and 1.50 mT;  Temperature: 77 K. 
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In addition to the Fe-S signal that was observed, two more signals were detected 

in the time-dependent studies.  The HiPIP-like signal is replaced by a radical type signal 

that reaches its maximum intensity at about 3-4 min when all the substrate has been 

converted to product (Figure 4-10), also another signal similar to the first HiPIP-like 

signal was observed.   

The temperature behavior of the first HiPIP-like signal is not the same as what has 

been detected previously for that type of cluster (153,155).  At temperature below 20 K, it 

is difficult to measure the signal without saturation.  From 20 K to 100 K, the signal can 

be measured without saturation.    

The HiPIP-like signal is also different from real HiPIP signal in that it can only be 

observed under reducing conditions as opposed to strongly oxidizing conditions (156).  

Figure 4-11 shows the temperature behavior of the EPR active species in the sample 

frozen after 4’05”.  The figure shows an overlap of the spectra taken at different 

temperatures.  The intensity of the spectra has been corrected for temperature differences 

and power.  This way the Curie-behavior of the different signals can be detected. 

 At low temperature, the radical signal that can be detected at 77 K is not 

detectable due to power saturation, a HiPIP-like signal is detected with g⊥ = 1.986 and  

g// = 2.081.  This signal can be measured without saturation up to 20 K.  Above 20 K, the 

signal starts to broaden.  For the discussion we will call this signal HiPIP-B. 

The radical signal is saturated at lower temperatures.  It can be measured without 

saturation in the 50-80 K temperature region.  The signal starts to broaden at higher 

temperature (above 100 K) until it cannot be detected anymore at 160 K.   
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Figure 4-10: Time-dependent electron paramagnetic resonance spectra obtained during 

the reaction of GcpE in the presence of dithionite and MEcPP for samples frozen in cold 

ethanol (200 K) at different time intervals from 23 s-6 min.  The samples were made 

under the same conditions as in Figure 4-9.  EPR conditions are the same as for  

Figure 4-9. 
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Figure 4-11: Temperature overview of the EPR active species in GcpE protein.  EPR 

conditions: field modulation frequency, 100 kHz; modulation amplitude, 0.6mT; 

microwave power, 2.01 mW; microwave frequency, 9.388 GHz. 
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Similar signal was detected in ferredoxin thioredoxin reductase (FTR) (156).  This 

enzyme is involved in a two one-electron step reduction of a disulfide bond.  The [4Fe-

4S]2+ cluster present in the active site of FTR is involved in mediating electron transfer to  

the active site disulfide and stabilization of the cystenyl radical. The cystenyl radical 

results from an initial one-electron reduction of the active-site disulfide.  The radical is 

stabilized by coordination of the sulfur ion to an iron on the resultant oxidized [4Fe-4S]3+ 

cluster (157).   

With only three conserved cysteine residues present in GcpE that are involved in 

the coordination of the 4Fe it can be assumed that there is no active-site disulfide present 

in GcpE.  In contrast to the EPR signals found in FTR all the g values of the EPR signal 

in GcpE are equal to 2 or higher (156).  This might be due to the presence of one or two 

oxygen ligands from MEcPP instead of the two cysteine sulfur atoms in FTR.  

Figure 4-12 shows the EPR spectra of two samples that were prepared for 

ENDOR experiments.  The samples were prepared after 22 s and 5 min incubations.  The 

sample incubated for 22 s contained mainly the HiPIP-like signal.  A small amount of a 

radical-type was also present.  There are several species that were present in the 5 min 

incubation sample.  The species present are the radical type signal and the HiPIP-B 

signal.  Presence of HiPIP-B signal was verified at low temperature (data not shown). 

Spectra were also obtained at 35 GHz (Q-band) by Nick Lees at North Western 

University, Chicago for both rapid (22 s) and slow (5 min) incubations.  The spectra are 

similar to those recorded at 9 GHz, ignoring the slight shift in g-value (field not 

calibrated).  The signals have different saturation characteristics for samples with 22 s 

incubation as seen from the change in relative intensities at the two different microwave  
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Figure 4-12: EPR spectrum of GcpE in the presence of dithionite and MEcPP for 

samples frozen in cold ethanol at 5 min (upper spectrum) and 22 s (lower spectrum) at  

77 K.  
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powers shown (Figure 4-13, upper panel).  This indicates the presence of different EPR 

active species.  For the sample at 5 min incubation, the signals were similar to those 

obtained at 9 GHz (Figure 4-13, lower panel) with slight intensity ratio differences. 

 

4.7 Electron nuclear double resonance (ENDOR) of GcpE protein 

GcpE in the presence of dithionite and MEcPP was measured using 31P ENDOR 

spectroscopy to probe the exact mode of binding of MEcPP to the 4Fe cluster.  The 

spectra were recorded for both the 22 s (Figure 4-14) and the 5 min (Figure 4-15) 

incubations.  The results indicate a weak isotropic coupling (< 0.5 MHz) for 31P ENDOR 

that can be observed across the EPR spectrum in both samples.  

It is not possible to draw a clear conclusion.  It is possible that only the radical 

signal and the HiPIP-B signal show the 31P-coupling.  Since the signals are present in 

both samples, the coupling is detected in both samples.  In that case, the HiPIP-like signal 

might not show any coupling.  The other option is that the HiPIP-like signal and one of 

the other two signals show identical coupling.  We can only solve this problem by 

making a sample that only shows the HiPIP-like signal.  

The size and nature of 31P coupling suggests a weak interaction with a fairly 

distant coordinated phosphorous that is likely to be at least three or four bonds away from 

the source of the electron spin density.  

 

4.8 Freeze Quench in conjunction with EPR spectroscopy of GcpE   

A freeze quench technique was employed to acquire more kinetic information on 

the radical intermediate occurring during the reaction of GcpE with dithionite and  
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Figure 4-13: X-band (9 GHz) and Q-band (35 GHz) EPR spectroscopy of  22 s 

incubation (upper panel) and 5 min incubation (lower panel) of GcpE enzyme compared. 
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Figure 4-14: 31P ENDOR spectra of GcpE enzyme incubated for 22 s at RT.  The 

spectra were taken at different field positions as indicated on the left.  Conditions: T = 2 

K; microwave frequency = 35 GHz. 
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Figure 4-15: 31P ENDOR spectra of GcpE enzyme incubated for 5 min at RT.  The 

spectra were taken at different field positions as indicated on the left.   

Conditions: T = 2 K; microwave frequency = 35 GHz. 
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Figure 4-16: Overlay of figure 4-15 (top, 5 min incubation) and Figure 4-14 (bottom, 

22 s incubation) of 31P ENDOR spectra of GcpE enzyme.  
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MEcPP.  EPR samples were made at different quench times (the time between the 

injection of the solution and cessation of the reaction) from 28 ms-60 s at room 

temperature (Figure 4-17).  The results show the presence of the iron-sulfur (HiPIP-like) 

that started to develop at 1.2 s and reaches its maximum intensity at 30 s.  

Another feature (at around g = 2) that may be attributed to an intermediate signal 

was also present, since it appeared at the beginning of the series and was lost after 8 s.  It 

is not clear if this radical is part of the reaction or is due to dithionite.  

   

4.9 Activity studies of GcpE enzyme 

An activity assay for GcpE in the presence of substrate and dithionite was 

performed to determine if the protein that showed the two new EPR signals after 4 min 

incubation is still active when new substrate was added.  This was accomplished by 

monitoring the absorption of methyl viologen at 732 nm for 10 min.   

The experiment was performed for protein sample (as such) and a sample that was 

incubated with MEcPP and dithionite for 3-4 min (since the maximum intensity was 

reached around 3-4 min although the radical signal is still present till 16 min).  A parallel 

EPR sample was taken to check for the presence of both iron-sulfur and the radical-type 

signals.  The result shows that the new species were not active after addition of new 

substrate because there is no change in absorbance.  This indicates that these EPR active 

species probably do not represent reaction intermediates (Figure 4-18).   
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Figure 4-17: EPR spectroscopy of freeze quench samples at different quench times.  

Each sample tube contained 0.4 mM GcpE, 5.5 mM MEcPP and 25 mM dithionite.  EPR 

conditions: microwave power, 0.199 mW; microwave amplitude, 0.6 mT; frequency, 

9.385 GHz; Temperature, 10 K.  
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Figure 4-18: Activity studies of GcpE protein in the presence of dithionite, substrate 

and methyl viologen.  The reaction was initiated by addition of substrate at 55°C.  

Oxidation of methyl viologen was monitored at 732 nm.  As such indicates the curve 

obtained with fresh protein.  Sample after 3-4 min is the curve obtained for a protein 

sample that was pre-incubated for 4 min in the presence of 5.5 mM  MEcPP and 25 mM 

dithionite 
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4.10 Summary 

 The combination of EPR and resonance Raman (RR) spectroscopy showed that 

GcpE protein contains only a [4Fe-4S] cluster.  EPR studies showed that the GcpE 

protein contains an unusual paramagnetic species under turnover conditions that 

resembles a HiPIP cluster.  This paramagnetic species can only be observed in the 

presence of substrate (MEcPP) and dithionite, in which dithionite serves as an artificial 

reductant.   The conditions used to induce the signal and its temperature behavior is 

similar to that of the EPR active species in FTR.  In that case, the signal was due to a 

cluster-substrate complex.   
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CHAPTER FIVE 

RESULTS FOR THE YfgB PROTEIN 

 

5.1 Protein expression and purification 

The YfgB gene of Thermus thermophilus was over expressed in E.coli XL-1 blue 

cells.  Optimum protein expression was obtained at 37°C and induction with 0.4 mM 

(end concentration) IPTG.  The cells were harvested when the optical density at 600 nm 

reached 4.0-5.0 (Figure 5-1).  In the absence of IPTG, the protein was expressed but the 

amount was minimal.  The protein was purified using heat treatment at 65°C followed by 

both weak (DEAE sepharose column) and strong (mono Q column) anionic exchange 

chromatography.  

The protein was eluted from the DEAE column at around 25%  buffer B (Figure 

5-2) and from the mono Q column at around 20% buffer B (Figure 5-3).  (Buffer B 

contains 20 mM Tris-HCl and 1 M NaCl). The high intensity peak signifies the position 

where the protein is being eluted.  Purification was followed with SDS-PAGE since no 

assay is available.  More than 80% purity was achieved for YfgB as determined by SDS-

PAGE.  Figure 5-4 shows the SDS-Page analysis of the different steps.  The yield from a 

1L growth culture was about 20 mg.  The YfgB protein is about 32 kDa in size as judged 

by SDS-PAGE.   
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Figure 5-1: Growth curve of E. coli XL blue cells in the absence and presence of 

IPTG (0.4 mM). 
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Figure 5-2: DEAE column profile for purification of the YfgB protein.  Letter a 

denotes the absorption peak for YfgB protein, b denotes the % conductivity and c  

is the % concentration of buffer A.  Protein eluted between 20% and 45% buffer A 

concentration.  
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Figure 5-3: Mono Q column profile for the YfgB purification.  The high intensity  

peak is the YfgB protein.  The dashed line represents the % conductivity; the dotted  

line represents the % concentration of buffer used.  The protein eluted between 20%  

and 23% buffer B. 
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5.2 Absorption spectroscopy of YfgB protein 

The absorption spectrum of YfgB was measured after purification to check for the 

presence of an iron-sulfur cluster.  There was no absorbance peak at around 420 nm 

(Figure 5-5) which indicated that there was no iron-sulfur cluster present.  Reconstitution 

of the cluster was performed according to a procedure previously described (158) and the 

spectrum of the reconstituted cluster was recorded as shown in figure 5-6.  The 

absorption band at around 420 nm indicates the presence of a [4Fe-4S]2+ and/or  

[3Fe-4S]1+ cluster.   

Reduction of the cluster was performed using dithionite.  The bleaching of the 

420 nm band indicates reduction of the cluster.  To further confirm the presence of the 

iron-sulfur cluster, EPR experiments on the YfgB protein were performed. 

 The reconstituted YfgB enzyme contains 3.6 mole of Fe per mole of enzyme as 

determined by the ferrozine-based colorimetric method. 

 

5.3 Electron paramagnetic resonance (EPR) of reconstituted YfgB protein 

EPR spectroscopy of YfgB was obtained for reduced-YfgB in the presence of 

ethylene glycol at 10K.  In this experiment, YfgB protein is first reduced with dithionite 

solution, transferred into an EPR tube, and then frozen in liquid nitrogen. The EPR signal 

shows the presence of [4Fe-4S]1+ cluster with both high spin (spin 3/2, minor component) 

and low spin (spin ½, major component) present  (Figure 5-7).  In the presence of 

ethylene glycol, a sharp signal for the spin ½ was obtained (figure 5-8).   Figure 5-9 

shows only the spin ½ signal with g values at 2.034, 1.915 and 1.858 which is typical for 

a [4Fe-4S]1+ cluster. 
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Figure 5-4: SDS-PAGE gel of different fractions obtained during purification of YfgB 

protein.  Lane 1, protein standard;  Lane 2, Cell extract;  Lane 3, Heat stable protein;  

Lane 4, Flow through; Lane 5, Sample after DEAE sepharose column (weak anion 

exchanger);  Lane 6. Sample after 15 Q sepharose column (strong anion exchanger). 
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Figure 5-5: Absorption spectra of YfgB protein after purification.  Absence of 

pronounced absorbance band at 420 nm is indicative of the absence of iron-sulfur 

clusters.  
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Figure 5-6: Absorption spectra of reconstituted YfgB protein.  The reconstituted (solid 

line) enzyme (0.011 mM) in the presence of 1.22 mM dithionite (dash-dot line).  The 

band at 330 nm is due to dithionite. 
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Figure 5-7: EPR spectrum of YfgB protein in the absence of ethylene glycol showing 

both the spin 3/2 (minor component) and spin ½ (major component) at 10 K. EPR 

conditions:  Microwave power, 0.01993 mW; microwave frequency, 9.3858 GHz; 

modulation amplitude, 0.6 mT; field modulation at 100 kHz. 
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Figure 5-8: EPR spectrum of dithionite reduced YfgB (0.081mM) in the presence of 

20% ethylene glycol at 10 K showing both spin 3/2 and spin 1/2.  EPR conditions:  

Microwave power, 0.01993 mW; microwave frequency, 9.3858 GHz; modulation 

amplitude, 0.6 mT; field modulation at 100 kHz. 

 

 125



 

 

Figure 5-9: EPR spectrum of dithionite reduced YfgB (0.081 mM) in the presence of 

20% ethylene glycol at 10 K.  Microwave power is 0.01992 mW, microwave frequency is 

9.3859 GHz, modulation amplitude is at 0.6 mT and field modulation at 100 kHz 

 
 

 

 

 

 

 

 126



5.4 Effect of SAM on YfgB protein 

A twenty fold molar excess of SAM with respect to enzyme concentration was 

added to YfgB protein that has been reduced with dithionite solution.  We could not see 

any effect of SAM on both the absorption and the EPR spectra of the reduced YfgB 

protein that would indicate binding of SAM to the 4Fe cluster.   

Two possible effects could be expected when SAM binds; either SAM binds 

without being converted which is expected to be observed as a change in g-values in EPR 

or when SAM is converted, the Fe-S EPR signal is lost due to oxidation and a radical 

signal might be detected due to an amino-acid based radical species.  None of these 

changes were detected (not shown).  

 

5.5 GcpE in the presence of YfgB protein 

We propose that YfgB might be acting as an activating protein for GcpE (Figure 

5-10).  Following the example of other radical SAM proteins, YfgB might transfer a low 

potential electron to GcpE.  On GcpE, a radical could be formed that is needed to activate 

the substrate before binding to the cluster.   

Several experiments were performed by first reducing YfgB with dithionite and 

removing the excess dithionite on a PD-10 column followed by the addition of SAM and 

GcpE enzyme.  No oxidation of the reduced cluster present in YfgB was detected in EPR 

and absorption spectroscopy. 
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Figure 5-10: Proposed YfgB/GcpE model in which YfgB is acting as an activating 

protein to create a glycyl radical on GcpE for MEcPP activation before binding to the 

iron-sulfur cluster. 
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CHAPTER SIX 

DISCUSSION 

 

6.1 LytB protein 

LytB catalyzes the conversion of HMBPP to IPP and DMAPP in the ultimate step 

of isoprene synthesis (Figure 1-1).  In this work, we determined the type of iron-sulfur 

cluster present in LytB protein using both absorption and EPR spectroscopic techniques.   

The lytb gene from Aquifex aeolicus, a hyperthermophillic organism was 

expressed in E. coli cells.  Expression of LytB protein in the presence of IPTG provided a 

significant amount of protein and purification was carried out in the absence of oxygen in 

a Coy glove box to ensure iron-sulfur cluster stability. 

LytB protein as purified contained both [3Fe-4S]+1 and [4Fe-4S]+2.  This showed 

that the LytB protein contained an unstable 4Fe cluster.  The purification had a A420 /A280 

ratio (< 0.1) which showed that the cluster content of LytB protein is on the low side 

when compared to GcpE enzyme.  This indicates instability of the cluster in the cell 

despite purification in the absence of oxygen (Figure 6-1).  The instability of the 4Fe 

cluster is in line with the protein sequence data: the sequence alignment of LytB showed 

the presence of only three conserved cysteines (Figure 6-2) in which the fourth iron is 

coordinated by a different amino acid side chain, water or is not coordinated at all.  This 

can cause the unique iron atom to be easily removed during purification.   
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Figure 6-1: Comparison of the amount of cluster content in GcpE and LytB enzymes. 

The shoulder at 420 nm indicates the relative amount of cluster present. 
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     181                                                           240 
Tt                                      MGGMSGLR RVYLARPRGF CAGVVMAIEA 
Ec                                             M QILLANPRGF CAGVDRAISI 
Yp                                             M QILLANPRGF CAGVDRAISI 
Vc                                             M KILLANPRGF CAGVDRAISI 
Mt                           MAEVFVGP VAQGYASGEV TVLLASPRSF CAGVERAIET 
Pf   DIHEEDGDHK NDVEINQKRN EQNCKSFNDE KNENARDPNK ILYLINPRGF CKGVSRAIET 
Ba                                             M KIVKISPRGY CYGVVDAMVI 
Aa                                            MV DIIIAEHAGF CFGVKRAVKL 
At   YNRKGFGHKE ETLKLMNREY TSDILETLKT NGYTYSWGDV TVKLAKAYGF CWGVERAVQI 
Con  .......... .......... .......... .......... ...l....g% C.GV.rA... 
                                                            * 
     301                                                           360 
Tt   RL-----RRE RRLADTVVFS AHGHPPAVRR QAAEMGLTV- LDATCPLVTK VHTEAKRYAK 
Ec   -------D-- ---GAILIFS AHGVSQAVRN EAKSRDLTV- FDATCPLVTK VHMEVARASR 
Yp   -------D-- ---GSILIFS AHGVSQAVRA EARSRNLTML FDATCPLVTK VHMEVARASR 
Vc   -------D-- ---DNIVIFS AHGVSQAVRQ EAKERSLTV- FDATCPLVTK VHMEVARASR 
Mt   -------DPP PP-GAVVVFS AHGVSPAVRA GADERGLQV- VDATCPLVAK VHAEAARFAA 
Pf   -------D-- ---GHILIYS AHGISPQIRE IAKKKKLIE- IDATCPLVNK VHVYVQMKAK 
Ba   -----LDILD KIDSGTVIFT AHGVSPEVKQ RAKEKGLTT- IDATCPDVTK THDLIEAKKA 
Aa   ---------- --EGDTVIIR SHGIPPEKEE ALRKKGLKV- IDATCPYVKA VHEAVCQLTR 
At   ---------- --KDDVVILP AFGAGVDEMY VLNDKKVQI- VDTTCPWVTK VWNTVEKHKK 
Con  .......... .......... ahG....... .......... .#atCp.V.k .......... 
                                                     * 
     361                                                           420 
Tt   EGYWILLIGD SADHQEIKGT YGEAPERTIL VAVHTHVG-- ---------- KDPRLADPRT 
Ec   RGEESILIG- HAGHPEVEGT MGQYSNPEG- -GMYLVES-- ---------- --PDDVWKLT 
Yp   KGKEAILIG- HAGHPEVEGT MGQYSNPNG- -GMYLVES-- ---------- --PDDVWQLN 
Vc   KHMEVVLIG- HAGHPEVEGT MGQYASDTG- -GMYLVEK-- ---------- --PEDVVSLQ 
Mt   RGDTVVFIG- HAGHEETEGT LGVAPRST-- ---LLVQT-- ---------- --PADVAALN 
Pf   ENYDIILIG- YKNHVEVIGT YNEAPHC--- --THIVEN-- ---------- --VNDVDKLN 
Ba   EGYHVIYIG- KKNHPEPEGA VGIAPDI--- --VHLIER-- ---------- --ADDLKTLE 
Aa   EGYFVVLVG- EKNHPEVIGT LGYLRACNG- -KGIVVET-- ---------- --LEDIGEAL 
At   GEYTSVIHG- KYNHEETIAT ASFAGKYIIV KNMKEANYVC DYILGGQYDG SSSTKEEFME 
Con  ........G. ...H.E..g. .g........ .......... .......... .......... 
 
     481                                                           540 
Tt   DLCYATQNRQ EAVKRIAPK- VEAFLVLTSP HSSNGMRLLE LAQSL---VG RAYRLERPEE 
Ec   DICYATTNRQ EAVRALAEQ- AEVVLVVGSK NSSNSNRLAE LAQRM---GK RAFLIDDAKD 
Yp   DICYATTNRQ EAVRNLAND- ADIVLVVGSK NSSNSNRLAE LVQRM---GK PAYLIDSAAD 
Vc   DICYATQNRQ DAVRILAEQ- VDVMVVVGSK NSSNSTRLKE LAEKL---GT PGYLIDCPQD 
Mt   DICYATTNRQ RALQSMVGE- CDVVLVIGSC NSSNSRRLVE LAQRS---GT PAYLIDGPDD 
Pf   SICYATTNRQ TALNKICTK- CDLTIVVGSS SSSNAKKLVY SSQIR---NV PAVLLNTVHD 
Ba   EICLATQVRQ EAVAKQADV- ADLTIVVGDP KSNNSNRLAQ VSQEI--AGT KAYRVADVSE 
Aa   TICNATSLRQ ESVKKLAPE- VDVMIIIGGK NSGNTRRLYY ISKEL---NP NTYHIETAEE 
At   TICDATQERQ DAIYELVEEK IDLMLVVGGW NSSNTSHLQE ISEAR---GI PSYWIDSEKR 
Con  .iC.at..r# .a........ .....!.g.. .SsN...L.. .......... .......... 
       * 

 
Concensus sequence based on alignment (Blosum62-12-2) of 75 unique sequences (only 9 shown).  

Tt, Thermus thermophilus HB27; EC, Escherichia coli K12; Yp, Yersinia pestis; Vc, Vibrio cholerae; Mt, Mycobacterium 

tuberculosis H37Rv; Pf, Plasmodium falciparum 3D7; Ba, Bacillus anthracis A2012; Aa, Aquifex aeolicus; At Arabidopsis 

thaliana. 

Black background, 100% conserved. Gray background 80% conserved. Asterisks indicate the position of the conserved 

Cys residues. Numbering is from the P. falciparum gene that contains an extra N-terminal domain. 

Figure 6-2: Sequence alignment of LytB protein from different organisms. The 

asterisk shows the conserved cysteine residues. 
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Reconstitution of the cluster can be carried out to obtain full cluster content.  

Since LytB has only three conserved cysteines available to coordinate the 4Fe cluster, 

there is the possibility that the substrate will bind to the uncoordinated cluster-iron during 

the reaction cycle as seen in aconitase.  This may indicate that the [4Fe-4S] cluster in 

LytB protein is probably involved in substrate binding.     

Further characterization of the cluster in LytB protein was not carried out because 

of the problems encountered.  One possible explanation is that due to genetic leakage of 

the lac promoter, LytB protein is expressed in the absence of IPTG.  For some unknown 

reasons, this made the cell lines unstable.  Replacing the lac promoter with a tet promoter 

removed the problems with the cell lines. 

Although cell lines are available in the lab for the expression of lytB from A. 

aeolicus and LytB from P. falciparum, Weiya Xu continued to work with the P. 

falciparum enzyme since it is expressed with a high cluster content, removing the need 

for reconstitution procedures. 

Reduced [4Fe-4S]+1 cluster is detected in the presence of dithionite only and the 

EPR spectra confirmed the presence of [4Fe-4S]+1 .  In the presence of both dithionite and 

substrate (HMBPP), a HiPIP-like signal (data not shown) was observed for LytB protein 

from P. falciparum that was identical to the signal found in GcpE from T. thermophilus. 

 

6.2       GcpE enzyme 

The GcpE enzyme catalyzes the conversion of 2-C-methyl-erythritol-2,4-

cyclodiphosphate (MEcPP) into (E)-4-hydroxy-3-methyl-but-2-enyl diphosphate 

(HMBPP) in the second to the last step of the DOXP pathway for isoprenoid synthesis 
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(Figure 1-1).  E.coli cells were transformed by gcpe gene from Thermus thermophilus, 

expressed and purified under exclusion of molecular oxygen. The absorption spectra of 

purified GcpE protein showed a high intensity band at 280 nm and a pronounced band at 

420 nm.  This indicates the presence of an iron-sulfur cluster which may contain either 

[4Fe-4S]+2 and/or [3Fe-4S]+1.  The ratio of 420 nm/280 nm is above 0.2, indicating a 

significant amount of iron-sulfur cluster content. The purified protein contains 3.9 mole 

Fe per mole of enzyme.     

Addition of dithionite solution did not have any effect on the iron-sulfur cluster in 

the protein, which would indicate that the cluster in GcpE enzyme cannot be reduced by 

dithionite.  Reduction with titanium citrate probably resulted into cluster breakdown. 

Resonance Raman (RR) spectroscopy further confirmed the presence of only [4Fe-4S]2+ 

cluster in the GcpE protein.  There is no evidence for the presence of any other type of 

iron-sulfur cluster present in the GcpE enzyme apart from [4Fe-4S], so we conclude that 

the GcpE enzyme solely contains a [4Fe-4S] cluster.  Sequence alignment (Figure 6-3) of 

GcpE showed the presence of three conserved cysteine residues which in principle can 

coordinate a 4Fe cluster and the unique iron atom could function in binding the substrate 

during the reaction cycle.    

Generally in iron-sulfur cluster, the uncoordinated iron atom is easily removed 

under oxidative conditions leading to relative instability of the cluster upon purification.  

This is rarely the case for GcpE.  We found out that after purification, the iron-cluster is 

not very sensitive to oxygen.  It was reported (159) that the iron-sulfur cluster in GcpE 

enzyme is oxygen-sensitive and therefore reconstitution of the cluster is needed.   
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     331                                                                      400 
Tt   LQALGLRAFA PEVTSCPGCG RTTSTFFQEL AEEVSRRLKE RLPEWRARYP GVEELKVAVM GCVVNGPGES 
Aa   LKSLGLRRRG VEIVACPTCG RIEVDLPKVV KE-------- ---VQEKLSG VKTPLKVAVM GCVVNAIGEA 
Ba   LKSFGLASNA ATLISCPTCG RIEIDLISIA NE-------- ---VEEYIST LQVPIKVAVL GCAVNGPGEA 
Mt   LESLNLRPRS LEIVSCPSCG RAQVDVYTLA NE-------- ---VTAGLDG LDVPLRVAVM GCVVNGPGEA 
Yp   LKSLRIRARG INFIACPTCS RQEFDVIGTV NA-------- ---LEQRLED LITPMDVSII GCVVNGPGEA 
Vc   LKSLRIRSRG INFIACPSCS RQEFDVIGTV NA-------- ---LEQRLED VLTPMDVSII GCVVNGPGEA 
Ec   LKSLRIRSRG INFIACPTCS RQEFDVIGTV NA-------- ---LEQRLED IITPMDVSII GCVVNGPGEA 
Pf   LQDTRIRLFK TDYIACPSCG RTLFNIQETT KK-------- ----IMKLTG HLKGVKIAVM GCIVNGIGEM 
At   LQGCRMRNTK TEYVSCPSCG RTLFDLQEIS AE-------- ----IREKTS HLPGVSIAIM GCIVNGPGEM 
Con  L......... .....CP.C. R......... .......... .......... ........!. GC.VNgpGE. 
                     *  *                                               * 
 

 
Concensus sequence based on alignment (Blosum62-12-2) of 63 unique sequences (only 9 
shown).  
Tt, Thermus thermophilus HB27; Aa, Aquifex aeolicus; Ba, Bacillus anthracis A2012; Mt, 
Mycobacterium tuberculosis H37Rv; Yp, Yersinia pestis; Vc, Vibrio cholerae; Ec, Escherichia coli 
K12; Pf, Plasmodium falciparum 3D7; At Arabidopsis thaliana. 
Black background, 100% conserved. Gray background 80% conserved. Asterisks indicate the 
position of the conserved Cys residues. 
 
Figure 6-3: Sequence Alignment of GcpE protein from different organisms  

 

 

 

 

 

 

 

 

 

 

 

 

 

 134



In metalloproteins, two types of iron-sulfur cluster can be generated either under 

strongly oxidizing or reducing conditions.  Under reducing conditions, conversion of 

[4Fe-4S]2+ to [4Fe-4S]1+ is possible for clusters known as standard type clusters.  Under 

strongly oxidizing condition conversion from [4Fe-4S]2+ to [4Fe-4S]3+  is possible for 

HiPIP clusters.  Neither of these changes occurs in the iron-sulfur cluster of GcpE.  

The HiPIP-like signal can easily be observed at 77 K but a real HiPIP can only be 

seen at temperature below 20 K.  Measurement in EPR at temperatures below 20 K for 

the cluster in GcpE is not possible without saturation of the GcpE signal.        

Time-dependent studies on GcpE revealed the presence of two additional signals 

apart from the first HiPIP-like signal observed.  The first additional signal is a radical 

intermediate which is observed after 1-2 min when the HiPIP-like signal is replaced by 

the radical-type signal (Figure 4-10).  Another signal that resembles a HiPIP signal was 

also observed.  The origin of both signals is not clear. 

The freeze quench experiment confirmed the role of the HiPIP-like signal as a 

transient reaction intermediate.  In addition it revealed the presence of another EPR 

species.  The EPR is isotropic, which is a characteristic for a radical species. 

Several hypothetical mechanisms can be found in the literature that proposes a 

radical-type mechanism for GcpE.  Figure 6-4 shows a mechanism that has been 

proposed by several groups that in principle does not need a direct role for the Fe-S 

cluster.  The proposal was based on the fact that the cluster in GcpE can be reduced with 

titanium citrate in which the reaction may be initiated by ring opening of the 

cyclodiphosphate to yield a tertiary carbocation that is relatively stable.  The carbocation 

can then be reduced by two consecutive one-electron transfer steps under the concerted 
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Figure 6-4: Hypothetical mechanism I the conversion of MEcPP into HMBPP by the 

GcpE enzyme (7) 
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elimination of the hydroxyl group as water to give the product, HMBPP. 

  Our EPR data indicates the binding of the substrate to the cluster with different 

possibilities.  The binding of the substrate to the cluster could take place through the 

phosphate group, however, the ENDOR data excludes this option due to low 31P 

coupling. This indicates that the mode of binding of the iron-sulfur cluster to the substrate 

is most likely through a hydroxyl group.   

The binding of the cluster to the C2 carbon atom with the elimination of the C2 

hydroxyl group has been proposed for GcpE enzyme (159) (Figure 6-5).  But the opening 

of the cyclodiphosphate and the elimination of the hydroxyl group still remain to be 

solved.  The Lewis acid character of the iron-sulfur cluster, which may coordinate to the 

hydroxyl group has been established for aconitase enzyme but it is not known whether 

the Fe-S cluster or other acidic groups are involved.  The evidence for a weak isotropic 

coupling in phosphorous atom shows that the iron-sulfur cluster in GcpE enzyme is 

directly involved in substrate binding and catalysis. 

Knowing the mode of binding of substrate to the cluster is important; this will 

lead to a better understanding on the reaction mechanism and help in designing potential 

inhibitors that mimic the substrate-transition state.  These compounds might probably 

show high specificities and high binding constants that will make them good candidates 

for anti-infective drugs.    

The sequence alignment of GcpE shows the presence of two highly conserved 

glycine residues (Figure 6-3).  The radical-type signal present at incubation time of 3 min 

and longer may be attributed to a glycyl species that might have developed due to the  
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Figure 6-5: Hypothetical mechanism II for the reaction catalyzed by the GcpE enzyme 

(159) 
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presence of the glycine residues in the close vicinity of the Fe-S cluster.  However, the 

activity studies on GcpE revealed that the enzyme that showed this EPR signal is not 

active in our assay.   

These results suggest that they are not intermediates in the reaction mechanism, 

but might be part of the side reactions. This shows that a better understanding of the 

reaction mechanism of the GcpE enzyme is essential to explain the various signals 

observed.    

 

6.3 YfgB protein 

The LytB and GcpE proteins are directly involved in the DOXP pathway.  As can 

be expected there is an additional need for accessory proteins that assist in the synthesis, 

folding and function of the proteins that constitute the pathway. Besides the obvious role 

of proteins that function in Fe-S cluster synthesis and insertion, genetic evidence (Heidi 

Sofia, personal communication) indicates that there is a gene, yfgB, that codes for a 

protein that belongs to radical SAM family. This gene seems to be associated with the 

gcpE gene. 

The presence of the defining CxxxCxxC motif in the YfgB protein sequence 

indicates that YfgB belongs to the radical SAM enzymes.  This motif is highly conserved 

in YfgB proteins from different organisms as shown by the sequence alignment in Figure 

6-6.). The binding site for SAM is also present (not shown). The length of the amino acid 

chain and the absence of any other motif that would indicate the presence of another 

metal center would indicate that YfgB functions as an activating protein (not shown). 
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            151    *   *   *                                      200 

E. coli     QVGCALECKF CSTAQQGFNR NLRVSEIIGQ VWRAA----- --KIVGAAKV 
S. flex     QVGCALECKF CSTAQQGFNR NLRVSEIIGQ VWRAA----- --KIVGAAKV 
S. enter    QVGCALECKF CSTAQQGFNR NLRVSEIIGQ VWRAA----- --KIVGAAKV 
S. typhi    QVGCALECKF CSTAQQGFNR NLRVSEIIGQ VWRAA----- --KIVGAAKV 
Y. pestis   QVGCALECKF CSTAQQGFNR NLRVSEIIGQ VWRAA----- --KIIGSLKS 
Y. pseudo   QVGCALECKF CSTAQQGFNR NLRVSEIIGQ VWRAA----- --KIIGSLKS 
E. carot    QVGCALECKF CSTAQQGFNR NLRVSEIIGQ VWRAA----- --KIIGAFKV 
W. gloss    QIGCALNCKF CATSYQGFNR NLNSYEIISQ IWYAM----- --KIINDRNN 
P. aeru     QAGCALDCSF CSTGKQGFNS DLTAAEVIGQ VWIAN----- --KSFGTVPA 
B. amphid   QIGCSLKCHF CATGQEGFQR NLKVSEIIAQ IWQAN----- --KRLKEKNI 
B. pseudom  QAGCAVNCRF CSTGKQGFSR NLSTGEIVGQ LRMAEFALRA SLGRAPGPNG 
N. menin    QVGCALECTF CSTGRQGFNR NLTAAEIIGQ LWWAN----- ---KAMGVTP 
C. jeju     QVGCKSGCSF CLTAKGGLKR NLSAGEIVGQ ILW------- ----IKKQNN 
M. bovis    QAGCGMACPF CATGQGGLTR NLSTAEILEQ VRAG------ ----AAALRD 
C. diphte   QAGCGMACPF CATGQGGLDR NLSTGEIVDQ VRAA------ ----SATMQA 
 Consensus  Q.GC...C.F C.T...G..r #L...E!..Q .......... .......... 
 
Figure 6-6: Sequence Alignment of the cluster binding motif of YfgB protein 
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The evidence that YfgB might be acting as an activating protein for GcpE is that 

both yfgB and gcpE genes are clustered together in the genomes of most organisms 

(Figure 6-7). The genes, however, are not present in the same operon. This makes sense 

since much more GcpE is needed in the cell than its activating enzyme. 

Figure 6-7a depicts the gene cluster pattern in the genomes of Candidatus species 

in which both gcpE and yfgB genes are next to each other (The gene cluster patterns for a 

particular gene can be found on the KEGG website (www.genome.jp/kegg/) using the 

‘SSDB Gene  Cluster Search’ command).  The figure also shows that the genes coding 

for the proteins involved in isoprene synthesis are not clustered together.  The gcpE and 

yfgB genes are enclosed by the hisS and ndk genes that code for the enzymes histydyl-

tRNA synthetase and nucleoside diphosphate kinase respectively.   

In several organisms like E. coli strains and Shigella species, there is another 

gene, yfgA, a hypothetical gene, that is present between gcpE and yfgB genes as shown in 

figure 6-7b.  Both hisS and ndk genes are also present. 

In Photobacterium species, the two genes are further separated by two 

hypothetical genes (designated as hyp) present between the gcpE and yfgB (Figure 6-7c).  

Also present are both hisS and ndk genes.  The two genes from Thermophilus used in our 

plasmids are not even clustered together in the genomes of Thermus species (Figure 6-

7d). 

As a comparison we also looked at the gene clustering pattern for pyruvate 

formate lyase and pyruvate formate lyase activating enzyme.   In the E. coli genome, 

several pyruvate formate lyases can be found that are associated with their activating  
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Figure 6-7: Schematic representation of operons in the genome of different organisms  

(a) Candidatus species (b) E. coli species (c) Photobacterium species (d) Thermus 

species  
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enzyme.  An example is the pflF gene and gene that codes for the activating enzyme, 

pflE.  The gene clustering pattern shows that in most genomes these two genes are next to  

each other (but not in the same operon).  In several genomes, there is one other gene 

placed in between pflF and pflE genes. 

The other example is the pflB gene and the gene that codes for the activating 

enzyme, pflA.  In E. coli the genes are next to each other but in other genomes one, two 

or even three genes can be found in between these two genes.  This shows that the 

different relative positions of the yfgB gene and the gcpE are still in line with a role for 

YfgB as an activating protein for GcpE. 

The yfgB gene from Thermus thermophillus was used.  E. coli cells were 

transformed using pQE60 expression vector, the cells were expressed in the presence of 

IPTG and has been purified in the absence of oxygen.   Purification under anaerobic 

condition still led to the loss of the iron-sulfur cluster which might suggest that the iron-

sulfur cluster in YfgB protein is relatively unstable.  This is very common for the radical 

SAM protein. 

Reconstitution of the iron sulfur cluster under anaerobic conditions followed by 

desalting resulted in ~3.7 mole Fe per mole of enzyme indicating that YfgB protein 

contained a [4Fe-4S]2+.  This was confirmed by absorption spectroscopy in which there is 

a pronounced shoulder at 420 nm.  The final preparation gave a good A420 /A280 ratio (> 

0.2).  Reduction of the reconstituted protein by dithionite solution resulted in the 

disappearance of the 420 nm band.  EPR spectra of the reconstituted YfgB on reduction 

showed the presence of both a high and low spin [4Fe-4S]+1 cluster with spin ½ as the 

major component.   
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Our working hypothesis is that in the presence of SAM two different effects could 

be detected: Binding of SAM to the reduced cluster in YfgB could result in changes of 

the g-values of the EPR signal. Alternatively, binding of SAM could lead to oxidation of 

the cluster due to the reductive cleavage of SAM and the concomitant generation of the 

deoxyadenosyl radical. The radical could, subsequently, abstract a hydrogen atom from 

the protein to yield a glycyl radical that could be observed by EPR. However, the 

absorption and EPR experiments provided no evidence that SAM binds to the reduced 

cluster in YfgB protein. It has to be noted however that, not all radical SAM proteins 

show these effects. 

Addition of GcpE enzyme to YfgB in the presence of SAM did not result in any 

detectable spectroscopic changes either. Therefore the role of the YfgB protein is still 

unclear. 

 

6.4 Conclusions  

All three enzymes that have been studied, LytB, GcpE and YfgB are iron-sulfur 

cluster containing proteins.  They all contain a [4Fe-4S] cluster in their active site. 

Kinetic studies, in particular freeze-quench (Figure 4-17) and rapid freeze (Figure 4-10) 

experiments carried out for GcpE in the presence of dithionite and substrate resulted in 

the detection of several paramagnetic species of which at least two might play a role in 

the reaction mechanism. An isotropic radical signal was detected in the 30 ms to 2 s time 

range. The HiPIP-like signal develops in the 2 s to 30 s time range. To determine if this 

species are relevant for the reaction mechanism the turn-over number for GcpE has to be 
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determined at room temperature. Only if the turn-over number is comparable with the 

time intervals in which these two species develop will they be part of the reaction path 

towards product formation. Additional signals developed after 2 min, that is after 

exhaustion of substrate: A radical-type signal that seems to show a two-fold split, and 

another HiPIP-like signal, HiPIP-B. These two signals seem to develop together. 

 The spectroscopic properties of the HiPIP-like signal indicate that the [4Fe-4S] 

cluster is directly involved in substrate binding and stabilization of a radical-type 

intermediate.  ENDOR measurements revealed a 31P-hyperfine coupling of the cluster to 

the substrate due to the close vicinity of the MEcPP phosphate groups.  (NOTE: New 

ENDOR data is now available that was obtained with a GcpE sample that showed only 

the HiPIP-like signal. The 31P hyperfine coupling is present in this sample.)  We 

hypothesize that the leaving hydroxy group from MEcPP is probably the group that binds 

to the cluster during the reaction. To prove this, labeling studies of MEcPP will be 

needed using either 18O or 13C labeling, These nuclei will introduce additional hyperfine 

couplings that can be detected with EPR and ENDOR spectroscopy.   

The direct involvement of the cluster in substrate binding is an important finding 

since several mechanisms have been proposed in the literature (7,10,160-162) but in only 

two publications was a direct role proposed for the [4Fe-4S] cluster in GcpE enzyme 

(159,163).   

This work was based on the application of various spectroscopic techniques in the 

understanding of the role of the iron-sulfur clusters involved in LytB, GcpE and YfgB 

enzymes.  Based on the results in this work, the following recommendations can be made 
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for better understanding of the role of iron-sulfur clusters in the DOXP pathway of 

isoprenoid synthesis: 

• Reconstitution of LytB protein from Aquifex aeolicus for full cluster content 

under anaerobic conditions. 

• Labelling studies (13C, 17O) to know the exact binding mode of the cluster to the 

substrate. 

• Mössbauer spectroscopy to identify the coordination around the iron center when 

the substrate binds. 

• Synthesis of substrate analogs that can serve as specific inhibitors. 

• Use of reduced flavodoxin as a biological reductant to know if SAM binds to the 

YfgB protein. 

• Interactions of GcpE with YfgB to establish the role of YfgB protein. 
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