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ABSTRACT 

Thioredoxins are redox-active proteins that contain two cysteines separated by two 

amino acids. These cysteines form an intreimolecular disulfide bond which when reduced, 

can activate or inactivate a number of other redox-sensitive proteins. 

This dissertation focuses on thiol-containing proteins that are involved in redox-

sensitive dithiol/disulfide processes. Escherichia coli thioredoxin is a widely studied 

protein. However, much reamins to be learned about the mechanism by which it reduces 

target proteins. An investigation of redox properties of the wild-type protein and site-

specific mutants has been undertaken. Thioredoxin h from the green alga 

Chlamydomonas reinhardtii is a structurally similar protein to E. coli thioredoxin and its 

redox properties have also been investigated. 

The ligation of the heme group in cytochrome c involves a dithioydisulfide protein 

cascade. HelX and Ccl2 are involved in this cascade in Rhodobacter capsulatus, 

ultimately reducing the disulfide on apo-cytochrome c so that it can bind heme. 

DisuMde/dithiol systems are also involved in the oxygen sensing mechanism of Rb. 

capsulatus, where the DNA-binding protein CrtJ contains a redox-active disulfide. 

Other proteins investigated for their disulfide/dithiol activity include an engineered 

E. coli malate dehydrogenase, in which a redox-active disulfide was introduced, and APS 

reductase ^om Arabidopsis thaliana, which contains a redox-active regulatory disulfide. 
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CHAPTER I 

INTRODUCTION 

Thioredoxins constitute an important family of proteins that have a large number 

of functions in many different biological systems (Jacquot et al. 1997). Thioredoxins are 

small ubiquitous proteins of about 11-12 kDa that contain a highly conserved motif of 

Trp-Cys-Xaa-Pro-Cys, where Xaa can be either glycine or proline. The cysteines present 

in this highly conserved motif provide two thiol groups characteristic of the reduced form 

of the protein. The two-electron oxidation of thioredoxins resuhs in the formation of a 

disulfide bond between these two cysteines. Reduction of the disulfide in oxidized 

thioredoxins is accompUshed by proton-uptake, with a proton/electron stoichiometery that 

depends on the pH. Thioredoxin from the bacterium Escherichia coli is perhaps the most 

intensely studied thioredoxin and is the model thioredoxin for many studies, including 

those in this dissertation work. A structurally similar and homologous thioredoxin found 

in the green alga Chlamydomonas reinhardtii, thioredoxin h, is also studied in this 

dissertation. 

The local environment of the active-site cysteines in thioredoxins and related 

proteins affects both the redox properties of the protein and the pK^ values of the 

cysteines. In wild-type E. coli thioredoxin, the pÂ^ of cysteine-32 has been shown by 

various techniques to be about 7.0 (Holmgren 1972; Kallis and Hohngren 1980; 

Reutimann e? a/. 1981; Dyson e/a/. 1991; Li era/. 1993; Wilson ê  a/. 1995; Chivers and 



Raines 1997; Dyson era/. 1997; Dillet e/a/. 1998; Vohnike/a/. 1998). In contrast there 

is considerable disagreement about the pK^ of cysteine-35, with reported values ranging 

from 7.0 to greater than 10.0 (Dyson et al. 1991; Li et al. 1993; Wilson et al. 1995; 

LeMaster 1996; Takahashi and Creighton 1996; Chivers et al. 1997; Dyson et al. 1997; 

Dillet et al. 1998; Vohnik et al. 1998). If the two pK^ do in fact differ substantiaUy, there 

will be a very large difference in the protonation state of the two thiols at physiological pH 

values. This difference will, in turn, greatly affect the nucleophilicity of the two thiols, an 

important factor in the reactivity of the reduced protein with target disulfides. 

The Nemst Equation, which governs equilibrium oxidation-reduction reactions, is: 

E, = En, (RT/nF)log[ox]/[red] (1.1) 

where R is the gas constant 8.314 J/moK, T is temperature, 298 K for most of the 

experiments carried out as part of this dissertation, n is the number of electrons (in the 

case of a dithiol/disulfide couple it is 2), and F is Farady's constant of 96,485 C/mol (C is 

coulombs). The value of RT/F at 25 °C is 59 mV. E^ is the ambient potential, E^ is the 

midpoint reduction potential of the species to be titrated, and [ox]/[red] is the ratio of 

oxidized to reduced molecules of the species being titrated. By convention, the [ox] and 

[red] terms in the Nemst equation are confined to species that actually undergo a change 

in oxidation state. Thus, the H^ concentration term in the Nemst Equation for this redox-

coupled proton uptake reaction is grouped with £„, (i.e., E^ is treated as a pH-dependent 

quantity). For a two-electron reduction process involving two protons, the Nemst 

equation can be rewritten as: 



Eh = En,-59pH 29.5log[red]/[ox]. (1.2) 

This is equivalent to having an £„, with a £„, versus pH dependence of-59 mV/pH imit. 

The Nernst equation for a two-electron reduction process involving only one proton can 

be expressed as: 

Eh = En, - 29.5pH - 29.5log[red]/[ox] (1.3) 

giving a dependence for E„, on pH -29.5 mV/pH unit. When no protons are involved, the 

Nemst equation shows that E^ will be independent of the pH. The Nemst equation for a 

disulfide/dithiol couple can also be written, in more general terms, as: 

E„ = E" -(RT/nF)log(l/([H1^ + {H^W.^ + [^IK^ + K,,K^) (1-4) 

where /Q, and K^ are the acid dissociation constants for the dissociation of the protons 

from the two cysteines, and E° is the intrinsic tendency of a disulfide bond to undergo 

reduction (Chivers et al. 1997). 

The midpoint-reduction potential (E^J is the ambient potential at which half of the 

population of a redox couple is in the oxidized state and the other half is in the reduced 

state. En, can be measured experimentally by carrying out a redox titration, i.e., by 

measuring the fraction of protein reduced as a function of imposed ambient potential. 

Reduced thioredoxin contains the two cysteines in the sulfliydryl state, while the oxidized 

form of thioredoxin contains a disulfide bond between the suUur atoms on the side chains 

of the cysteines. The reduction is a two-electron process, with an En, that is dependent on 

the pH and the pK^s of the cysteines. Titrations of thioredoxin at different pH values 

provides the E„, versus pH data that makes it is possible to determine the pK^s for groups 



in the protein that are involved in proton uptake/release that is coupled to the redox 

reaction. It is important to note that this method will not specifically determine the pÂ^ of 

the cysteines, but rather it will define the pÂ^̂s of the group(s) on the protein that are 

involved in redox-linked proton uptake. £„, versus pH profiles of site-directed mutants of 

thioredoxin can be used, by comparing these profiles to those obtained for the wild-type 

protein, to investigate the role of specific amino acids in proton uptake. If these mutations 

have an effect on the redox properties of the protein, then it can be inferred that the amino 

acid that was changed is important for the proper function of thioredoxin. E. coli 

thioredoxin and C. reinhartdii thioredoxin h have been selected for this study because high 

resolution 3-dimensional stmctures are available for both thioredoxins and because one 

can readily generate the necessary site-specific mutants of both proteins. 

Many chloroplast enzymes are regulated through disulfide/dithiol redox reactions 

(Buchanan 1991; Scheibe 1991; Anderson et al. 1997; Carlberg et al. 1999; Zhang and 

Portis 1999). Crystal stmctures of one such enzyme, NADP-malate dehydrogenase (EC 

1.1.1.82), have been solved for the inactive, oxidized form from sorghum (Johansson et al. 

1999) and Flaveria bidentis (Carr et al. 1999). These stmctures reveal two disulfides, 

one between Cys-24 and Cys-29 and the other between Cys-365 and Cys-377 and 

evidence for a redox-regulatory Cys-207/Cys-205 disulfide. In both of the crystal 

stmctures, the C-terminus has folded in to block the active site, and this is thought to 

account for the loss of activity. Preliminary mutagenesis evidence suggests that another 

cysteine, Cys-175, might also contribute to the redox sensitivity of the maize chloroplast 



enzyme (Li et al. 1994), and modeling studies suggest that Cys-175 could participate in 

disulfide bond formation with the regulatory Cys-365 (Muslin et al. 1995). This domain 

crosslinking disulfide would interfere with the movement associated with catalysis. 

Cysteine residues substituted into analogous positions in the NAD-linked E. coli malate 

dehydrogenase (EC 1.1.1.37), which is not redox regulated, can be oxidized to cystine 

thus inhibiting the activity of the enzyme. Part of this dissertation work focused on 

demonstrating that the midpoint potential for reduction of this introduced disulfide is in 

the same range as the midpoint potentials of the redox-regulatory disulfides in the light-

activated chloroplast enzymes. 

One of the many functions of thioredoxin is its involvement in sulfate assimilation 

in plants, an activity that increases when plants are under oxidative stress (Bick et al. 

2001). 5'-Adenylyl sulfate (APS) reductase (EC 1.8.4.9) catalyzes a key reaction in the 

plant sulfate assimilation pathway leading to the synthesis of cysteine and the antioxidant 

glutathione (Smith et al. 1984). In Arabidopsis thaliana APS reductase is encoded by a 

family of three genes. In vitro biochemical studies revealed that the enzyme product 

derived from one of them (APRl) is activated by oxidation, probably through the 

formation of a disulfide bond. The APRl enzyme is 45-fold more active when expressed 

in a trxB- strain of C coli than in a trxB + wild type. Cells of the trx mutant strain, which 

lack NADPHrthioredoxin reductase, have been shown to possess a considerably more 

oxdizing ambient potential than do cells of the wild-type strain (Bick et al. 2000) The 

enzyme is inactivated in vitro by treatment with disulfide reductants and is reactivated 



with thiol oxidants. Exposure of several species of plants to ozone induces a rapid 

increase in APS reductase activity that correlates with the oxidation of the glutathione 

pool and is followed by an increase in free cysteine and total glutathione. During the 

response to ozone, the level of immunodetectable APS reductase enzyme does not 

increase. Treatment of ̂ . thaliana seedlings with oxidized glutathione or paraquat 

induces APS reductase activity even when transcription or translation is blocked with 

inhibitors. These results suggest that a post-translational mechanism controls APS 

reductase. A model is proposed whereby redox regulation of APS reductase provides a 

rapidly responding, self-regulating mechanism to control the glutathione synthesis 

necessary to combat oxidative stress. 

Many redox-active proteins contain the active-site sequence of CysXxxYyyCys 

that is similar to thioredoxin. HeDC and Ccl2 each contain two cysteine residues separated 

by two intervening amino acids, with the cysteine pairs of both HeDC and Ccl2 proteins 

likely to be located in the periplasmic space of the photosynthetic bacterium Rhodobacter 

capsulatus. Cytochrome c contains a heme that is covalently boimd through thioether 

linkages to Cys-Xaa-Yyy-Cys-His of the reduced apoprotein (Kranz and Beckman 1995). 

As the reduction of the disulfide of oxidized apocytochromes is known to occur in the 

periplasm after transport of the apocytochrome from the cytoplasm, the predicted location 

of these HeDC and Ccl2 cysteines would allow them to participate in a periplasmic 

dithiol/disulfide cascade which ultimately reduces any disulfides on apocytochrome c to 

the dithiol form required for heme attachment (Setterdahl et al. 2000). The sequence of 



HeDC is somewhat homologous to the sequences of members of the thioredoxin family. 

Although Ccl2 has no obvious homology to thioredoxins, the presence of a pair of 

cysteines in Ccl2 with spacing identical to that found in thioredoxins suggests a possible 

redox function for the Ccl2 protein. Evidence has been obtained to support the hypothesis 

that two cysteines at the active-site of the reduced HelX protein reduce the active-site 

disulfide of oxidized Ccl2 protein and then the reduced Ccl2 protein, in turn, reduces a 

disulfide on apocytochrome c (Setterdahl et al. 2000). The final step provides the two 

thiols on the apocytochrome that are needed for formation of the thioether bonds that 

covalently Unk the heme to the apocytochrome. To provide thermodynamic evidence for 

the feasibility of the proposed dithiol/disulfide cascade in Rb. capsulatus, the oxidation-

reduction midpoint potentials have been determined for HeDC, Ccl2, and a model peptide 

for apocytochrome Cj. 

The purple photosynthetic bacterium Rb. capsulatus mediates the repression of 

synthesis of its photosynthetic apparatus in the presence of molecular oxygen by 

repressing the expression of genes coding for antennae proteins and proteins involved in 

the biosynthesis of bacteriochlorophyll and carotenoid via the aerobic repressor, CrtJ 

(Ponnampalam e/a/. 1998). Although no sequence similarity exists between CrtJ and any 

thioredoxin, CrtJ regulates this repression by a redox-sensitive intramolecular disulfide 

bond. Synthesis of the purple bacterial photosystem is regulated in response to redox 

state, with reducing conditions stimulating photosystem synthesis to a greater extent than 

oxidizing growth conditions. Several overlapping regulatory circuits have been described 



which regulate transcription of photosynthesis genes in response to alterations in oxygen 

tension. An aerobic repression circuit has been identified that uses the repressor CrtJ to 

aerobically suppress bacteriochlorophyll {bch), carotenoid {crt) and Ught harvesting-II 

(pzzc) gene expression (Ponnampalam e/a/. 1995). Biochemical studies have 

demonstrated that CrtJ binds to target promoters with a higher affinity when CrtJ is first 

pre-incubated with oxygen-saturated buffer. Analyses for the presence of cofactors that 

might be involved in redox sensing show no evidence for the presence of metals, heme or 

flavins associated with CrtJ (Ponnampalam et al. 1995). These results indicate CrtJ might 

have the capability of sensing redox changes through the formation of a disulfide bond in a 

manner similar to that described for the hydrogen peroxide defense regulator, OxyR. 

Studies have indicated that exposure of OxyR to hydrogen peroxide catalyzes the 

formation of an intramolecular disulfide bond both in vitro and in vivo. It is thought that 

the formation of a disulfide bond causes a conformational change in OxyR that stimulates 

activation of genes involved in defense against reactive-oxygen species. Disulfide bond 

formation in CrtJ appears to involve sensitivity to molecular oxygen, rather than sensitivity 

to hydrogen peroxide, as is the case of OxyR. 



CHAPTER II 

REVIEW OF LITERATURE 

2.1. Thioredoxin 

Thioredoxins are small, ubiquitous proteins of about 110 amino acids with a redox 

active disulfide. Thioredoxin was first discovered in E. coli and was thought to be a 

hydrogen donor in the enzyme-catalyzed reduction of ribonucleotides to 

deoxyribonucleotides (Laurent et al. 1964). This family of proteins was later confirmed to 

have many flmctions, including serving as electron donors in a wide variety of redox 

reactions. The proteins also carry out non-redox related functions as well. The diversity 

of its roles can be seen from the fact that thioredoxin flmctions as a stmctviral, redox-

independent subunit of T^ DNA polymerase, plays a redox-regulatory role in sulphate 

assimilation, is involved in assembly of filamentous phages, serves as an electron donor for 

the reduction of selenium and hyperoxides, and functions as a disulfide reductase 

(Holmgren 1985). Thioredoxins take part in many other biological processes, including 

cell division, blood clotting, seed germination, insulin degradation, and enzyme regulation 

(Holmgren 1995). 

Three types of thioredoxins are present in plants, two are located in the chloroplast 

and one is located in the cytoplasm. Thioredoxins/and m are located in the chloroplast 

and, despite their similar 3-dimensional structures, they differ in their ability to reductively 

activate different target enzymes. Thioredoxin/preferentially reduces finactose-1,6-



bisphosphatase, wWle thioredoxin m reduces malate dehydrogenase with greater efficiency 

(Knaff 2000), but both are reduced with equal efficiency by ferredoxin-dependent 

thioredoxin reductase (Knaff 1996). The third type, thioredoxin h, is found in the 

cytosol. Although the full range of physiological functions for thioredoxin h remains 

unclear, considerable evidence exists for its role in mobilizing storage proteins (Kobrehel 

et al. 1991). The three thioredoxins in C. reinhardtii,/, m, and h, have been characterized 

and the alga was found to contain both the NADPH-dependent reductase for thioredoxin 

h and ferredoxin-dependent reduction system for thioredoxins/and m (Huppe et al. 1990; 

Huppe et al. 1991). Thioredoxins, are in general, very heat stable proteins which is 

advantageous for purification. For example a cmde extract from E. coli expressing C. 

reinhardtii thioredoxin h can be incubated at 95 °C and thioredoxin will stay in solution, 

while most other proteins will precipitate (Lemaire et al. 2000). 

Thioredoxins contain about 110 amino acids with a highly conserved redox-active 

site consisting of Trp-Cys-Gly-Pro-Cys. High-resolution NMR and X-ray crystal 

stmctures have been determined for many thioredoxins, including C. reinhardtii 

thioredoxin h (Figure 2.1) and E. coli thioredoxin (Figure 2.2). Currently, ten 3-

dimensional stmctures of thioredoxin from organisms such as C. reinhardtii, Spinacia 

oleceria. Bacillus acidocaldarius, Anabaena and E. coli are Usted in the The Protein Data 

Bank (Berman et al. 2000). The 3-dimensional stmctures of thioredoxins are characterized 

by features collectively known as the "thioredoxin fold." All thioredoxins have the 

following sequence of secondary stmctural elements: pi, a l , P2, al, P3, a3, p4, pS, a4 

10 



Figure 2.1 NMR solution stmcture of C. reinhardtii thioredoxin h. 
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Figure 2.2 X-ray crystallography stmcture of C co/z thioredoxin. 
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(Katti et al. 1990). The beta-sheets, pi, p2, P3, and p5 are paraUel and p4 is antiparaUel 

and the five beta-sheets form a pleated sheet surrounded by the alpha-helices. The redox 

active-site is located between the P2 and al. These stmctural similarities are present even 

in thioredoxins that come from different organisms and show considerable differences in 

reactivity. For example, crystaUographic structure comparisons between Anabaena 

thioredoxin/and E. coli thioredoxin show very similar stmctures but different reactivities 

(Saarinen et al. 1995). The first X-ray crystal structure for any thioredoxin was a 2.8 A 

resolution stmcture of the oxidized form of C coli thioredoxin (Holmgren et al. 1975). 

After a higher resolution 1.68 A, X-ray stmcture (Katti et al. 1990), and a 'H-NMR 

solution stmcture (Dyson et al. 1990) became available, a more .detailed description of the 

active site was possible. This more detailed picture showed that an interaction between 

the 8-amino group of Lys-36, which had been proposed to interact with the Cys-32 thiol, 

lowering its pK^, was too far from the active site to play such a role (Dyson et al. 1991). 

Asp-26, which was shown to be located near Cys-32, became a new candidate for the 

lowering the pÂ ^ of Cys-32 by interacting with its thiol. This model triggered an extensive 

investigation into the factors determining the pK^ of each of the thiols, and of the 

mechanism of thioredoxin oxidation-reduction reactions. 

2.2. E. coli Thioredoxin 

The thiol pK^s for E. coli thioredoxin have been examined by different methods 

with varying results (Table 2.1). Most of the studies generally agree that the pA; for Cys-
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32 is between 6.3 and 7.5 (Holmgren 1972; Kallis and Hohngren 1980; Reutimann et al. 

1981;Dysone/a/. 1991; Lie/a/. 1993; Wilson era/. 1995; Takahashi and Creighton 

1996; Chivers era/. 1997; Dyson e/a/. 1997; Dillet er a/. 1998; Vohnik era/. 1998). 

Cystemes normally have a p.^^ of 8.33 for the suhhydryl side chain in aqueous solution 

(Voet and Voet 1995). There is much less agreement about the pA;̂  for Cys-35. 

Measurements using a number of techniques, have produced resuhs ranging from 7.0 to 

values greater than 11.0 for the pK^ of this cysteine (Dyson et al. 1991; Li er al. 1993; 

Wilson et al. 1995; LeMaster 1996; Takahashi and Creighton 1996; Chivers et al. 1997; 

Dyson era/. 1997; Dillet era/. 1998; Vohnik era/. 1998). Thus it appears that the local 

environments of the two cysteines in thioredoxin produce a significant decrease in the pAT̂  

for one thiol and a significant increase in the pK^ for the other thiol. There is also 

disagreement on the pK^ for Asp-26, with pÂ^ values ranging from 7.5 up to 9.2 having 

been reported (Langsetmo et al. 1991; Jeng and Dyson 1996; Chivers et al. 1997; Dyson 

etal. 1997; Dillet era/. 1998). 

In 1972, the first study of the properties of the tryptophan fluorescence of C coli 

thioredoxin was carried out. The effects varying pH, solvent composition, and 

denaturation using urea or guanidine hydrochloride were determined (Holmgren 1972). 

This study showed an apparent pA:̂  of 6.75 for the pH dependence of tryptophan 

fluorescence, proposed to arise from either a conformational transition of the reduced 
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Table 2.1. Summary of the pK^s of Cys-32, Cys-35, and Asp-26 in E. coli thioredoxin. 

Reference 
(Holmgren 1972) 
(Kallis and Holmgren 1980) 
(Reutimann eZ a/. 1981) 
{Dyson etal. 1991) 
(Langsetmo et al. 1991) 
{Li etal. 1993) 
(Dyson era/. 1994) 
(Wilson era/. 1995) 

(Jeng and Dyson 1996) 
(Takahashi and Creighton 1996) 
(LeMaster 1996) 
(Dyson era/. 1997) 

(Chivers ez a/. 1997) 
(DiWd. etal 1998) 
(Vohnik era/. 1998) 

Cys-32 
6.75 
6.7 
6.4" 
7.1-7.4" 

7.1 

7.0-7.1 
7.0-7.3 
7.5-7.9 

9-10 

7.8-8.0'= 
7.1 
7.5 & 9.2' 
6.5 to 12.7 
7.5f 

Cys-35 

8.4a 

7.9 

7.0-7.1 
9.5 
9.2-10.2 

9-10 
11.1 
7.8-8.0c 
9.9 
11 
9.7 to 13.5 
7.5f 

Asp-26 

7.5 
7.5 

8.3'' 

7.3-7.5 

9.4d 

7.5 & 9.2e 
2 to 10 

Method 
Tryptophan fluorescence 
'••C-labeled iodoacetic acid 
UV-vis, CD, Fluorescence 

'H-NMR 
electrophoretic method 
Raman 

'H-NMR 
'H-NMR 
'H-NMR 
'^C-NMR 
'̂ C-NMR 
UV-vis, rates of reduction 
mixed disulfide 
''C-NMR 
UV-vis 

•'C-NMR 
Continuum electrostatic models 
Raman 

' unassigned 

" double mutant of C32S, C35S 

' D26A and K57M mutant 

•' K57M mutant 

' microscopic 

'D26A mutant 
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protein or reflected the titration of histidine or cysteine near a tryptophan. In a later report 

the pA:̂  of Cys-32 was determined to be 6.7 by reaction with '''C-labeled iodoacetic acid 

with reduced thioredoxin (KaUis and Hohngren 1980). A pA:̂  of 6.4, which was not 

associated with any particular group, was determined by absorption, fluorescence, and 

circular dichroism (Reutimann et al. 1981). 

Raman spectroscopic measurements of the pH-dependence of the S-H stretching 

band at 2550-2570 cm"' were consistent with two thiols having two pK^s of 7.1 and 7.9, 

respectively. The pK^ of 7.1 was tentatively assigned to Cys-32 and that of 7.9 to Cys-35 

(Li et al. 1993). Also in that study, thioredoxin was found to be stable up to pH 12.2. 

Large changes in several Raman bands at pH values greater than 12.2, indicated that 

substantial changes in the tertiary stmcture of the protein occurred at pH values greater 

than 12.2. A more recent Raman spectroscopic investigation of a D26A mutant showed 

that both Cys-32 and Cys-35 titrated with apparent pAT̂  values of 7.5 which was similar to 

the wild-type, pAT̂  values of 7.1 and 7.9, that were measured previously by Raman 

spectroscopy (Vohnik er a/. 1998). 

A very different view of the pK^s emerged from NMR studies ofE. coli 

thioredoxin. For the reduced protein, titrations using 'H-NMR revealed two features with 

pATjS of 8.4 and 7.1-7.4 respectively, which were not assigned specifically to either of the 

cysteines (Dyson et al. 1991). In wild-type thioredoxin, both of the cysteines were 

assigned identical pK^ values of 7.0-7.1 based on the pH-dependence of the 'H-NMR 

chemical shifts of one of the hydrogens on the p-carbons of the cysteine. Titration data of 
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'H-NMR signals assigned to the other p-carbon hydrogen gave apparent pA:̂  values of 

7.0-7.3 and 9.5. 'H-NMR studies using a stable analog of the mixed disuhide state 

showed a pÂ^ of 11.1 for Cys-35 which would indicate a very low dielectric surrounding 

Cys-35, sulfur giving rise to the elevated pA:, (LeMaster 1996). Growing an E. coli 

cysteine auxotroph on cysteine specifically enriched with '̂ C at the P-carbon, allowed 

isolation of the '^C-enriched thioredoxin required for these studies. '^C-NMR titration 

data were fitted using pA:̂  values of 7.5-7.9 and 9.2-10.2 (Wilson et al. 1995). 

A mechanism for catalysis by thioredoxin was proposed in which Cys-32 of 

reduced thioredoxin is tmprotonated and nucleophilically attacks a thiol of an oxidized 

molecule to form a mixed-disulfide intermediate. The unprotonated Asp-26 carboxyl then 

stabilizes the Cys-35 thiol while it donates its electrons to the sulfur on Cys-32 forming 

the disulfide between Cys-32 and Cys-35, releasing the reduced substrate and protonating 

Asp-26 with the proton which was on Cys-35 (Chivers and Raines 1997). Part of the 

effort made to test this hypothesis involved additional pK^ determinations obtained by 

extending the '^C-NMR measurements to more alkaline pH values. The data were 

interpreted in terms of microscopic pK^s of 7.5 and 9.2 for Asp-26 and Cys-32, while Cys-

35 was proposed to have a pAT̂  greater than 11.0 (Chivers et al. 1997). 

Uhraviolet absorbance and rates of reduction with glutathione were used to 

determine the pA;̂  of both cysteine sulfhydryls to be in the range of 9-10 (Takahashi and 

Creighton 1996). This mdicated that the ionization of the sulfhydryls are not Unked 

strongly to other amino acid groups within the protein. Absorbance measurements at 240 
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nm, obtained in a different study, suggest that both Cys-32 and Cys-35 titrate with 

apparent pK^s of 7.8-8.0 in both the D26A and K57M mutants. In contrast, the reduced 

wild-type thioredoxin gave pA;s of 7.1 and 9.9 for the cysteine thiols (Dyson et al. 1997). 

A different view of the problem gave rise to another suggestion where the low pA:̂  of the 

thiolate anion of Cys-32 thiol stabiUzes the thiol of Cys-35 (Jeng et al. 1995). 

Continuum electrostatic models were used to calculate the pK^ shifts of the 

ionizable active site residues in E. coli thioredoxin by looking at the ensembles of oxidized 

and reduced stmctures. This data gives conflicting results in some instances. Depending 

on the distance between Asp-26 and Lys-57, the pK^ of Asp-26 could be as low as 2 or 

greater than 10 and the pK^ of Lys-57 is in the range of about 4 to greater than 15 (Dillet 

et al. 1998). The pK^ of Cys-32 was calculated to be between 6.5 and 12.7, dependmg on 

the NMR solution stmcture, while the pK^ calculated for Cys-35 varies between 9.7 and 

13.5 (Dillet et al. 1998). Given the enormous ranges in pAT̂s for a single ionizable group 

produced by these calculations, these electrostatic models were not able to generate well-

defined pK^ values. 

In an effort to explain the imusually low pK^ foimd on the cysteine thiol in 

thioredoxin, a different approach was taken in which peptides were constmcted with poly-

alanine and cysteine inserted in the middle or towards the N-terminus or C-terminus of the 

peptide to simulate cysteines in a a-heUx environment (Kortemme and Creighton 1995). 

The electrostatic field associated with an a-heUx has been impUcated in lowering the pK^ 

18 



and the resuUs do show that the pK^ of the cysteine thiol was lowered to 6.7 when 

positioned at the N-terminal region of the a-helix (Kortemme and Creighton 1995). 

Using two-dimensional 'H-NMR, the pA:̂  of Asp-26 carboxyl group was 

determined to be 7.5 in the oxidized protein. Asp-26 was assigned a pÂ^ of 7.5 in the 

oxidized protem by the electrophoretic method (Langsetmo et al. 1991), and Asp-26 was 

proposed to form a sah bridge with Lys-57 to make the protein more thermodynamically 

stable for the reduction of a target disulfide (Langsetmo et al. 1991). A D26A mutant of 

thioredoxin displayed a stabihty of the disulfide bond at pH 7.0 similar to that found in the 

wild-type protein which suggests that it is not involved in regulating the stabihty of the 

disulfide bond (Gleason 1992). A double mutant ofE. coli thioredoxin of C32S and C35S 

was constmcted and the pAT̂  of Asp-26 was determined to be 8.3 in the mutant protein by 

'H-NMR (Dyson et al. 1994). Another investigation by the same group used '^C-labeled 

carboxyl groups on aspartate residues and '^C-NMR to "unequivocally" show that the pK^ 

of Asp-26 carboxyl is 7.3-7.5, rather than the value of 9.0 previously reported (Jeng and 

Dyson 1996). Additional '^C-NMR measurements indicated that the pÂ^ of Asp-26 is 

raised to 9.4 in the oxidized form of a mutant K57M, reinforcing their idea that Asp-26 

plays a role in forming a salt bridge with a lysine and affecting the pK^s of the thiols 

(Dyson era/. 1997). 

A different approach was suggested by taking advantage of the fact that pK^s of 

acid groups hnked to the redox reaction can be extracted from En, versus pH data (Chivers 

et al. 1996). However, no measurements of the E„, at any pH value other than 7.0 has 

19 



been reported for E. coli thioredoxin (Salamon et al. 1992). Using NADPH/NADP^ 

poising catalyzed by E. coli thioredoxin reductase, the £„, for thioredoxin was calculated 

to be -260 mV at 20 "C (Berglund and Sjoberg 1970). Cychc voltametry experiments 

give En, values of-265 mV (Salamon et al. 1992), and -270 mV (Schultz et al. 1999) at 

pH 7.0. 

2.3. C. rezzz/zarflfr/z" thioredoxin/z 

Photosynthetic organisms such as the green alga Chlamydomonas reinhardtii 

contain at least three types of thioredoxin. Two of the thioredoxins (/"and m) are located 

within the chloroplast and have different specificities towards activating target enzymes 

(e.g., Fmctose-l,6-bisphosphatase is preferentially activated by/and NADP-malate-

dehydrogenase by m) (Knaff 2000). The third isoform, thioredoxin h, is located in the 

cytoplasm. The chloroplast thioredoxin reduction system is linked to the photosynthetic 

electron transfer system which reduces ferredoxin which in turn donates electrons to 

ferredoxinrthioredoxin reductase, the enzyme responsible for the reduction of thioredoxins 

/and m (Droux et al. 1987). The cytosohc thioredoxin reduction system reUes on a 

NADPH-dependent thioredoxin reductase (Florencio et al. 1988). C reinhardtii 

thioredoxin h is similar to E. coli thioredoxin in structure and sequence. C. reinhardtii 

thioredoxin h contains 112 amino acids, has a molecular mass of 11.7 kDa and contains 

the active-site sequence Trp-Cys-Gly-Pro-Cys, identical to the active-site sequence ofE. 
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coli thioredoxin. The amino acid residues that correspond to Asp-26, Cys-32, and Cys-35 

in E. coli thioredoxin are Asp-30, Cys-36, and Cys-39 in thioredoxin h, respectively. 

The pA ŝ of the active-site cysteines of C. reinhardtii thioredoxin h have been 

determined by 'H-NMR and '^C-NMR. For Cys-36, the pAT, was determined to be 7.0 and 

the pA:̂  for Cys-39 was determined to be 9.5 (Krimm et al. 1998). In the same study, a 

W35A mutant of thioredoxin was found to have completely lost the abihty to activitate the 

thiol-regulated sorghum MDH that is displayed by wild-type thioredoxin h. This W35A 

mutation also caused the p^^s of both cysteine residues to shift to 8.3 (Krimm et al. 

1998). However, there was no difference in the midpoint reduction potentials between the 

wild-type thioredoxin h and the W35 A mutant (Krimm et al. 1998). The pK^ of Asp-30 

could not be extracted from the titration curves (Krimm et al. 1998). No other studies of 

pK^ determmation have been reported for C. reinhardtii thioredoxin h. 

2.4. Engineered Redox-Sensitive Mutant E. coli Malate Dehydrogenase 

E. coli malate dehydrogenase (EC 1.1.1.37) (NAD-MDH) catalyzes the reversible 

oxidation of malate to oxaloacetate using NAD* as the electron acceptor. It is a 

homodimer with a molecular mass for a single subunit being 32.2 kDa, which contains 312 

amino acids. In plants, NADP-malate dehydrogenase (EC 1.1.1.82) (NADP-MDH) is 

regulated by thioredoxin. The homodimeric NADP-MDH enzyme, with a molecular mass 

of 85 kDa, contains eight cysteine residues per monomer at highly conserved positions. 
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two of which are in an N-terminal domain and two are in a C-terminal domain. The 

bacterial NAD-MDH does not contain these domains. 

Chemical modification and site directed mutagenesis studies have identified one 

redox regulatory disulfide in the N-terminal region of chloroplast NADP-MDH and one 

regulatory disulfide in the C-terminal region (Miginac-Maslow et al. 1997; Ruelland and 

Miginac-Maslow 1999; Schurmann and Jacquot 2000). Removal of the N-terminal 

disulfide yields an inactive, oxidized enzyme which rapidy becomes active upon the 

addition of reduced thioredoxin. This is in contrast to the slow activation observed with 

the wild-type enzyme containing both domains. Removal of the C-terminal domain yields 

a mutant enzyme with activation properties similar to these of the wild-type enzyme. 

Removal of both N- and C-terminal disulfides results in a thioredoxin-insensitive, 

permanently active enzyme. An intermediate disulfide between Cys-24 and Cys-207 

appears to form during activation of the wild-type enzyme. 

Maize malate dehydrogenase has an E„, of-330 mV for the most negative 

disulfifde (Rebeille and Hatch 1986, 1986). Sorghum malate dehydrogenase has E„'s of 

-280 mV for Cys24-Cys29, -310 mV for Cys 24-Cys207, and -330 mV for the Cys365-

Cys377 disulfide (Hirasawa et al. 2000). Cysteine residues substituted into positions in 

the NAD-Unked E. coli malate dehydrogenase can be oxidized to cystine, and the midpoint 

potential for the reduction of this disulfide is in the same range as the midpoint potentials 

of the redox-regulatory disulfides on the Ught-activated chloroplast enzymes. 
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2.5. Arabidopsis thaliana APS reductase 

All aerobic organisms are vulnerable to damage from reactive oxygen species 

(ROS) (Hauptmann and Cadenas 1997). The life of plants is especially precarious because 

ROS are generated as a byproduct of oxygenic photosynthesis and carbon dioxide fixation 

(PoUe 1997). In their own defense, plants have evolved an antioxidant system in which 

glutathione plays a pivotal role in the removal of hydrogen peroxide and in maintaining the 

level of another antioxidant, ascorbic acid (Hausladen and Alscher 1994; May et al. 1998). 

Glutathione has long been known to accumulate in plants following oxidative stress (Smith 

er al. 1984, 1985; Smith 1985; May and Leaver 1993; Rennenberg 1997), but the 

mechanisms regulating this response are far from clear. 

Glutathione is an enzymatically-synthesized tripeptide composed of the amino 

acids glutamine, cysteine and glycine. It exists in reduced (GSET) and oxidized (GSSG) 

forms. Together, GSH and GSSG form a biological redox buffer that is maintained 

predominantly in the reduced state by NADPH-dependent glutathione reductase (Carmel-

Harel and Storz 2000). Glutathione is synthesized in two sequential steps catalyzed by y-

glutamylcysteine synthetase and glutathione synthetase. First cysteine and glutamine react 

to form y-GluCys. Glycme is then added to form glutathione. Regulation of the 

glutathione level in plants is thought to be controlled by y-glutamylcysteine synthetase 

(Rennenberg 1997; Noctor et al. 1996). In addition, the availabihty of amino acid 

substrates, in particular cysteine, has a significant effect upon the rate of glutathione 

biosynthesis (Noctor er a/. 1996, 1998; Rennenberg 1997). 
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Cysteine is produced m four steps (Leustek and Saito 1999; Leustek et al. 2000). 

In the first, inorganic sulfate is activated using ATP to form 5'-adenylylsulfate (APS), a 

reaction catalyzed by ATP sulfiirylase. APS is then reduced to sulfite plus AMP in a two-

electron reaction catalyzed by APS reductase, possibly using GSH as a source of electrons 

(Setya et al. 1996; Bick et al. 1998; Weber et al. 2000). A subsequent 6-electron 

reduction of sulfite to sulfide, carried out by sulfite reductase, is followed by incorporation 

of sulfide into the thiol group of cysteine. APS reductase is identical to the enzyme 

previously known as APS suUbtransferase (Suter et al. 2000). All the enzymes for 

synthesis of cysteine are localized in the chloroplast, and APS reductase is exclusively 

locaUzed in plastids (Leustek et al. 2000). APS reductase is hkely a control point of 

sulfate assimilation in plants. It is the only pathway enzyme activity that is significantly 

regulated by treatments such as suUiir starvation, heavy metal exposure, and addition of 

cysteine or other reduced suhur sources to the irrigation medivim (Leustek and Saito 1999; 

Leustek et al. 2000) or oxidative stress. 

In the course of this study, the mechanisms controlling APS reductase activity in 

response to oxidative stress were explored. The experiments revealed a potential post-

translational mechanism for regulation of APS reductase activity and a role for this 

enzyme in maintaining glutathione production in response to oxidative stress. 
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2.6. Rhodobacter capsulatus Cytochrome c Biogenesis System 

The biogenesis of c-type cytochromes in the photosynthetic purple bacterium 

Rhodobacter capsulatus had been demonstrated to require at least eight genes that code 

for proteins specific to the biogenesis pathway (Kranz et al. 1998). Similar genes are 

required for cytochrome c biogenesis in non-photosynthetic Gram-negative bacteria such 

as Bradyrhizobium japonicum, Escherichia coli and Paracoccus denitrificans (Thony-

Meyer 1997; Kranz et al. 1998; Page et al. 1998). The eight genes essential for the 

biosynthesis of all c-type cytochromes in Rb. capsulatus are located at three different loci 

on the bacterial chromosome, helABCDX {Kiam. 1989; Beckman et al. 1992; Beckman 

and Kranz 1993), ccll-ccl2 (Kranz 1989; Gabbert et al. 1997) and cycH {Lang et al. 

1996). Recently, two additional genes, cycJ and ccdA, neither of which is located 

adjacent to the previously characterized genes, were shown to be required for cytochrome 

c biogenesis in Rb. capsulatus (Deshmukh et al. 2000). 

Although the fimction of the cycHgene product in cytochrome c biogenesis in Rb. 

capsulatus is not yet clear, hkely flmctions have been assigned to the other Rb. capsulatus 

proteins known to be required for this pathway. The cycJ gene product may function as a 

periplasmic heme chaperonin, with a conserved histidine serving to coordinate the heme 

(Deshmukh et al. 2000). The helA, helB, helC and helD gene products have been shown 

to fimction in Rb. capsulatus as subunits of an ATP-dependent exporter that is located in 

the cytoplasmic membrane and which may serve to transport ferroheme from the 

cytoplasm to the Cell protein (the product of the cell gene) at the periplasmic surface 
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(Goldman et al. 1997, 1998). The HeDC and Ccl2 proteins, encoded respectively by the 

helX and ccl2 genes, both appear to be anchored in the cytoplasmic membrane by a single 

membrane-spanning heUx, with most of both proteins exposed in the periplasm (Monika et 

al. 1997). HelX, Ccl2, and apocytochromes c contain two cysteine residues separated by 

two mtervening amino acids, v^th the cysteine pairs of both HeDC and Ccl2 proteins hkely 

to be located in the periplasmic space (Monika et al. 1997). Given that reduction of the 

apocytochromes is known to occur in the periplasm, after transport of the apocytochrome 

from the cytoplasm via the Sec system (Monika et al. 1997), the predicted location of 

these HeDC and Ccl2 cysteines would allow them to participate in a periplasmic 

dithiol/disulfide cascade which uhimately reduces any disulfides on apocytochromes c to 

the dithiol form required for heme attachment. The membrane-spaiming CcdA protein, 

encoded by the c c ^ gene, may function to convey reducing equivalents from cytoplasmic 

reductants to HelX (Deshmukh et al. 2000). 

HeDC shows some sequence homology to members of the thioredoxin family 

(Beckman and Kranz 1993), proteins known to carry out disulfide/dithiol redox reactions 

(Jacquot er a/. 1997). Although Ccl2 shows no obvious homology to thioredoxins 

(Beckman et al. 1992), the presence of a pair of cysteines in Ccl2 with spacing identical to 

that found in thioredoxins suggests a possible redox function for the Ccl2 protein. 

Evidence has been obtained to support the hypothesis that the two cysteines at the active 

site of the reduced HeDC protein reduce the active-site disulfide of the oxidized Ccl2 

protein and then the reduced Ccl2 protein, in turn, reduces a disulfide on apocytochrome c 
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(Monika et al. 1997). This final step provides the two thiolates on the apocytochrome 

that are needed for formation of the thioether bonds that covalently hnk the heme to the 

apocytochrome (Kranz er a/. 1998). To provide thermodynamic evidence for the 

feasibihty of the proposed dithiol/disulfide cascade in Rb. capsulatus, and to provide the 

first characterization of the redox properties of these proteins, the oxidation-reduction 

midpoint potentials for the Rb. capsulatus HeDC, Ccl2 proteins and for a model peptide for 

Rb. capsulatus apocytochrome c. will be determined. 

2.7. Rhodobacter capsulatus CrtJ 

Synthesis of the purple bacterial photosystem is regulated in response to redox 

state with reducing conditions stimulating photosystem compared to the levels observed 

imder oxidizing growth conditions (Cohen-Bazire et al. 1957). Several overlapping 

regulatory circuits have been described that regulate transcription of photosynthesis genes 

in response to aUerations in oxygen tension (Bauer and Bird 1996). An aerobic repression 

circuit has been identified that uses the repressor CrtJ to aerobically suppress 

bacteriochlorophyll {bch), carotenoid {crt) and hght harvesting-II {puc) gene expression 

(Ponnampalam et al. 1995; Bauer and Bird 1996). Biochemical studies have 

demonstrated that CrtJ binds to target promoters with a higher affinity when CrU is first 

pre-incubated with oxygen-saturated buffer (Pormampalam et al. 1998). Analyses for the 

presence of cofactors that might be involved in redox sensing show no evidence for the 

presence of metals, heme or flavins associated with CrtJ (Pormampalam et al. 1998). 
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These resuhs suggested the possibility that CrtJ might have the capabiHty of sensing redox 

changes through the formation of a disulfide bond similar to that described for the 

hydrogen peroxide defense regulator, OxyR. Studies have indicated that exposure of 

OxyR to hydrogen peroxide catalyzes the formation of an intramolecular disulfide bond 

both in vitro and in vivo (Zheng et al. 1998; Aslund et al. 1999; Choi et al. 2001). It is 

thought that the formation of a disulfide bond causes a conformational change in OxyR 

that stimulates activation of genes involved in defense against reactive-oxygen species 

(Kullik et al. 1995). In this study, we show that binding of CrtJ to target promoters is 

dependent on the formation of an intramolecular disulfide bond. It has been shown that 

disulfide bond formation in CrtJ appears to involve sensitivity to molecular oxygen, rather 

then sensitivity to hydrogen peroxide, as is the case of OxyR. 
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CHAPTER III 

METHODS 

3.1. Preparation of Wild-Type E. coli Thioredoxin and Mutants 

E. coli thioredoxin and mutants of D26N and D26L, were generous gifts prepared 

by Drs. Peter Chivers and Ron Raines (University of Wisconsin). A vector containing E. 

coli trxA was used to express wild-type E. coli thioredoxin and for constmction of the 

site-directed mutants (Chivers et al. 1997). E. coli BL 21(DE3) cells were transformed by 

pTRX. Cuhures were grown at 37 °C in Luria-Bertani medium contaming 40 pg/mL 

ampicUhn with shaking. Expression of rn:^ was induced by the addition of isopropyl-1-

thio-p-D-galactopyranoside (to a final concentration of 1 mM) when the absorbance 

reached 1.9 at 600 rmi. After a 3-hour induction period, cells were harvested by 

centrifugation at 7000xg for 10 minutes. The cell pellet was resuspended in lysis buffer, 

20 mM Tris-HCl pH 7.8, containing 6.0 M urea and 1.0 mM EDTA. The lysate was 

centifuged at 30000xg for 15 minutes, and the urea-soluble fraction was dialysed against 4 

L of 20 mM Tris-HCl buffer, pH 7.8, containing 1 mM EDTA. The dialysate was 

centrifliged at 30000xg for 30 minutes and the resuhing supernatant was concentrated 

using a microconcentrator from Amicon with a YMIO uhrafiltration membrane. The 

concentrate was passed through a Pharmacia FPLC Hi-Load Sephadex G-75 colimin, 

which had been equihbrated with 0.10 M potassiimi phosphate buffer, pH 7.6, containing 
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1 mM EDTA. Wild-type thioredoxin contamination of the mutants was not detectable in 

NMR measurements (P. Chivers, personal communication). 

3.2. Preparation of Wild-type C. reinhardtii Thioredoxin h and Mutants 

C. reinhardtii thioredoxin, and mutants of W35A, D30A, and D65A were 

generous gifts prepared in the lab of Dr. Myroslawa Miginiac-Maslow at the Institut de 

Biotechnologie des Plantes, Orsay, France. E. coli BL 21(DE3) cells were transformed by 

the recombinant mutagenic plasmid. A single colony was then used to inoculate 3 mL of 

Luria-Bertani medium supplemented with 50 pg/mL ampicillin. The cuhure was in turn 

grown at 37 °C to 400 mL for 9 hours in the presence of ampicilhn, transferred into 5 L 

Luria-Bertani medium with no ampicillin and left shaking for 24 hours at 30 °C. Cells 

were harvested by centrifugation at 5000x g for 5 minutes, resuspended in a minimal 

volimie of 30 mM Tris/HCl pH 7.9. Cells were broken by passing through a French press, 

and the thioredoxin was purified as previously described (Stein et al. 1995). 

3.3. Preparation of £• co/z Malate Dehydrogenase Mutants 

All E. coli malate dehydrogenase mutants were prepared in the lab of Dr. Louise 

Anderson at University of Illinois at Chicago. Recombinant and mutant enzymes were 

purified as described in Muslin et al. (1995) except that the overnight dialysis was 

followed by filtration through an Amicon Centriprep 100. After elution from the Procion 

Blue HERD column, the enzyme was concentrated, the sah and low molecular weight 
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proteins were removed by washing on a Centriprep 30 fiher. This procedure usually 

yielded homogenous or nearly (-95 %) homogenous protein, as assessed by SDS gel 

electrophoresis. Occasionally, it was necessary to remove extraneous proteins by passing 

the enzyme preparation through a Waters Sep-Pak QMA cartridge in 10 mM HEPES, 1 

mM EDTA, and 1 or 10 mM mercaptoethanol, pH 7.4. 

3.4. E. co/z Malate Dehydrogenase Activity Assay 

Oxidation-reduction titrations were carried out using enzymatic activity to monitor 

the redox state of the disulfide, as described previously (Hirasawa et al. 1998, 1999; 

Krimm et al. 1998) except that NADH was used as the electron donor for oxaloacetate 

reduction instead of NADPH. When the effect of redox potential was assayed, 2 pg of 

malate dehydrogenase was incubated in 50 pL of degassed 100 mM pH 7.0 MOPS(K*) 

buffer that contained DTT at a total concentration of 10 mM. After a 30-minute 

incubation at ambient temperature, 5 pL ahquots were withdrawn and added to the assay 

mixture (final volimie 1.0 mL) for inmiediate determination of malate dehydrogenase 

activity. The activity assay mix was not redox-buffered. This did not affect the activity 

traces, which were Unear over the time required for the activity assay. Activity assays 

were performed as described m (Muslin et al. 1995). 
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3.5. Growthof A. thaliana 

Experunents used to demonstrate the response of APS reductase in vivo and the 

effect of ozone on the state of leaf GSH/GSSG ratios were performed by Dr. Juhe-Ann 

Bick in the lab of Dr. Tom Leustek at Rutgers University. Luria-Bertani (LB) medium 

was used for the growth of Escherichia coli cultures. Arabidopsis thaliana was grown in 

Promix urigated with 0.25x strength Peters 20:20:20 fertilizer (Grace-Sierra Co., 

Malpitas, CA) in a growth chamber at 24°C with a diumal cycle of 14 hours hght/10 hours 

darkness and a hght intensity of approximately 100 pE m'̂  s"̂ . Nicotiana tabacum and 

Brassica juncea were grown similarly, but in a greenhouse. For some experiments, A. 

thaliana seedlings were grown axenically in hquid mediimi containing Vzx concentration 

MS sahs (Life Technologies, Gaithersburg, MD, #23118-060), 0.2% (w/v) sucrose and 25 

mM MES (pH 5.8). Approximately 50 surface-sterihzed seeds were inoculated into 125 

mL Erlermieyer flasks containing 40 mL medivim and were grown for 7 to 10 days at 24°C 

with constant shaking at 80 rpm and diumal cycle of 14 hours hght/10 hours darkness and 

a hght intensity of about 100 pE m"̂  s"̂ . 

Molecular biology procedures were carried out generally as described in Sambrook 

et al. (1989). Immunoblotting was carried out as described by Harlow and Lane (1988). 

Protein extracts were prepared by grinding freshly prepared plant tissue in extraction 

buffer. Buffer used for enzyme assay contained 50 mM Tris-HCl (pH 8.5), and buffer 

used for enzyme assay contained 50 mM Tris-HCl (pH 8.5) and 500 mM Na2S04. E. coli 

cells were lysed by sonication in the same buffer. The samples were centrifiiged at 4 °C 
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for 10 min at lOOOOg and the supernatant was collected. Protein concentration was 

measured by the Bradford method (Bradford 1976) with bovine semm albtmiin as a 

standard. 

3.6. Expression and Purification of Recombinant APS Reductase 

The coding sequence of APRl lacking the portion encoding the chloroplast transh 

peptide was ampUfied from the cDNA cloned into pBluescript with the following primers: 

5'-ACAGAATTCCAAACCTTTAAAC-3' and 5'-GTAATACGACTCACTATAGGGC-

3'. The amphfication product was cloned into the ^coRI and Hindlll sites of pET30B 

(Novagen, Inc.). The expression cassette from this plasmid was subcloned into Xbal and 

SaR of pBAD18 (Guzman et al. 1995). pBAD18-APRl was transformed into E. coli 

strain TL3 (Setya et al. 1996), and colonies selected in LB with 35 mg/mL kanamycin, 34 

mg/mL chloramphenicol and 100 mg/mL ampicillin. Overnight cultvires grown in hquid 

LB medium with the antibiotics were used to inoculate 1 L of the same medium (1:100 

inoculum dilution). The cultures were grown to an optical density (600 nm) of 0.6, a 

value typically measured after 2 to 3 hours at 30°C with shaking. APRl expression was 

induced by addition of 0.2% (w/v) arabinose followed by overnight incubation. 

APRl protein purification was carried out at 4°C. The ceUs were harvested by 

centrifugation and the ceU pellet from 1 L of cuhure was resuspended in 100 mL of 50 

mM Tris-HCl (pH 8.0), 100 mM NaCl (buffer A). The ceUs were sonicated on ice, 

centrifuged and the supernatant filtered though a 0.45 mM filter. The supernatant was 
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stirred with 2 mL (bed volume) Ni'^-agarose (Talona, New England Biolabs, Inc.) for 2 h 

followed by 2 washes in 20 mL buffer A and one wash in buffer A containing 10 mM 

imidazole. The protein was eluted in buffer A containing 125 mM imidazole. The protein 

was concentrated to approximately 1 mg/mL using a Centricon 30 (Amicon, Inc.) protein 

concentrator and was stored in aliquots at -70°C. The protein was diluted to 1 mg/mL in 

20 mM TrisHCl (pH 8.5) just prior to enzyme assays. 

3.7. APS Reductase Assay 

APS reductase activity was measured at 30°C in a 100 mL reaction containing 50 

mM TrisHCl (pH 8.5), 500 mM Na2S04, 1 mM EDTA, 10 mM GSH (or DTT where 

specified), 25 mM [^'S]APS (specific activity of approximately 500 Bq runol"') produced 

from [^^S]-PAPS (New England Nuclear, Inc.) as described (Setya et al. 1996). The 

reactions were started by the addition of tissue extract (5 to 10 mg protein) or 

recombinant enzyme (2 ng protein). In all cases initial velocity conditions were insured by 

adjusting incubation time so that no more than 10% of the substrate in the reaction had 

been consumed. AH experiments were performed at least three times. 

3.8. In Vitro Modulation of APS Reductase Activity and 
Measurement of Redox Midpoint Potential 

Redox potentials of APS reductase were measured in collaboration with Dr. Juhe-

Arm Bick. Recombinant APRl APS reductase was inactivated by incubation on ice for up 

to 60 minutes in a 5 pL reaction with 50 mM Tris-HCl (pH 8.5) and 10 mM DTT, 2-
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mercaptoethanol, GSH, or 10 pg of reduced Spinacea oleracea thioredoxin m or 

Chlamydomonas reinhardtii thioredoxin h. DTT was removed from an inactivated APRl 

APS reductase preparation by buffer replacement with 50 mM Tris-HCl (pH 8.5) by use 

of a Centricon 3 microconcentrator (Amicon, Inc.). Inactivated protein (2 ng) was 

reactivated by incubation for up to 120 min on ice in a 5 pL reaction with 50 mM Tris

HCl (pH 8.5) and 100 pM GSSG, 100 pM DTNB, and 0.2 pg oxidized trx m or trx h. 

The progress of inactivation or reactivation was monitored by determining APS reductase 

activity. The enzyme was diluted 20-fold from the inactivation or reactivation reaction 

into the APS reductase reaction. 

En, was measured for inactivated or reactivated APRl APS reductase, prepared as 

described above, with redox buffers containing either DTT, glutathione, or C. reinhardtii 

thioredoxin h at defined reduced/oxidized ratios. The measured E„, values were 

independent of the time used for equihbration (redox equUibration was carried out with 

samples kept on ice) from 1 to 2.5 hours and independent of the total redox buffer 

concentration m the range 25-75 mM DTT, 0.8-2.5 mM glutathione, and 25-40 pM 

TRXH. The calculation of £„, values for the regulatory disulfide of APS reductase is 

based on £„, values at pH 8.5 of-415 mV for DTT, -400 mV for TRXH, and -325 mV for 

glutathione. The En, values used for DTT and glutathione at pH 8.5 were calculated from 

Uterature values for E^ at pH 7.0 (Hutchison and Ort 1955; Salamon et al. 1992) and the 

known pA^ values for the thiol groups (Whitesides et al. 1977) by the method described by 

Chivers et al. (1997). In addition, a correction was made to convert hterature values from 
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the standard temperature of 25 °C to a temperature of 4 °C because the measurements 

were carried out on samples incubated in ice. The En, value for TRXM at pH 8.5 was 

measured by the monobromobimane (mBBr) fluorescence technique described previously 

(Krimm era/. 1998; Hirasawa era/. 1999). Some experiments were carried out in an 

anaerobic chamber, but such experiments gave the same E^ values obtained under aerobic 

conditions. In all experiments, the percentage of inactivation or reactivation was 

corrected for the redox-independent loss of APS reductase activity when incubated on ice 

in buffer with 10 mM Tris-HCl (pH 8.5). APR2 APS reductase is unstable, typically 

losing its activity over 90 minutes incubation on ice. Data-fitting to the Nemst equation 

was carried out as described previously (Krimm et al. 1998; Hirasawa et al. 1999). 

3.9. Plant Treatment and Analysis 

B. juncea seedhngs were grown for 15 days as described above. The plants 

carried four tme leaves in the expansion stage of development. A. thaliana was grown for 

28 days and the plants carried 8-10 mature leaves in the expansion stage of development. 

N. tabacum was grown for 10 weeks in a greenhouse to just before flowering stage of 

development. All plants were exposed to 150-200 ppb ozone for 1-2 hours in a 

fumigation chamber situated within a greenhouse. Ozone treatments were carried out in 

the early morning within 2 hours of sunrise. Ozone was generated by passing oxygen 

over a UV hght source. Ozone concentration was controlled with a UV photometric O3 

analyzer (Pitcher and Zilinskas 1996). FoUowing ozone treatment, the plants were 
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removed to the lab imder ambient laboratory fluorescent light conditions and leaf samples 

were harvested at various times for analysis. From B. juncea, the tme leaves were 

samples. EromA. thaliana, the entire shoot was harvested, and from A'; tabacum, leaves at 

mid-stage of expansion were sampled. APS reductase was assayed immediately. 

Disks 1 cm in diameter were cut from 14-day-old B. juncea seedhngs and were 

placed in buffer I containing 50 mM Tris-HCl (pH 8.5), 200 mM Na2S04, and 0.05 % 

(v/v) Triton X-100 or in buffer T with 10 mM GSH, 10 mM GSSG, or 100 pM paraquat. 

The leaf disks were vacuimi-infiltrated for 5 minutes and the infiltration buffer was 

replaced with fresh buffer before the disks were incubated in a growth chamber imder hght 

(150 pmol of photons m'̂ s" )̂. Samples were periodically harvested and APS reductase 

activity was measured immediately. 

Treatment of axenically grown ^. thaliana seedlings was carried out as follows. 

The plants were exposed to chemical treatments as described in the Figure legends. The 

chemicals, including actinomycin D (1 mM), cyclohexamide (10 mM), GSSG (10 mM), 

and paraquat (100 pM), were added to the growth medium. Samples were harvested for 

immediate measurement of APS reductase activity; or for later analysis by immunoblotting 

or RNA blotting, the samples were frozen and stored at -70 °C. 

3.10. Immunoblot and RNA Blot Analysis 

Tissue extracts were separated in a denaturing 12% (w/v) acrylamide gel and 

transferred onto Immobilon P membrane. The membranes were blocked overnight in 
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PBST [137 mM NaCl, 3 mM KCl, 10 mM Na2HP04, 2 mM KH2PO4, pH 7.2, and 0.2% 

(v/v) Tween-20] contaming 1% (w/v) BSA. APS reductase was detected with 1:10 000 

dilution of an anti-peptide antibody raised against a conserved region of APS reductase 

(Gao et al. 2000), foUowed by incubation with a secondary goat anti-rabbit antibody 

conjugated with HRP. Immimocomplexes were detected by use of the Renaissance 

chemiluminescence detection kit. 

RNA was isolated from^l. thaliana leaf tissue with the Plant RNAeasy Kit 

(Qiagen, Inc.). Total RNA from each sample was separated on a 1.4% (v/v) formamide 

agarose gel and transferred onto Hybond-N* membrane (Amersham) with a vacuum 

blotter. The membranes were pre-hybridized for 5 hours before overnight hybridization 

with probe at 65 °C. The membranes were washed in 2x SSC, in 0.5 % (w/v) SDS and 

O.lx SSC, and exposed to film for 3 days. The increase in mRNA was quantified by 

cutting out individual bands from the membrane and counting the levels of ^^P-label by 

scintillation covmting with Ready Safe (Beckman-Couher, FuUerton CA) scintillation fluid. 

The APRl, APR2, or APR3 cDNAs (Setya et al. 1996) were labeled by the random 

primer method with [a-^^P]dCTP (111 TBq mmol'). 

3.11. Expression and Purification of Rb. capsulatus HeDC 

HeDC was a generous gift prepared in the lab of Dr. Robert Kranz at Washington 

University, St. Louis. Cells ofE. coli BL21X,DE3 containing the /ze/X plasmid 

(pRGK256) were grown at 37^ C, imtil the optical density at 550 nm reached at least 2.0, 
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and were then induced by adding IPTG to a final concentration of O.lmM. After 3 hours 

of growth in the presence of IPTG, ceUs were harvested by centrifugation at 5,000X g for 

20 minutes at 4^ C. Expression of the his-tagged HeDC protein in E. coli produces most 

of the protein as a soluble component in the periplasmic fraction (Monika et al. 1997). 

Thus, the mitial release of the protein was accomphshed by subjectmg the induced ceUs to 

a cold-shock treatment and isolating the periplasmic fraction. The periplasmic fraction 

was loaded directly onto a nickel-containing colimin for affinity purification and eluted as 

described previously (Monika et al. 1997), with most of the HeDC eluting in buffer 

containing 250 mM imidazole plus 125 mM NaCl. The protein was dialyzed overnight 

against 20 mM Tris buffer (pH 7.0) containing 200 mM NaCl and then concentrated using 

Centricon 10 uhrafiltration membranes (Amicon). At this stage of purification, SDS-

PAGE analysis reveals a doublet (i.e., two Coomassie-staining bands located very close to 

each other). As has been previously reported, the upper band of the doublet contains the 

complete HelX signal sequence, while the lower band contains only a portion of the signal 

sequence, FVGAGY, at its N-terminus (Monika et al. 1997). The concentrated HeDC 

protein was subjected to gel filtration chromatography on a Superose 6 column using 50 

mM potassium phosphate buffer (pH 7.0) containing 150 mM NaCl. The gel filtration 

fraction used for all of the measurements below contains only the lower band of the 

doublet observed after SDS-PAGE (Monika et al. 1997). The purified HeDC protein was 

stored at -80® C at a protein concentration of approximately 1 mg/ml. 
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3.12. Expression and Purification of/?/?. capsulatus CcM 

Ccl2 was a generous gift prepared by the lab of Dr. Robert Kranz at Washington 

University, St. Louis. The ccl2 gene product was engineered, as described previously 

(Monika et al. 1997), so that hs C-terminal transmembrane domain was removed and 

replaced by 6 histidine residues. This Ccl2* protein is produced as a soluble protein in the 

periplasmic space ofE. coli and was purified on a nickel affinity column, as described 

previously (Monika et al. 1997). Ccl2* is also missing its N-terminal signal sequence. 

Isolation and purification of Ccl2* was carried out as described previously (Monika et al. 

1997) and the resulting protein is greater than 98% pure, as determined by N-terminal 

sequence analysis and SDS PAGE (Monika et al. 1997). Purified Ccl2* was stored at 

-80® C at a protein concentration of approximately 1 mg/ml. 

3.13. Preparation of Rb. capsulatus apo cytochrome c 

The peptide used as a model for the mature form of Rb. capsulatus apocytochrome 

c has the sequence FNKCKTCHSII, identical to the sequence of the 11 amino acids at the 

N-termmus of the protein (Ambler et al. 1979). The peptide was synthesized at the 

University of Texas Southwestern Medical Center at DaUas on a Rainin Symphony 

synthesizer using standard sohd phase peptide synthesis methods. The synthesis was 

carried out at room temperature using (fluorenyl-methoxycarbonyl)-protected amino acids 

and 2-(lH-benzotriazole-l-yl)-l,l,3,3-tetramethyluronim hexafluorophosphate for 

carboxyl group activation. The peptide was cleaved from the support using a mixture of 

40 



trifluoroacetic acid (87.5%), water (5%), thioanisole (5%), ethanedithiol (2.5%), and 

phenol (4.3%), with all the percentages representing weight/volimie Figures. The 

predicted molecular mass for the peptide of 1246 dahons was verified by mass 

spectrometry on a Perseptive Biosystem Voyager DE MALDI-TOF mass spectrometer. 

The purity of the peptide was estimated to be 95-99% by reverse phase chromatography 

with a water/acetonitrile gradient and a CI 8 column, using a Waters HPLC system. 

3.14. Expression and Purification of Rb. capsulatus CrtJ 

Preparation of CrtJ was performed by Chen Dong and DanieUe Swem in the lab of 

Dr. Carl Bauer at Indiana University. A CrtJ overexpression vector was constmcted by 

polymerase chain amphfying (PCR) the CrtJ coding sequence using a 10:1 combination of 

Taq and Pfu DNA polymerases, a forward primer containing an Ncol restriction site (5'-

CCCAT GGCGACGGGAGGCTTGCA-3'), and a reverse primer containing an Xbal 

restriction site (5'-CCTCTAGACGGTGC CTTTCCCGTTTCG-3'). The PCR amphfied 

DNA segment was cloned into pBluescript II SK(+/-), and subsequently subcloned into 

Ncol and Xbal sites in pET-29(a)(+) (Novagen) to generate the plasmid, pET29::crrJ. 

pET29::crrJ was transformed into E. coli BL21(DE3) pLysS and the protein was then 

overexpressed by induction of a 500 ml culture with 0.1 mM IPTG at 25°C for 4 hours. 

Cells were harvested and resuspended in 30 ml ice-cold TPAE buffer composed of 50 mM 

Tris-HCl (pH8.0), 200 mM potassium acetate, 1 mM EDTA, and lysed by three passes 

through a chiUed French pressure ceU operated at 18,000psi. The lysate was clarified by 
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centrifugation at 28,000xg for 30 min at 4°C. The supernatant was then transferred to a 

fresh tube with contaminating proteins precipitated by gradual addition of ammonium 

sulfate over a 30 min period at 4°C to a final concentration of 1 M. After 30 min of gentle 

mixing, soluble and insoluble proteins were fractionated by centrifugation at 28,000xg for 

30 min. The supernatant was decanted to a fresh tube to which addhional ammonium 

sulfate was added to bring the final anmioniimi sulfate concentration to 1.5 M. An 

enriched CrtJ protein precipitate was then coUected by centrifugation at 28,000xg for 30 

min, followed by washing the pellet twice with 1.5 M ammonium sulfate. The protein 

peUet was resuspended in TPAE buffer containing 10 mM DTT with undissolved proteins 

removed by centrifugation. The soluble supernatant fraction was further clarified by 

filtration through a 0.45 mm Acrodisc filter (Gelman Sciences). The protein preparation 

was size separated on a FPLC Superose 12 size-filtration column (Pharmacia), 

equihbrated with TPAE buffer at a flow rate of 1 ml/min, with CrtJ containing fractions 

collected and dialyzed overnight at 4°C against TPAE buffer containing 20% glycerol. 

Isolated CrtJ, which was greater than 98% pure as based on coomassie blue staining of an 

SDS polyacrylamide gel, was stored at -80°C. 

3.15. Sulfhvdrvl Alkylation and Thiol Trappmg of CrtJ with AMS 

Sulfliydryl alkylation and thiol trapping experiments were performed by Chen 

Dong and DanieUe Swem in the lab of Dr. Carl Bauer at Indiana University, 

lodoacetamide alkylation of thiol groups was performed with purified CrtJ as described 
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previously (Kobayashi et al. 1997). Prior to alkylation, CrtJ was first treated with either 

pure oxygen or 20 mM P-mercaptoethanol at room temperature for 30 min, and then 

treated with lodoacetamide as described previously (Kobayashi et al. 1997). The DNA-

binding activity of alkylated CrtJ was then assayed by gel mobihty shift assay using a ^^P-

labeled DNA probe contaming the bchC promoter region was prepared by PCR 

amphfication as described by Ponnampalam et al. (1995). 

For in vitro AMS modification of free thiol groups, purified S-tagged CrtJ protein 

was first treated with oxygen or 20 mM P-mercaptoethanol at room temperature for 30 

min. The protein was then preciphated by the addition of trichloroacetic acid to 10% to 

fix its redox state and to remove excess P-mercaptoethanol. The precipitate was then 

dissolved m 50 mM Tris-HCl (pH 8.0) buffer containing 0.1% SDS and 15 mM 4-

acetamido-4'-maleunidylstiebene-2',2'-disulfonic acid (AMS) for one hour. The protein 

was then separated by non-reducing SDS-PAGE, with CrtJ detected by Western blot 

analysis using S-Tag AP monoclonal antibodies (LimiiBlot Kit; Novagen Corp.). 

For in vivo analysis of disulfide bonds, a strain of Rb. capsulatus was used (ES7 

CrtJ-flag, ) that expressed a chromosomaUy encoded S-Tag variant of CrtJ (Dong, C , 

Elsen, S. & Bauer, C. E., Submitted.). Spectral and gel mobihty shift data indicated that 

addition of an S-tag at the amino terminus does not affect repressmg properties of Crt J. 

The ES7 CrtJ-flag constmct was grown m RCV+ (10) media with gentamycin added to a 

final concentration of 5 mg/ml. CeUs were grown aerobicaUy in an partiaUy fiUed 

Erlermieyer flask with shaking at 300 rpm or anaerobicaUy in the dark in a completely 
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fiUed screw capped test tube to a density of 65 Klett units (~1.2'10^ ceUs/ml). AerobicaUy 

grown ceUs were treated with 1/10 volimie of 10% trichloroacetic acid (TCA) that was 

added to the Erlenmeyer flask while stUl shaking foUowed by mcubation on ice for 20 

minutes. AnaerobicaUy grown screw capped cuhures were transferred to an anaerobic 

chamber contammg an atmosphere of 85% Nj, 10% CO2, and 5% Hjand then divided into 

ahquots with a portion of the ceUs kept under strictly anaerobic (reducing) conditions and 

another portion of the ceUs anaerobicaUy treated with varymg concentrations (0.001 mM, 

0.01 mM, 0.1 mM, and 1.0 mM) of freshly prepared hydrogen peroxide (HjOj). After 

various mcubation tunes (2 to 20 min), the ceUs were treated with 1/10 volume of 100% 

TCA and then incubated on ice for 20 minutes. In one set of assays, anaerobicaUy grown 

ceU samples were transferred to an Erlenmeyer flask and bubbled with O2 whUe shaking at 

400 rpm for 10 or 30 minutes. After exposure to Oj, the ceUs were treated with 1/10 

volume of 10% TCA and incubated on ice for 20 minutes. 

The TCA-treated samples were then subjected to AMS modification as foUows. 

Precipitated proteins were coUected by centrifugation for 10 minutes at 7,000 rpm. After 

complete removal of the supernatant, the peUet was washed with an equal volume of 

500niM Tris-HCl (pH 7.9) and centrifuged as before. PeUet was then washed with 

doubly-distiUed HjO to remove excess sah and centrifuged again. PeUet was uhimately 

resuspended m 30 ml of 50 mM Tris-HCl (pH 7.9), 0.1% SDS, ISmM AMS (with the 

exception of the non-AMS modified sample which was resuspended m the same buffer 
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without AMS). AMS-modifications were performed at 34 °C for a minimum of 2 hours. 

Alkylated samples were loaded on SDS/7.5% PAGE minigels (Bio-Rad). 

Following electrophoresis, proteins were blotted to nitroceUulose filters and 

probed with anti-flag M2 monoclonal antibody (SIGMA) according to product 

instructions. The bound antibodies were detected by using the enhanced 

chemUummescence of SuperSignal West Dura substrate (Pierce) according to 

manufacturer's instructions. 

3.16. Monobromobimane Fluorescence Redox Titration 

Oxidation-reduction midpoint potentials were determined experimentaUy by 

utilizing monobromobimane (mBBr) which covalently binds to a thiol forming a 

fluorescent adduct. At each desired pH, stock solutions of reduced dhhiothreitol (DTT ĝ̂ ) 

and oxidized dithiothreitol (DTT^J are prepared in 100 mM pH buffer for E„, values to be 

measured in the range of-240 mV to -350 mV at pH 7.0. Glutathione was used to 

measure En, m the range of-100 mV to -250 mV at pH 7.0. E„, values (at pH 7.0) of-327 

mV and -240 mV were used for DTT and glutathione, respectively (Hutchison and Ort 

1955; Wmdholz and Budavari 1983; Salamon et al. 1992; Setterdahl et al. 2000). DTNB 

was used to measure the rate of oxidation of DTT and GSH. At aU other pH values 

equation 1.4 was used to calculate the £„, with pA:̂  values of 10.1 and 9.2 for DTT, and 

8.66 for glutathione (Wmdholz and Budavari 1983). Concentrations of 5 mM, 10 mM, 

and 20 mM DTT were used to assay the effect of concentration of the redox buffers on 

45 



the efficiency of the solution obtaming redox equUibrium. The foUowmg pH buffers were 

used: acetate/acetic acid buffer for pH between 5.0 and 6.0, MES buffer for pH between 

6.0 and 6.75, MOPS buffer for pH between 6.75 and 7.75, tricine buffer for pH between 

7.75 and 8.75, bis-tris propane buffer for pH between 8.75 and 9.5, AMP buffer for pH 

between 9.5 and 10.5, and CABS buffer or pH between 10.5 and 11.0. For each pH 

tested, calculated volumes of the DTT„, and DTT,^ (or GSH and GSSG) stock solutions 

were mixed together to a final volume of 0.5 mL to prepare 16 1.5mL eppendorf tubes of 

different redox ambient potentials. The volumes of DTT^^ and DTT êj stock solutions 

were calculated from the Nemst equation 

En, - E, - (RT/nF)log([ox]/[red]), (3.1) 

where E„, is the midpoint pouit reduction potential of DTT, E^ is the ambient potential, R 

is the gas constant 8.314 J/moUC, 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. Protein at a concentration of 100 pg/mL is added to each of the tubes and aUowed 

to equUibrate at selected time mtervals. For each protein and mutant, the DTT 

concentration and mcubation time were optimized to jdeld the maximum fluorescence for 

the protem when it is 100 % reduced. Incubation times tested were 30 minutes, 60 

mmutes, 90 minutes, and 2 hours. After redox equihbration, mBBr was added to a final 

concentration of 300 mM and aUowed to react for twenty minutes. The reaction was 

stopped by the addition of 20 % trichloroacetic acid (TCA) to precipitate the protein and 

to remove any unreaced mBBr and any mBBr that might have reacted with DTT ĝ̂ . After 
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addition of 20 % TCA, the mixture was incubated in ice for 30 minutes to facUhate the 

protein precipitation. The samples were centrifuged in a micro-centrifuge for 15 minutes 

at 13,000 rpm. The supernatant was discarded and the peUet was washed with 1 % TCA. 

The samples were centrifuged again for 15 minutes at 13,000 rpm. The supernatant was 

discarded and the peUet was resuspended with 300 mL 1.0 % SDS in 100 mM Tris-HCl 

buffer pH 8.0. The sample volume was increased to a final volume of 2.5 mL with 100 

mM Tris-HCl buffer pH 8.0. Thrations that were performed earher than January 2001 

used a Perldn-Elmer model MPF-3 specrofluorometer, titrations performed later than 

January 2001 used an Aminco-Bowman Series 2 luminescence spectrophotometer. An 

exchation wavelength of 380 nm and an emmision wavelength of 480 nm were used. Data 

was coUected and the maxknum fluorescence was normalized to 1.0, whUe the minimum 

fluorescence was set to zero. Data for aU proteins titrated were plotted with E,, versus 

fraction reduced and fitted with a non-hnear least-squares fit to the foUowing form of the 

two-electron Nemst equation. 

y=l/(l+10''='"-^'"'''^>). (3.2) 

The En, was determined from the fit. Titrations were performed from pH 6.0 to pH 11.0 

and the £„, for each pH titration was plotted agamst the pH. E^ versus pH plots were 

used to calculate pK^ values for redox-Unked proton uptake events by fitting the data to 

equation 1.4. In the case of HelX, Ccl2, apo cytochrome c, and CrtJ, a best fit straight 

Une of-59 mV/pH unit was used, as two protons were taken up per disulfide reduced over 

the enthe pH range tested. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1. Wild-Type E. coli Thioredoxm 

E. coli thioredoxm was titrated at pH values ranging from 6.0 to 11.0 usmg the 

mBBr fluorescence redox tkration method. AU thrations at aU pH values tested gave 

exceUent fits to the Nemst equation for a single, two-electron redox thration. An example 

of one thration at pH 7.0 is shown in Figure 4.1. 

No En, values for any thioredoxin were avaUable at pH values other than 7.0 untU 

now. Figure 4.2 shows the complete E„ versus pH profUe for aU pH values thrated. The 

reported value of-270 mV is within the standard experimental uncertamty for redox 

titrations to the value of-290 ±10 mV obtained in this dissertation work. The value is 20 

mV more poshive in previous reports, and is within the hkely experimental uncertainties of 

the measurements involved. The £„, value obtamed by cychc vohammetry is in good 

agreement with that obtained by NTR-mediated NADP/NADH poismg techniques 

(Salamon er a/. 1992). 

The E„, versus pH plot is fitted to Equation 1.4 (Chivers et al. 1997) whh pA:̂  

values computed to be 10.2 for both pAT̂ , and pA:̂ . Each pomt on the graph represents an 

average of at least three thrations at that pH value. E. coli thioredoxm is stable up to pH 

values greater than 11.0 (Chivers et al. 1997), and titrations at these. 
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Figure 4.1 Oxidation-Reduction titration of wUd-type £. co/z thioredoxin at pH 7.0. The 
En, calculated from the Nemst equation for this thration is -290 mV. 
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-200 

Figure 4.2. En, versus pH plot of wild-type E. coli thioredoxin. The data was fitted to 
equation 1.4 and the pK^s were determmed to be 10.03 for both 
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4.2. D26N E. coli Thioredoxm 

D26N E. coli thioredoxin was thrated at pH values ranging from 6.0 to 11.0 usmg 

the mBBr fluorescence redox thration method. AU thrations at aU pH values tested gave 

exceUent fits to the Nemst equation for a smgle, two-electron redox titration. An example 

is shown m Figure 4.3. 

Figure 4.4 shows the complete £„, versus pH profile for aU pH values thrated. The 

En, versus pH plot is fitted to equation 1.4. Two pA:̂  values were computed to be 8.8 and 

11.0. 

4.3. D26L E. coli Thioredoxin 

This is the fhst En, determination of this E. coli variant reported. The En, at pH 7.0 

for the D26N mutant was determined to be -290 ±10 mV (Figure 4.5). 

Figure 4.6 shows the complete En, versus pH profile for aU pH values thrated. The 

En, versus pH plot is fitted to equation 1.4. The pK^ values were computed to be 8.9 and 

9.9. 

4.4. CWGC E. coli thioredoxm 

A double mutant of G33W and P34G, hereafter caUed CWGC, was thrated by the 

mBBr method at pH values rangmg from 6.0 to 10.0. This mutant showed a higher En, 

value, consequently glutathione was used as the redox buffer for aU titrations of this 

mutant. Figure 4.7 shows an example of a titration at pH 7.0. The data was fit to a two-
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Figure 4.3 Oxidation-reduction titration of D26N E. coli thioredoxm at pH 7.0. E„ was 
determined to be -287 ±10 mV for this titration with an average of-290 mV for aU 
titrations at this pH. 
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Figure 4.4. En, versus pH plot of D26N mutant ofE. coli thioredoxin. The data was fit to 
equation 1.4, the pK^s were determined to be 8.8 and 11.0 
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Figure 4.5. Oxidation-reduction thration of D26L E. coli thioredoxhi at pH 7.0. The E„ 
was calculated to be -288 mV for this titration with an average value of-290 mV for aU 
thrations at this pH. 
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Figure 4.6 En, versus pH plot of D26L mutant of E. coli thioredoxin. The data was fitted 
to equation 1.4. The pK^s determined from the fit were 8.9 and 9.9. 
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Figure 4.7. Oxidation-reduction thration of CWGC E. coli thioredoxm at pH 7.0. The E„ 
for this titration is -215 mV. 
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Figure 4.8 E„, versus pH plot of CWGC E. coli thioredoxin. Each point represents an 
average of at least three thrations at that pH. The calculated pK^s for this curve are both 
9.4. 
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electron Nemst equation and an E„, was calculated to be -217 mV whh an average value 

of-215 mV ±10 mV for aU titrations at pH 7.0. 

Figure 4.8 shows the E^ versus pH profile for CWGC E. coli thioredoxhi. The 

two pK^ values calculated for this fit are both 9.4. 

4.5. E. coli Thioredoxm Discussion 

Two pK^s were determmed from the En, versus pH data and fitting to equation 1.4, 

with aU En, values determhied using the mBBr fluorescence assay. Although the mBBr 

fluorescence assay labels free thiols, the pAT̂s caimot be specificaUy attributed to thiol 

proton dissociation. The two pK^ values of 10.3 derived from the En, versus pH data are 

the pATjS of the groups involved m redox-hnked proton uptake reactions. For wUd-type E. 

coli thioredoxin, the protein takes up two protons per disulfide reduced in the pH range of 

6.0 to 9.7. Given the concerns that that the pK^ for Cys-32 is about 7.0, this data indicates 

that two other groups are responsible for the uptake of two protonsper disulfide reduced 

between pH of 7.5 and 9.7. Groups postulated to take up these two protons m this range 

are Cys-35 and Asp-26 because of theh reported aUcaline pAT̂ s. This supports a 

mechanism of reduction of disulfides proposed by Chivers et al. (1997). Unprotonated 

Cys-32 nucleophihcaUy attacks a dithiol substrate formhig an mtermolecular disulfide 

intermediate. The proton on Asp-26 is removed by proton abstraction by buUc water. 

Asp-26 carboxyl then donates hs electron to the Cys-35 sulfydryl and gains hs proton 

back. Cys-35 then is able to nucleophihcaUy attack the disulfide mtermediate and form a 

disulfide with Cys-32 and thus reduchig the substrate (Chivers and Raines 1997). 
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The D26L and D26N mutants do show differences in their £„, versus pH profiles 

from that of the wUd-type, indicating that Asp-26 may play a part in the proton uptake m 

the wUd-type protem. Chcular dichroism experiments ofE. coli thioredoxm and the D26L 

and D26N mutants show no difference in the spectra (M. Hhasawa, unpubhshed). This 

suggests that the effects of mutating Asp-26 are not a resuh from some non-specific 

conformational change. The D26L mutant E ,̂ versus pH profile shows the p/Q values are 

8.8 and 9.9. The D26N mutant yielded two pA:̂  values of 8.8 and 11.0. These two 

mutants indicate that the carboxyl on Asp-26 may be involved m the proton uptake m E. 

coli thioredoxin. As stated above, the wUd-type protem exhibhs identical pK^s of 10.3. In 

both the D26L and D26N mutants there is clearly a change in the envhormient of the 

protein that changes the pK^ of the molecule. It may be that the removal of the carboxyl 

side cham of Asp-26 raises the pÂ^ of Cys-32 to 8.8, while that of Cys-35 remams m the 

more aUcaUne region of 10-11. This agrees with the notion that thioredoxm has 

microscopic pK^s (Chivers et al. 1997). Microscopic pK^ values are where h is 

thermodynamicaUy equivalent for the deprotonation of one group (Cys-32) to be equal 

equal to that of another group (Asp-26). In the oxidized protein, Asp-26 has a pA;̂  of 7.5, 

whUe m the reduced form Asp-26 has a pAT̂  of 7.5 or 9.2, dependmg on the protonation 

state of Cys-32 (Chivers et al. 1997). Cys-32 has a pA:̂  of 9.2 if Asp-26 is unprotonated 

and if Asp-26 is protonated, then Cys-32 has a pAT̂  of 7.5. The D26L and D26N mutants 

are effectively sunulatmg an unprotonated Asp-26 and shifting the pAT̂  of Cys-32 to 8.8. 

This value is one pH unit above the expected value of 7.5; however, the absence of Asp-

26 carboxyl group may have an effect on the thermodynamics of proton uptake in the 
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active site. This is also consistent whh the mechanism proposed for reduction of a 

disulfide by thioredoxin (summarized m section 2.2 of this dissertation) (Chivers and 

Rames 1997). 

Oxidation-reduction thrations of the CWGC mutant ofE. coli thioredoxm were m 

good agreement with the E„ of-200 mV at pH 7.0 reported earher (Chivers et al. 1996); 

m this dissertation work, the average En, at pH 7.0 was determmed to be -215 ±10 mV. 

The CWGC mutant showed pA:̂  values of 9.4 for both thratable groups. It has been 

shown that the pAT̂  of Cys-32 in this mutant is significantly lowered to a value of 5.94 

(Chivers er a/. 1996). 

The lower pK^ of Cys-32 is helpful m the analysis of the data presented above. In 

the CWGC mutant, Cys-32 is completely unprotonated at pH values greater than 6.94, yet 

the protem is stUl able to take up two protons per disulfide reduced at pH values up to 9.4 

as shown m the E„, versus pH plot for the CWGC mutant. Three-dimensional stmctures 

show the CWGC mutant and the wUd-type E. coli thioredoxin are vhtuaUy identical 

(Schultz et al. 1999). Since the stmcture of the active-she is identical to that of the wild-

type, except for the introduced tryptophan, it can be mferred that the envhonment of Cys-

35 is relatively unchanged and thus hs pÂ^ is quhe aUcaUne, as is the case for the wUd-type 

protein. If Cys-35 has a pK^ of at least 9.4 m the CWGC mutant, one other group must be 

responsible for the uptake of the other proton m the pH range between 6.94 and 9.3. Asp-

26 is a prime candidate for this group because of the data presented above. Although no 

pA:̂  data is avaUable for Asp-26 and Cys-35 for this mutant, h can be mferred that these 

two groups are titratmg with a pK^ value of 9.4 for the CWGC mutant. 
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4.6. WUd-Tvpe C. reinhardtii Thioredoxin h 

Oxidation-reduction thrations of C reinhardtii thioredoxin h were performed at 

pH values rangmg from 6.0 to 9.3. Figure 4.9 shows a thration at pH 7.0 whh an E^ 

value calculated to be -298 ±10 mV. This is in good agreement whh the value of-300 mV 

reported previously (Krimm er a/. 1998) 

The En, versus pH plot of wUd-type C reinhardtii thioredoxm is shown in Figure 

4.10. Using equation 1.4 the pK^s were calculated to be both greater that 9.3. Each pomt 

on the En, versus pH plot represents an average of at least 3 thrations at that pH value. 

Thrations were attempted at pH values greater than 9.3; however, no rehable resuhs were 

obtamed possibly due to protem mstabUity. InstabUity of the protein at pH values greater 

than 9.0 was observed in the earher '^C-NMR and 'H-NMR measurements of the protem 

(Krimm era/. 1998). 

4.7. D30A C. reinhardtii Thioredoxm h 

Oxidation-reduction titrations by the mBBr method were carried out at pH values 

rangmg from 6.0 to 10.0 for D30A C. reinhardtii thioredoxm h. Figure 4.11 shows the 

resuhs of one titration at pH 7.0 with an En, of-292 mV. The average of aU the thrations 

at pH 7.0 is -290 ±10 mV. At least three titrations were performed at each pH value 

tested. 
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Figure 4.9. Oxidation-reduction thration of wUd-type C. reinhardtii thioredoxin h at pH 
7.0. The En, of this titration is -298 mV, with an average of-300 ± 10 mV for aU titrations 
at this pH. 
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Figure 4.10 E„, versus pH plot of wild-type C reinhardtii thioredoxin h. The data was 
fitted to equation 1.4 with pK^ values determmed to both be greater than 9.3. 
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Figure 4.11 Oxidation-reduction thration of D30A C. reinhardtii thioredoxm h at pH 7.0. 
The En, for this thration is -292 mV, with an average value of-290 ±10 mV for aU 
thrations at this pH. 
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The En, versus pH plot of D30A C reinhardtii thioredoxin is shown in Figure 

4.12. Usmg equation 1.4, the pÂ ŝ were calculated to be 8.7 and greater than 10.0. The 

D30A mutant was more stable than the wild-type at pH values between 9.3 and 10.0. 

Thrations attempted at pH values greater than 10.0 did not give rehable results. 

4.8. D65A C. reinhardtii Thioredoxin h 

Oxidation-reduction thrations for D65A C reinhardtii thioredoxm h were 

performed at pH values ranging from pH values 6.0 to 9.5. Figure 4.13 shows an 

oxidation-reduction titration at pH 7.0. The E^ was determmed to be -300 ±10 mV from 

a fit to a two-electron Nemst equation for this thration with an average of-300 ±10 mV 

for aU titrations at this pH. 

The En, ver5'ẑ 5' pH plot of D65A C. reinhardtii thioredoxhi is shown in Figure 

4.14. Usmg equation 1.4 the pÂ ŝ were calculated to be both greater than 9.3. Each point 

on the graph represents an average of at least three thrations at that pH value. 

4.9. W35A C reinhardtii Thioredoxm h 

Oxidation-reduction titrations of W35A C reinhardtii thioredoxin h were 

extended to more pH values than reported previously (Krimm et al. 1998). An example of 

one titration is shown in Figure 4.15. This thration is at pH 7.0 whh an £„, value of-300 

mV. 

The En, versus pH plot of W35A C. reinhardtii thioredoxin is shown in Figure 
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Figure 4.12. E„, versus pH plot of a D30A mutant of C. reinhardtii thioredoxin h. The 
data was fitted to equation 1.4, and the values for the two pAT̂s were determined to be 8.7 
and the other greater than 10.0 
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Figure 4.13. Oxidation-Reduction thration of D65A C. reinhardtii thioredoxin h at pH 
7.0. The En, calculated from a 2 electron Nemst equation for this thration is -290 mV. 
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Figure 4.14. En, versus pH plot of the D65A mutant of C. reinhardtii thioredoxin h. The 
data was fitted to equation 1.4, with both pK^ values determined to be greater than 9.3. 
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Figure 4.15. Oxidation-reduction thration of W35A C reinhardtii thioredoxm h at pH 
7.0. An En,of-290mV was calculated from a two-electron Nemst equation for this 
titration. 
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Figure 4.16 En, versus pH plot of the W35A mutant of C reinhardtii thioredoxin h. The 
data was fitted to equation 1.4, whh both pK^ values determined to be greater than 9.5. 
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4.16. Usmg equation 1.4 the pK^s were calculated to be both greater that 9.3. Each point 

on the graph represents an average at least three thrations at that pH value. 

4.10. Discussion of C reinhardtii Thioredoxin h and Mutants 

The En, for wUd-type thioredoxin was determmed to be -290 ± 10 mV at pH 7.0. 

En, values for the D30A and D65A mutants are identical, whhm the experimental 

uncertamties to that of the wUd-type protem. The E„ values at pH 7.0 determmed for the 

wUd-type protein and the W35A mutant in this study, -290 mV and -280 mV, respectively, 

are m good agreement with previously pubhshed values (Krimm et al. 1998). 

The E„, versus pH plots obtained for wUd-type and mutants C. reinhardtii 

thioredoxm h were shnilar to those obtamed for E. coli thioredoxin. The pÂ ŝ, 8.7 and 

10.0, of the D30A mutant in C. reinhardtii thioredoxm h, are quhe simUar to those 

obtained for the D26N and D26L mutants ofE. coli thioredoxm. This is consistent with 

the model of reduction proposed for E. coli thioredoxhi, in which Asp-30 plays a role m 

the proton uptake during reduction of a target protem, and with the considerable 

stmctural simUarities between the two thioredoxins. 

What is also clear is the tryptophan at poshion-35 does not have an effect on ehher 

the redox properties of C. reinhardtii thioredoxm h or hs redox-coupled proton uptake as 

by the ahnost identical £„, ver̂ zẑ  pH plots of wUd-type thioredoxin h and hs W35A 

mutant. Although the reduction of W35 A by NADPH-thioredoxin reductase from A. 

thaliana is identical to the wUd-type protein, this mutant does have reduced activity 

towards activatmg the thiol-regulated NADP-MDH (Krimm et al. 1998). Based on the 

71 



results presented above, the decreased abUhy of the W35A mutant to activate MDH must 

arise from something other than a change m thermodynamic drivmg force. 

The En, versus pH plot for D65A is essentially identical to that of the wild-type 

protein whh Uttle difference m the calculated pK^s. Asp-65 was investigated as a possible 

partner in protem uptake due to hs proxhnity to Trp-35. The carboxyl on Asp-65 forms a 

hydrogen bond to the H'N of tryptophan (Krunm et al. 1998). 

The resuhs obtained for the D65A mutant of C. reinhardtii thioredoxin h shows 

that Asp-65 is probably not mvolved in proton uptake upon reduction of the disulfide. 

Since the stmctures of both C reinhardtii thioredoxhi h and E. coli thioredoxhi are very 

shnUar, Asp-30 in C. reinhardtii thioredoxm h (which corresponds to Asp-26 in E. coli 

thioredoxin) is very likely to be the group responsible for the proton uptake upon 

reduction of the disulfide. Combmed 'H-NMR and '^C-NMR studies have shown pK^ 

values of 7.0 and 9.5 for wUd-type C. reinhardtii thioredoxm h. The pK^ of 7.0 was 

assigned to Cys-36 and the other pK^ of 9.5 to Cys-39, which, hke hs E. coli thioredoxin 

counterpart, is more buried and inaccessible to exogenous thiols (Krimm et al. 1998). 

The data presented above for C. reinhardtii thioredoxin h supports the proposed 

mechanism of reduction of a disulfide by E. coli thioredoxhi. Since the structures of both 

proteins are very similar, and the oxidation-reduction properties are simUar, the 

mechanism of reduction of a disulfide is hkely the same. In the case of C reinhardtii 

thioredoxin h, Cys-36 is predominately unprotonated and nucleophihcaUy attacks a 

disulfide substrate. Then Asp-30 loses hs proton to exogenous water and then the proton 
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is replaced by the proton on Cys-39, whUe Cys-39 completes the reduction of the target 

disulfide and formhig a disulfide with Cys-35. 

4.11. Oxidation-Reduction Thrations of HelX. CC12, and apo cyt. c 

Figure 4.17 shows the resuhs of oxidation-reduction titrations of Rb. capsulatus 

HelX, Ccl2*, and of the model peptide at pH 7.0, in which the fluorescence of the mBBr-

adducts of the protems and the peptide is used to monitor the extent of reduction of the 

disulfide/dithiol couple. The results of the thrations shown in Figure 4.18 give good fits to 

the Nemst Equation for a single two-electron redox component, whh En, values of-302 

mV for HelX, -211 mV for Ccl2*, and -169 mV for apocytochrome Cj model peptide, 

respectively. A series of three mdependent thrations for both proteins and for the model 

peptide gave average E„, values (at pH 7.0) of-300 ± 10 mV for HelX, -210 ± 10 mV for 

Ccl2*, and -170 mV ± 10 mV for the model peptide. Attempts to fit the data to two n = 2 

components did not improve the quahty of the fit. For HelX, h was also shown that the 

En, value obtamed did not depend on whether one started with oxidized or reduced HelX, 

as would be expected for an equUibrium thration. The relatively poshive E„, value 

obtamed for Ccl2* is consistent whh the observation that the disulfide of Ccl2* was fiiUy 

reduced m DTT redox buffers whh the highest ratio of oxidized:reduced DTT that could 

be accurately obtained. The active-she disulfide of HeDC, m contrast, was fiiUy oxidized in 

such a DTT redox buffer. These resuhs, which are consistent with a large difference m E„ 

values between the two protems, necesshated the use of different redox-buffering 
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Figure 4.17. Oxidation-reduction titrations of HelX (red chcles), Ccl2 (open squares), 
and apo-cytochrome c model peptide (blue triangles) at pH 7.0. 
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Figure 4.18. Oxidation-reduction thration of Ccl2 under aerobic conditions (black 
squares) and anaerobic condhions (grey chcles). 

75 



reagents for thrations of HelX (DTT) and Ccl2* (glutathione). For this same reason, h 

was also necessary to use glutathione redox buffers for the thration of the model peptide. 

For both the HelX and apocytochrome c model peptide, identical En, values were 

obtamed regardless of whether the thrations were carried out anaerobicaUy or aerobicaUy. 

In contrast, for Ccl2* the En, values obtamed from anaerobic thrations were about 80 mV 

more poshive than those obtained from aerobic thrations at aU pH values tested (Figure 

4.18). For example, the £„, value obtained under anaerobic condhions at pH 7.0 for Ccl2* 

is -130 ± 10 mV, compared to the -210 mV shown in Figure 4.18 for an aerobic titration. 

The reason for this difference is not clear. However, the fact that identical E^ values were 

obtained for the model peptide from thrations with glutathione redox buffers, regardless of 

the presence or absence of dissolved oxygen, suggests that the difference does not arise 

from a systematic error in the experimental design. Furthermore, the difference cannot be 

attributed to oxidation of the reduced form of glutathione by oxygen in the aerobic 

thrations during the 30-mmute redox equUibration stage of the thrations, because oxygen-

containing solutions of reduced glutathione were shown by thrations with the thiol reagent 

DTNB to be completely stable against oxidation, under condhions identical to those 

present during the thrations, for periods of at least 60 nunutes. 

Figure 4.19 summarizes the resuhs of extendmg these En, determinations to pH 

values other than 7.0. A Unear E„, versus pH relationship was obtamed for HelX, Ccl2*, 

and the apocytochrome C2 model peptide. The best-fit slope for the En, versus pH plot for 

HelX hne is -56 mV/pH unit, hi good agreement with the -59 mV/pH unit slope predicted 
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for a reaction in which two protons are taken up per disulfide reduced (Chivers et al. 

1997). The slopes of £„, versus pH plots for Ccl2* and the model peptide, -60 mV/pH 

unit and -65 mV/pH unit, respectively, are also in agreement (whhm the experimental 

uncertainties in the measurements) whh this -59 mV/pH unit value, mdicating that two 

protons are taken up per disulfide reduced for aU three components tested. The simplest 

mterpretation (Chivers et al. 1997) of such an E„, versus pH relationship is that the pAT̂  

values for the more acidic cysteine m HeDC, Ccl2*, and the apocytochrome Cj model 

peptide are > 8.0 and thus both cysteines are in the thiol, rather than in the thiolate anion 

form, over the pH range exammed in this study. If this is indeed the case, the reduction of 

each disulfide wiU resuh m the uptake of 2 protons, fomung thiols at both of the sulfurs 

hberated when the disulfide is reductively cleaved. 

4.12. Discussion of HelX. Ccl2, and apo cyt. c Thrations 

The En, values at pH 7.0 reported above for Rb. capsulatus HeDC, Ccl2*, and 

apocytochrome C2 model peptide of-300 mV, -210 mV, and -170 mV, respectively, 

represent the first values reported for these components in any photosynthetic bacterium. 

The E„, value reported for Ccl2* represents the first such determination for any protem of 

this type. Furthermore, the data presented above provide the first opportunity to estimate 

the thermodynamic driving force for periplasmic disulfide/dhhiol exchange reactions in the 

cytochrome c biogenesis pathway in any orgtinism. 

An En, value of-217 mV at pH 7.0 had been previously measured, using redox 

poismg with glutathione and changes m mtrmsic tryptophan fluorescence to monitor redox 
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state, for the disulfide/dithiol couple of the B. japonicum cycT gene product, the protein 

that corresponds to HelX in that bacterium (Fabianek et al. 1997). The 83 mV difference 

m En, values reported for Rb. capsulatus HeDC £uid B. japonicum CycY is considerably 

larger than the ± 20 mV uncertainty that is hkely to exist for a comparison of these two En, 

values. As the B. japonicum CycY and Rb. capsulatus HeDC proteins show significant 

homology to each other (Fabianek et al. 1997), the relatively large difference m En, values 

is somewhat unexpected, given that the En, values for chloroplast thioredoxins m from 

three different species are identical (RebeUle and Hatch 1986; Hhasawa et al. 1999) and 

the En, values for chloroplast thioredoxins/from two different species are also identical 

(Hhasawa et al. 1999). It might also be mentioned that ahhough redox equihbrium 

between Rb. capsulatus HeDC and DTT redox buffers is estabhshed whhin 30 minutes, 

equUibration of the B. japonicum CycY protein with glutathione redox buffers appears to 

requhe much longer times (Fabianek et al. 1997, Figure 5), indicates that oxidized CycY 

was mcubated with the redox buffers for 3 days). Perhaps these differences m redox 

equUibration tunes reflect significant differences m accessibihty of the active-she disulfides 

of the two proteins to smaU molecules. 

When measurements were taken under anaerobic condhions, the £„, values for 

HeDC and apocytochrome c peptide were identical to those obtained under aerobic 

condhions. Surprisingly, the £„, values for Ccl2* were 80 mV more poshive under 

anaerobic thrations. Previously, h has been shown that the levels of Ccl2 under anaerobic 

condhions in vivo are at least twenty fold lower than aerobic levels (Gabbert et al. 1997). 

Recently, this has been shown to be due to a post-translational property that produces a 
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half-hfe for Ccl2 that is considerably shorter under anaerobic condhions than in the 

presence of oxygen (Karberg, Loughman, and Kranz, unpublished). It is possible that 

Ccl2 assumes different conformations under aerobic and anaerobic condhions, whh the 

anaerobic form bemg more susceptible to proteolysis than the aerobic form. The difference 

in En, values observed for Ccl2* under aerobic and anaerobic condhions in the present 

study is consistent with the hypothesis that the protem adopts different conformations in 

the presence and absence of oxygen and provides an avenue towards further investigatmg 

conformational differences. 

En, versus pH profUes are useful for providing information about the pK^ values of 

the active-site cysteines in thioredoxin-hke proteins (Chivers et al. 1997) and also aUow 

one to predict, by extrapolation. En, values out of the pH range used for the redox 

titrations. Such predictions can be made with considerable confidence m the acidic 

dhection (barring some pH-hnked conformational change that produces a significant 

alteration m the micro-envhonment at the active she), where thermodynamic 

considerations dictate that the -59 mV/pH unit slope for En, wUl not change (Chivers et al. 

1997). Extrapolations to pH values more aUcahne than those covered by the actual redox 

titrations are less rehable, because one cannot predict a przorz, the pK^ values of the 

active-she cystemes (Chivers et al. 1997). The data of Figure 4.19 show that HeDC, Ccl2* 

and a model peptide for apocytochrome Cj exhibit identical En, versus pH dependencies out 

to pH 8.0. It is thus unlikely that the in vivo thermodynamic drivmg force for the flow of 

reducing equivalents from HelX to Ccl2 to an apocytochrome in the Rb. capsulatus 
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periplasmic space wUl differ substantially from that measured in vitro at pH 7.0, 

regardless of the pH value of the growth medium. 

The observation that the En, for HeDC is 85 mV more negative than that for Ccl2* 

is consistent with a recently proposed scheme in which reduced HelX serves as the 

reductant for the oxidized form of Ccl2 durmg the ternunal stage of cytochrome c 

biogenesis m Rb. capsulatus (Monika et al. 1997). The 40 mV difference between the En, 

values of Ccl2* and the apocytochrome c. model peptide, whUe significantly smaUer than 

the difference between the E„, values of HelX and Ccl2*, is nevertheless sufficient to make 

reduction of the peptide by Ccl2* thermodynamicaUy favorable. It is possible that deleting 

the transmembrane domam of the Ccl2 protem, to produce the Ccl2* form of the protein 

used in these measurements, may have some effect on hs redox properties. It would not 

have been possible to make the measurements described above on intact membranes 

containhig Ccl2, with hs single transmembrane domam, so the effect of deletmg this 

transmembrane domam on the E^ value of the protem could not be checked dhectly. 

However, the fact that the site of truncation is quite distant (52 residues) from the location 

of the cysteines hi question suggests that the En, value obtamed for Ccl2* is hkely to 

provide a reasonable measure of the £„, value of Ccl2 in situ. An additional question 

concerns how fahhfuUy the redox properties of the model peptide used reflect those of the 

fuU-length mature form of apocytochrome Cj. In this regard, the fact that 

apocytochromes appear to be unfolded during heme attachment (Thony-Meyer 1997; 

Kranz et al. 1998; Page et al. 1998) suggests that possible effects of protem 
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microenvhonment on the En, values of disulfides are not likely to make the En, value of the 

apocytochrome differ substantiaUy from that of the model peptide m this case. 

The 85 mV difference m the HeDC and Ccl2* E„, values, combmed whh the 

"steepness" of the Nemst Equation for a two-electron process, is sufficiently large so that 

if the two protems are m redox equUibrium, Ccl2 could be mamtamed in a predommantly 

reduced state even if HelX were largely oxidized. Thus, for example, at an ambient 

potential of-270 mV where Ccl2 would be ca. 99% reduced (at pH 7.0), HelX would be 

only 9% reduced. However, observations on the redox state of the two protems in situ 

mdicate that HeDC is present m a considerably more reduced state than is Ccl2* (Monika 

et al. 1997). Such a situation could represent a steady-state kmetic phenomenon and not 

represent a condition where thermodynamic equihbrium had been estabhshed. The in situ 

situation is what would be expected if the rate of oxidation of HeDC in vivo by Ccl2 is 

slow compared to that for the reduction of HeDC, possibly by CcdA (Deshmukh et al. 

2000) or by DipZ (Crooke and Cole 1995; Kranz et al. 1998), and the oxidation of Ccl2 

by the oxidized apocytochrome is significantly more rapid than is the rate of Ccl2 

reduction by HeDC. 

4.13. Oxidation-Reduction Thrations of Engineered Redox-
Senshive E. coli Malate Dehydrogenase Mutants 

Redox titrations were completed for the recombmant wUd-type E. coli malate 

dehydrogenase and the foUowmg mutants, V121C, N122C, L305C, V121C-L305C, 

N122C-L305C, A128C-L305C, and V131C-L305C. Measurements of the mcrease m 
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malate dehydrogenase activity as a function of incubation tune whh several ambient 

potentials (E^) were estabhshed with DTT at room temperature. At a total DTT 

concentration of 10 mM and at all E^ values tested, the activity reached a maximum 20 

minutes after mitiation of the mcubation period and remamed constant for an addhional 

100 minutes. A time of 30 mmutes was selected for the oxidation-reduction equUibration 

step for aU of the experunents. The En, values obtamed in the activhy were mdependent of 

the DTT concentration used for redox equUibration over the range from 5 to 20 mM. 

Figure 4.20 shows the activity of the wUd-type enzyme is not redox sensitive and is 

always active, and no redox-sensitive thiols are present in the protem as evidence of no 

fluorescence m the mBBr titration. Figure 4.21 shows the results of an oxidation-

reduction titration of the V121C-L305C mutant ofE. coli malate dehydrogenase usmg 

enzymatic activity to monitor the redox state of the Cysl 21-Cys-365 disulfide. The data 

give an exceUent fit for a smgle two-electron component whh an Em value of-275 mV. A 

set of four such thrations yielded an average E^ value of-285 mV whh an average 

deviation of ±10 mV. Titrations of the double mutant V121C-L305C by mBBr 

fluorescence gave an average E^ value of-285 mV as weU. Figure 4.22 shows the resuhs 

of the thration of N122C-L305C mutant enzyme. The data give an exceUent fit to a single 

two-electron component, whh an E^ value of-290 mV. A set of five of these thrations 

yeUded an average E^ value of-295 ±10 mV. Thrations ushig the mBBr fluorescence 

method gave an average E^ value of-305 mV. Neither the wUd-type enzyme or the 

single-mutant enzymes N122C, V121C, and L305C showed any effect of activity upon 
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Figure 4.20. Activity (squares) and mBBr (chcles) thration of wUd-type E. coli malate 
dehydrogenase. 

84 



1.2 

0.8 

• | 0.6 
re 

•^ 0.4 
JS 
9) 
"" 0.2 4 

-0.2 

• \ 

V 

A ^ ---
WW 

1 1 

-450 -400 -350 -300 

Eh(mV) 

-250 -200 

Figure 4.21. Oxidation-reduction activity thration of the V121C-L305C (dark chcles) and 
A128C-L305C (open squares) double mutant of £. coli malate dehydrogenases at pH 7.0. 
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Figure 4.22. Oxidation-reduction activity titrations of the N122C smgle mutant (squares), 
the N122C-L305C double mutant (grey chcles), and mBBr titration of the N122C-L305C 
double mutant at pH 7.0. 
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ambient potential. The double-mutant enzymes A128C-L305C and V131C-L305C also 

showed no dependence on the ambient potential for activhy. 

4.14. Discussion of the Oxidation-Reduction Thrations of Engineered 
Redox-Senshive E. coli Malate Dehydrogenase Mutants 

The midpomt potentials for reduction of the cystine disulfides m the V121C-

L305C and N122C-L305C double-mutant enzymes are simUar to the midpomt potentials 

for the reduction of the cystme disulfides m the Ught-activated chloroplast malate 

dehydrogenase, phosphoribulokmase, and fructose bisphosphatase (Knaff 2000). The 

activity titrations clearly indicate that introduction of two cysteine residues that can form a 

disulfide bond across the domam interface results in the creation of a redox-senshive 

enzyme. The mBBr thrations demonstrate that this redox senshivity is related to the 

abihty of these two cysteme residues to form a disulfide in these mutant malate 

dehydrogenases and that activity is dhectly related to free thiol content and inversely 

related to disulfide bond formation. Formation of the disulfide is predicted to requhe 

movement of the cystemes hi both hehx-5 and hehx-9 (Mushn et al. 1995). These resuhs 

are consistant with the notion that movement between the domains is necessary for 

catalysis by this enzyme. However, because there must be substantial displacement of the 

cysteine group a-cart)ons, it is also possible that h is the distortion that accomparues 

disulfide bond formation that is responsible for the effect on catalysis. 

Modification ofE. coli malate dehydrogenase so that h contains a redox-active 

disulfide shnUar m activity to chloroplast malate dehydrogenase, is a good example of 
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protein engineering. A disulfide was introduced in a dhhiol/disulfide redox-inactive 

protem and made to contam a dhhiol/disulfide redox-active mechanism. 

4.15. Expression hi Escherichia coh TrxB" Stimulates 
APS Reductase Activhy 

The work regarding APS reductase expression, activhy, ozone stress, and in vivo 

response was done in the lab of Dr. Tom Leustek at Rutgers Univershy by Dr. Juhe-Ann 

Bick and co-workers. The author of this dissertation only participated m the oxidation-

reduction thrations. 

In the flowermg plant A. thaliana, APS reductase isoenzymes are encoded by 3 

closely related genes, APRl, 2 and 3 (Setya et al. 1996). The encoding cDNAs were used 

to produce recombmant protems for enzymological analysis (Bick et al. 1998). In the 

course of opthnizhig the heterologous expression of one of the isoforms encoded by 

APRl, h was found that APS reductase activity in ceU lysates is 11 to 45-fold greater in E. 

coli thioredoxhi reductase {trxB') mutants expressing APRl compared with a trxB^ wUd-

type strain (Table 4.1). Kinetic analysis of the purified APRl protein revealed that the 

enzyme V^̂ ^ is mcreased by 45-fold and the A:n,[APS] is decreased by 3-fold, whereas the 

A:,„[GSH] is unaffected. Shmlar analysis of the other isoforms encoded by APR2 and 

APR3 did not reveal marked differences in activity when expressed m the trxR and trxB^ 

host backgrounds (Table 4.1). The effect of the host strahi on APRl APS reductase 

suggests that the enzyme contains a disulfide bond that is important for activity. Protem 

disuMde bonds do not normaUy form in the E. coli cytoplasm, but they readUy form m 
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trxB'E. coli, probably because oxidized thioredoxin catalyzes the oxidation of protein thiol 

groups (Derman er a/. 1993; Prmz era/. 1997). 

4.16. In Vitro Regulation of APS Reductase by Redox Condhions 

Having obtained preliminary evidence that APRl APS reductase may contain 

functionaUy important cysteine residues, h seemed useful to investigate the effect of 

reagents known to aher the redox state of dhhiol/disulfide couples on enzyme activity. 

The recombmant APRl enzyme expressed in a trxB' strain was inactivated when h was 

premcubated with the disulfide reductants DTT, 2ME, reduced TRXM, reduced TRXH or 

GSH. Of these reagents, only GSH and DTT serve as electron donors for catalysis. The 

low-activity APRl expressed in a trxB* wUd-type E. coli was also inactivated with the 

reductants, suggesthig that the fraction of active enzyme in this preparation may be in the 

disulfide form. The activity of reduced APS reductase could be restored with the thiol 

oxidants GSSG, oxidized TRXM, TRXH or DTNB. This resuh fiirther supports the 

hypothesis that the APRl enzyme contams a regulatory disulfide bond that when formed 

resuhs m the formation of a catalyticaUy active configuration of the enzyme. 

The En, of this putative regulatory disulfide of APS reductase was measured by 

monitoring enzyme activity foUowmg redox equUibration at pH 8.5 with redox buffers 

containhig either DTT, glutathione, or C. reinhardtii thioredoxm h at defined 

reduced/oxidized ratios. It is worth noting that, unhke glutathione and DTT, thioredoxm 

is not a substrate for the catalytic activity of APS reductase. AU of the titrations gave 

exceUent fits to the Nemst equation for a smgle, two-electron redox reaction. The 
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average £„ value is -330 mV ±10 mV at pH 8.5. The thrations appeared to represent tme 

equihbrium measurements, m that the En, and n values obtamed were mdependent of the 

redox equihbration tune and the total concentration of redox buffer used (See 

Experhnental Procedures). The fact (see Table 4.2) that identical E^ values were 

obtamed, withm the ±10 mV experimental uncertamty, for the three chemicaUy different 

redox buffers mdicates that this £„, value is an mtrmsic property of APS reductase. 

Furthermore, regardless of which of the three redox buffers was used, identical E^ values 

were obtamed regardless of whether fuUy active enzyme (the oxidized form) or the least 

active form of the enzyme (the reduced form) was thrated. This is Ulustrated for thrations 

m C reinhardtii thioredoxm h redox buffer, m Figure 4.23. Taken as a whole, the 

titration data are consistent with the presence of a smgle regulatory disulfide, whh E^ = 

-330 mV at pH 8.5, m APS reductase. The abUity to modulate the activity of APS 

reductase in vitro with thiol/disulfide redox buffers supports the hypothesis that the 

enzyme contains two fimctionaUy important cysteine residues that could be the target of 

redox regulation in vivo. 

4.17. Induction of APS Reductase In Vivo by Oxidative Stress 

The results from in vitro analysis of recombmant APS reductase suggested that the 

native enzyme might be regulated in vivo by hs redox envhonment. Such a regulation 

mechanism could operate during oxidative stress when the redox poise of plant ceUs is 

dismpted and the synthesis of glutathione is stimulated (Alscher 1989). To test this 
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Table 4.1. The activity and kinetic constants of recombinant APS reductase expressed 
m wUd-type and trxB' E. coli strauis 

APR 
isoform 

APRl 

if. 

<,<. 

f.(. 

t i 

i i 

APR2 

i i 

APR3 
a 

E.coli 
stram 

JM96 

TL3 

K1380 

AD949 

BL21 

A326 

JM96 

A326 

JM96 

A326 

Relevant 
Genotype 

wUd-type 

trxR 

trxR 

trxR 

wUd-type 

trxR 

wUd-type 

trxR 

wUd-type 

trxR 

Activity^ 

lysate 
(-10-̂ ) 

0.22 

4.95 

5.0 

2.54 

0.18 

5.51 

2.82 

2.46 

1.02 

0.33 

pure 
enzyme 

0.18 

8.17 

K^APS 
(mM) 

0.38 

1.20 

A:n,GSH 
(mM) 

0.8 

0.6 

^mmoles min mg protein 

BL21 and AD494 (Novagen, Inc.) were transformed with pET-APRl (Setya et al. 
1996) and pBAD-APRl, respectively. TL3 (Setya et al. 1996), JM96, A326 and K1380 
(Coh Genetic Stock Center,Yale University) were transformed whh lYES-APRl, lYES-
APR2 or IYES-APR3 (Setya et al. 1996). APS reductase was assayed hi lysates of mid-
log phase cultures. The kinetic constants were calculated usmg least-squares nonhnear 
regression analysis as described in (Bick et al. 1998). 
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Table 4.2. E„ measurements of the APS reductase regulation she 

Buffer 

Glutathione 

" 

DTT 
Li 

TRXH 
a 

Starting Enzyme 

Active APS reductase 

Less active APS reductase 
Active APS reductase 
Less active APS reductase 
Active APS reductase 
Less active APS reductase 

E„ (mV) ± SE 

335±9.5 

320±9.9 
338±17.5 
325±15.2 
322±8.2 
322±9.6 

£n, values of inactivation and reactivation of APR APS reductase usmg various redox 
buffers. Each E^ ±S.E. was calculated from 6 thrations carried out usmg various redox 
buffer concentrations and equihbration times. 
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Figure 4.23. C. reinhardtii thioredoxin h reactivation of APS reductase, an E^ was 
calulated to be -330 mV at pH 8.5. 

93 



hypothesis B. juncea seedlmgs were exposed to ozone in order to uivoke an oxidative 

stress response. B. juncea was chosen for this experhnent because h contams APS 

reductase genes with high homology to those m A. thaliana (Heiss et al. 1999), and h is 

more easily grown and analyzed than is A. thaliana. APS reductase activity increased in 

the leaves up to 20-fold within 2 to 3 hours after ozone treatment (Figure 4.24). Some 

variation m the magnitude of the response was evident between experiments, but not 

within an experiment. The variabihty may resuh from differences in the accessibihty of leaf 

ceUs to ozone, which is mfluenced by envhonmental factors such as relative humidity and 

temperature that are difficult to control in a greenhouse. However, the kinetics of the 

response are shnUar in aU of the experiments. The increase in activity was not 

accompanied by a change in the level of the APS reductase protein as measured by 

immunoblotting (Figure 4.24). Thus, the response to ozone suggests that APS reductase 

enzyme is bemg activated post-translationaUy. SimUar mcreases in APS reductase activity 

were observed in ozone-treated A. thaliana and N. tabacum indicatmg that activation of 

APS reductase activity may occur in several species of flowering plants. 

4.18. Ozone Stress Induces Synchronous Changes in APS 
Reductase Activity and Thiol Compounds 

Although oxidative stress is weU known to stimulate glutathione synthesis in plants 

(Smith et al. 1984; Smith 1985; Smith et al. 1985; Alscher 1989; May and Leaver 1993), 

h was of interest to determine whether glutathione and cysteine, both end-products of 

sulfate assirmlation, accumulate m synchrony with APS reductase activity. After ozone 
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treatment, the level of cysteine and total glutathione decreased to a low point at 2 hours 

(Figure 4.24). The decrease m total glutathione occurred at the expense of GSH in that the 

level of GSSG as a percentage of total glutathione mcreased from 12% to 50% after 2 h 

(Figure 4.24). The decrease in cysteme and glutathione, and the large change in the redox-

state of the glutathione pool correlated precisely with the mcrease in APS reductase 

activity. After the peak in activity, total glutathione and cysteme increased sharply and 

reached a plateau after 6 hours. Over the same period, GSSG dechned to 10% of total 

glutathione, and APS reductase activity dechned to the level m untreated plants. y-GluCys, 

an intermediate hi glutathione synthesis, remamed unchanged over the experimental 

period. Thus, APS reductase activity correlated dhectly with the oxidized state of the 

glutathione pool and the peak in activity preceded the mcrease in cysteine and total 

glutathione. The rapidity and synchrony of the responses to ozone resemble a 

homeo static-regulatory mechanism. 

4.19. APS reductase Activity is Induced by Oxidative Stress In Vivo 
in The Absence of Tr£uiscription or Translation 

Taken together, the in vitro and in vivo resuhs suggest that a post-translational 

mechanism plays a role in regulation of APS reductase. This hypothesis was explored 

fiirther by examining whether APS reductase is regulated in vivo by oxidative stress and 

whether mhibhion of transcription or translation affects the response. InA. thaliana 

seedhngs grown m hquid medium, APS reductase activity increased 2.5-fold 
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Figure 4.24. Response of 5. juncea to oxidative stress. Panel A is the APS reductase 
activity in plants treated for 1 hour with 150 ppb ozone (open chcles). Panel B is the level 
of APR protem measured by hnmunoblotting of plants treated for 2 hours of 200 ppb 
ozone. Panel C is the temporal changes in cysteine (black chcles), and total glutathione 
(triangles), and APS reductase activity (open chcles). Panel D is the temporal change in 
the redox state of glutathione. 
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approxhnately 3 hours after treatment whh GSSG or paraquat (Figure 4.25). After the 

peak was reached the activity rapidly dechned to level m untreated control plants. The 

kinetics of uiduction are shnUar to those observed for plants treated whh ozone, but the 

magnitude of the response was lower. Shnilar resuhs were obtamed when B. juncea leaf 

fragments were vacuum-mfiltrated with ehher paraquat or GSSG. Paraquat is a herbicide 

that dhectly induces oxidative stress through the inhibition of photosynthetic electron 

transport. In contrast, GSSG-treatment may cause a transient shift hi the redox state of the 

glutathione pool (Roxas et al. 1997), thereby mhnickmg the effects of oxidative stress. 

Because seedlings grown in hquid medium are smaU and in uniform contact whh 

the culture fluid they are more hkely to take up actinomycin D or cycloheximide affording 

the possibihty of testing whether transcription or translation are requhed for activation of 

APS reductase. Treatment with the inhibhors alone resuhed in a steady dechne in APS 

reductase activity, reaching 15% of the initial activity over 36 hours, presumably due to 

turnover of APS reductase mRNA and protein. The rate of decay mdicates that the half-

life of APS reductase is approxhnately 10 hours, simUar to that previously reported for 

APS reductase of Lemna minor (Brimold and Schmidt 1978). 

A pretreatment resuhing in 50% dechne in APS reductase activity (12 hours with 1 

mM actinomycm D or 10 mM cyclohexhnide) was selected as the starthig point for 

induction of APS reductase activity by oxidative stress. At this point h is certain that 

transcription and translation of APS reductase are inhibhed. The resuhs in Figure 4.24 

show that even though synthesis of APS reductase is blocked, hs activity increases after 

treatment with paraquat or GSSG. Although the response is greater if transcription or 
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translation are not blocked h should be noted that the decay of APS reductase contmues 

throughout the experhnent, accountmg in part for attenuation of the response to GSSG or 

paraquat. Blot analyses revealed that the level of APS reductase protem did not change 

markedly during period of rapid change m activhy. A representative blot is shown in 

(Figure 4.24). This was confirmed usmg three independently raised anti APS reductase 

antibodies. Thus, the GSSG or paraquat-induced increase in APS reductase activity is 

prmcipaUy due to activation of the enzyme rather than de novo synthesis. 

The steady state level of mRNA for the 3 APS reductase genes m^. thaliana was 

measured in the experiments reported in Fig 4.24. The blots revealed shght differences m 

response for the 3 isoform transcripts. APRl and APR2 mRNA displayed a smaU and 

transitory mcrease in response to oxidative stress, the maxhnum level at 3 hours 

correlatmg with the peak in APS reductase activity (Figure 4.25). The increase is, 

however, abohshed by actinomycm D and cyclohexhnide-treatment. APR3 mRNA level 

did not significantly change during the course of the experiment. These resuhs suggest that 

there may be an effect of oxidative stress on the level of mRNA for APRl and APR2, 

however, the induction of APS reductase enzyme activity is not enthely dependent on the 

mcrease in mRNA. Moreover, any change m mRNA level does not correlate with a change 

in APS reductase protem (Fig 4.24). From these resuhs h is possible to conclude that a 

post-translational mechanism plays a major role m regulation of APS reductase activhy in 

response to oxidative stress. 
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4.20. In Vitro Evidence for Redox Regulation of APS 
Reductase and Its Physiological Imphcations 

The mitial evidence for redox regulation of APS reductase was obtained by 

serendipity during functional complementation analysis of £•. coli strains when h was 

observed that the activity of APRl APS reductase is greatly mcreased when expressed in a 

trxR genetic background. It is now firmly estabhshed that the trxB' mutation causes the E. 

coli cytoplasm to become oxidizing, promoting the formation of protein disulfide bonds 

that would not normaUy form m the cytoplasm of wUd type E. coli (Derman et al. 1993; 

Prinz et al. 1997; Stewart et al. 1998). The concept of a redox regulated APS reductase 

was further supported by studies demonstratmg that the activity of the purified 

recombmant enzyme could be modulated in vitro by incubation in thiol/disulfide buffers of 

the appropriate redox potential and by in vivo studies showing that a post-translational 

mechanism operates to regulate APS reductase in vivo. 

The abUity to modify APS reductase activity by chemical agents and proteins that 

reduce disulfide bonds or that cause the oxidative formation of disulfide bonds provides 

strong indhect evidence for a redox senshive cysteme pah in APS reductase. Moreover, h 

was possible to determine the E^ of the cysteine pah, which behaved, m accordance with 

the Nemst equation, as predicted for a 2-electron transfer reaction. The £„, of the 

regulation site was measured at -330 mV (at pH 8.5), close to that of glutathione at this 

pH. This E^ value is also consistent whh the observation that oxidized DTT is a poor 

activator and reduced DTT is a strong inactivator, since the E^^ of DTT (pH 8.5) is much 

more negative (-415 mV) than the regulation she of APS reductase. 
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Figure 4.25. APS reductase expression in ̂ . thaliana seedhngs exposed to oxidative 
stress and mhibhors of transcription. Panel A, treatment with GSSG (open chcles), or 
paraquat (black chcles); pretreatment with actmomycin D foUowed by treatment with 
GSSG (black triangles). Panel B is identical except for pretreatment with cyclohexamide 
mstead of actmomycin D. 
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The physiological hnphcation of a regulatory disulfide whh an E^ so close to that 

of glutathione is that only relatively large changes in the GSH:GSSG ratio would trigger 

the redox activation of APS reductase activhy. Thus, the enzyme would be activated only 

when GSSG accumulates significantly during oxidative stress, rather than bemg 

contmuaUy switched on and off. Analysis of cad2 (Howden et al. 1995), a y-

glutamylcysteme synthetase mutant of ̂ . thaliana revealed that the APS reductase activity 

is shiular to that of wUd type plants even though the total glutathione content of the 

mutant is only -20% that of the wUd type. However, desphe lower overaU glutathione 

levels, the GSH:GSSG ratio of the cad2 plants is identical to that of the wUd type (data 

not presented). It may therefore be the redox status of the glutathione pool, rather than the 

absolute level of glutathione that mfluences APS reductase activity. The importance of the 

GSH:GSSG ratio has previously been impUcated in the signahng of oxidative stress and 

the subsequent mitiation of the appropriate antioxidant responses (Roxas et al. 1997; May 

et al. 1998). Furthermore, the chloroplast GSH:GSSG ratio has been associated whh the 

transcriptional regulation of the mbisco large subunit in Chlamydomonas, providing a 

mechanism for Unking the stress response with the potential for photoacclhnation 

(Irihhnovitch and Shapha 2000). 

4.21. Stmcture of APS Reductases Supports the Hypothesis 
of a Redox Regulation She 

AU the plant APS reductases described to date, mcluding those from A. thaliana, 

have the same general stmcture and contam seven conserved cysteme residues (Phcher 
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and ZUinskas 1996). These enzymes are composed of two domains. At the ammo terminus 

hes a region termed the "reductase domain" showing ammo acid homology whh CysH, a 

cysteme biosynthetic enzyme from bacteria (Bick et al. 2000). At the carboxyl termmus is 

a domain with sequence homology to thioredoxms (Setya et al. 1996). Desphe the 

homology to thioredoxins, the C-domain functions as glutaredoxin, a redox cofactor 

related to thioredoxm that accepts electrons only from GSH. Plant APS reductase 

efficiently uses GSH as an electron source for catalysis and the C-domam is necessary for 

this activity, suggesting that h flmctions in catalysis (Setya et al. 1996). Two of the APS 

reductase cysteme residues are found m the C-domain in the sequence CPFC (C385 and 

C388) comprising the glutaredoxm-hke active she. 

The other five cysteine residues are located in the reductase domain at residues 

C202 and C203 (context ECCR), C294 and C297 (context CEPC), and C322 (context 

ECGLH). The 3-dimensional stmcture has been determhied for E. coli CysH an ortholog 

of the reductase domain of plant APS reductases (PDB SULl). By carrymg out a simple 

modehng exercise whereby the APRl reductase domain is fitted to the stmcture ofE. coli 

CysH h is evident that C202:C203 and C385:C388, which he distant from each other m 

the primary sequence, may he near each other whhm the context of the folded protein, 

suggesthig that they could potentiaUy form a disulfide bridge. 

Any effort to predict the APRl regulation she must explain why hs closely related 

paralogs, APR2 and APR3, appear to be msenshive to redox control, as aU the forms 

contahi aU the conserved cysteine. It is possible that an activatmg disulfide bond exists in 

the paralogs, but due to shght differences m prunary sequence, the disulfide is more stable, 

102 



less senshive to disulfide reductants, in APR2 and APR3 than in APRl. In this regard, 

future examination of the oxidation state of the cysteme m the 3 APR paralogs of .4. 

thaliana would informative. 

4.22. The In Vivo Response of APS Reductase to 
Oxidative Stress 

An increase in APS reductase activity was observed in vivo in a number of 

experimental systems using various treatments that induce oxidative stress. In aU of the 

systems studied there was a transient increase m activhy, which retumed to the initial level 

as the stress was managed. The increase in activity did not correlate with a change in the 

hnmuno-detectable level of enzyme, and the response was stUl observed hi 4̂. thaliana 

seedhngs blocked m mRNA synthesis or translation. This is uidicative of the activation, 

rather than mcreased de novo synthesis of APS reductase. In the example of plants treated 

with ozone, a transient change m the redox state of the glutathione pool was observed that 

correlated precisely with the change in APS reductase activity. These resuhs are consistent 

with the hypothesis that APS reductase is regulated by the redox state of the plant ceU. 

Although aU the resuhs of this study of this study are correlative, taken together they 

provide a group of resuhs from widely varymg systems that aU pomt toward the 

hypothesis that APS reductase is subject to redox regulation. 
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4.23. The Mechanisms for Regulation of Glutathione 
and Cysteine Synthesis 

The mechanisms regulating glutathione synthesis m plants are currently not weU 

understood, y-glutamylcysteine synthetase (Noctor et al. 1996; Rennenberg 1997) 

controls glutathione synthesis, but h is ulthnately dependent upon the level of hs substrates 

glutamate and cysteine. If cysteine avaUabUity is a hmitation, as has been hypothesized 

(Noctor et al. 1996; Rennenberg 1997; Noctor et al. 1998), h raises the question of 

whether the regulation of cysteme synthesis may play a role hi regulating the glutathione 

level. APS reductase is the only enzyme of the sulfate asshnUation pathway that has been 

shown to be strongly regulated in plants by various treatments that alter the requhement 

for cysteme. These mclude the exposure of plant roots to heavy metals (Heiss et ai 1999; 

Kopriva et al. 1999) and sulfur starvation (Takahashi et al. 1997; Leustek et al. 2000). 

Thus, the finding that oxidative stress mduces APS reductase activity is consistent with 

previous reports. However, the response to appears to be flmdamentaUy different from 

the others in that the oxidative stress induces APS reductase activity in leaves and a 

component of the regulation appears to be at a post-translational level. By contrast, heavy 

metal stress and suMir starvation induce APS reductase primarily in roots and regulation is 

mediated through mcreases in the steady state level of mRNA for APS reductase. 

In plants, the level of glutathione and hs reduction state are metaboUcaUy controUed. The 

glutathione concentration has been reported between 3 and 10 mM and h is maintained in 

the reduced state by NADPH-dependent glutathione reductase. During oxidative stress 

glutathione is used for reduction of ROS, resuhmg in a transient mcrease in the level of 
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GSSG. In addhion, the level of glutathione also increases after oxidative stress (Smith et 

al. 1984; Smith 1985; Smith etal. 1985; May and Leaver 1993; Rennenberg 1997), 

presumably to provide mcreased capachy to neutrahze ROS. Based on the resuhs 

presented here, the activation of APS reductase can be placed within a coordmated system 

for mamtenance of the glutathione pool and glutathione reduction state (Figure 4.26). 

Glutathione reductase is another enzyme that has been proposed to have redox-regulated 

isoforms that are activated by GSSG or oxidants (Hausladen and Alscher 1994). The 

chloroplast form of glucose-6-phosphate dehydrogenase, the pentose phosphate pathway 

enzyme needed for generation of NADPH is another enzyme that is activated by oxidation 

(Wenderoth et al. 1997). Other post-transcriptional, redox-dependent mechanisms have 

been described for the regulation of APX, SOD, and y-glutamylcysteme (y-EC) synthetase 

(Herouart et al. 1993). The avaUabUity of reduced glutathione is hnportant m the 

restoration of the redox status of the ceU, particularly in the chloroplasts, and plays a 

central role as an antioxidant and hi the recychng of other antioxidant systems. However, 

a recent study demonstratmg that over expression of y-EC synthetase, and hence increased 

GSH biosynthesis m chloroplasts, paradoxicaUy resuhed in an mcrease in oxidative stress 

levels. This probably reflects the complexity of the redox-senshig mechanism hi plants and 

our hmited understanding of the metabohc responses to oxidative stress. 
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4.24. Concerted Regulation of the Cycles for Mhigation 
of Oxidative Stress 

in this report we propose that APS reductase activity is controUed by the 

equihbrium between thioredoxin and glutathione, two independent redox systems 

operating m the chloroplast Figure 4.26. The role of thioredoxin m couphng the hght 

reactions of photosynthesis to the reductive activation of Calvm cycle enzymes is weU 

known (Buchanan et al. 1994). In the absence of oxidative stress, thioredoxin would serve 

to mactivate the redox-regulated form of APS reductase. However, a side effect of 

photosynthesis is the production of ROS, removal of which produces GSSG. When ROS 

production exceeds the capacity to maintain the glutathione pool in the reduced state, the 

accumulatmg GSSG would activate APS reductase, thereby mducmg the synthesis of 

addhional glutathione. As glutathione accumulates and the glutathione pool is restored to 

hs reduced state, reduced thioredoxm mactivates APS reductase. This hypothesis is 

compelling because dhect activation of a key enzyme m glutathione biosynthesis would 

serve as a dynamic mechanism for controlling the rate of synthesis in dhect response to the 

requhement for glutathione needed to combat oxidative stress. 

This current study is the first to demonstrate redox-regulation of sulftir assinulation 

in plants, although the precise mechanism and the cysteme residues of APS reductase 

involved have yet to be elucidated. Nevertheless, m identifymg a correlation between the 

activity of a key enzyme in cysteme biosynthesis and the redox-status of the glutathione 

pool, we are closer to understanding the mechaiusms mvolved m overcoming oxidative 

stress in the chloroplasts. 
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4.25. CrtJ Forms an Intramolecular Disulfide Bond 
Under Aerobic Condhions 

The author of this dissertation worked only with the redox thrations of CrtJ. AU 

other work was done m the lab of Dr. Carl Bauer at Indiana Uruvershy. 

To test whether CrtJ forms a disulfide bond, we undertook several in vivo and in 

vitro assays for the presence or absence of disulfide bonds when CrtJ is exposed to 

oxidizing or reducmg condhions, respectively. The formation of an intermolecular 

disulfide bond was ruled out by observing no stable dhners or higher ohgomers m oxidized 

CrtJ preparations as assayed by SDS polyacrylamide gel electrophoresis under non-

reducing condhions. However, in vitro thiol trapping experiments did show evidence for 

an mtramolecular disulfide bond in oxidized CrtJ. In this analysis, cysteme suhhydryl 

groups were covalently modified with 4-acetaniido-4'-malehnidylstibene-2, 2'-disulfonic 

acid (AMS) which retards electrophoretic mobUity. Smce disulfide bonds are resistant to 

AMS modification, the presence of an intramolecular disulfide bond m oxidized CrtJ 

would resuh m fewer cysteme sulfhydryl groups avaUable to react with AMS than would 

be present in reduced CrtJ. Consequently, if there was an intramolecular disulfide bond 

formhig m CrtJ, then oxidized CrtJ would migrate faster during SDS polyacrylamide gel 

electrophoresis than would reduced CrtJ after AMS modification. AMS treatment of 

reduced (P- mercaptoethanol exposed) CrtJ resuhed m significantly slower electrophoretic 

migration than is observed with a CrtJ preparation that was exposed to oxygen saturated 

buffer prior to treatment with AMS. AMS treated oxidized CrtJ also migrates shghtly 

slower than untreated CrtJ. Smce CrtJ contains three cysteine residues, these resuhs were 
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interpret as evidence that oxidized CrtJ may only have one cysteme that is avaUable for 

AMS modification whUe reduced CrtJ would have three cysteine avaUable for AMS 

modification. 

For in vivo analysis of disulfide bond formation in CrtJ, Rb. capsulatus ceUs were 

grown under anaerobic (photosynthetic) or aerobic (heterotrophic) growth condhions. At 

mid log-phase, the aerobicaUy grown ceUs were treated with 10% TCA to denature the 

ceUular proteins which effectively "fixes " CrtJ sulfliydryls into theh oxidized or reduced 

states. In paraUel, a mid-log phase anaerobic cuhure was placed m an anaerobic chamber 

contammg no oxygen (85% Nj, 5% Hj, 10% COj) and similarly treated with TCA. 

Precipitated denatured proteins were then neutralized with a buffer, washed, treated whh 

AMS, and then size fractionated by SDS-PAGE and then analyzed for CrtJ migration by 

Westem blot analysis. 

AMS-treated anaerobicaUy grown ceU extracts exhibhed significantly slower 

migration of CrtJ than did AMS-treated aerobic extracts. Indeed, the migration patterns 

of CrtJ in the AMS-treated aerobic and anaerobic ceU extracts show electrophoretic 

patterns identical to those observed with purified preparations of AMS-treated oxidized 

and reduced CrtJ. These thiol-trapphig experiments clearly demonstrate that CrtJ forms 

an intramolecular disulfide bond and that the disulfide bond is present in aerobicaUy but 

not anaerobicaUy grown Rb. capsulatus ceUs. 
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4.26. Disuhide Bond Formation Occurs in Response 
to Molecular Oxygen 

Another issue is the mechanism of disulfide bond formation m CrtJ. In wUd-type 

E. coli, there is httle change in the redox-state of the cytoplasm when ceUs are shifted 

from aerobic to anaerobic growth condhions. Measurements of oxidation and reduction 

states of glutathione indicates that the E. coli ceUular redox potential remams between 

-260 and -280 mV m aerobic and anaerobic ceUs (Zheng et al. 1998; Aslund et al. 1999). 

Consequently, most cytoplasmic proteins remain in a reduced state, even when wUd type 

E. coli is grown aerobicaUy. This has raised the question regarding how a disulfide bond 

forms in the transcription factor OxyR, a protein that is known to have a midpoint 

potential for formation of hs mtramolecular disulfide bond of-185 mV (Aslund et al. 

1999). Recently, h has been shown that the disulfide bond formation in OxyR is 

stimulated by trace amounts of hydrogen peroxide, even under reducing condhions 

(Aslund er al. 1999). Indeed, E. coli mutations that mcrease hydrogen peroxide levels just 

2-fold over those found in wold type ceUs cause consthutive in vivo disulfide bond 

formation m OxyR (Aslund et al. 1999). Since oxidized OxyR is responsible for activatmg 

expression of reactive-oxygen defense genes, h appears that h has evolved a mechanism to 

form a disulfide bond by dhect interaction with hydrogen peroxide. 

To address the issue of disulfide bond formation m CrtJ, an analysis of the redox-

state of aerobicaUy and anaerobicaUy grown Rb. capsulatus ceUs was done. For this 

analysis, the cytosohc redox potential was esthnated by measuring the ratio of glutathione 

(GSH) and glutathione disulfide (GSSG) usmg the glutathione reductase recychng method 
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(Hwang er al. 1992, 1995). The resuhs of this assay indicates that anaerobicaUy grown 

ceUs have a potential of-224 mV and that aerobicaUy grown ceUs have a potential of-222 

mV. Given the likely experimental uncertainties m these measurements, h can be 

concluded that ceUs grown under ehher condhion both have ambient potentials of 

approxhnately -220 mV. Thus, as the case for E. coli, there is httle difference in the 

redox potential of aerobicaUy and anaerobicaUy grown Rb. capsulatus ceUs. The midpoint 

potential of disulfide bond formation of CrtJ in vitro was measured by assaying the 

amount of fluorescence emission from the covalent adduct formed by the reaction of CrtJ 

with mBBr. Redox thrations usmg mBBr fluorescence to monitor the level of disulfide 

reduction have proven to be a rehable method for measuring such E„, values (Krimm et al. 

1998; Hhasawa et al. 1999; Setterdahl et al. 2000). The data give a good fit to a the n =2 

Nemst equation for a smgle component with a En, midpomt of-175 mV at pH 7.0 (Figure 

4.27). These resuhs are precisely those expected for a 2-electron event such as that which 

would be occurring for the reversible cleavage/formation of a smgle disulfide bond. The -

175 En, value measured for CrtJ at pH 7.0, is very shnUar to that reported previously for 

OxyR (Aslund er a/. 1999). 

The question of whether the reduced CrtJ that is present in anaerobicaUy grown 

ceUs is susceptible to oxidation by the addhion of low concentrations of hydrogen 

peroxide to anaerobic cuhures, as is the case for OxyR, was also investigated. In the case 

of OxyR, h has been observed that addhion of as httle as 5 mM H2O2 to E. coli cultures 

wUl lead to about 50% conversion of reduced OxyR to oxidized OxyR with addhion of 10 

mM H2O2 leadmg to fiiU conversion to an oxidized state (Aslund et al. 1999). For Rb. 
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capsulatus, h was observed that addhion of a wide range of hydrogen peroxide 

concentrations rangmg from 0.001 to 1.0 mM to anaerobicaUy grown ceUs did not lead to 

detectable in vivo formation of a disuMde bond m CrtJ as measured by AMS modification 

analysis. However, h was observed that addhion of molecular oxygen to anaerobicaUy 

grown ceUs did resuh m conversion of CrtJ from a reduced to a oxidized state after a 30 

mm exposure (Figure 4.28, lane 5). In contrast, no oxidation of CrtJ was observed during 

a simUar time period after addhion of a relatively high amount of H2O2 (Figure 4.28, Lane 

3). These resuhs mdicate that disulfide bond formation m CrtJ dhfers from that of OxyR 

in that h appears to response to an increase in molecular oxygen rather than to the 

presence of an reactive-oxygen species such as H2O2. 

4.27. Disulfide Bond Formation is Requhed for CrtJ Binding 
to The bchC Promoter 

Analysis of whether the formation of an mtramolecular disulfide bond affects 

DNA-bmdhig properties of CrtJ, was performed by gel mobUity shift assays whh a DNA 

segment of the bchC promoter region that contams two CrtJ DNA-bmdmg paUndromes 

(Ponnampalam er a/. 1998). Lfuies 2-4 in Figure 4.20A are control reactions that show 

the reversible effect of redox envhonment on the DNA-bmdmg activity of CrtJ. 

SpecificaUy, lane 2 shows that exposure of CrtJ to atmospheric oxygen resuhs in the 

abUity of CrtJ to form a stable bchC-Crii complex. In contrast, lane 4 shows that 

reduction of shnUar amounts of CrtJ whh 20 mM P-mercaptoethanol inhibhs the formation 

of a stable DNA-CrtJ complex. Lane 3 demonstrates that the mhibitory effect of 
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Figure 4.28. Effect of oxygen on disulfide bond formation m CrtJ. Lanes 1 and 6 depict 
the SDS-PAGE migration of CrtJ from anaerobicaUy grown ceUs that were treated whh 
AMS. Lanes 2 and 3 are of anaerobicaUy grown cells that were exposed to 1.0 mM H2O2 
for 10 and 30 mm prior to treatment with AMS, respectively. Lanes 4 and 5 are of 
anaerobicaUy grown ceUs that were exposed to O2 for 10 or 30 min, respectively prior to 
treatment with AMS. 
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p-mercaptoethanol is reversible, as DNA-bhiding activhy is restored when the P-

mercaptoethanol treated CrtJ is subsequently exposed to pure oxygen for 20 mm prior to 

addhion of the DNA probe. 

The mvolvement of the cysteme redox state in DNA-bindmg was also addressed by 

assaymg whether acetylation of CrtJ cysteme sulfhydryls affects DNA-bmding activity. 

SpecificaUy, Fig. 4.29A, lane 5 is a DNA-bindmg assay in which CrtJ was first reduced by 

exposure to 20 mM P-mercaptoethanol, acetylated whh lodoacetamide, and fmaUy 

oxidized by exposure to pure oxygen. UnUke lane 3, where reduced CrtJ is capable of 

bemg re-activated by exposure to oxygen, the reduced and acetylated CrtJ can no longer 

be activated. Importantly, DNA-bindmg activity is not affected when CrtJ is first oxidized 

and then treated with lodoacetamide (lane 6). As lodoacetamide does not react with 

disulfide bonds, these resuhs hidicate that oxidized CrtJ is capable of formhig a disulfide 

bond that subsequently promotes DNA-binding. 

4.28. Mutational Analysis of Cysteme Residues in CrtJ 

Mutational analysis of cysteine residues m CrtJ was performed in order to 

determine which cysteme forms an intramolecular disulfide bond, as weU as to address the 

functional hnportance of forming a disulfide bond in vivo. Sequence analysis hidicates that 

Rb. capsulatus CrtJ contains three cysteine residues located at amhio acids 22, 249 and 

420. Cys249 and 420 were identified as attractive targets for mutational analysis because 

they are also conserved m a CrtJ homolog from Rhodobacter sphaeroides (Penfold and 

Pemberton 1994). Furthermore, Cys420 is also very near the carboxyl ternunal hehx-tum-
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Figure 4.29. Inhibhion of reversible redox responsive DNA-bindmg of CrtJ by 
lodoacetamide and she-dhected mutagenesis. (A) ^^P-labeled bchC promoter prob»e 
mcubated with wUd type CrtJ and size fractionated by gel electrophoresis. Lane 1, DNA 
probe. Lane 2, oxygen oxidized CrtJ mcubated with the DNA probe. Lane 3, CrtJ 
mcubated with P-ME and then oxidized wdth pure oxygen prior to addhion of the DNA 
probe. Lane 4, CrtJ incubated with P-ME prior to adding the DNA probe. Lane 5, CrtJ 
treated with P-ME, lodo, and then pure oxygen. Lane 6, oxidized CrtJ incubated with 
lodo and DNA probe. Lane 7, CrtJ mcubated P-ME foUowed lodo. (B) Loss of zw vitro 
DNA-bindmg activity of cys mutants. Lane 1, bchC promoter probe. Lane 2, C420A 
mutant CrtJ. Lane 3, C249A mutant CrtJ. Lane 4, wUd-type CrtJ with bchC DNA probe. 
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hehx DNA-bindmg motif located at ammo acid residues 426-463 (Penfold and Pemberton 

1994). For the in vivo studies, mdividual cysteme to alanme mutants at aU three locations 

were constmcted and recombined whh the mutations mto the chromosomal copy of crt J 

(Penfold and Pemberton 1994). Analysis of expression patterns of CrtJ repressed genes 

usmg P-galactosidase based reporter plasmids indicates that the cysteine to alanme 

mutation at poshion 22 (strain C22A) had no effect on CrtJ-mediated aerobic repression 

of the pucB, bchC, and err/promoters, as evidenced by aerobic expression levels that are 

the same as that observed with wUd type Rb. capsulatus (strain SB 1003) (Figure 4.30). In 

contrast, a cysteine to alarune mutation at codon 420 (strain C420A) elevated expression 

of the reporter plasmids to a level that was the same as observed with the crrJ deleted 

strain CD2-4. This hidicates that the cysteine to alarune mutation at this poshion 

abohshed CrtJ in vivo repressmg activity Figure 4.30. The cystme to alanine mutation at 

codon 249 (strahi C249A) also elevates aerobic expression of the reporter plasmids, but 

not nearly to the same extent as does the C420A mutation. A shnUar pattem is observed 

with OxyR in which a mutation in one of the disulfide bond formhig cysteme (Cys 199) 

exhibhs a much more severe in vivo phenotype than does a mutation m the second 

disulfide bond formhig cysteine (Cys208) (KuUik et al. 1995). Westem blot analysis also 

hidicates that there are comparable levels of CrtJ m wUd type and in the C420A and 

C249A mutant strains, indicatmg that the C420A and C249A mutations are not simply 

affecting protem stabihty. 
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Figure 4.30. Measurement of aerobic expression of the pucB, crti and bchC promoters m 
the wild type strahi SB 1003, the crrJ deletion strain CD2-4 and in the C22A, C249A, 
C420A crrJ mutant strains. P-galactosidase activity refers to the amount of O-
nitrophenyl-P-D-galactoside hydrolyzed per irunute per miUigram of protem. p-
galactosidase activity is the average of three independent assays. 
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4.29. Mutatmg Cvs249 and Cvs420 to Alanme 
Abohshes CrtJ DNA-Bindmg 

To confirm the in vivo expression analysis of photosynthesis genes, in vitro DNA-

bindmg studies were conducted with purified C249A and C420A mutant CrtJ protems. 

As shown m the gel mobUhy shift assays in Figure 4.29B, oxidized C249A and C420A 

mutant CrtJ protein preparations both exhibh defects in binding to the bchC promoter 

probe, relative to that observed with oxidized wUd type CrtJ. Furthermore, acetylation of 

the purified mutant proteins with AMS showed no evidence of ahered electrophoretic 

mobUity with protem that was pre-exposed to P-mercaptoethanol or to oxygen. Together 

with the in vivo mutational data, these resuhs imphcate the conserved Cys249 and Cys420 

residues as being involved in the formation of an intramolecular disulfide bond. 
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