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ABSTRACT 

 

 Redox-active disulfide/dithiol couples in proteins play important regulatory 

roles within cells.  Disulfide/dithiol redox reactions of regulatory proteins found in 

the purple photosynthetic bacteria Rhodobacter sphaeroides and Rhodobacter 

capsulatus are used to regulate the expression of genes encoding photosystem 

components in response to the presence oxygen and light.  Disulfide/dithiol redox 

reactions of regulatory proteins found in the yeast Saccharomyces cerevisiae 

regulate expression of genes encoding the production of peroxide-scavenging 

proteins in response to intracellular H2O2 tension. 

 AppA and PpsR are two proteins present in R. sphaeroides that have 

been shown to regulate gene expression in response to oxygen through 

disulfide/dithiol redox chemistry.  AppA, which contains FAD, also functions as a 

blue light receptor.  It has been proposed that AppA reduces PpsR, causing 

PpsR to lose its ability to bind DNA and repress transcription of photosynthesis 

genes.  Redox titrations of the disulfide/dithiol couples in PpsR and AppA were 

carried out at pH 7.0 and the two proteins were shown to be isopotential, with 

both having Em values of -320 mV at pH 7.0.  Em vs. pH profiles for PpsR and 

RegB, a protein involved in regulation of gene expression in R. capsulatus, were 

generated in an attempt to detect pKa values for groups involved in proton 

uptake/release that is coupled to the disulfide/dithiol redox chemistry.  However, 

 vi



neither protein showed a pKa for redox-linked residues at physiological pH 

values. 

 Yap1 is a key regulator of gene expression in S. cerevisiae in response to 

peroxides.  Gpx3 and Trx2 are two additional components of this S. cerevisiae 

regulatory cascade.  Em values for the two disulfide bonds in Yap1 have been 

determined (Em1 = -330 mV and Em2 = -155 mV), as has an Em value of -315 mV 

for Gpx3, a component thought to serve as the physiological oxidant for Yap1.  

Trx2 has an Em of -275 mV, which is capable of reducing the disulfide in Yap1 

that corresponds to Em2, but not Em1. 
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CHAPTER I 

INTRODUCTION 

 

 Bacterial cells typically have thousands of proteins encoded by their DNA.  

Which proteins they use are largely determined by what function the cell 

performs or what stress it is adapting to.  Protein production is regulated through 

gene expression.  Genes that are not necessary for the routine metabolic 

functioning of the cell are generally not transcribed, and transcription is triggered 

in response to certain cellular conditions such as environmental stress.  There 

are many types of stress such as osmotic stress, oxidative stress, flood stress, 

and nutrient stress.   

 Oxidative stress is a potentially fatal condition that can arise in cells.  

Reactive oxygen species (ROS) are detrimental to cells because they can 

damage deoxyribonucleic acid (DNA), which in turn can kill the cell if the damage 

is severe enough and cannot be repaired (Halliwell 1999).  ROS are generated in 

cells as byproducts of normal cellular activities.  Cells therefore must closely 

monitor the concentration of ROS and react quickly to elevations in their 

concentration.  This can be achieved through monitoring the redox potential. 

 Redox, or oxidation-reduction, potential is a measure of the electrical 

environment of the cell.  ROS are electron scavengers and are strong oxidizing 

agents.  Therefore some cells have developed ways to monitor their intracellular 

redox potential through disulfide bond formation and breaking (Zheng et al. 1998, 
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Aslund 1999).  Proteins, which have two cysteine (cys) residues in close 

proximity, can form an intramolecular disulfide bond.  Also proteins can use free 

cys residues to form bonds with other proteins making dimers or tetramers or 

even larger complexes.  In the presence of ROS, these cys will lose their 

hydrogen to form a bond to the adjacent cys residue.  The formation of an 

intramolecular disulfide bond or the formation of a disulfide-linked dimer will allow 

the protein to either directly or through a cascade activate gene expression of 

scavenger proteins to reduce the amount of free ROS in the cell. 

 Another oxygen-dependent function some organisms undergo is the ability 

to switch from aerobic to anaerobic growth based on changes to the intracellular 

redox state (Pfannschmidt et al. 1999).  Two different bacteria in the 

Rhodobacter family utilize several proteins to accomplish this goal.  Two of the 

best studied of these bacteria, Rhodobacter sphaeroides and Rhodobacter 

capsulatus, are able to sense the presence of oxygen and switch to aerobic or 

anaerobic respiration (Bauer 2002). 

 

1.1 PpsR/AppA/RegB 

 PpsR is a protein found in R. sphaeroides.  PpsR is a repressor of the puc 

operon, which encodes the pigment-binding proteins of the light harvesting II 

complex.  It is also a homolog of CrtJ from R. capsulatus (Bauer 2002).  CrtJ is a 

protein that regulates gene expression within R. capsulatus through the formation 

of disulfide bonds in response to intracellular oxygen levels.  The function of CrtJ 
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in R. capsulatus is to repress the expression of the puc operon, and other 

operons encoding proteins required specifically for growth under photosynthetic 

conditions, at high oxygen tension within the cell (Ponnampalam 1995).  In 

conjunction with another protein, AppA, PpsR is able to regulate the expression 

of photosynthesis genes in R. sphaeroides.  This regulation is achieved in two 

ways.  First the oxidized form of PpsR binds to DNA at the puc promoter and 

through cooperatively recruits another PpsR to a neighboring palindromic site to 

form a tetramer (Bauer 2002).  When bound to the DNA, PpsR represses the 

transcription of photosystem genes.  In the presence of oxygen PpsR becomes 

oxidized and represses photosynthesis within the cell.  The second way PpsR 

controls gene expression is through an oxidation-reduction reaction with AppA. 

   AppA serves two distinct functions within R. sphaeroides cells.  It has in 

its C-terminal domain a Cys-rich region responsible for isomerizing a disulfide 

bond within PpsR, and an amino-terminal domain that non-covalently binds a 

flavin adenine dinucleotide (FAD), which absorbs blue light (Bauer 2002, Kraft 

2003).  More recent research by G. Klug has provided additional evidence 

documenting the role AppA plays as a blue light receptor (Braatsch 2004).  The 

FAD has been shown to be fully oxidized, regardless of the redox state of the cell 

or whether the C-terminal domain of AppA is reduced or oxidized.   A small shift 

in the spectrum of the flavin that is produced when AppA is exposed to blue light 

arises from a light-induced conformational change that affects the environment of 

the flavin, rather than from any change in flavin redox state (Kraft 2003).  In the 
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absence of light, AppA is able to reduce PpsR, by reducing the disulfide bond in 

PpsR with its C-terminal domain, and form an AppA-PpsR2 complex that 

represses PpsR binding to DNA allowing for photosynthesis genes to be 

transcribed (Bauer 2002).  In the light, AppA is no longer able to bind PpsR 

(Bauer 2002).  This complex interaction is best summarized in Figure 1. 

 

 

 

Figure 1.1.  Scheme summarizing the interaction of AppA and PpsR in the 
presence and absence of light.  Published in Cell 2002 by Dr. Bauer and Dr. 
Masuda. 
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 RegB is another redox active protein found in Rhodobacter capsulatus.  It 

senses oxygen tension within the cell much like CrtJ and PpsR (Bauer 2002, 

Masuda 1999).  RegB is able to autophosphorylate itself under anaerobic 

conditions; then, it phosphorylates RegA, which can in turn bind to puf, puh, and 

puc operons, which encode the light harvesting proteins and photosynthetic 

reaction center proteins (Inoue 1995).  RegA then regulates the transcription of 

genes responsible for photosynthesis (Sganga 1992).  RegB is a transmembrane 

protein, but unlike many membrane bound proteins it has very small periplasmic 

and cytoplasmic loops.  However, these loops on the cytoplasmic side have been 

show to contain the regulatory domain of the protein (Potter 2002). 

 

1.2 Yap1/Gpx3/Trx2 

 Yap1 is found in the yeast Saccharomyces cerevisiae and is a 

transcription factor for over 70 genes (Gasch 2000).  These genes are 

responsible for the antioxidant defense of the cell against peroxide.  The 

presence of H2O2 is detected by Gpx3, a protein that resembles glutathione 

peroxidase.  Gpx3, a protein with 3 cys residues (Toledano 2004), is a receptor 

that is specific for H2O2 and along with Yap-binding protein (Ybp1) couples with 

Yap1 to form an intramolecular disulfide bonds in Yap1, and thus activates its 

gene targets (Inoue, et al. 1999).   

In S. cerevisiae, three proteins with high sequence homology to the 

glutathione peroxidase family, Gpx1, Gpx2, and Gpx3, have been identified 
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(Inoue et. al. 1999).  Research by Toledano in 2004 identified Gpx3 as the 

protein responsible for sensing H2O2 and relaying the signal on to Yap1.  

However, recent research has reclassified Gpx3 into the family of phospholipid 

hydroperoxide glutathione peroxidase (Avery 2001).  Unlike glutathione 

peroxidases, which are soluble tetramers, phospholipid hydroperoxide 

glutathione peroxidases are partly membrane-associated monomeric proteins, 

soluble or membrane-associated.  Both types are capable of reacting with H2O2 

and organic peroxides.    

 The regulation of Yap1 is controlled by reversible intramolecular disulfide 

bond formation.  Yap1 contains two specific cysteine-rich domains (CRD), a c-

CRD and an n-CRD containing two cys residues.  The c-CRD contains 3 cys 

residues, which are essential for oxidative stress-induced nuclear localization 

(Kuge 1997) and for inhibition of the interaction between Crm1 and Yap1 

interaction under oxidizing conditions (Kuge 1998, Yan 1998).  The n-CRD has 

been shown to be required for H2O2-induced activation of Yap1-target genes 

(Coleman 1999).  Further research has shown that Cys303 in the n-CRD and 

Cys598 in the c-CRD form a disulfide bond in the presence of H2O2 (Delaunay 

2000).  In the oxidized from, i.e. the form containing one or more disulfide bonds, 

the nuclear export signal (NES) becomes buried in the interior of the protein, and 

when the disulfide is reduced the NES is exposed again.  The residues 

comprising the NES are located on the c-α3 helix and interact with conserved 

hydrophobic residues on the n-α1 helix (Wood et al. 2004).  When exposed to 
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oxidative stress Yap1 accumulates in the nucleus.  This is due to the 

inaccessibility of NES and the resulting loss in Yap1’s ability to bind to Crm1p, 

the protein responsible for recognizing and exporting Yap1 out of the nucleus 

(Yan 1998).  After the oxidative stress within the cell is relieved, it is proposed 

that thioredoxin 2 (Trx2) reduces the disulfide bond in Yap1 exposing the NES 

and allowing it to bind to Crm1p again and be exported from the nucleus. 

 It has proven useful, because of the increased simplicity of the protein 

chemistry involved, to use a portion of Yap1, referred to as Yap1-RD, to study 

the role of disulfide bonds in the ability of Yap1 to regulate gene expression 

(Wood et al., 2004).  Yap1-RD, which contains 5 cys residues and is comprised 

of the protease-resistant domain, contains residues Asn 279 to Arg 313 of the n-

CRD and Asn 565 to Asn 650 of the c-CRD covalently attached via Cys 303-Cys 

598 and Cys 310-Cys 629 disulfide bonds, Yap1-RD has been shown to mimic 

many of the properties of the full-length protein (Wood et al., 2004). 

 The goal of my research is to further understand the interaction of each of 

the above proteins with their respective targets.  It is not currently well 

understood how each component of the Yap1/ Gpx3/ Trx2 system interacts with 

the other components.  Knowing the midpoint potentials, Em, of each of the 

dithiol/disulfide reactions may elucidate whether a given protein in a redox 

cascade oxidizes or reduces its reaction partner.  As Gpx3 is the physiological 

oxidant of Yap1, it should have a more positive midpoint potential than one or 

both of the disulfide bonds in Yap1.  Further more Trx2 is the reductant of the 
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oxidized form of Yap1 so Trx2 should possess a more negative midpoint 

potential than one or both of the disulfide bonds in Yap1.   

A simple thermodynamic relationship exists between the slope of Em 

versus pH plots and the number of protons taken up or released in a redox 

reaction, which gives a slope of -59 mV/pH for the release of two protons or -30 

mV when only one proton is released.  Thus, changes in the slopes of Em versus 

pH plots can be used to estimate pKa values for acid/base groups that couple 

proton uptake or release to redox reactions (Setterdahl et al., 2003, Hirasawa 

1998).  Redox reactions that involve disulfide/dithiol exchange reactions between 

pairs of proteins usually involve an initial nucleophilic attack by one cysteine on 

the dithiol-containing protein.  As the thiolate anion is a better nucleophile than 

the protonated thiol, identifying pKa values of thiols in these families of proteins 

can contribute to our understanding of the mechanisms of proteins like RegB and 

PpsR.  For the protein RegB, the presence of a pKa for one or more of the thiols 

between pH 6 and 8 will give some insight to the way RegB becomes oxidized. 

In the case of PpsR and AppA, knowing the Em values of PpsR and AppA 

should also be helpful in understanding the interaction between the two proteins.  

One would predict that AppA would have a lower, i.e. more negative, midpoint 

than PpsR to facilitate AppA’s ability to reduce the disulfide bond within PpsR. 
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CHAPTER II 

METHODS 

 

 2.1 Purification of PpsR 

A His-tagged version of the PpsR protein was expressed in Escherichia 

coli.  For over-expression of wild-type PpsR, strain BL21(DE3) (Novagen) was 

used.  The bacteria were grown in Luria Broth (LB) medium containing 20 g/L 

Tryptone, 10 g/L yeast extract, 20 g/L NaCl, 50 mg/L kanamycin.  The medium 

was shaken at 225 revolutions per minute until the culture reached an optical 

density of 0.6 at 600 nm.  Isopropyl thiogalactoside (IPTG) was then added to a 

final concentration of 0.5mM and the cells were allowed to continue to grow for 4 

more hours at room temperature with shaking.  Cells were then harvested by 

centrifuging for 10 minutes using a Beckman JA-10 rotor at 6000 x g.  The cells 

were then resuspended in buffer containing 50 mM HEPES with 100 mM NaCl at 

pH 7.0.  Cells were lysed by being passed through a French press two times at 

8000 p.s.i. The resulting solution was centrifuged at 28,000 x g for 30 minutes to 

pellet out the cell debris.  The supernatant was then centrifuged for 1 hour at 

100,000 x g in a Ti-70 rotor.  Finally the supernatant was transferred to a 25 ml 

syringe and passed through a .45 micron filter and loaded onto a Ni2+ chelating 

column (Hi-Trap by Pharmacia).  After washing the column to remove 

nonspecifically-bound proteins, the remaining protein was eluted with buffer 
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containing 250 mM imidazole.  The eluate was then dialyzed overnight against a 

buffer containing 30 mM HEPES (pH = 7.0) and 100 mM NaCl. 

 Protein purity was subsequently determined by SDS-PAGE gel 

electrophoresis to be >95% pure.  Samples with purity <95% were loaded onto a 

Superdex 75 column and remaining peaks were separated out, collected in 

fractions, and re-concentrated to volumes of 1-2 ml. 

 Both RegB and AppA were purified according to published protocols 

(Bauer 2002, Swem 2003) were a generous gift from Prof. Carl Bauer (Indiana 

University). 

 

2.2 Purification of Trx2 

 Transformed E. coli cells containing the plasmid expressing a his-

tagged version of S. cerevisiae Trx2 (Wood 2004) were a generous gift from Drs. 

Gisela Storz and Matthew Wood (National Institutes of Health).  The bacteria 

were grown in LB medium containing 20 g/L Tryptone, 10 g/L yeast extract, 

20g/L NaCl, 50 mg/L ampicillin and 34 mg/L chloramphenicol.  The medium was 

shaken at 225 revolutions per minute until the culture reached an optical density 

of 0.6 at 600 nm.  IPTG was then added to a final concentration of 1mM and the 

cells were allowed to continue to grow for 4 more hours at room temperature with 

shaking.  Cells were then harvested by centrifuge using a Beckman JA-10 rotor 

at 6000 x g for 10 minutes.  The cells were then resuspended in buffer containing 

50mM Na2PO4, 300 mM NaCl, 10% (v/v) glycerol, and 5 mM MgCl2 at pH 7.0.  
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Cells were lysed by being passed through a French press two times at 8000 p.s.i. 

The resulting solution was centrifuged at 28,000 x g for 30 minutes to pellet out 

the cell debris.  The supernatant was then centrifuged for 1 hour at 100,000 x g 

in a Ti-70 rotor.  The supernatant was transferred to a 25 ml syringe, passed 

through a 0.45 micron filter, and loaded onto a Ni2+ chelating column (Hi-Trap by 

Pharmacia).  The Ni2+ column was then attached to a BioCad Perfusion 

Chromatography system and washed with 150 ml of buffer containing 50 mM 

Na2PO4, 300 mM NaCl, and 10% (v/v) glycerol.  The remaining protein was 

eluted from the column using the same buffer with the addition of 150mM 

imidazole.  The eluate was transferred to  30 mM HEPES buffer (pH 7.0) 

containing 100 mM NaCl using Millipore Amicon Ultra 15ml centrifuge filtration 

tubes. 

The protein used for the measurements described below was determined 

to be >95% pure by SDS-PAGE gel electrophoresis.  Samples with purity <95% 

were loaded onto a Superdex 75 column for purification to the 95% or greater 

purity level and the peak containing Trx2 was concentrated to a volume of 1-2 ml 

for storage. 

Purified samples of both Yap1 and Gpx3 (Wood 2004) were generous 

gifts from Drs. Gisela Storz and Matthew Wood (National Institutes of Health). 
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2.3 Thiol Determination 

PpsR was incubated with either reduced or oxidized dithiolthreitol (DTT). 

Subsequently, the DTT was removed by G-10 gel filtration. Total free thiols were 

titrated with 5,5’-dithiolbis(2-nitrobenzoic acid) (DTNB) in 100 mM Tris-HCl, pH 

8.0 (Balmer 2001). Release of the chromophore 5-thiol-2-nitrobenzoic acid (TNB) 

was monitored at 412 nm and its concentration was calculated using a molar 

absorbency of 13600 M-1cm-1 (Habeeb 1972). 

 

2.4 Monobromobimane Fluorescence Redox Titraions

Monobromobimane (mBBr) is a chemical that reacts with free thiols to 

form a fluorescent covalent adduct.  Protein samples are prepared by incubating 

them in buffers containing reduced and oxidized forms of either DTT or 

glutathione (DTT for Eh values from –230 mV to –400 mV, and GSH/GSSG for 

values more positive than –230 mV) measured in specific rations determined by 

the equation: 

Eh=Em + (RT/nF)ln([ox]/[red])                     (1) 

where Em is the midpoint potential of DTT or glutathione, Eh is the ambient 

potential, R is the gas constant (8.314 J/mol K), T is the temperature in Kelvin, n 

is the number of electrons (for DTT and GSH the number of electrons is 2), F is 

Faraday’s constant (96,485 C/mol).  Titrations of PpsR were preformed with 

varying equilibration times from one hour to three hours (data not shown).  The 

values of Em were determined for each titration and were identical, within the 
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experimental uncertainties of the measurements, for all redox equilibration times 

tested.  A 2-hour  incubation time was thus deemed sufficient for establishing 

redox equilibrium and was used for all of the titrations reported below.  100 µg of 

protein was added to 1 ml of the redox buffer poised at the desired potential and 

allowed to equilibrate for 2 hours.  After equilibration 10 µl of a saturated solution 

of mBBr was added to each tube and allowed to react for 20 minutes.  After 20 

minutes, 500 µl of a 20% solution of trichloroacetic acid (TCA) was added to 

each tube and placed on ice for 30 minutes.  The tubes were then centrifuged at 

10,000 rpm for 15 minutes to precipitate the protein.  The supernatant was 

removed and replaced with 500 µl of a 1% TCA solution and centrifuged again at 

10,000 rpm for 15 minutes.  The supernatant was removed and the protein 

precipitate was resuspended in 300 µl of 100 mM Tris-HCl buffer (pH 8.0) 

containing 0.1% SDS, vortexed, and allowed to sit for 30 minutes.  The solution 

was then brought to a final volume of 2.5 ml in 100 mM Tris-HCl buffer (pH 8.0).  

The fluorescence was measured using an Aminco-Bowman Series 2 

Luminescent Spectrommeter with an excitation wavelength of 380 nm and an 

emission wavelength of 450 nm. 

 The pH dependencies of the Em values were fitted to the following 

equation: 

Em = E° - (RT/nF) ln {1/([H+]2 + [H+]Kn1 + [H+]Kn2 +Kn1Kn2)}         (2) 

Where E° represents the intrinsic tendency of the disulfide bond to undergo 

reduction, and Kn1 and Kn2 are the first and second pKa values for acid/base 
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equilibria coupled to the redox reaction.  E° was set so that Eq 2 gave an Em 

value at pH 7.0 that matched the experimentally determined value, while Kn1 and 

Kn2 were determined as best-fit parameters using MicroSoft Excel. 

 

2.5 Tryptophan Fluorescence Redox Titrations

 For tryptophan fluorescence proteins were incubated in 2.5 ml of redox 

buffer prepared as described above for mBBr titrations.  The proteins were 

allowed to equilibrate for two hours.  The fluorescence was measured using an 

Aminco-Bowman Series 2 Luminescence Spectrometer with excitation 

wavelength of 275 nm and emission wavelength of 337 nm. 

  

2.6 Anaerobic mBBr Redox Titrations

 Anaerobic titrations were preformed the same as for mBBr titrations 

(above) with the following exception.  All buffers were prepared under argon 

atmosphere to remove any dissolved oxygen.   

 The anaerobic titrations of PpsR were only 20 mV more negative than the 

aerobic titrations.  As the experimental uncertainty of each of these 

measurements is ± 10 mV the difference in the two measurements is within the 

experimental error and thus is not significant.  This measurement provides 

evidence that there is not a significant effect from dissolved oxygen on the redox 

buffers, if oxygen in the redox buffer oxidized the free thiols at a significant rate 

then it would be difficult or impossible to reach redox equilibrium. 
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CHAPTER III 

RESULTS 

 

3.1 Redox Titrations of PpsR

 To determine the thermodynamically favorable direction for the transfer of 

reducing equivalents between PpsR and AppA it was necessary to determine the 

midpoint potentials of each protein.  The midpoint oxidation-reduction potential of 

PpsR was determined at a number of different pH values to determine if a pKa is 

present for one or more of the acid/base groups coupled to the redox reaction 

(Fig 3.11).  pH values of 6.0 (Fig 3.1), 6.5 (Fig 3.2), 7.0 (Fig 3.3), 7.5 (Fig 3.4), 

8.0 (Fig 3.5), 8.5 (Fig 3.6), 8.75 (Fig 3.7), 9.0 (Fig 3.8), 9.25 (Fig 3.9), and 9.5 

(Fig 3.10) were used.  The experimental uncertainties for all values reported for 

PpsR from the mBBr titrations are ± 10 mV. 
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Figure 3.1.  Titration of PpsR at pH 6.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-255 mV.  The total DTT concentration was 1.0 mM in 100 mM MES buffer at pH 
6.0.  The redox equilibration time was 2 hours. 
 

 16



-0.2

0

0.2

0.4

0.6

0.8

1

1.2

-350 -300 -250 -200

Eh (mV)

Fr
ac

tio
n 

R
ed

uc
ed

 

Figure 3.2.  Titration of PpsR at pH 6.5.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-285 mV.  The total DTT concentration was 1.0 mM in 100 mM MES buffer at pH 
6.5.  The redox equilibration time was 2 hours. 
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Figure 3.3.  Titration of PpsR at pH 7.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-320 mV.  The total DTT concentration was 1.0 mM in 100 mM HEPES buffer at 
pH 7.0.  The redox equilibration time was 2 hours. 
 

 

 18



-0.2

0

0.2

0.4

0.6

0.8

1

1.2

-420 -370 -320 -270

Eh (mV)

Fr
ac

tio
n 

R
ed

uc
ed

 

Figure 3.4.  Titration of PpsR at pH 7.5.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-347 mV.  The total DTT concentration was 1.0 mM in 100 mM Tricine buffer at 
pH 7.5.  The redox equilibration time was 2 hours. 
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Figure 3.5.  Titration of PpsR at pH 8.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-377 mV.  The total DTT concentration was 1.0 mM in 100 mM Tricine buffer at 
pH 8.0.  The redox equilibration time was 2 hours. 
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Figure 3.6.  Titration of PpsR at pH 8.5.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-400 mV.  The total DTT concentration was 1.0 mM in 100 mM Tricine buffer at 
pH 8.5.  The redox equilibration time was 2 hours. 
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Figure 3.7.  Titration of PpsR at pH 8.75.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-415 mV.  The total DTT concentration was 1.0 mM in 100 mM Tricine buffer at 
pH 8.75.  The redox equilibration time was 2 hours. 
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Figure 3.8.  Titration of PpsR at pH 9.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =        
-425 mV.  The total DTT concentration was 1.0 mM in 100 mM CAPSO buffer at 
pH 9.0.  The redox equilibration time was 2 hours. 
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Figure 3.9.  Titration of PpsR at pH 9.25.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-445 mV.  The total DTT concentration was 1.0 mM in 100 mM CAPSO buffer at 
pH 9.25.  The redox equilibration time was 2 hours. 
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Figure 3.10.  Titration of PpsR at pH 9.5.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-465 mV.  The total DTT concentration was 1.0 mM in 100 mM CAPSO buffer at 
pH 9.5.  The redox equilibration time was 2 hours. 
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Figure 3.11.  pH dependence of the midpoint potential (Em) of PpsR.  The solid 
diamonds represent the data from Fig. 3.2 through 3.10.  The solid line 
represents the theoretical slope of -59 mV/pH as predicted for a two electron/two 
proton transfer.  The dashed line represents the computer best-fit to the data 
which has a corresponding slope of –55 mV/pH.  The vertical error brackets 
represent the average deviation in the Em values for which replicate 
measurements were carried out. 
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 Although the mBBr method has been used extensively in redox titrations 

of dithiol/disulfide couples in proteins and has been shown, in the case of two 

thioredoxins, to give identical Em values to those obtained using enzyme-

catalyzed NADP+/NADPH redox-poising (Krimm 1998), there is always the 

possibility that addition of mBBr may perturb the redox equilibrium established 

during the equilibration stage of the procedure.  As changes in the 

disulfide/dithiol redox state of some proteins has been shown to affect the 

fluorescence properties of one or more tryptophan residues, it can be possible, in 

these proteins, to use tryptophan fluorescence as a measure of disulfide/dithiol 

redox state without adding exogenous chemical modifiers like mBBr.  A redox-

dependent change in tryptophan fluorescence was demonstrated in preliminary 

experiments and Figure 3.12 shows that the redox titration curve obtained using 

tryptophan fluorescence is similar to those produced wit the mBBr method, but 

with a slightly more negative Em potential of -342 mV ± 3 mV (average of two 

tryptophan titrations at pH 7.0).  The fact that the difference in Em values 

determined using the two different methods was only 20 mV, which is within the 

combined uncertainty of the two measurements, indicates that no serious error is 

introduced by using mBBr labeling to monitor the amount of thiol present.  
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Figure 3.12.  Titration of PpsR at pH 7.0.  The open circles represent data 
obtained from tryptophan titrations and the solid line represents the computer 
best-fit to this data based on the Nernst equation for a two-electron couple with 
Em = -345 mV.  The total DTT concentration was 1.0 mM in 100 mM sodium 
phosphate buffer at pH 7.0.  The redox equilibration time was 3 hours. 
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 To determine the accuracy of the measurements, the free thiols were 

measured using the thiol-specific reagent DTNB, when the protein was fully 

reduced and or fully oxidized (Table 3.1).  The data from Fig 3.3 was used to 

determine at what potentials the PpsR should be in the fully oxidized and 

reduced forms.  In the fully oxidized state PpsR had no detectable free thiols and 

in the reduced state had two free thiols as predicted.  This further supports the 

mBBr results by showing that there is only a single disulfide/dithiol couple being 

titrated.   

 

 

 

 

 

Table 3.1.  Free thiol group determination of oxidized and reduced PpsR by 
DTNB analysis.   
PpsR -SH group 

0,0 
0,0 
0.0 
2.0 
2.4 

Oxidized PpsR 
                                          
Average 
Reduced PpsR                
 
Average 2.2 ± 0.28 
Measurements done at pH 8.0 in 100 mM Tris-HCl. 
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3.2 AppA Midpoint Determination

 To study the thermodynamic aspects of the interaction between AppA with 

PpsR, it was necessary to also determine the midpoint potential of AppA.  As 

AppA is both sensitive to redox potentials and to blue light (Bauer 2002, Kraft 

2003), studies were done in standard redox buffers both in the presence and 

absence of light (Fig 13.3).  For the titration of AppA in the absence of light, the 

samples were kept in tubes covered in foil and all steps from the equilibration 

time up to the TCA precipitation were preformed in the dark (the remaining steps 

were carried out as described in the Methods section).  AppA exposed to light 

was incubated in the redox buffers and allowed to equilibrate under ambient 

direct sunlight present in the room supplemented by illumination from fluorescent 

lights.  The lights remained on while the protein was incubated with mBBr and 

during all steps until the TCA precipitation at which point normal procedure was 

followed.  The Em values for the illuminated AppA and dark-adapted AppA 

samples were -300 mV ± 10 mV and -321 mV ± 10 mV, respectively (all titrations 

of AppA were preformed two times and all titrations were done at pH 7.0).  Due 

to the experimental uncertainties of each measurement, ± 10 mV, the difference 

of 20 mV between the light illuminated AppA and the dark-adapted AppA is not 

experimentally significant.  The average value of these two sets of AppA 

titrations, i.e., Em  = -310 mV at pH 7.0, is similar to the average Em value 

determined for PpsR at this pH in mBBr titrations, suggesting that the 

disulfide/dithiol couples are isopotential or nearly so.  
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Figure 3.13.  Open circles and solid line represent AppA exposed to direct light.  
Closed circles and dashed line are AppA in the absence of light.  All titrations 
were done at pH 7.0 with 2 hours incubation time.  For the light exposed AppA 
titration all steps up to the TCA precipitation were done in normal ambient light.  
Error brackets are provided for the two AppA titrations. 
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3.3 RegB pH profile

 An Em versus pH profile was also generated for the protein RegB (Fig 

3.21).  pH values of 6.0 (Fig 3.14), pH 6.5 (Fig 3.15), pH 7.0 (Fig 3.16), pH 8.0 

(Fig 3.17), pH 9.0 (Fig 3.18), pH 10.0 (Fig 3.19), pH 11.0 (Fig 3.20) were used.  

Due to the lack of protein available for these titrations, only one titration was 

preformed at each pH except pH 7.0 where two titrations were preformed.  The 

pH dependence of RegB was examined to see if one or more of the thiols had 

pKa values low enough to be in the thiolate anion form at a biologically relevant 

pH.  Since thiolate anions are considerably better nucleophiles than protonated 

thiols, this information is important for elucidating the mechanistic details by 

which the reduced form of RegB reduces other proteins.  For all values reported 

for RegB from the mBBr titrations, the experimental uncertainties at each pH 

were determined by data scattering level. 
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Figure 3.14.  Titration of RegB at pH 6.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-265 mV.  The total DTT concentration was 2.0 mM in 100 mM MES buffer at pH 
6.0.  The redox equilibration time was 2 hours. 
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Figure 3.15.  Titration of RegB at pH 6.5.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-290 mV.  The total DTT concentration was 2.0 mM in 100 mM MES buffer at pH 
6.5.  The redox equilibration time was 2 hours. 
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Figure 3.16.  Titration of RegB at pH 7.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-320 mV.  The total DTT concentration was 2.0 mM in 100 mM MOPS buffer at 
pH 7.0.  The redox equilibration time was 2 hours. 
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Figure 3.17.  Titration of RegB at pH 8.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-370 mV.  The total DTT concentration was 2.0 mM in 100 mM Tricine buffer at 
pH 8.0.  The redox equilibration time was 2 hours. 
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Figure 3.18.  Titration of RegB at pH 9.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-445 mV.  The total DTT concentration was 2.0 mM in 100 mM AMPSO buffer at 
pH 9.0.  The redox equilibration time was 2 hours. 
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Figure 3.19.  Titration of RegB at pH 10.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-465 mV.  The total DTT concentration was 2.0 mM in 100 mM CAPSO buffer at 
pH 10.0.  The redox equilibration time was 2 hours. 
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Figure 3.20.  Titration of RegB at pH 11.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-265 mV.  The total DTT concentration was 2.0 mM in 100 mM CAPS buffer at 
pH 11.0.  The redox equilibration time was 2 hours. 
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Figure 3.21.  pH dependence of the midpoint potential (Em) of RegB.  The solid 
circles represent the data from Fig. 3.14 through 3.20.  The solid line represents 
the best-fit for equation 2.  The dashed line represents theoretical slope of -59 
mV/pH as predicted for a two electron/two proton transfer.  The vertical error 
brackets represent the average deviation in data scatter for each determination.  
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3.4 Yap1 titrations  

 As described in the Introduction, it has been proposed that Gpx3 serves 

as the physiological oxidant for Yap1.  In order to determine whether this 

postulated role for Gpx3 involves a thermodynamically favorable transfer of 

electrons, it is necessary to know the midpoint potentials of both proteins.  As it 

has been shown that the oxidized form of Gpx3 interacts with the Ybp1-Yap1 

pre-complex to oxidize Yap1 (Toledano 2004) – a reaction that ultimately results 

in the localization of Yap1 to the nucleus, Gpx3 would be expected to have a 

more positive potential than Yap1.  However, the situation is complicated by the 

fact that two different intramolecular disulfide bonds are present in the fully-

oxidized form of Yap1 and so, if the two disulfides have different Em values, it 

might not be clear which one of them is the target for oxidation by Gpx3.  Fig 

3.22 shows the results of a redox titration of Yap1, using tryptophan fluorescence 

to monitor the extent of disulfide reduction, over the full range of Eh values that 

can be stably maintained using DTT and GSH/GSSG redox buffers.  Two 

separate components can be seen, with Em values of -331 mV ± 2 mV and -154 

mV ± 3mV respectively.  These values are the average of two titrations done at 

pH 7.0.  
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Figure 3.22.  Titration of Yap1 at pH 7.0.  The open circles represent data 
obtained from tryptophan titrations and the solid line represents the computer 
best-fit to this data based on the Nernst equation for a two-electron couple with 
Em1 = -151 mV and Em2 = -329 mV.  The total DTT/GSH/GSSG concentration 
was 2.0 mM in 100 mM HEPES buffer at pH 7.0.  The redox equilibration time 
was 2 hours. 
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3.5 Gpx3 titrations 

 For reasons not currently understood, Gpx3 did not titrate well at pH 7.0 

even if redox equilibration times of 3 hours were used (i.e., the computer best-fit 

for the data indicates an n value greater than 2 which is most likely due to poor 

equilibration of the protein).  However, at pH 6.0 Gpx3 did yield a titration curve 

that gave a good fit to the Nernst equation for two electron redox couple (Fig. 

3.23), with an Em of -255 mV ± 8mV.  If we assume that there are no redox-linked 

pKa values associated with Gpx3 disulfide/dithiol redox chemistry over the range 

from pH 6.0 to 7.0, then the extrapolated Em at pH 7.0 would be -315 mV ± 10 

mV. 
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Figure 3.23.  Titration of Gpx3 at pH6.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-255 mV.  The total DTT concentration was 2.0 mM in 100 mM MES buffer at pH 
6.0.  The redox equilibration time was 2 hours. 
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3.6 Trx2 titrations 

 Previous studies have indicated that Trx2 is responsible for reducing the 

disulfide bonds formed in both Gpx3 and Yap1 (Delaunay 2000, Carmel-Harel et 

al. 2001).  Therefore, knowing the midpoint of Trx2 from S. cerevisiae may give 

some insight into the thermodynamics of these reactions.  Trx2 was titrated at pH 

7.0 (Fig 3.24) and the average Em value (from two titrations) was -265 mV ± 10 

mV. 

Table 3.2 summarizes the Em values for each protein (Yap1, Gpx3, and Trx2) to 

better show the relationships between their midpoints, so one can easily 

determine the thermodynamically favorable direction of reactions in which one 

protein oxidizes or reduces another. 
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Figure 3.24.  Titration of Trx2 at pH 7.0.  The open circles represent data 
obtained from mBBr titrations and the solid line represents the computer best-fit 
to this data based on the Nernst equation for a two-electron couple with Em =       
-275 mV.  The total DTT concentration was 2.0 mM in 100 mM HEPES buffer.  
The redox equilibration time was 2 hours. 
 
 
 
 
 
 
 
 
 
 
Table 3.2.  Summary of the midpoint potentials of the disulfide/dithiol couples 
within the Yap1/Gpx3/Trx2 system. 
Protein: Em1 Em2
Gpx3 -315 mV ± 8 mV ---- 
Yap1 -155 mV ± 3 mV -330 mV ± 2 mV 
Trx2 -265 mV ± 10 mV ---- 
All Em values used are for pH 7.0.
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CHAPTER IV 

DISCUSSION 

 
4.1 PpsR 

 The Em value of PpsR was determined over a wide range of pH values.  

For reactions yielding a net transfer of two protons the predicted slope of  Em 

versus pH plots should be -59 mV/pH.  When one of the two thiols is in the 

thiolate form, i.e. the pH of the solution is above the pKa value of one thiol but 

below the pKa of the other thiol, the reaction couple is still transferring two 

electrons but only one proton; thus the slope of the Em versus pH plot will change 

to -29.5 mV/pH.  When both of the thiols are in the thiolate form there is no 

transfer of protons, just the two electrons, so the slope of Em versus pH flattens 

out to 0 mV/pH, or one can say the Em is pH-independent at this point (Setterdahl 

et al., 2003).  These changes in slopes can be used to estimate pKa values for 

groups involved in redox-coupled proton movements.  While thermodynamic 

relationships can be used to calculate both the number of protons taken up 

during the reduction of PpsR and the pKa values for the acid/base groups 

involved from the Em versus pH profile, these relationships can not identify which 

groups are involved in the release or uptake of the protons.  However, for the 

sake of simplicity, we will assume that any pKa’s detected by this approach are 

associated with redox-active cysteine thiols. 

 The slope of Em versus pH for PpsR was -55 mV/pH, which differs from 

the predicted slope of -59 mV/pH for the uptake of two protons during the 
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reduction of the disulfide bond by an amount less than the experimental 

uncertainties associated with the measurements.  Therefore, over the range of 

pH values evaluated for PpsR, there appears to be no pKa for either of the cys 

residues over the pH range from 6.5 to 9.5.   

 The DTNB analyses of PpsR (Table 3.1) support the hypothesis that there 

are two cys residues in the fully reduced form, and, when oxidized, there are zero 

free cys residues.  This is expected, as there are only two cys residues in the 

PpsR protein. 

 

4.2 AppA 

 For the AppA titrations (fig 3.13) there was a slight difference between the 

illuminated and dark-adapted AppA.  However, the difference in the two Em 

potentials is only 20 mV, which is within the combined uncertainties of the two 

sets of measurements.  Illuminated AppA has been shown not to reduce PpsR 

and experiments done by Dr. Bauer’s group showed that reduced AppA is unable 

to interact with PpsR in the presence of blue light (Bauer 2002).  These results 

can be explained either by AppA having a more positive Em value than PpsR or 

by a conformational change in AppA when exposed to light.  As the difference in 

the Em values of illuminated and dark-adapted AppA Em values are within the 

combined experimental uncertainties of the measurements, it appears unlikely 

that the effect of light on the system arises from light-induced change in Em 
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values and that further experiments should focus on detecting possible light-

induced conformational changes in AppA. 

 

4.3 RegB 

 The Em versus pH profile generated for RegB shows a good correlation to 

the slope of  -59 mV/pH of a two-proton transfer reaction from pH 6.0 to 9.0.  

After pH 9.0 there is a deviation from the theoretical line, which changes in slope 

to -30 mV/pH, indicating that only one proton is being released/taken up in the 

reaction.  Using the simplest interpretation that the redox-coupled protonizable 

group with a pKa in this range is a thiol, one can conclude that the pKa for one of 

the redox-active thiol lies in this range but that the pKa value for the second 

redox-active thiol occurs at a substantially more alkaline value.  Using equation 2 

the pKa value of one thiol was determined to be 8.75, while the pKa value for the 

other thiol was not reached over the range of pHs evaluated.  While the pKa for 

the thiol of cysteine itself is 8.5; there are thiols in proteins that have pKa  values 

above pH 11 (LeMaster 1996, Chivers et al. 1997, Dillet et al. 1998).  Since the 

Em versus pH plot will only show a change in the slope when there is a change in 

the number of protons coupled to the reduction, it is possible that there are other 

amino acids taking up the proton released from the other cysteine so using a 

technique that is able to track protons would be beneficial.  
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4.4 Yap1 and Gpx3

 The titrations of Yap1 and Gpx3 yielded Em values, at pH 7.0, of -331 mV 

± 2 mV and -154 mV ± 3 mV, respectively, for the two disulfide/dithiol couples 

inYap1 and -315 mV (extrapolated to pH 7.0 from measurements made at pH 

6.0) for Gpx3.  This suggests that while it would be very easy for Gpx3 to oxidize 

the more negative disulfide bond in Yap1, i.e., the one with an Em of -331 mV, it 

would not be thermodynamically favorable for it to oxidize the more positive 

component of Yap1, i.e., the one with an Em of -154 mV.  Key elements for 

further understanding this interaction are identifying which Em values are coupled 

to which disulfide/dithiol couples in Yap1 and determining the exact interaction of 

Ybp1 with Gpx3 and Yap1.   

 

4.5 Trx2

 All proposed models for the Yap1/Gpx3 H2O2-sensing pathway have Trx2 

or Trx1 as the reductants for the disulfide bonds formed in both Yap1 and Gpx3 

during the detection of H2O2 and subsequent gene activation (Toledano 2004).  

However titrations of Trx2 have show that Trx2 has an Em of -275 mV ± 10 mV.  

While this is negative enough to reduce the more positive component of Yap1 it 

is not thermodynamically favorable for it to reduce the disulfide bond in Yap1 with 

the more negative Em.  It is possible that the second yeast thioredoxin, Trx1, 

could play a role in the reduction of the Yap1 disulfide with the more negative Em 

and redox titrations of Trx1 will in fact be carried out in the near future.  However, 

 50



it is unlikely that Trx1 will have a substantially more negative Em value than that 

measured for Trx2.   

 It is very possible that the construct of Yap1, Yap1-RD, used in this 

research may have different Em values due to interactions with other amino acids 

in the full length protein than those reported here.  Also, depending on which of 

the disulfide/dithiol couples is oxidized by Gpx3, Trx2 and Trx1 may not have a 

sufficiently negative Em to reduce the remaining Yap1 disulfide. 

 

Conclusion 

 The data collected thus far has provided some much needed insight into 

the thermodynamic relationships of the proteins studied.  Em versus pH plots 

were studied for PpsR and RegB to determine if there was a pKa present for any 

of the thiol groups in the two proteins. Em versus pH plots for PpsR did not show 

any deviation from the predicted slope of -59 mV/pH for the pH values tested at 

9.5 and below, thus there is no indication of the presence of a pKa value for any 

of the thiol groups that are part of the dithiol/disulfide couple.  However RegB did 

show a change in slope from -59 mV/pH to -30 mV/pH indicating the presence of 

a pKa of 8.75 for one of the thiols but not the other thiol (if both thiols were 

equally strong acid the slope of the Em vs. pH plot would have changed from -59 

mV/pH unit to 0 mV/pH unit, without any intermediate region where the slope was 

-30 mV/pH unit).    
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 As AppA reacts with PpsR in a light-dependent manner, it was of interest 

to see whether light has any effect on its redox properties.  Titrations were 

preformed on AppA to determine if exposure to light would cause a change in the 

Em of AppA that would explain its inability to reduce the disulfide in PpsR when 

AppA is exposed to blue light.  However, there is no statistically significant effect 

of light on the Em value for AppA.  Thus it is more likely that AppA undergoes a 

conformational change when exposed to light that prohibits it interaction with 

PpsR.   

 Redox titrations Yap1, Gpx3, and Trx2 gave some insight into the possible 

reaction scheme proposed for these three proteins.  Gpx3 possesses an Em 

value, -315 mV ±10 mV, capable of oxidizing the more negative disulfide bond in 

Yap1, which has an Em value of -331 mV ± 2 mV, but not the other more positive 

disulfide bond, which has an Em of  -154 mV ± 3 mV.  The third component of the 

system, Trx2, has an Em of -275 mV ± 10 mV, which is negative enough to 

reduce the more positive disulfide bond in Yap1 but not its more negative 

disulfide bond. 
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