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ABSTRACT 

Monitoring [2Fe2S]2+ cluster content of human 

Glutaredoxin 2 using fluorescence proteins 

by 

RuiLi 

Current methods for directly determining whether an iron-sulfur cluster has been 

synthesized on a protein in vivo typically require that the protein of interest is purified prior to 

analysis for bound metallocluster. To establish an assay that can measure Fe/S-cluster synthesis 

in complex mixtures of biomolecules, we have fused a variety of fluorescent proteins (FP = BFP, 

CFP, GFP, and YFP) to human glutaredoxin 2 (Grx2) and characterized the effect of Grx2 

metallocluster coordination on protein fluorescence. Gel filtration analysis revealed that FP-Grx2 

fusion proteins are produced as a mixture of monomers and dimers when expressed in 

Escherichia coli, like native Grx2. The dimeric FP-Grx2 exhibited absorbance and circular 

dichroism spectra consistent with the presence of a Grx2-bound [2Fe2S] cluster, whereas the 

monomelic form of these fusion proteins lacked any detectable chromophores. Fluorescence 

analysis of the FP orthologs in these fusion proteins revealed that [2Fe2S]-cluster coordination 

produces a 30 to 50% reduction in FP fluorescence emission. These fluorescence indicators are 

expected to be useful for continuously monitoring Fe/S-cluster assembly on Grx2 in complex 

protein mixtures and should be useful for discovery of the proteins that mediate the assembly of 

metallocluster on Grx2 isoforms that are localized to both the nucleus and mitochondria. 
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CHAPTER 1 

Background and Introduction 

1.1 Biological Fe/S clusters 

Iron-sulfur (Fe/S) clusters are ubiquitous and evolutionarily ancient prosthetic groups 

that are required in almost all organisms to sustain fundamental life processes (Johnson et al., 

2005). A variety of iron-sulfur cluster types have been described with varying numbers of 

iron and sulfur atoms, including 2Fe/2S (human Glutaredoxin 2), 3Fe/4S (oxidized Aconitase 

intermediate), 4Fe/4S (Aconitase), 8Fe/8S (Bacillus thermoproteolytkus ferredoxin) and 

8Fe/7S (Nitrogenase) clusters (Johnson et al., 2005; McRee, 1998). Typically, the iron in 

these clusters is coordinated by the sulfur and nitrogen atoms provided by the side chains of 

cysteine and histidine residues and inorganic sulphide. 

Biological iron-sulfur clusters are obligate participants in chemical processes essential 

for life and have been discovered in more than 120 distinct types of enzymes and proteins. 

For example, Fe/S-cluster proteins are essential for electron transfer during photosynthesis 

(Cytochrome b(f) and respiration (Mitochondrial Complex I and II), substrate binding and 

activation in enzymatic reaction (hydratases, radical SAM enzymes and acetyl-CoA 

synthases), iron or Fe/S cluster storage (Ferredoxin), transcriptional regulation (SoxR and 

IscR), translational regulation (IRP), and disulfide-exchange reactions (Glutaredoxin) 

(Johnson et al., 2005). 

The elemental components of iron-sulfur cofactors are toxic if not properly managed. 

Free ferrous iron catalyzes the formation of damaging superoxide or hydroxyl radicals 

through Fenton chemistry (Stadtman and Berlett, 1991), and sulfide inhibits respiratory 
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enzyme activity (Nicholson et al., 1998). To bypass this toxicity, cells have evolved proteins 

to mediate iron-sulfur cluster synthesis (Johnson et al., 2005). Fe/S clusters are frequently 

sensitive to reactive oxygen species (ROS), including hydrogen peroxide and superoxide and 

prone to degradation upon oxidative stress (Beinert et al., 1997; Napoli et al., 2006). 

Problems with Fe/S cluster biogenesis and repair are thought to underlie the production of 

ROS, which can yield increased oxidative damage of Fe/S clusters, mitochondrial DNA 

mutations, and mitochondrial iron accumulation (Imlay, 2006; Loeb et al., 2005). 

A heterogeneous group of mitochondrial disorders have been correlated with reduced 

activities in respiratory enzymes that contain multiple Fe/S-type cofactors (Carew, 2002). 

These include dysfunctions in NADH quinine oxidoreductase (mitochondrial complex I) and 

mitochondrial complex II, which both contain multiple Fe/S clusters (Benchoua et al., 2006; 

Brandt, 2006). Frequently these enzymatic defects cannot be correlated with a specific 

mutation in the subunits of these respiratory enzymes, suggesting that proteins involved in 

the biosynthesis of their cofactors could have mutations that underlie these disorders. 

Unfortunately, there are no good assays for directly monitoring defects in Fe/S-cluster 

synthesis within mitochondria and identifying which of the many mitochondrial iron-sulfur 

cluster assembly enzymes is non-functional. The diagnostic tools used to characterize 

mitochondrial defects directly monitor the activity of Fe/S enzymes, but not the level of 

metallocluster in these enzymes. Herein, I describe a novel protein system that can report on 

the 2Fe2S content of a human mitochondrial protein. The work described is expected to be 

useful for directly monitoring Fe/S cluster assembly kinetics in complex mixtures, such as 

tissue biopsies. 
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1.2 Fe/S cluster assembly 

1.2.1 Fe/S-cluster assembly systems in prokaryotes 

Since the first Fe/S cluster assembly system was discovered in the nitrogen-fixing 

bacterium Azotobacter vinelandii decades ago, three distinct iron-sulfur cluster assembly 

systems (Nif, Isc and Suf) have been identified in prokaryotes. These systems all contain a 

cysteine desulfurase (for sulfur relay), a scaffold protein (for initial cluster synthesis), and 

accessory proteins that mediate cluster transfer from scaffolds to apoacceptor proteins 

(Johnson et al., 2005). While Isc-type proteins are found in both prokaryotes and eukaryotes, 

the Suf and Nif system appear to represent specialized systems found solely in bacteria. 

1.2.1.1 ISC proteins in bacteria 

The best characterized iron-sulfur cluster assembly proteins are those encoded by the 

iscRSUA-hscBA-fdx operon in E. coli. Fig. 1.1 shows the proposed synthesis scheme in E. 

coli. The designation isc indicates a function in iron-sulfur-cluster formation, whereas hsc 

stands for heat-shock-cognate (Johnson et al., 2005). Genetic studies have shown that 

chromosomal disruptions of the individual genes encoded by this operon lead to reduced 

activities of Fe/S enzymes, including respiratory defects in succinate dehydrogenase and 

metabolic defects in aconitase (Tokumoto and Takahashi, 2001). The inactivation of the iscS 

gene exhibits an additional thiamine auxotrophy because of its requirement for sulfur 

metabolism as well as Fe/S-cluster assembly (Tokumoto and Takahashi, 2001). 

IscR regulates transcription of the isc operon. When IscR contains a 2Fe2S cluster, 

it represses transcription and when this cluster is damaged or fails to form on IscR, 



4 

Figure 1.1 Scheme for protein-mediated Fe/S-cluster assembly in E. coli. IscU is a 

template on which Fe/S clusters are initially synthesized for delivery to apo-acceptor 

proteins. IscS is a cysteine desulfurase that relays sulfur from cysteine to IscU, while 

IscA is thought to donate iron for the initial Fe/S-cluster assembly on IscU. HscA and 

HscB are chaperones that regulate transfer of Fe/S clusters from IscU to apo-acceptor 

proteins. 
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transcription is derepressed (Johnson et al., 2005). IscS is the cysteine desulfurase that 

eliminates sulfur from cysteine to create alanine and an IscS-bound persulfide. The sulfur 

from this persulfide is relayed to IscU, which is a cluster template protein on which Fe/S 

clusters are initially synthesized prior to delivery to apoacceptor proteins like IscR (Agar et 

al., 2000). A recent study showed that IscU alone can catalyze multiple-turnover transfers of 

2Fe2S clusters to Ferredoxin (Fdx) (Bonomi et al., 2005). This reaction displayed 

Michaelis-Menten kinetics, which suggests that IscU and Fdx must form a complex for this 

reaction to proceed. However, the assembly-rate enhancement by IscU is small, -10 fold 

(Bonomi et al., 2005). IscU-mediated assembly of Fdx [2Fe2S]-cluster is accelerated (-20 

fold) in the presence of HscA, HscB, and ATP, suggesting that these proteins have evolved to 

regulate the rate of cluster assembly (Chandramouli and Johnson, 2006). The exact functions 

of IscA remains unclear, although there is evidence that IscA can function as an iron donor 

for IscU (Ding et al., 2007; Ollagnier-de-Choudens et al., 2001). 

1.2.2 Fe/S-cluster assembly in eukaryotes 

Homologs of the iscSUA-hscBA-fdx encoded genes are found in eukaryotes (Huynen et 

al., 2001), and genetic studies have shown that mutations in yeast homologs for each of these 

proteins result in reduced activities of mitochondrial respiratory enzymes that require Fe/S 

clusters to function (Lill et al., 2006). This suggests that the general mechanism of 

Fe/S-cluster biogenesis has been conserved through evolution. In addition, biochemical and 

genetic studies have shown that although ISC proteins are localized to the mitochondria, they 

are required for the maturation of extramitochondrial Fe/S clusters (Lill et al., 2006). 

Biochemical studies of yeast homologs of IscS, HscA, HscB, IscU and Ferredoxin 
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(Nfsl, Ssql, Jacl, Isul/2 and Yahl, respectively) have yielded results similar to those 

described for their bacterial counterparts (Tong et al., 2000; Wu et al., 2005). Although these 

proteins are nuclear encoded, localization studies have provided evidence that they are 

primarily localized to the mitochondria (Balk et al., 2005; Balk et al., 2004; Hausmann et al., 

2005; Roy et al., 2003). Specialized cytosolic iron-sulfur protein assembly (CIA) machinery 

has also evolved to mediate the assembly of some metalloclusters (Balk et al., 2005; 

Hausmann et al., 2005; Roy et al., 2003), as have proteins that regulate the trafficking of Fe/S 

clusters from the mitochondria to the cytosol. A comprehenisive list of proteins implicated in 

iron-sulfur cluster assembly is provided in Table 1.1, along with the suggested functions in 

Fe/S-cluster assembly (Lill et al., 2006). 

1.3 Methods for monitoring whether a protein contains an Fe/S cluster 

A diverse array of biophysical approaches has been described for directly monitoring 

the presence of specific metalloclusters on purified proteins. These include visible circular 

dichroism, electron paramagnetic resonance, resonance raman, and mossbauer spectroscopy 

(Bonomi et al., 2005; Lillig et al., 2005; Moulis et al., 1996). These methods provide detailed 

information on the environment, chelation, and type of metallocluster present in a protein. 

However, they are challenging to use to monitor Fe/S cluster assembly rates when reactions 

occur in complex mixtures, such as cell extracts or reactions mixtures that contain large 

numbers of iron-sulfur cluster assembly enzymes. Such complex mixtures typically contain 

Fe/S-cluster containing proteins that exhibit overlapping spectra with the protein of interest. 

A limited number of methods have been developed to monitor Fe/S cluster assembly 

on proteins that are present in complex biomolecular mixtures. The Fe/S-cluster dependent 
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Proteins Protein Category Suggested Function In ISC Assembly 

Nfsl Cysteine Desulfurase 

Isul/2 Scaffold 

Nful Scaffold 

Provides sulfur for ISC assembly 

As dimer scaffolds for initial cluster 
assembly and transfer to apoprotein 

As dimer scaffolds for initial cluster 
assembly and transfer to apoprotein 

Ssql 

Jacl 

Mgel 

Hepl 

Grx5 

Isal/2 

Yfhl 

Yahl 

Arhl 

Isdll 

Atml 

Cfdl 

Nbp35 

Narl 

Hsp70 Chaperone 

Hsp40 Co-chaperone 

Nucleotide exchange 
factor 

Chaperone 

Glutaredoxin 

Scaffold 

Frataxin 

Ferredoxin 

Ferredoxin reductase 

Unknown 

ABC transporter 

P-loop NTPase 

P-loop NTPase 

Iron-only hydrogenase 
-like protein 

Proper folding of ISC proteins 

Assists Ssql in interacting with 
scaffold proteins 

Assists Ssql 

Assists Ssql 

Regulates glutathionylation state of 
protein cysteinyl residues 

Potential cluster iron donor 

Provides Fe to ISC assembly 

Fe/S cluster apo-acceptor 

Reduces Yahl 

Assists Nfs 1 function 

Involved in ISC export for cytoplasm 
and nuclear proteins 

Required for cytosolic and nucleic 
Fe/S cluster protein maturation 

Required for cytosolic and nucleic 
Fe/S cluster protein maturation 

Required for cytosolic and nucleic 
Fe/S cluster protein maturation 

Cial WD40 repeat protein Required for cytosolic and nucleic 
Fe/S cluster protein maturation 

Table 1.1 Proteins implicated in iron-sulfur cluster assembly in yeast. 



8 

activity of the protein can be monitored and used as a proxy for the level of cluster on a 

protein. Unfortunately, this method cannot provide direct evidence that a protein lacks bound 

cofactor when analyses are performed using cell extracts, such as those from tissue biopsies. 

In addition, the level of radiolabeled Fe can be analyzed in a protein after it is 

immunoprecipitated from a complex mixture. This method does provide direct evidence for 

bound iron in a protein and can be used to monitor cluster assembly kinetics (Lillig et al., 

2005). However, it is time consuming and challenging to perform in a high-throughput 

format. 

1.4 Glutaredoxins 

Glutaredoxins (Grx) are members of the thioredoxin family that can serve as 

thiol-disulfide oxidoreductases (Thioltranserase). Grx are glutathione (GSH)-dependent 

enzymes that maintain cellular redox homeostasis by reducing oxidized glutathione (GSSG) 

to reduced glutathione (GSH). Grx homologs typically contain a CPYC active site motif 

which can catalyze thiol-disulfide reactions via two distinct mechanisms (Holmgren et al., 

2005). The dithiol mechanism employs both active site cysteine residues and catalyzes the 

reduction of protein disulfides. In contrast, the monothiol mechanism uses one active site 

cysteine to reduce the GSH-mixed protein disulfide (Holmgren et al., 2005). 

Two human Grx homologs have been identified, Grxl and Grx2. Grxl is localized to 

the cytosol and is involved in ribonucleotide reduction, dehydroascorbate reduction, cellular 

differentiation and recovery from oxidative stress (Reynaert et al., 2006). Human Grx2 is a 

nuclear-encoded protein and targeted to mitochondria or nuclei via an alternative splicing 

mechanism in the first exon. In contrast to other glutaredoxins, human Grx2 contains an 
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active site motif of CSYC, rather than CPYC as found in most glutaredoxin homologs and 

Grxl. In addition, Grx2 has two additional cysteines outside the active site not found in other 

homologs (Lillig et al., 2005). 

Human Grx2 can coordinate a 2Fe2S-cluster, which it can acquire in vivo (Lillig et al., 

2005). In addition, in vitro studies revealed that cluster coordination converts Grx2 from a 

catalytically active monomer to an inactive dimer (Lillig et al., 2005). A recent structural 

study reported the crystal structure of cluster-bound Grx2. Only two out of the four iron 

ligands in its 2Fe2S cluster are provided by Grx2 cysteines. Sulfurs from two glutathiones 

function as the other ligands for this metallocluster (Fig. 1.2). 

The iron-sulfur cluster on Grx2 is thought to serve as a cellular redox sensor and 

possibly as a sensor of Fe/S-cluster homeostasis (Hashemy et al., 2007; Lillig, et al., 2005). 

Under conditions of oxidative stress when excess GSSG accumulates, Grx2 is thought to lose 

its cluster. Upon cluster loss, Grx2 exhibits increased catalytic activity and catalyzes the 

conversion of GSSG to GSH, thereby increasing the reducing potential of the cell. As GSSG 

levels decrease and GSH levels increase, Grx2 is thought to acquire an Fe/S cluster and 

exhibit reduced activity. In this way, Grx2 can respond to and regulate the mitochondrial 

redox buffer. The finding that Grx2 exhibits cluster-dependent dimerization, suggests that 

this oligomerization reaction could be used to create a Fe/S-cluster dependent biosensor. 

1.5 Intrinsically fluorescence proteins 

Typically proteins contain only three aromatic amino acid residues (tryptophan, 

tyrosine, and phenylalanine) that fluorescence. However, there are intrinsically fluorescent 

proteins such as Green Fluorescent Protein (GFP) from Aequorea Victoria, that contain a 



Figure 1.2 Crystal structure of dimeric human Grx2. The green ribbons represent 

the 3D structure of human Grx2. The space-filled residues represent Cys37 in the 

active site that coordinates Fe/S clusters, and the yellow atoms represent the side 

chains of Cys that directly chelate the irons. The red wire frame represents the [2Fe2S] 

cluster and the yellow wire frames are GSH that help coordinate the Fe/S cluster. 

Generated using PDB: 2HT9. 
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fluorophore that is part of the peptide backbone (Prendergast and Mann, 1978). This GFP 

chromophore originates from the post-translational oxidation of an internal 

serine-tyrosine-glycine motif to a 4-(p-hydroxybenzylidene)-imidazolidin-5-one moiety. 

The proposed mechanism of GFP chromophore maturation is initiated by a rapid cyclization 

between Ser65 and Gly67 to form an imidazolin-5-one intermediate, followed by a much 

slower oxidation of the Tyr66 sidechain by oxygen (Reid and Flynn, 1997; Tsien, 1998). 

Mutations in wild-type GFP have been identified that produce fluorescence proteins with 

different excitation and emission wavelengths from GFP, including blue fluorescent protein 

(BFP), cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). Because GFP 

fluorescence is genetically encoded, GFP has been widely used for cell biology studies 

(Phillips, 2001; Tsien, 1998). 

1.5.1 GFP as a sensor for metals 

One of the earliest successes in using GFP to sense ions was the creation of a GFP 

biosensor whose fluorescence quantum yield was regulated by calcium binding (Richmond et 

al., 2000). In one example of a GFP-based Ca+2 sensor, Tsien and colleagues replaced Y145 

with calmodulin (CaM), the calcium sensitive binding protein, and generated a GFP variant 

(known as camgaroo) that exhibits a 7- to 8-fold increase in fluorescence following calcium 

binding (Baird et al., 1999). This fluorescence change is thought to arise from 

calcium-induced changes in the protein conformation, which affect the environment and 

quantum yield of the fluorophore (Baird et al., 1999). 

A second strategy that has been used to create metal biosensors from GFP is the 

creation of GFP variants that have metal binding sites in close proximity to the 
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4-(p-hydroxybenzylidene)-imidazolidin-5-one cofactor. Richmond and colleagues used the 

structure of GFP to identify potential metal binding sites for copper on the protein surface 

and optimized these for copper binding by incorporating two mutations, S147H and Q204H 

(Richmond et al., 2000). The resulting GFP mutants were found to exhibit quenched 

fluorescence in the presence of low micromolar copper concentration. This quenching is 

thought to arise because energy transfer occurs between GFP and the copper. This suggests 

that the binding of other transition metal cofactors to GFP could be easily created to regulate 

the fluorescence quantum yield of this protein. 

1.5.2 GFP as a sensor for protein oligomerization 

GFP can not only function as a sensor for metals, but also can act as a sensor for 

protein oligomerization. Two different strategies have been described for such application 

including PRoximity IMaging (PRIM) and Forster Resonance Energy Transfer (FRET). In 

FRET, the proteins of interest are fused to GFP variants that exhibit overlapping emission or 

excitation spectra. If these GFP variants are brought together by protein oligomerization, the 

donor chromophore in an excited electronic state can transfer some of its excitation energy to 

the nearby acceptor chromophore in a non-radiative fashion through long-range dipole-dipole 

interactions, and the acceptor chromophore will exhibit increased fluorescence compared 

with that observed in the absence of the donor (De Angelis, 1998). The efficiency of the 

FRET varies in proportion to the inverse sixth power of the distance separating the donor and 

acceptor molecules, which can well depict the formation of protein oligomerization. In PRIM, 

a GFP variant with VI63A and S175G mutations is fused to proteins of interest and the 

intensities of emission are monitored upon excitation at 395 and 475 nm (De Angelis, 1998). 
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When this approach is used to monitor the oligomerization of a GFP-FK506-binding protein 

(FKBP) fusion, the relative intensities of GFP emitted upon excitation at 395 vs. 475 nm are 

different for the monomelic and dimeric fusion proteins. PRIM has been successfully applied 

to quantify the cell surface area occupied by lipid rafts and to examine the effect of various 

signals on lipid rafts (Frank and Lisanti, 2006). 

1.5.3 GFP as a sensor for Grx2 2Fe2S cluster coordination 

The broad success of GFP variants as biosensors for metals and protein 

oligomerization suggest that this family of proteins can also be used as a biosensor for the 

Fe/S cluster state of Grx2. Provided that Grx2 remains competent for binding Fe/S clusters, 

fusion proteins of Grx2 with GFP homologs are expected to exhibit reduced fluorescence 

when they participate in cluster coordination (Fig. 1.3). In the absence of metal, the GFP in 

these fusion proteins is expected to exhibit a quantum yield similar to that of GFP alone. 

However, upon Fe/S-cluster coordination, the GFP chromophore will be brought into close 

proximity with the Fe/S cofactor that has an absorption spectrum that overlaps with the 

emission spectrum of GFP. Some of the energy absorbed by GFP is expected to be 

transferred to the metallocluster through resonance energy transfer, and this Fe/S cluster is 

expected to lose this energy to non-radiative processes. 

1.6 Significance 

Fe-S clusters are polynuclear transition-metal complexes which feature thermally 

accessible excited spin states with paramagnetic sites, allowing the detection with various 

electronic and magnetic devices. Due to their vulnerability to oxidative stress, it is difficult to 

directly monitor Fe/S cluster in vivo. Nevertheless, the application of fluorescence would 



14 

448 nm 
/ \ 

448 nm 
509 nm 509 nm 

Fig. 1.3 Concepts for a 2Fe2S biosensor. Grx2 was fused to the C-terminus of GFP and the 

dependence of GFP fluorescence on the cluster state of Grx2 was investigated. Upon 

excitation, GFP is expected to lose some energy to the metallocluster of Grx2 through 

resonance energy transfer, and the metalloculster is expected to undergo rapid radiationless 

decay back to the ground state, thereby reducing the overall fluorescence of GFP. 
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allow us to monitor dynamic Fe/S clusters without having to purify the protein. To date, no 

fluorescence based biosensors have been made to monitor the Fe/S-cluster biogenesis both in 

vitro and in vivo. Our studies with GFP-Grx2 revealed that fluorescence energy transfer 

occurred in the holo-GFP-Grx2 with Fe/S clusters in vitro, which paves the way for imaging 

dynamic Fe/S-cluster changes in vivo. 

The development of fluorescent tools for monitoring Fe/S-clusters could be helpful for 

identifying defects in iron-sulfur cluster assembly proteins that lead to human disease. 

Mutations in proteins that maintain iron-sulfur cluster homeostasis have been implicated as 

the cause of the neurodegenerative disease Friedreich's ataxia (Campuzano et al., 1997; 

Johnson et al., 2005; Lill et al., 2006; Rouault et al., 2005), X-linked sideroblastic anemia 

and cellular ataxia (XLSA/A; Campuzano et al., 1996; Puccio et al., 2001), and 

myelodysplasia syndrome (Cossee et al., 2000). In addition, mutations in iron-sulfur cluster 

assembly proteins are expected to underlie some cardiomyopathies that are characterized by 

defects in respiratory complexes. While a number of defects in mitochondrial respiratory 

function have been identified as the cause of heritable human disease, most which we 

understand are caused by mutations in genes carried on the mitochondrial genome (Bekri et 

al., 2000). The majority of patients with diagnosable inherited functional mitochondrial 

defects, however, do not have mitochondrial mutations. Instead, they have defects in proteins 

encoded by as yet unidentified, nuclear genes. Since respiratory defects have been identified 

that involve multiple deficiencies in Fe/S-cluster dependent respiratory chain components 

(Allikmets et al., 1999; Craven et al., 2005), some of these pathologies are predicted to arise 

from impaired cellular machinery for Fe/S protein assembly. 
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CHAPTER 2 

Materials and Methods 

2.1 Plasmid design strategy and construction 

Table 2.1 shows the vectors that have been created or acquired for the studies 

described herein. In all constructs, a fusion protein is produced that contains a N-terminal 

(His)6 tag connected to an intrinsically fluorescent protein (FP) through a twenty-eight amino 

acid linker, with human Grx2 fused to the C-terminus of the FP through a Gly-Thr linker. The 

plasmid pET28b-BFP-Grx2 was generated by PCR amplifying the bfp gene from pBFP-GFP 

(Philipps et al., 2003) and cloning this gene into pET-Grx2, a pET28 derived vector. A 

similar plasmid (pET28b-GFP-Grx2) having the gfp gene instead of bfp was generated by 

cutting out the bfp gene with Sad and Kpnl and cloning in the gfp gene which had been PCR 

amplified from pBFP-GFP (Philipps et al., 2003). The genes encoding fusion proteins were 

cloned in between multiple cloning sites in pET28b and were built with unique restriction 

sites flanking each element, including Sad, Kpnl and NotI (Fig 2.1). Plasmids 

pET28b-YFP-Grx2 and pET28b-CFP-Grx2 were similarly generated by replacing the gfp 

gene in pET28b-GFP-Grx2 with cfp and yfp gene, respectively, cfp and yfp genes were 

originally cloned from pDH3 and pDH5 plasmids, respectively. These strains were obtained 

from the Yeast Resource Center, University of Washington. In addition, a vector for 

producing ttGFP fused to Grx2 was generated in a similar fashion. This ttGFP variant, which 

was previously shown to exhibit an altered fluorescence spectrum upon dimerization (De 

Angelis et al., 1998), contains two mutations V163A and S175G (De Angelis et al., 1998). 

This clone was generated by first cloning the wildtype GFP gene into pET21-GFP, and then 



Table 2.1 Summary of FP-Grx2 plasmids 

Plasmid 

pET28b-BFP-Grx2 

pET28b-GFP-Grx2 

pET28b-CFP-Grx2 

pET28b-YFP-Grx2 

pET28b-ttGFP-Grx2 

Gene Inserted 

bfp and grx2 

gfp and grx2 

cfp and grx2 

Yfp and grx2 

ttgfp and grx2 

Protein Products 

(His)6-BFP-Grx2 

(His)6-GFP-Grx2 

(His)6-CFP-Grx2 

(His)6-YFP-Grx2 

(His)6-ttGFP-Grx2 

Parent Vector 

pET28b 

pET28b 

pET28b 

pET28b 

pET28b 

Sequenced 

Yes 

No 

No 

No 

Yes 



18 

Figure 2.1 pET28b-FP-Grx2 vectors. The fluorescence protein and Grx2 genes encoding 

fusion proteins were cloned in between multiple cloning sites in pET28b and were built with 

unique restriction sites flanking each element, including Sad before each FP, Kpnl 

separating each FP and Grx2, and NotI after the stop codon in the Grx2 gene. 
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using Quikchange mutagenesis to create the mutations. Then a similar plasmid 

(pET28b-ttGFP-Grx2) having the ttgfp gene instead of gfp was generated by cutting out the 

gfp gene with Sad and Kpnl from pET28b-GFP-Grx2. 

2.2 Expression and purification of FP-Grx2 

All plasmids encoding a fusion of Grx2 to an intrinsically fluorescent protein (FP-Grx2) 

were transformed into Rosetta2 E. coli, a BL21 derivative designed to enhance the 

expression of eukaryotic proteins that contain codons rarely used in E. coli. This strain 

supplies seven rare tRNAs for the codons AUA, AGQ AGA, CUA, CCC, GGA and CGQ 

and facilitates expression of genes that encode rare E. coli codons. Cells were initially grown 

at 37°C in Luria Broth containing 10 (xg/mL kanamycin to select for maintenance of the 

pET-28 derived plasmids. When cultures reached an optical density (OD600) ~ 10, isopropyl 

(3-D-l-thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 tnM, and cells 

were grown at room temperature for 18 hours while shaking at 225 rpm. Cells were 

harvested by centrifugation (30 min at 5,000 rpm), and cell pellets were collected. Pellets 

derived from 4L of culture were lysed by resuspending them in 80 mL of lysis buffer (50 mM 

sodium phosphate pH 7.5, 300 mM NaCl, 1 mM MgCl2,2 mM glutathione (GSH), 2U/mL 

DNase, and 0.5 mg/mL lysozyme) and freezing them at -80°C for 2 hours. Lysed cells were 

centrifuged at 20,000 rpm for 1 hour to remove cell debris, and cleared lysate was applied to 

nickel nitrilotriacetic acid (Ni-NTA) resin from Qiagen, which had been equilibrated with a 

binding buffer (50 mM sodium phosphate pH 7.5, 300 mM NaCl, 2 mM GSH and 10 mM 

imidazole). Non-specifically bound proteins were removed from this resin by washing it with 

multiple column volumes of binding buffer. His-tagged proteins were eluted from this resin 
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using binding buffer that contained 250 mM imidazole. The eluted protein was dialyzed 

against HEG buffer (50 mM HEPES pH 7.5, 0.5 mM EDTA and 2.5 mM GSH) prior to all 

spectroscopic studies. This protocol typically yielded 50 mg of fusion protein per liter of cell 

culture. 

2.3 Analytical size exclusion chromatography 

Homogeneous samples of monomelic and dimeric Grx2 fusion proteins were obtained 

using gel filtration chromatography. All experiments were performed with a Superdex 200 

16/60 column (Amersham Pharmacia) on a Pharmacia AKTA Purifier System (Amersham 

Pharmacia). In all experiments, the column was equilibrated with HEG buffer, and a 1-mL 

sample was applied containing 20 mg/mL of Grx2 fusion protein. Standards from the Gel 

Filtration Molecular Weight Marker Kit (Sigma) were used to calibrate this column. These 

included carbonic anhydrase (29 kDa), albumin (66 kDa), alcohol dehydrogenase (150 kDa) 

and apoferritin (443 kDa). 

2.4 Absorbance spectroscopy 

Absorbance spectra were recorded on a Cary 50 UV-Visible spectrophotometer. All 

measurements were performed at room temperature using quartz cuvettes with a 1 cm path 

length. All spectra shown are corrected for the absorbance of HEG buffer. 

2.5 Circular dichroism spectroscopy 

CD spectra were recorded by using an AVIV 62A DS circular dichroism 

spectropolarimeter at 20 °C using a 1 mm path-length cuvette and a scan rate of 1 nmsec"1. 

Reference spectra of phosphate buffer in which protein was dissolved were subtracted from 

the average of three spectra of targeted proteins. The ellipticity was monitored from 250 to 
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650 nm in samples containing 200 jiM GFP-Grx2 or 1 mM Grx2. All samples were dialyzed 

into PEG buffer (50 mM phosphate buffer, pH 7.5, 0.5 mM EDTA, and 2.5 mM GSH) before 

measurements. 

2.6 Fluorescence spectroscopy 

Fluorescence spectra were recorded at 25 °C using an AMINCO BOWMAN Series 2 

fluorescence spectrometer. Fluorescence excitation spectra were recorded with the emission 

wavelengths set at a wavelength that yielded the largest emission. Fluorescence emission 

spectra were recorded using an excitation wavelengths set that yielded the maximum 

emission. Fluorescence spectra for dimeric and monomelic FP-Grx2 were recorded 

immediately following fraction collection from the size exclusion column. The buffer used 

with this column did not exhibit detectable fluorescence. 
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CHAPTER 3 

Results 

PART 1. MONITORING Fe/S CLUSTERS USING FLUORESCENCE QUENCHING 

3.1.1 FP-Grx2 expression and purification 

To first determine whether FP-Grx2 proteins can be used as in vitro biosensors, I 

examined the expression of each protein fusion listed in Table 2.1 in Rosetta2 E. coli. 

SDS-PAGE analysis revealed that all FP-Grx2 could be overexpressed as soluble protein, 

indicating large quantities of FP-Grx2 could be obtained and further characterized. In 

addition, I purified each protein fusion using nickel talon affinity (Ni-NTA) chromatography 

and found that all four monomelic FP-Grx2 proteins exhibit an apparent molecular mass of 

45 kDa. Fig. 3.1 shows the SDS-PAGE gel of GFP-Grx2. 

3.1.2 Analytical size exclusion chromatography 

Native Grx2 can be overexpressed as soluble protein in E. coli and purified Grx2 is a 

brown color (Lillig et al., 2005; Lundberg et al., 2001). Gel filtration analysis of purified 

Grx2 revealed two fractions, a faster migrating, brown dimer fraction with a 2Fe2S cluster 

and a slower migrating fraction that lacks visible color and corresponds to a monomer 

lacking a metallocluster (Lillig et al., 2005). Similar experiments were performed with 

fluorescence protein-Grx2 fusions (FP-Grx2) in E. coli to examine if fusing Grx2 to each FP 

affects the ability to acquire Fe/S cofactor and oligomerize. 

Fig. 3.2 shows that when GFP-Grx2 was chromatographed using an analytical size 

exclusion column (a Superdex 200 column), the purified GFP-Grx2 eluted at two distinct 

volumes. Comparison of the elution volumes with standards of known molecular weights 



23 

kDa Std GFP-Grx2 

Figure 3.1. GFP-Grx2 can be expressed as soluble proteins in E. coli and purified 

by Ni-NTA column. Cell lysate was subjected to Ni-NTA column and eluted with 250 

mM imidazole. The final concentration of purified protein is 360 ^M and 10 |xl of the 

protein was loaded to the SDS-PAGE gel. 
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Elution volume, mL 

Figure 3.2 Recombinant GFP-Grx2 exists in both dimeric and monomeric forms. 

Elution profile of GFP-Grx2 chromatography using a Superdex 200 gel filtration 

column recorded at 280 nm (red line) and 436 nm (Blue line). Buffer: 50 mM HEPES, 

pH 7.5, 0.5 mM EDTA, and 2.5 mM glutathione. The inset is the elution volume of 

GFP-Grx2 compared to standards of known molecular weight, including carbonic 

anhydrase (29 kDa), albumin (66 kDa), alcohol dehydrogenase (150 kDa) and 

apoferritin (443 kDa). 
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indicates that GFP-Grx2 elutes at apparent molecular weights of 54 kDa and 127 kDa (Fig. 

3.2 inset). This is consistent with the presence of a monomer (Mr = 45.6 kDa) and dimer (Mr 

= 91.2 kDa) species, as is observed with native Grx2 (Lillig et al., 2005). SDS-PAGE gel 

analysis of fractions obtained from chromatography revealed that both peaks were primarily 

comprised of GFP-Grx2 (Fig. 3.3). 

3.1.3 Absorbance measurements 

To determine if the faster migrating GFP-Grx2 peak represents a dimer with a 

chromophore, as is observed with native Grx2 (Lillig et al., 2005), I examined the UV-visible 

absorbance spectrum of the fractions from size exclusion analysis. The spectral properties of 

predicted GFP-Grx2 fractions are shown in Fig. 3.4. The absorbance of the fractions 

corresponding to the slower eluting peak from size exclusion column (monomer, red line) 

was characterized by two absorption peaks at 280 nm and 470 nm. The 470 nm peak is 

consistent with the presence of a single GFP chromophore (Chalfie, 1995). The fast eluting 

peak (dimer, blue line) additionally absorbed at 320 nm, which is a characteristic peak in the 

2Fe2S cluster form of native Grx2 (Lillig et al., 2005). However, a strong 420 nm peak 

similar to that observed in holo-Grx2 could not be detected (Fig 3.5). This is thought to arise 

because this peak is masked by the strong GFP absorption peak at 470 nm. 

3.1.4 Circular dichroism measurements 

Visible circular dichroism (CD) spectroscopy was employed to further characterize the 

properties of chromophore in GFP-Grx2 and native Grx2. Monomelic Grx2 had only a small 

peak at ~ 270 nm which is consistent with the published apoGrx2 CD spectrum (Fig. 3.6). 

However, dimeric Grx2 displayed a spectrum with ellipticity maxima at 255 nm, 305 nm, 
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kDa Std 42 43 44 45 46 47 48 49 50 51 52 

97.4 ^m 

66.2 tfft 

45.0 

31.0 

21.5 

14.4 

Figure 3.3 SDS-PAGE analysis of fractions obtained from size-exclusion 

chromatography shown in Figure 3.2. The fractions corresponding to both of the 

elution peaks are primarily comprised of GFP-Grx2. 
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Wavelength, nm 

700 

Figure 3.4 Absorption spectra for GFP-Grx2. Absorption spectra for dimeric (blue 

line) and monomeric (red line) GFP-Grx2. Concentrations were 20 ^M assuming 

8280 = 27,010 (M'cm)"1. Buffer: 50mM HEPES, pH 7.5, 0.5 mM EDTA, and 2.5 mM 

glutathione. 



28 

300 400 500 600 
Wavelength, nm 

700 

Figure 3.5 Absorption spectra for native Grx2. Absorption spectra for dimeric (blue 

line) and monomelic (red line) Grx2. Concentrations were 50 (iM assuming e280 = 

18,113 (M'cm)"1. Buffer: 50mM HEPES, pH 7.5, 0.5 mM EDTA, and 2.5 mM 

glutathione. 
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600 

Figure 3.6 Circular dichroism spectra of GFP-Grx2 and native Grx2. CD spectra 

for dimeric (blue line) and monomeric (green line) GFP-Grx2 as well as dimeric (red 

line) and monomeric (brown line) Grx2 in HEG buffer, 50 mM HEPES, pH 7.5, 0.5 

mM EDTA, and 2.5 mM glutathione. 
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445 nm and 550 nm and two minima at 280 nm and 370 nm (Fig. 3.6), which showed similar 

spectral topology to the published data (Lillig et al., 2005; Fig 3.6). In contrast to apoGrx2, 

the CD spectrum of monomelic GFP-Grx2 had a strong minimal ellipticity at 500 nm, which 

is interpreted as arising from the chromophore in GFP. Dimeric GFP-Grx2 also had a large 

decrease in ellipticity at this wavelength. However, dimeric GFP-Grx2 had spectral 

characteristics similar to that observed with 2Fe2S-cluster bound Grx2, although the fusion 

protein dimer also had a strong minimal ellipticity at 500 nm (Fig. 3.6). The similar CD 

spectra obtained for holo-GFP-Grx2 and holo-Grx2 provide evidence that GFP-Grx2 can 

acquire a 2Fe2S cluster, as is observed with native Grx2. 

3.1.5 Fluorescence measurements 

To test whether the presence of an Fe/S cluster on holo-FP-Grx2 affects the 

fluorescence of intrinsically fluorescent proteins fused to Grx2, the fluorescence of 

monomelic and dimeric fractions of FP-Grx2 fusion proteins obtained from gel filtration 

chromatography were characterized. Fluorescence analysis revealed that the peak 

corresponding to dimer fractions of all FP-Grx2 fusion proteins exhibited lower emission 

than peaks corresponding to the monomer fractions (Fig. 3.7 - Fig. 3.10). In all cases, 

identical concentrations of monomer and dimer fractions were analyzed. Of all four FP-Grx2 

fusions, CFP-Grx2 displayed the highest level of fluorescence quenching, with the 

Fe/S-cluster bound form having an emission that was 2.3 fold lower than apoCFP-Grx2. 

Fe/S-cluster bound BFP-Grx2, GFP-Grx2, and YFP-Grx2 had their fluorescence reduced 1.3, 

2.0, and 1.6-fold, respectively. Taken together with the findings from UV-visible and CD 

spectral analysis showing that the dimer fraction contains an Fe/S cluster, these findings 
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provide direct evidence that the presence of a metallocluster on FP-Grx2 quenches GFP 

fluorescence. 

PART 2. MONITORING Fe/S CLUSTERS USING PRIM METHOD 

A second approach I employed to study the changes in Fe/S cluster content of Grx2 

was proximity imaging (PRIM) (De Angelis, 1998). A thermostable mutant of GIT (ttGFP) 

undergoes a shift in absorbance and fluorescence intensity at excitation wavelength 395 nm 

and 475 nm, depending on the distance between the neighboring molecules, which 

potentially enables the monitoring of Grx2 cluster state independent of its concentration in 

vivo (De Angelis et al., 1998). 

3.2.1 PRoximity IMaging (PRIM) 

Previous studies on GFP fused FK506-binding protein (FKBP) revealed significant 

changes in the relative intensities of GFP emission upon excitation at 395 vs. 475 nm when 

two GFP molecules are brought into proximity upon the dimerizaion of FKBP. FKBP is a 12 

kDa protein with high affinity for the structurally related immunosuppressants FK506 and 

FK1012. The interaction between GFP-FKBP and FK1012 results in FKBP dimerization and 

GFP proximity, with decreased fluorescence excited at 395 nm and increased fluorescence 

excited at 475 nm (De Angelis, 1998). PRIM has been successfully applied to quantify the 

cell surface area occupied by lipid rafts and to examine the effect of various proatherogenic 

signals on lipid rafts. 

3.2.2 ttGFP-Grx2 expression and purification 

To examine whether proximity imaging could be used to report on the 

oligomeric state of Grx2, this Fe/S-protein was also fused to ttGFP, a mutant of GFP 
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Wavelength, nm 

Figure 3.7 Iron-sulfur cluster binding quenches the fluorescence of GFP. 

Emission and excitation spectra were recorded for dimeric (blue line) and monomeric 

(red line) forms of GFP-Grx2. Emission spectrum was recorded with excitation 

wavelength set at 470 nm and excitation spectrum was recorded with emission 

wavelength set at 502 nm. All experiments were performed using 10 uM fusion 

proteins in HEG buffer. 
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Figure 3.8 Iron-sulfur cluster binding quenches the fluorescence of BFP. Emission 

and excitation spectra were recorded for dimeric (blue line) and monomeric (red line) 

forms of BFP-Grx2. Emission spectrum was recorded with excitation wavelength set 

at 392 nm and excitation spectrum was recorded with emission wavelength set at 448 

nm. All experiments were performed using 10 uM fusion proteins in HEG buffer. 
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Figure 3.9 Iron-sulfur cluster binding quenches the fluorescence of CFP. 

Emission and excitation spectra were recorded for dimeric (blue line) and monomelic 

(red line) forms of CFP-Grx2. Emission spectrum was recorded with excitation 

wavelength set at 452 nm and excitation spectrum was recorded with emission 

wavelength set at 475 nm. All experiments were performed using 10 uM fusion 

proteins in HEG buffer. 
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Figure 3.10 Iron-sulfur cluster binding quenches the fluorescence of YFP. 

Emission and excitation spectra were recorded for dimeric (blue line) and monomelic 

(red line) forms of YFP-Grx2. Emission spectrum was recorded with excitation 

wavelength set at 517 nm and excitation spectrum was recorded with emission 

wavelength set at 530 nm. All experiments were performed using 10 uM fusion 

proteins in HEG buffer. 
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whose ratiometric changes in fluorescence emitted upon excitation at 395 and 475 nm 

depend on the oligomeric state of the protein. ttGFP-Grx2 was overexpressed and purified 

using the same protocol as for other FP-Grx2 fusions. Like these other FP-Grx2 proteins, 

ttGFP-Grx2 could be expressed as a soluble protein in E. coli and readily purified in mg 

quantities. 

3.2.3 Analytical size exclusion chromatography and absorbance measurements 

To examine whether ttGFP-Grx2 could acquire a 2Fe2S cluster, purified ttGFP-Grx2 

protein was subjected to the analytical size exclusion chromatography. The purified 

ttGFP-Grx2 protein eluted as two distinct peaks, similar to that observed with the other 

FP-Grx2. This indicated that ttGFP-Grx2 exists in both monomelic and dimeric forms. The 

UV-Vis absorbance spectra of the monomelic and dimeric ttGFP-Grx2 were also examined 

and found to have spectral characteristics consistent with the monomer lacking an 

Fe/S-cluster and the dimer having an Fe/S-cluster. 

3.2.4 Fluorescence measurements 

To determine whether the presence of an Fe/S cluster on holo-ttGFP-Grx2 affects the 

quantum yield of intrinsically fluorescent proteins fused to Grx2, the fluorescence of 

monomelic and dimeric fractions of ttGFP-Grx2 fusion proteins obtained from gel filtration 

chromatography were characterized. Fluorescence analysis revealed that the R395/470 change 

obtained upon dimerization of ttGFP-Grx2 was ~ 20% (Fig. 3.11; Table 3.1), which is 

dramatically lower than that observed upon dimerization of ttGFP-FKBP (7 fold) (De 

Angelis et al., 1998). 
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Figure 3.11 Iron-sulfur cluster binding changes the shape of ttGFP fluorescence 

excitation spectrum. Excitation spectra were recorded for dimeric (blue line) and 

monomelic (red) forms of ttGFP-Grx2 in an equimolar condition. An emission 

wavelength of 509 nm was used to record the excitation spectra. A small change in the 

relative fluorescence was observed. 



Table 3.1. Summary of excitation spectra 

Monomer 

Dimer 

Ex395 

5.46 

5.71 

Ex470 

1.30 

1.15 

Ratio 

4.2 

5.0 
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CHAPTER 4 

Discussions and Perspectives 

4.1 Discussions 

The data described herein provides the first evidence that 2Fe2S clusters bound to 

Grx2 can be monitored using fluorescence. When Grx2 was fused to various fluorescent 

proteins, the FP-Grx2 fusion proteins could be overexpressed in E. coli as a soluble protein 

fusion. These fusion proteins were all generated as a mixture of monomers and dimers, 

similar to that observed with native Grx2, which is produced as a mixture of monomers and 

2Fe2S cluster-bridged dimers (Lillig et al., 2005). In addition, spectral studies of the FP-Grx2 

fusions provided evidence that dimeric FP-Grx2 fusions contained a 2Fe2S cluster, like 

native Grx2, and the monomelic FP-Grx2 fusions lack a chromophore. UV-visible 

absorbance measurements revealed that GFP-Grx2 dimers absorb at 320 nm and 470 nm, 

whereas GFP-Grx2 monomers only absorb at 470 nm. The 470 nm peak is attributed to the 

absorbance of the GFP chromophore, since it is found in both monomelic and dimeric 

GFP-Grx2. However, the 320 nm peak is interpreted as arising from a 2Fe2S cluster on 

GFP-Grx2, since this peak is observed in purified holoGrx2. In addition, CD measurements 

showed that dimeric GFP-Grx2 displays large changes in molar ellipticity at 255, 280, 305, 

370, 445 and 550 nm. Monomelic GFP-Grx2, in contrast, only exhibited major changes in 

ellipticity at 500 nm. The large negative change in ellipticity observed in both monomelic 

and dimeric GFP-Grx2 is attributed to the chromophore in GFP, since previous studies have 

observed similar results with GFP (Stepanenko et al., 2004), and the changes in ellipticity 

observed at 255, 305, 370, and 445 nm are thought to arise because dimeric GFP-Grx2 
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coordinates a 2Fe2S metallocluster. Native dimeric Grx2 has similar ellipticity changes at 

these wavelengths. 

The intrinsic fluorescence of all four dimeric FP-Grx2 fusion proteins was lower than 

the monomelic forms of these proteins, indicating that cluster acquisition reduces the 

fluorescence of proteins with a range of peak excitation (392, 452, 470, and 517 nm) and 

emission (448, 475, 502, and 530 nm) wavelengths. Fe/S-cluster quenching differed among 

the four fluorescent proteins characterized. 2Fe2S-cluster bound CFP-Grx2 displayed the 

largest reduction in fluorescence (2.3 fold), and BFP-Grx2 exhibited the smallest quenching 

(1.3 fold). GFP-Grx2 and YFP-Grx2 exhibited intermediate quenching of 2.0 and 1.6 fold, 

respectively. One possible mechanism for the observed quenching is resonance energy 

transfer (RET) from the chromophore within the intrinsically fluorescent proteins to the Fe/S 

cluster coordinated by sulfhydryls from two Grx2 monomers and two glutathiones. 

Collisional quenching is not predicted to occur with this system, because the GFP 

chromophore resides in the center of the P-barrel structure that is not accessible by the 

metallocluster. 

Classic Forster Resonance Energy Transfer (FRET) depends on the overlap of the 

emission band of the chromophore with the absorption spectrum of the Fe/S clusters (Ghosh 

et al., 2004). In all four FP variants analyzed, emission occurs at a wavelength where 

Fe/S-bound Grx2 has an absorption peak, i.e., 420 nm. Based on the principles of RET, the 

level of FP quenching should be greatest for fluorescent portents with emission spectra that 

overlap maximally with the Fe/S-cluster absorption peak. However, BFP showed the weakest 

Fe/S-cluster dependent quenching, even though it has the greatest overlap with the large 
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absorbance peak at 420 nm in holoGrx2. This could arise because the fluorescence proteins 

used in these studies have unique sequences that could affect the quaternary conformation of 

the Fe/S-cluster bound FP-Grx2 fusion proteins. Since the energy transferred depends on the 

donor-to-acceptor separation distance, any self-association of the different fluorescent 

proteins could have effects on the efficiency observed. 

In previous studies ttGFP protein fusions were shown to exhibit significant changes in 

the relative intensities of ttGFP emission upon excitation at 395 vs. 475 nm when two ttGFP 

molecules are brought into proximity upon the dimerization of FKBP (De Angelis et al., 

1998). The studies examining the effect of Grx2 dimerization on the fluorescence of ttGFP 

also exhibited a small ratiometric change. However, this effect was much smaller in 

magnitude than that observed previously. Fig 3.11 shows that for ttGFP-Grx2 the R395/470 

increased about 20% upon acquisition of Fe/S clusters by ttGFP-Grx2. In their model, the 

ratio changes dramatically from 0.70 to 4.92. When we compared the structures of Grx2 and 

FKBP, we found that these two proteins are quite similar to each other (Fig 4.1). The 

molecular weight of Grx2 is 14 kDa, while that of FKBP is 12 kDa. Upon dimerization, the 

distance between the N-terminus of each Grx2 monomer is 41.55 A, while that of FKBP 

dimer is 38.26 A (measured by Swiss-PdbViewer). In each case, ttGFP was fused to the 

N-terminus of the target protein. 

Nevertheless, the high similarity between ttGFP-FKBP and ttGFP-Grx2 does not result 

in similar fluorescence ratio change. This may arise due to differences in the relative 

orientation and conformational flexibility of the GFP. From the crystal structure of dimeric 

FKBP and Grx2, we can notice that the distances between the two N-termini are similar, but 



A:FKBPdimer 

N terminus 

B: Grx2 dimer 

N terminus 

N terminus 

N terminus 

Figure 4.1. Crystal structures of dimeric FKBP (A, PDB: 1EYM) and dimeric Grx2 (B, 

PDB: 2HT9) 
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in the Grx2 dimeric structure, the first 14 amino acids were not included (Johansson et al., 

2007). Thus, the unknown 14 amino acids in the N-terminus of Grx2 may lead to different 

ttGFP orientations which prevent close proximity of the two ttGFP molecules. 

4.2 Perspectives 

The development and application of fluorescence-based biosensors would further 

contribute to our understandings of whether both isoforms of human Grx2 contains Fe/S 

clusters in vivo. Human Grx2 is a nuclear-encoded protein that can be alternatively spliced to 

yield nuclear and mitochondrial isoforms (Lundberg, 2001). After translocation to the final 

destination, these isoforms are thought to be processed into identical polypeptides. This 

suggests that both isoforms can form clusters. However, studies to date have primarily looked 

at bulk content of Grx2 in whole cells and have not investigated the cluster state of the 

compartment specific isoforms. The development of tools to image dynamic cluster changes 

on Grx2 would allow us to establish which isoforms contain cluster and how cell types vary 

in their cluster content, as well as how stress and environment affects Grx2 cluster content. 

In addition, this biosensor could be used in eukaryotes to identify proteins linked to 

mitochondrial dysfunction. Upon optimization, the FP-Grx2 biosensor could be used to 

screen for eukaryotic genes that are required for Fe/S cluster biogenesis in a compartment 

specific manner. In addition, this system will be useful for studies that seek to identify 

mutations that alter the functional properties of well characterized ISC-type proteins such as 

the proteins encoded by the ISC machinery in both prokaryotes and in humans. 
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