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Investigating Cellular Responses to Mutations in the Glutathione and 

Thioredoxin Pathways of Escherichia coli 

by 
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The University of Texas at Austin, 2009 

Supervisor: George Georgiou 

 

Inhibition of disulfide bond formation in Escherichia coli implicates an intricate 

collaboration of proteins which comprise the glutathione and thioredoxin reducing 

pathways.  Bioengineers have successfully engineered E. coli possessing mutated 

reducing pathways that promote, rather than inhibit, disulfide bond formation in the 

cytoplasm.  The transcriptome of six such mutant E. coli strains have been characterized 

using Microarray technology.  We find that all mutant strains exhibit a unique response 

to oxidative stress, not observed in wild type.  Statistical analyses revealed the 

expression of more than 200 genes that are affected by mutations within the reducing 

pathways.  Significantly up-regulated biological processes include cysteine biosynthesis, 

histidine biosynthesis, NADH Dehydrogenase I biosynthesis, sugar catabolic processes, 

and activation of stress responses.  The second part of this work describes the 

construction of an E. coli strain that promotes the complete conversion of glutathione 

into its seemingly dormant derivative, glutathionylspermidine.  This engineered strain 

can be used in assays designed to evaluate the effectiveness of glutathionylspermidine 

as a substitute for glutathione and, hopefully, allude to its true metabolic function. 
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Chapter 1: 

Background  

1.1. Redox Chemistry in Biological Systems 

1.1.1 The inescapable generation of oxidative stress in aerobic organisms 

Escherichia coli cells are facultative aerobic organisms whose metabolic processes are 

coupled with energetically favorable redox reactions which transfer electrons from an 

electron rich source to an electron sink compound.  The most notable illustration of this 

synergistic effect is aerobic respiration in which cells couple the reduction of oxygen to 

water, and proton transport to generate adenosine triphosphate (ATP), the main energy 

intermediate in living organisms.  Continuous exposure to oxygen eventually results in 

the intracellular accumulation of reactive oxygen species (ROS) (Figure 1.1).   

 

 

Figure 1.1: Formation of reactive oxygen species.  Inadvertent collisions between oxygen and redox enzymes such as 
dehydrogenases reduces oxygen to superoxide (1).  Superoxide is reduced to hydrogen peroxide via the enzyme 
superoxide dismutase (SOD) (2).  Hydrogen peroxide can spontaneously undergo Fenton Chemistry in which it reacts 
with free ferrous (II) iron to form reduced hydroxyl radical and hydroxyl anion.  Accumulation of ROS can oxidize 
biomolecules such as (a) iron-sulfur clusters,[4Fe-4S], (b) the sulfur groups of methionine residues, (c) the sulfur group of 
cysteine residues,  and (d) DNA  
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Reactive oxygen species are byproducts of inadvertent “collisions” between oxygen and 

redox proteins, such as respiratory dehydrogenases, which reduce oxygen into 

superoxide (O2˙-) and hydrogen peroxide (H2O2) (Imlay 2003).  Hydrogen peroxide can 

subsequently undergo Fenton Chemistry, in which it oxidizes ferrous iron (II) to ferric 

iron (III), generating reduced hydroxyl radicals (OH˙) and anions (OH-) (Wardman 

1996).  Therefore, the longer cells are exposed to oxygen, the higher the probability and 

frequency of these radical byproducts.  Cellular oxidative stress occurs when the 

concentration of these reactive oxygen species accumulate to toxic levels.  Toxic effects 

include DNA damage and mutations, oxidation of sulfur containing amino acids, and 

the disassembly of iron-sulfur clusters (Imlay 2003).   

 

1.1.2 The formation of disulfide bonds between cysteine residues 

Fenton chemistry and reactive oxygen species can also cause “disulfide stress” in which 

protein activity is lost due to oxidation of cysteine residues (Aslund, Zheng et al. 1999).  

Cysteine is sensitive to oxidation by way of its unique side chain, a thiol group, which 

can form intramolecular and intermolecular covalent bonds, termed disulfide bonds, 

between other neighboring cysteines.  Disulfide bonds are key post-translational protein 

modifications which serve both structural and catalytic properties.  Structurally, 

disulfide bond formation is said to be have both enthalpic and entropic stabilizing 

effects to protein structure; catalytically, disulfide bonds function as redox switches in 

which formation of a disulfide bond governs enzyme activity (Wedemeyer, Welker et al. 
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Figure 1.2: The  thiol-disulfide exchange mechanism.  Thiol disulfide exchange is a nucleophilic attack by a thiolate (R1-S-) 
on an electrophilic disulfide pair (R2-S-S-R3).  This nucleophilic attack displaces one thiol group (R3-S) and complexes with 
the remaining thiol forming a new disulfide bond (R1-S-S-R2).   

2000).   For example, Ribonucleotide Reductase (RNR) has a catalytic disulfide bond 

which reduces ribonucleotides into deoxyribonucleotides (DNA).  This reductase 

activity is lost when its catalytic pair of cysteine residues are oxidized in a disulfide 

bond (Ritz, Lim et al. 2001).  Conversely, OxyR, a transcription factor responsible for the 

oxidative stress response, is active only when the catalytic cysteine pair is oxidized into 

a disulfide bond (Aslund, Zheng et al. 1999).   

 

The function of disulfide bonds as redox switches is attributed to thiol-disulfide bond 

exchanges with non-adjacent cysteines (Figure 1.2). Thiol-disulfide exchange is a 

nucleophilic redox reaction where a thiolate group (R1-S1-), the  nucleophile, attacks an 

electrophilic disulfide pair (R2-S2-S3-R3),  and forms a new disulfide bond between the 

attacking thiolate group and a sulfur group from the original disulfide pair (R1-S1-S2-R2); 

the third sulfur group is displaced as a new thiolate anion (R3-S3-) (Vlamis-Gardikas 

2008).   Therefore, due to their participation in thiol-disulfide exchange, cysteine 

residues provide a mechanism for the transfer of electrons from one molecule to another. 
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1.1.3 The thermodynamics and kinetics of disulfide bond formation 

The Nernst Equation describes the free energy governing the direction of thiol-disulfide 

redox reactions.  The ability for a species, the reductant, to reduce an oxidant, depends 

on each species’ standard reduction potentials (E°), or “reducing” power, and relative 

concentration of their respective reduced and oxidized forms (Equations [1-2]) (Vlamis-

Gardikas 2008).  If an individual redox reaction is not favorable, then, 

thermodynamically, the reaction may still be possible if it is coupled to other thiol 

disulfide redox-reactions whose sum of free energies are favorable (Equation [3]) 

(Vlamis-Gardikas 2008).  

:                   [1] 

 ∆   ∆ ° ln  O
R O

                       2  

 ∆    ∑ ∆                                                             3  

Although a reaction might be thermodynamically favored, the intracellular rate at which 

these reactions occur must also be considered.  For instance, if a reductant’s access to a 

disulfide bond is inhibited, then a redox reaction cannot occur within a realistic time 

frame, irrelevant of whether the reaction is possible thermodynamically. (Vlamis-

Gardikas 2008).  Consequently, enzymes have evolved with high specificity allowing 

only specific reactions to be kinetically favored.  Such catalysts of thiol-disulfide 

exchanges, termed oxidoreductases enzymes, have coupled together forming two 

unique redox pathways.  
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1.2. The Evolution of Reducing Pathways  

1.2.1 E. coli accommodate two reducing pathways which inhibit cytoplasmic disulfide bond 
formation  

Within E. coli two reducing pathways have evolved to inhibit the formation of disulfide 

bonds in the cytoplasm.  From a thermodynamic standpoint, the presence of a high 

concentrations of reducing molecules ensures that the overall redox potential is too low 

to promote disulfide bond formation; kinetically, both pathways house specific 

oxidoreductase enzymes which function to actively reduce disulfide bonds between 

neighboring cysteines (Bessette, Aslund et al. 1999).  These pathways are known as the 

thioredoxin pathway and the glutathione/glutaredoxin pathway.   

 

In both the thioredoxin and glutathione pathways, oxidoreductase enzymes shuffle 

electrons from NADPH, the electron source, to downstream oxidized protein targets 

such as Ribonucleotide Reductase.  The first set of oxidoreductase enzymes is 

specialized flavoenzymes, called pyridine nucleotide disulfide oxidoreductases, which 

transfer electrons from NADPH to their corresponding oxidoreductases via disulfide 

bond exchange.  Pyridine nucleotide disulfide oxidoreductase enzymes contain three 

important functional properties: (i) a domain for binding and interacting with NAPDH 

(ii) a flavin prosthetic group which accept electrons from NADPH (iii) a pair of redox 

active cysteines that can accept the electrons as thiolate ions (Vlamis-Gardikas 2008).  

The reducing pathways can somewhat substitute for one another because of their 

common affinity for a few key protein targets, such as ribonucleotide reductase, 
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Figure 1.3: Schematic of the thioredoxin (right side) and glutathione (left side) pathways used to maintain 
the cytoplasm in a reduced state.  Arrows illustrate the flow of electrons and genes names are listed in 
parenthesis.  Briefly, NADPH donates two electrons to each of its substrates, Glutathione reductase and 
Thioredoxin reductase, which both donate electrons to their substrates.  The final acceptors of electrons are 
oxidized proteins containing disulfide bonds  

Phosphoadenylyl-sulfate reductase (PAPs), and Methionine Sulfoxide Reductase (MsrA)  

(Prinz, Aslund et al. 1997) .  Albeit many mechanistic similarities, the thioredoxin and 

glutathione pathways function in parallel (Prinz, Aslund et al. 1997).   

 

 

1.2.2 The Thioredoxin Pathway 

The thioredoxin pathway comprises three main oxidoreductase enzymes: thioredoxin 1 

(trxA gene), thioredoxin 2 (trxC gene), and glutaredoxin 4 (grxD gene).  Structurally, 

thioredoxins are defined by a conserved CXXC motif in which the catalytic cysteine pair 

is separated by two amino acids.  Although a member of the thioredoxin family, 
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glutaredoxin 4 differs from other thioredoxins in that it only has one catalytic 

cysteine(Carmel-Harel and Storz 2000).  Regeneration of reduced thioredoxins is 

catalyzed by the pyridine nucleotide disulfide reductase, thioredoxin reductase (trxB 

gene), which is then reduced  by NAPDH (Carmel-Harel and Storz 2000) .  

 

Thioredoxins are essential players in the defense against oxidative stress.  These 

oxidoreductase enzymes function as hydroxyl radical scavengers and reduce hydrogen 

peroxide into water and oxygen (Zeller and Klug 2006).  In addition, thioredoxins are 

responsible for the maintenance  of ribonucleotide reductase, PAPs reductase, and 

methionine sulfoxide reductase, which regulate DNA synthesis , sulfur metabolism/ 

cysteine biosynthesis, and methionine biosynthesis, respectively (Miranda-Vizuete, 

Rodriguez-Ariza et al. 1996).   Finally, Thioredoxin 1 has also been implicated in 

additional cellular processes such as cell division, transcriptional regulation, energy 

transduction, and protein folding (Zeller and Klug 2006).      

 

1.2.3 The Glutathione Pathway: Glutaredoxins and Glutathione 

A small tripeptide, glutathione, and three glutaredoxins, glutaredoxin 1 (grxA), 

glutaredoxin 2(grxB), and glutaredoxin 3 (grxC), are coupled reductase enzymes that 

form a second, parallel reducing pathway.  Analogously to thioredoxin reductase, 

glutathione is maintained in its reduced state (GSH:GSSG ~200:1) by the pyridine 

nucleotide disulfide reductase, glutathione reductase (gor) (Ritz and Beckwith 2001); 
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glutathione is then responsible for the reduction of the three glutaredoxins.   Members of 

this reducing family may also reduce oxidized ribonucleotide reductase, PAPs 

reductase, and methionine sulfoxide reductase (Carmel-Harel and Storz 2000).  

Additionally, by way of a monothiol-disulfide exchange mechanism,  glutaredoxins 

reduce mixed disulfide bonds between glutathione and other intermolecular thiols such 

as glutaredoxins (aka glutathione-glutaredoxin mixed disulfides) (Shi, Vlamis-Gardikas 

et al. 1999).  This mono-thiol mechanism is physiologically important because it 

provides additional enzyme regulation during oxidative stress, in which accumulation 

of oxidized glutathione results in the glutathionylation and inactivation of certain 

proteins (Lillig, Berndt et al. 2008).   

 

Each glutaredoxin seems to have evolved a unique specificity for certain protein targets.  

For example, unlike glutaredoxins 2 and 3, glutaredoxin 1 can complement for ΔtrxA 

mutants due to a similar affinity towards oxidized ribonucleotide reductase.  On the 

other hand, glutaredoxin 2,  is the most efficient reductant of arsenate reductase, which 

reduces toxic arsenate into arsenite (Ritz and Beckwith 2001).  Although no evident in-

vivo role for glutaredoxin 3, studies suggest that this oxidoreductase is the most apt for 

the reduction of mixed glutaredoxin-glutathione disulfides (Lillig, Berndt et al. 2008).   

 

Ironically, the structurally simplest member of glutathione pathway, is, perhaps, also the 

most important member.  Glutathione, γ-glutamyl-L-cysteinyl-glycine, is a small 
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tripeptide with a unique peptide linkage between the γ-carboxyl group of glutamate and 

cysteine.  Glutathione, whose intracellular concentration ranges between 0.1 and 10 mM, 

is the most prominent thiol found in the cytoplasm (Masip, Veeravalli et al. 2006).    This 

overly-abundant thiol essentially acts as a “redox buffer”, whose concentration of 

reduced species solely determines the cytoplasmic redox potential, and, consequently, 

whether oxidative reactions in the cytoplasm are thermodynamically favorable (Vlamis-

Gardikas 2008).  Glutathione has also been attributed with many key functions such as a 

reductant of reactive oxygen species; maintenance of the reduced glutaredoxin pool; 

resistance to osmotic stress, acidic conditions, chlorine compounds, arsenate, and 

oxidative stress; and protection against irreversible protein thiol oxidation via 

glutathionylation (Masip, Veeravalli et al. 2006) .   

 

 

 

 

 

 

Figure 1.4: Biosynthesis of glutathione.  Two enzymes are responsible for the two-step synthesis of glutathione.  First, γ-
glutamyl-cysteinyl ligase (gshA) catalyzes a peptide bond formation between the amine group of cysteine and the γ-
carboxyl group of glutamate, forming the glutathione precursor, γ-glutamylcysteine [1].  Secondly, the enzyme glutamine 
synthase, catalyzes a standard peptide linkage between the amine group of glycine and the carboxyl group of γ-
glutamylcysteine [2].  Glutathione is maintained in its reduced form by glutathione reductase at an estimated GSH:GSSG 
ratio of about [200:1]  
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1.2.4 Engineering pathways for disulfide-bond formation  

Therapeutic enzymes containing disulfide bonds must be expressed in an environment 

that promotes cysteine oxidation.  Therefore, production within the E. coli cytoplasm 

proves difficult since the two oxidoreductive pathways expend energy to maintain the 

cytoplasm in a reduced state, inhibiting disulfide bond formation.   To address this 

difficulty, E. coli strains have been engineered to promote disulfide bond formation 

within the cytoplasm.  Mutant strains were designed based on the concept that deletion 

of specific members of the reducing pathways would result in their inability to catalyze 

disulfide bond reduction.  For example, elimination of thioredoxin reductase (trxB) or 

glutathione reductase (gor) would inhibit the continuous regeneration of reduced 

thioredoxins or glutaredoxins, respectively; instead, the oxidized oxidoreductase 

enzymes would catalyze disulfide bond formation(Bessette, Aslund et al. 1999).   

 

Studies show that promotion of disulfide bond formation was most prevalent in strains 

defective in both pathways; however, growth of these mutant strains (ΔtrxB/Δgor and 

ΔtrxB/ΔgshA)  is dependent on an external reductant source such as dithiothreitol (DTT) 

(Prinz, Aslund et al. 1997).  This dependency is most likely due to the inability of the 

reducing pathways to maintain the essential enzyme ribonucleotide reductase in  its 

active reduced state (Prinz, Aslund et al. 1997).  Fortuitously, suppressor mutations 

accumulating from these “oxidized” strains were discovered and found to have wild 

type growth rates in the absence of an exogenous reductant, while retaining the ability 
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to promote disulfide bond formation within the cytoplasm (Bessette, Aslund et al. 1999).  

They expressed the highest levels of correctly folded proteins containing numerous 

disulfide bonds  (Bessette, Aslund et al. 1999).   

 

Three such strains with improved capacity for oxidative reactions include one ΔtrxB, 

Δgor double mutant (SMG96), one ΔtrxB, ΔgshA double mutant ( MJF256.10), and one 

ΔtrxB, ΔgshB double mutant (MJF277.20) (Ritz, Lim et al. 2001).  Interestingly, 

suppression activity for each engineered strain was due to extragenic mutations within 

the ahpCF locus of E. coli (Ritz, Lim et al. 2001; Faulkner, Veeravalli et al. 2008).  AhpCF 

encodes a peroxiredoxin which catalyzes the reduction of hydrogen peroxide and alkyl 

hydroperoxides.  In this wild type reductive system, NADH is used as the electron 

source for the regeneration of the reduced active peroxiredoxin (Ritz, Lim et al. 2001).  

One type of suppressor mutation of the ahpCF locus, ahpC*, results in the loss of wild 

type peroxidase function due to the insertion of a single phenylalanine amino acid 

residue.  Instead, this single amino acid insertion changes substrate specificity of alkyl 

hydroperoxidase towards glutathionylated-glutaredoxins, allowing the regeneration of 

reduced glutathione or γ-glutamylcysteine in strains deficient in glutathione reductase 

(gor) or glutathione synthetase (gshB) , respectively (Yamamoto, Ritz et al. 2008).   

 

A double ΔtrxB ΔgshA mutant cannot be suppressed by AhpC* since the mechanism 

requires glutathione or the glutathione precursor (Faulkner, Veeravalli et al. 2008).  



 

12 
 

Another type of suppressor mutation in the AhpCF locus, AhpC(V164G), involves the 

substitution of a valine amino acid with glycine (Faulkner, Veeravalli et al. 2008).   In 

contrast to AhpC*, an AhpC(V164G) mutation can suppress a double ΔtrxB ΔgshA 

mutant. Supposedly, this mutation encodes a mutated alkyl hydroperoxidase that can 

directly reduce glutaredoxins, thus superseding a glutathione requirement  (Faulkner, 

Veeravalli et al. 2008).  Therefore, depending upon the specific extragenic mutation in 

the ahpCF locus, different mechanisms have evolved which suppress non-viable growth 

of mutants lacking wild type reducing pathways by partially restoring reducing 

equivalents to glutaredoxins and/or thioredoxins.  Nevertheless, all suppressor 

mutations promoted disulfide bond formation in the E. coli cytoplasm. 
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1.3. The Oxidative Stress Response 

Accumulation of reactive oxygen species imposes cellular oxidative stress.  In response 

to oxidative stress, E. coli increases the transcription of an ensemble of genes whose 

corresponding proteins detoxify radical species.  Two systems of transcription factors 

regulate this oxidative stress response: OxyR and SoxRS 

 

During oxidative stress, increasing concentration of hydrogen peroxide results in the 

oxidation of catalytic cysteine residues within the key transcription factor, OxyR.  The 

oxidative formation of a disulfide bond between these cysteine residues, activates OxyR 

which orchestrates responses to hydrogen peroxide by activating the transcription of 

enzymes responsible for hydrogen peroxide reduction (katG), members of the reducing 

pathways (gorA, grxA, trxC), and small regulatory RNA OxyS.  Active OxyR is reduced 

to its inactive form by glutaredoxin  1 resulting in a feedback loop for oxyR regulated 

genes (Zheng 1998).   

 

Another regulon, independent of OxyR, induced during oxidative stress is SoxRS.  SoxR 

and SoxS are genes which correspond to two separate transcription activators that 

participate in a two-step cascade regulating downstream genes (Pomposiello 2001).  

Similarly to OxyR, during oxidative stress SoxR becomes oxidized and activate the 

expression of SoxS.  Dissimilarly, activation is due to superoxide generating agents such 
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as paraquat which catalyze a one-electron oxidation of reduced iron sulfur, [2Fe-2S], 

clusters in which iron is oxidized from Fe2+ to Fe3+ ; this oxidized SoxR form can then 

initiate expression of the SoxS transcriptional activator which then is responsible for 

expression of downstream genes (Ding 1996).  SoxRS regulon eliminates superoxide via 

a dismutase (sodA) which reduces superoxide to hydrogen peroxide.  Hydrogen 

peroxide accumulation subsequently activates the independent OxyR response (Priesto-

Alamo 2000).  Another important function of SoxRS is to reconstitute a reduced  

NADPH pool via an increase in the synthesis gluxose-6-phosphate dehydrogenase 

(zwf), which generates ribose for nucleoside synthesis and NAPDH for the reductive 

pathways (Pomposiello 2001; Giro 2006). 
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1.4. Microarrays: A High Throughput Transcriptome Analysis 

1.4.1 The Central Dogma of Biology 

The central dogma of biology refers to a series of instructions required for the 

conversion of a gene into its corresponding protein (Figure 1.5).  DNA is considered an 

organism’s “genetic blueprint”, containing all information required for the synthesis of 

proteins.  Once an organism requires a specific protein, the gene is transcribed from 

DNA to a transient, single-stranded, storage molecule known as mRNA.  The protein 

synthesizer, the ribosome, uses this intermediate molecule as a template to convert the 

gene into its corresponding functional protein.  Therefore, neglecting sources of post-

transcriptional and translational regulation, the concentration of mRNA is 

representative of the concentration of protein being actively synthesized.  

 

 

Figure 1.5: The Central Dogma of Biology.  The central dogma of biology describes the progression from a gene to a 
protein.  When a protein needs to be synthesized, the gene which encodes it is transcribed into mRNA a temporary storage 
system [1].  The mRNA acts as a template for the ribosome which translates the genetic code into proteins [2].  
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1.4.2 From the Central Dogma of Biology to the Microarray 

The microarray is a powerful new technology which simultaneously analyzes the 

expression of thousands of genes in an effort to probe cellular metabolic activity.  The 

general process for microarray synthesis can be summarized in five steps: (i) mRNA 

from an organism of interest is isolated (ii) the mRNA is subsequently converted to 

complementary DNA (cDNA) (iii) cDNA is fragmented and fluorescently labeled for 

detection (iv)  using Watson-Crick base pairing (A-T; C-G),  fragmented and labeled 

cDNA is hybridized onto a microarray chip that contains thousands of base pair 

sequences (aka probes) which are complementary to genes expressed by the organism of 

interest (v) A detector scans, amplifies, and processes the emitted fluorescent signal of 

hybridized cDNA.  (Stekel 2003).  The transformed signal intensity is assumed to be 

proportional to the concentration genes hybridized.  Generally, this signal intensity is 

used to compare variations in gene expression between different samples of interest  

 

1.4.3 Fitting thousands of genes onto a square centimeter chip 

 The two classical types of microarray chips are “spotted” arrays and oligonucleotide 

chips (Knudsen 2004).  In a spotted microarray, complementary gene fragments, called 

probes, are synthesized by polymerase chain reaction (PCR) or oligonucleotide synthesis 

(Knudsen 2004).  Next, robot spotters covalently or non-covalently deposit these probes 

directly onto the coated glass slide surface of an array (Knudsen 2004).  Finally, 

deposited DNA probes are fixed to the chip, preventing the adhesion of additional DNA 
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(i.e. cDNA from the sample of interest).  Advantages associated with the use of spotted 

microarrays are that any probe of interest can be easily designed, and that the 

technology allows for the direct measurement of gene expression ratio between two 

samples of interest labeled with different flurochromes and hybridized to the same chip 

(Knudsen 2004).  However, disadvantages include the cost of mass producing these 

chips and high variation between microarray chips due to non-uniform probe spotting 

(Knudsen 2004). 

 

A second type of microarray chips with less variation between chips is oligonucleotide 

arrays produced by Affymetrix.  Unlike spotted arrays, the probes for oligonucleotide 

arrays are built base-by-base directly on the surface of the array (Stekel 2003).  In situ 

oligonucleotide synthesis covalently binds the 5’ hydroxyl group of the last added ribose 

sugar to the phosphate group of the next added nucleotide.  Each polymerized 

nucleotide has a protective group on its 5’ hydroxyl position, which must be removed 

before adding the next nucleotide (Stekel 2003).  Affymetrix chips employ 

photolithography technology in which light converts the protective group to a hydroxyl 

group.  The light is directed using masks that allow light to pass to some areas but not 

others (Stekel 2003).  Oligonucleotide arrays address the disadvantages of spotted arrays 

in that cost and variation across chips are much lower.  (Knudsen 2004).  However, only 

one sample can be loaded per chip requiring the comparison of samples across chips 

which may result in added variation.   
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1.4.4 From Probes to Probe Sets to Genes  

An Affymetrix oligonucleotide microarray chip contains thousands of 25nt probes.  For 

each gene, there are 11 to 20 perfect match probes (PM) which are perfectly 

complementary to a unique region of the gene (Knudsen 2004).  In addition to PM 

probes, oligonucleotide chips also contain 11 to 20 mismatch probes (MM), which are 

identical to their corresponding PM probe except for a one nucleotide change in central 

probe position (Knudsen 2004).  MM probes are present  to eliminate non specific 

hybridization of contaminating mRNA (Knudsen 2004).  The compilation of PM and 

MM probes corresponding to a specific gene of interest are termed probesets (i.e. 22-40 

probes per probeset per gene) (Knudsen 2004).   
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Figure 1.6:  The Steps of Microarray Analysis Using Affymetrix Technology.  Microarray analysis captures the biology of a cell 
at the transcriptional level [1].  Total mRNA from all genes being transcribed is extracted and fluorescently labeled.  These samples 
are then hybridized to special “chips” containing thousands of probes complementary to specific gene sequences [3].  
Fluorescently labeled samples hybridized to the chip are then scanned by a detector.  Every gene is represented by a probe set [4-
i].  For every probe set, there are 10-20 pairs of perfect and mismatch match probes [4-i].  The perfect match probe is exactly 
complementary to a gene fragment.  A mismatch probe is identical to the perfect match probe except for single base pair mismatch 
in the center position [4-ii].  Total intensities are calculated for every probe set which corresponds to the concentration of a gene’s 
mRNA. The data is then analyzed to search for variation in gene expression between sample sets [5]  
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Chapter 2:  

Transcriptional Profile of E. coli strains Engineered to Promote 

Disulfide Bond Formation 

2.1. Introduction 

The directed evolution of E. coli strains favorable towards the formation of disulfide 

bonds within the cytoplasm is a major advancement in the heterologous production of 

therapeutic proteins.  Although an advancement, this chapter is not closed as not every 

protein with disulfide bonds can fold properly in these strains.  An in depth 

characterization of each mutant strain is necessary to gain any insight concerning the 

fundamental biological factors governing the efficiency of in vivo disulfide bond 

formation within different strains.  One thing, however, is a certainty: a cytoplasm 

which promotes disulfide bond formation implies an oxidative environment, and an 

oxidative environment implies the unavoidable generation of oxidative stress.  We must 

ascertain whether differences in oxidative stress correlate to the capacity for disulfide 

formation. 

 

We characterized six strains with unique genetic mutations in their reducing pathways: 

SMG96 (ΔtrxB Δgor ahpC*), MJF256.10 (ΔtrxB ΔgshA ahpC(V164G)), MJF277.2 (ΔtrxB 

ΔgshB ahpC*), KV96 (Δgor ahpC*), KV256.10 (ΔgshA ahpC(V164G)), and KV277.2 

(ΔgshB ahpC*).  The first three mutants are examples of the “protein folding” strains.  

Each mutant is devoid of a key member from both reducing pathways, and each has an 
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evolved alkyl hydroperoxidase acting as a source of reducing equivalents for the 

glutathione pathway (Yamamoto, Ritz et al. 2008).  Therefore, these “protein folding” 

mutants have evolved to promote disulfide bonds via an oxidized thioredoxin pathway, 

but also to promote some essential reductive reactions via the glutathione pathway.  The 

latter three mutants are derived from the “protein folding” strains but are restored with 

a functional thioredoxin pathway.  

 

Using microarray technology, analyzed the transcriptome of each strain.  Specifically, 

we probed for metabolic activities sensitive to an oxidative cytoplasm, the degree of 

oxidative stress in different mutants, and specific differences in gene expression between 

groups of E. coli mutants (Figure 2.1).  
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Figure 2.1: Motivation for the global transcriptional analysis.  The overall goal was the 
characterize E. coli strains with selected mutations in their reducing pathways.  Six 
strains were considered in this analysis: SMG96, MJF256.1, MJF277.2, KV256.10, KV277.2, 
and KV96.  Each of the strains have various similarities and differences illustrated above.  
First, we wanted to find key metabolic differences between the transcriptional profile of 
oxidized strains and wild type E. coli cells.  Next, we wanted to assess the degree of 
oxidative stress within these strains.  Finally, we searched for unique metabolic activity 
amongst different sets of mutants.  For example, what are the differences and similarities 
between mutant strains with a non functional glutathione pathway and  strains with 
mutations in both pathways.   



 

*Steps described in this section were performed by Karthik Veeravalli, a member of the Georgiou Lab 
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2.2. Materials and Methods 

2.2.1 Bacterial Strains  

All strains used in this work are derivatives of DHB4 (wild type).  The strains SMG96 

(Δgor ΔtrxB ahpC*), MJF256.10 (ΔgshA::KmR ΔtrxB::CmR ahpC(V164G), and MJF277.2 

(ΔgshB ΔtrxB ahpc*) were described previously (Faulkner, Veeravalli et al. 2008).  

Derivatives of strains DHB4, SMG96, MJF277.2, and MJF256.10, in which the trxB gene 

was transformed back to the chromosome, were constructed by Karthik Veeravalli  

using P1 transduction of the wild type trxB allele from DHB4, resulting in strains  

KV96(Δgor ahpC*), KV56 (ΔgshA ahpC(V164G)), and KV77 (ΔgshB  ahpC*), respective.  

A second control mutant, KHB4 (wild type), was constructed after reinsertion of trxB 

into a ΔtrxB strain. 

 

2.2.2 RNA isolation and DNA Microarray Preparation* 

 Cells were grown aerobically overnight in minimalM9  media, at 37°C.  They were 

subcultured, using a 1:100 dilution, and harvested at late exponential phase (OD600 0.8 to 

1).  RNA was extracted using Qiagen RNeasy Mini kit.  Contaminating sources of DNA 

were digested using DNase purchased by Promegma.  Successful RNA isolation was 

confirmed by the presence of 23s and 16s RNA bands after agarose gel electrophoresis of 

glyoxylated RNA using Ambion NorthernGly system.  RNA was then converted to 

cDNA using Superscript II Reverse Transcriptase from Invitrogen Life Technologies and 

a set of NS random primer oligos.  The remaining RNA was removed after incubation 
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with 20 uL of 1 N NaOH for 30 minutes and subsequent titration with 20 uL of 1 N HCL.  

cDNA was fragmented with DNaseI , concentration at 0.06 U/ug cDNA, and incubated 

for 10 minutes at 37°C; DNaseI enzyme activity was subsequently inactivated at 98-

100°C for 10 minutes.   Successfully synthesized and fragmented cDNA was confirmed 

by analysis of 500 ng of fragmented cDNA using agarose gel electrophoresis stained 

with GelStar nucleic acid gel stain, 1:104 in TAE buffer.  Finally, fragmented cDNA was 

3’ terminally labeled using Enzo BioArray Terminal Labeling Kit,  adding 1 uL Biotin-

ddUTP and 2uL Terminal Deoxynucleotide Transferase and incubating at 37°C for one 

hour.  Fragmented and labeled cDNA samples were sent to Affymetrix for 

hybridization, signal detection, and quantification.  Samples were hybridized to the 

Affymetrix E. coli Genome 2.0 Array.  This experiment was repeated twice, experiments 

(1 and 2).  

 

2.2.3 Preparation of Affymetrix Oligonucleotide arrays for Analysis  

In total, sixteen strains, eight variants and two replicates, were hybridized to sixteen 

oligonucleotide arrays for transcriptional analysis.  The first set of microarrays were 

obtained in June 2008 and labeled DHB4_1, KHB4_1, SMG96_1, MJF256.10_1, 

MJF277.2_1, KV96_1, KV256.10_1,and KV277.2_1; the second replica set were obtained 

in October 2008 and labeled DHB4_2, KHB4_2, SMG96_2, MJF256.10_2, MJF277.2_2, 

KV96_2, KV256.10_2,and KV277.2_2.  The Affymetrix E. coli Genome 2.0 Array contains 

10,208 probe sets, of which 4,070 correspond to genes expressed by the E. coli strain of 

interest, MG1655.   
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Before analysis, raw data was processed to identify and diminish potential non-

biological sources of variation.  Processing procedures such as background correction, 

normalization, and summarization were applied using the open source Bioconductor 2.5 

Suite Package in the R statistical programming language. (Gentleman, Carey et al. 2004).  

Variance stabilization method (VSN) was used for background correction and 

normalization.  Summarization of probe set intensity was calculated using Robust multi-

array average (RMA).   

 

2.2.4 Analysis of data and determination of statistically significant genes 

Data analysis including gene filtering, gene clustering, principal component analysis, 

and non-parametric statistical tests were conducted using the open source, Multi 

Experiment Viewer v.4.5 (Saeed AI 2003).  In order to decrease the number of genes 

analyzed for statistical significance, genes were first filtered using commonly applied 

algorithms (Gohlmann 2009).  Genes were filtered based on heuristic “Absent/Present 

Calls” and based on gene expression variance across all samples.  Genes absent in 

thirteen or more samples were eliminated; then, genes with an inter-quartile range 

(IQR), lower than 0.5 were eliminated.  Gene and sample clustering used the Manhattan 

distance Hierarchical clustering algorithm.   
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Genes considered to be significantly up or down regulated were determined using the 

Significant Analysis of Microarrays (SAM) bootstrap algorithm  which implements a 

penalized t-test, the d-value, on all possible permutations in which there is no difference 

between the compared groups, the average of which is used to compare to the actual d-

value of the gene of interest (Gohlmann 2009).  The “delta” threshold for selecting genes, 

the difference between the observed and permuted median d-value, was set such that 

the false discovery rate (FDR) of false positive genes would not be greater than five 

percent of the number of significant genes (this cut off usually correlated to a delta value 

of 2).   
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2.3. Results 

2.3.1 Justification for processing raw data values using Variance Stabilization Normalization  

Intensity values of hybridized complementary cDNA sequences were determined for 

approximately 228,484 probes (10,208 probe sets or genes).  Table (I-1) in Appendix I 

reports the percentage of E. coli genes detected for each array.  Approximately 94% and 

78% of E. coli  genes were detected in experiments 1 and 2, respectively.  One data set, 

DHB4_2, contained a significant amount of background noise and only reported 63% of 

E. coli as present.   Furthermore, the distribution of absolute probe intensity values 

varied across samples.  Again, DHB4_2 illustrated the most prevalent variation with 

median probe intensity value of approximately 9.5 (log2 data), whereas median probe 

intensities across all other arrays were below 8 (log2 data) (Figure 2.2a).  This variation 

between arrays was corrected after normalization (Figure 2.2b); however, the attempt to 

remove the technical artifact in DHB4_2 most likely resulted in the decrease in actual 

probe intensity signal. 

 

 Two pre-processing methods were considered before analyzing the data: the standard 

Affymetrix MAS 5.0 algorithm and VSN normalization.  Figure 2.3 illustrates variation 

of probe set intensities between wild type samples, KHB4_2 and DHB4_1, using 

Affymetrix preprocessing methods (Figure 2.3A) and VSN (Figure 2.3 B).  As both 

samples are genetically identical, deviations from the equality line can be regarded as 

noise.  Although both methods show little variation for probe sets with high intensity 
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Figure 2.2: Box Plot Distribution of probe intensity before and after normalization of microarray chips.  (A) The 
colored boxes represent the interquartile range (IQR) for all probe intensities in a specific array.  The black notch in the 
middle of the box represents the median intensity value.  Red and green colored boxes are chips from experiments 1 and 
2, respectively.  Raw intensity values vary across samples between 6 and 8.  DHB4_2 represents an extreme datum with a 
median intensity of approximately 10.  (B)  Repeat plot of (A) after raw data has been normalized.  All median values are 
similar including the outlier, DHB4_2.     

Figure 2.3: Comparison of pre-processing methods using Affymetrix 5.0 and VSN algorithms.  (A) Scatter plot comparing probe set 
intensity values for all E. coli  genes between wild type samples KHB4_2 and DHB4_1 after normalization and summarization using 
Affymetrix 5.0 MAS.  Since the samples are not biologically different, we would expect probe set intensities to be highly correlated after 
normalization.  Plot shows that for low probe set intensities, 0 to -5, correlation between data sets deviates greatly.  (B) Scatter plot 
comparing probe set intensities after raw data has been normalized and summarized using VSN and RMA, respectively.  The data 
remains highly correlated at at probe set intensities 

values, only VSN is able to maintain correlation at low probe set intensity values.  

Therefore, raw data was pre-processed using VSN normalization.   
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2.3.2 Classification of the variation in gene expression between mutant and wild type strains  

Following pre-processing methods, individual probe intensities were summarized into 

total probe set intensities for the 4,070 genes native to E. coli MG1655.  As explained 

above, genes were filtered based upon their P/A call values and variance across sample 

strains.  Gene filtering resulted in 2,293 genes present in at least three samples and with 

high variance across the sixteen sample set.  Genes passing the initial filter were 

subjected to Principal Component Analysis.    Principal component analysis (PCA) is a 

common orthogonal linear transformation used to classify microarray data and identify 

relationships between different samples.  The goal of PCA is to reduce the 

dimensionality of microarray data from a complex data set containing thousands of gene 

expression values across many samples, into a  few dimensions or “gene groups” which 

capture the maximum variability between genes and samples (Stekel 2003; Gohlmann 

2009).  Essentially, the dimension of highest variability, the first principal component, 

reflects groups of genes that contribute the most to the variance in gene expression 

across sample strains; additional principal coordinates (i.e. gene groups), orthogonal to 

the first, are added until all variability in the data set can be accounted for.   

Regarding the sixteen E. coli strains, all variance in gene expression is grouped into 

seven principal components.  The first three components account for approximately 76% 

of variance across the samples.   
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Figure 2.4: Classification of mutant samples using principal component analysis (PCA).  PCA reduces the high-
dimensionality of microarray data into a few dimensions, each representing groups of genes that contribute the most to 
the variation across samples.  This figure plots the sixteen microarray samples, eight strains and two replicates, along the 
first (x-axis) and second (y-axis) principal components.  Each color represents how a particular strain is classified in 
regards to the first and second principal components.  DHB4_1 and DHB4_2, KHB4_1 and KHB4_2, KV256.10_1 and 
KV256.10_2, KV277.2_1 and KV277.2_2, KV96 _1 and KV96_2, MJF256.10_1 and MJF256.10_2, MJF277.2_1 and 
MJF277.2_2, and SMG96_1 and SMG96_2 are colored black, green, purple, brown, gray, red, and yellow respectively. The 
first principal component represents genes whose expression are the most variable across samples.  Sample strains in this 
coordinate axis seem to be grouped by biological characteristics: the “protein folding strains”, MJF277.2 and SMG96, have 
clustered together to the left axis (left oval) and between the wild type strains, DHB4 and KHB4 clustered to the right axis, 
along with KV256.10.  Strains, KV277.2, and KV96, and MJF256.10 cluster between the two opposing clusters.  The second 
principal component (the y-axis) consists mainly of genes whose expression vary by experiment (i.e. gene expression 
variation between MJF277.2_1 and MJF277.2_2).   
 

The first principal source of variation in gene expression classifies samples into three 

main “groups” (x-axis, Figure 2.4).  The first group consists of the wildtype samples 

from both experiments, DHB4 (experiment 1 and 2) and KHB4 (experiment 1 and 2), and 

the glutathione mutant, KV256.10 (experiment 1 and 2).  The next well defined cluster 

set includes the double mutant strains, SMG96 (experiments 1 and 2), and MJF277.2 

(experiments 1 and 2).  The glutathione reductase mutant strain KV96 (experiments 1 

and 2) is situated somewhere between the wild type and oxidized strains.  The two 
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remaining strains, KV277.2 and MJF256.10 seem to be classified both genetically and 

temporally.  That is, the same strains from different experiment sets clustered separately: 

MJF256.10_1 and KV277.2_2  clustered with the oxidized strains while MJF256.10_2 and 

KV227.2_1 clustered between KV96 and the wild type strains. 

 

The second principal component, which accounts for 15% of all variance, specifically 

illustrates the variation in gene expression between batches or experiments (Figure 2.4  

y-axis).  Clustering along this axis is almost entirely determined by the date of data 

acquisition.  One isolated sample is DHB4_2 sample which had a significant amount of 

non-biological artifacts (Figure 2.2).  Therefore, it seems that variation across the 

microarray chips is mainly due to genetic differences, and somewhat due to non-

biological batch effects.  

 

2.3.3 Activation of an oxidative stress response in E. coli strains with mutated reducing 
pathways 

A gauge for the oxidative stress response in E. coli is the steady state concentration of a 

hallmark set of OxyR regulated genes, dps, OxyS, grxA, trxC, katG, and ahpC, which are 

between two and sixteen-fold higher in all mutants, with respect to DHB4 (Table 2.1).  In 

comparison, the concentration of these genes in wild type KHB4, are between zero and 

two fold higher than DHB4.  Moreover, strains devoid of glutathione and thioredoxin 

reductase, MJF256.10 and MJF277.2, show at least two-fold increased expression of 

eighteen genes regulated by OxyR.  The remaining mutant strains, SMG96, KV96, 
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KV277.2, and KV256.10 have only a slight increase in expression.  Interestingly, the gene 

flu, known to by repressed by OxyR, was found to be sixteen fold higher in mutant 

strains, KV277.2, MJF277.2,MJF256.10, and SMG96, and two fold higher in mutant KV96.  

Finally, the hypothetical protein, yaiA, previously showed to have increased expression 

after expression by hydrogen peroxide (Zheng 1998; Zheng 2001) , showed no increase 

in expression in any mutant strain.      
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KHB4 KV256.10 KV277.2 KV96 MJF256.10 MJF277.2 SMG96

Gene Description
OxyS Regulatory RNA 
grxA Glutaredoxin I  

katG Catalase hydrogen peroxidase I  

dps Stress response DNA‐binding protein  

trxC Thioredoxin 2  

sufA [4Fe‐4S] Cluster assembly   

sufB cysteine desulfurase activator   

ahpC Alkyl hydroperoxide reductase   

yaaA Hypothetical protein   

sufD cysteine desulfurase activator    

hemH Ferrochelatase  

sufC cysteine desulfurase activator   

fur Ferric iron uptake  

gor Glutathione reductase  

clpS adapter for the ClpAP protease   

sufS Selenocysteine lyase, PLP‐dependent  

ybjM Hypothetical protein   

sufE Cysteine desufuration protein   

dsbG Thiol‐disulphide oxidase   

yaiA Hypothetical protein   

flu Antigen 43  

fhuF Ferric hydroxamate transport   

‐4 ‐3 ‐2 ‐1 0 1 2 3 4
‐4 ‐3 ‐2 ‐1 0 1 2 3 4 ‐4 ‐3 ‐2 ‐1 0 1 2 3 4‐4 ‐3 ‐2 ‐1 0 1 2 3 4 ‐4 ‐3 ‐2 ‐1 0 1 2 3 4 ‐4 ‐3 ‐2 ‐1 0 1 2 3 4 ‐4 ‐3 ‐2 ‐1 0 1 2 3 4

  
Table 2.1: Relative concentrations of genes regulated by the OxyR Regulon with respect to wild type DHB4 (Log2 intensity values).  Gene names colored red are repressed by OxyR.     
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In addition to the hallmark genes regulated by OxyR, the presence of hydrogen peroxide 

significantly increases transcription of an additional sixteen genes in an OxyR 

independent manner (Zheng 2001).  Twelve of these sixteen genes were also found to be 

to significantly upregulated in at least one of the mutant strains, excluding KV256.10.  

These genes include heat shock proteins, ibpAB, enzymes involved in cysteine synthesis, 

CysKP, a member of the mannose PTS permease, manX, a glycogen synthesis protein, 

glgS, a mannonate dehydrase, uxua, and hypothetical proteins yaeH and yeeD (Figure 

2.5) 

 

 

 

Figure 2.5: Heat map of genes reported to be upregulated in E. coli strains after induction with Hydrogen Peroxide  
(Zheng 2001).  It has been observed that, after induction with hydrogen peroxide, sixteen genes are over expressed 
independently of the OxyR regulon.  A SAM analysis of these sixteen genes reveals 12 of these genes to be significantly 
upregulated in at least one oxidized mutant.  These 12 upregulated genes are represented above by a heat map.  Expression 
levels across samples have been normalized by the mean and standard deviation.  Expression colors are based upon the 
legend shown above in which dark blue corresponds to a relative expression below 3 and dark red corresponds to a 
relative expression above 3.  Of the mutant strains, MJF277.2 shows the highest gene expression with respect to DHB4 and 
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2.3.4 Only a few genes separate the transcriptome of mutant KV256.10 from wild type 

Statistical analysis of both replicate arrays of KV256.10 showed minute variation in gene 

expression with respect to wild type arrays.  Comparison of KV256.10 gene expression 

to wild type strains, DHB4 and KHB4, found only three significantly upregulated genes: 

nanR, a transcriptional regulator, and two OxyR regulated genes, OxyS, and grxA.  On 

the opposite side of the spectrum, approximately eighty-five genes were found to be 

significantly down regulated in comparison to wild type DHB4 and KHB4 strain.  The 

gene with the lowest rate of expression, dinB, encodes for an error prone  DNA IV  

polymerase induced during the SOS response to DNA damage(McKenzie 2003).   In 

addition, half of the twenty most differently expressed genes are implicated with CP46-

6, a putative defective prophage with 29 genes and 5 pseudo genes.  The remaining 

genes in this set of genes with low expression, are hypothetical and/or conserved 

proteins such as yagV and yahL (Table 2.2).  

 

 

  

 
 Table 2.2: Repression of genes in KV256.10.  The table above lists the top twenty genes with the lowest rates of expression with respect to 
DHB4.  Log Ratio is the average difference between the log2 intensity of KV256.10 and DHB4 in both replicate samples.  The D score is the 
penalized-t score reported by SAM analysis which evaluates the statistical significance of the log ratio.  The signal log ratio and D-score between 
DHB4 and wild type KHB4 also been included as a reference   
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2.3.5 Differential gene expression between mutant and wild type strains 

Statistical comparisons between all mutant strains, excluding KV256.10, and all wild 

type strains determined that 200 genes are differentially expressed in both sets of 

populations.   Of these strains, SMG96 and MJF277.2, illustrated the most pronounced 

increase in gene expression ranging (IQR) between 4 and 8 fold higher than DHB4; the 

average gene expression in MJF256.10, KV77.2, and KV96 was slightly less pronounced, 

ranging between 3 and 5.5 fold higher (Figure 2.6).  A similar trend was seen with 

negatively expressed genes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Boxplot distributions of differential 
expressed genes in mutant strains with respect 
to DHB4.    The box plots above represent the 
distribution of the top 100 genes with the highest 
(top plot) and lowest (bottom plot) expression of 
genes in mutants as compared to wild type 
strains.  The distribution plots the average signal 
log ratio between each strain and DHB4 for each 
gene.  The median distribution is represented by 
the mid black line; the IQR is represented by the 
box dimensions; outliers are represented as 
whiskers.  Briefly, for both over-expressed and 
repressed genes, SMG96 and MJF277.2 show the 
most pronounced variation in gene expression; 
MJF256.10, KV96, and  KV277.2 show a slightly 
smaller variation; KHB4 and KV56.10 show very 
small variation.   
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A complete table of 100 genes with the highest expression value with respect to DHB4 

can be found in Appendix B. 

(i)Stress response proteins and chaperones: Expectedly, numerous genes encoding proteins 

and enzymes associated with a stress response and chaperone functions were found 

upregulated.  These proteins include htpG, dnaK hslU, hslV, rpoE, and degP (Table 2.3).   

(ii)NADH: ubiquinone dehydrogenase oxidoreductase I:  Seven gene members within the 

transcription unit encoding the NADH: ubiquinone oxidoreductase I (NDH-1) were over 

expressed between four to six fold greater than wild type: nuoFGHIJKL (Figure 2.7).   

NDH-1 is a proton pump which transfers electrons from NADH to downstream 

quinones.  The expression of this operon is stimulated by the presence of oxygen, nitrate, 

and fumarate  (Tran, Bongaerts et al. 1997).    

(iii) Amino Acid Biosynthesis: Numerous genes implicated in the biosynthesis of histidine, 

phenylalanine, aspartate, and glutamate were found upregulated in the five mutant 

strains.  Nine genes constitute the transcriptional unit, operon, for synthesis of histidine: 

hisLGDCBHAFI.  Within this operon, six genes, hisCBHAFI, constitute a second internal 

operon.  This operon has a lower rate of metabolic regulation and is not controlled by 

histidine specific regulation (Grisolia 1983).  This second transcriptional unit was 

significantly over-expressed in all mutant strains, excluding KV256.10, between three 

and seven-fold higher than DHB4 (Figure 2.7).  Furthermore, in the mutant strains the 

gene, pheA, is expressed at levels between 4 and 8 fold-higher than wild type.  PheA 

codes for the synthesis of chorismate mutase, which is the first step for converting 
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chorismate into phenylalanine and tyrosine (Baldwin 2003). Finally, asd and gltD, genes 

implicated in the synthesis of aspartate and glutamate, respectively, were both 

expressed at levels between three and four fold higher than wild type.   

(iv) Sulfur and Cysteine Metabolism: Genes cysJHI, cysA, and cysN were also upregulated 

at expression levels between two and eight-fold higher than wild type.  cysA in 

composes the ATP binding component of a sulfate ABC transporter, CysATWP-Sbp, 

responsible for the intracellular transport of sulfate and thiosulfate (Sirko A 1995).    

were significantly over-expressed in all mutant strains, excludingKV256.10. The CysJHI 

operon encodes two proteins responsible for the two-step reduction of 

phosphoadenosine-5’-phosphosulfate (PAPs) to hydrogen sulfide (H2S).  In the first step, 

PAPs is reduced to sulfite via the enzyme PAPs reductase (cysH); in the second step, 

cysIJ compose the sulfite reductase-(NADPH) which utilize NADPH to reduce sulfite to 

hydrogen sulfide (Ostrowski 1989).    

(v) Phosphonate regulon: Phosphonate lyase genes, PhnDEFGIJKLMN, are expressed four 

to eight times higher in the mutant strains (Figure 2.7).  Phosphonate lyases are 

responsible for the assimilation of phosphorous, from phosphonates (Kononova 2002).  

Gene phnN differs from other genes within the transcriptional unit, in that its function is 

to provide a parallel pathway for the biosynthesis of 5-phosphoribosyl 1-pyrophosphate 

(PRPP).   
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(vi) Sugar transport, glycolysis, and the pentose phosphate pathway. A number of genes 

responsible for energy metabolism were also significantly up-regulated.  These include 

genes responsible for sugar transport, manXYZ, ptsG rbsBD, and ugpC; genes required 

in glycolysis such as glpX, aceE, eno, pgk, pfkAB, tpiA, pgi and gatY; genes which are 

members of the pentose phosphate pathway include rpiA, tktA, and tal B.  Together 

these systems formulate an intricate system combining the transport of sugar 

intracellularly and its metabolism to D-fructose-6-phosphate directly or via the pentose 

phosphate pathway; glycolytic enzymes such as glpX, pgk, eno, and tpi convert D-

fructose-6-Phosphate into pyruvate which is involved in other downstream metabolic 

processes (Table 2.3).   
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Figure 2.7: Expression plot of four operon sets over expressed amongst mutant strains.  Four sets of genes 
significantly upregulated in mutant strains, excluding KV256.10, encode for proteins and enzymes implicated in 
cysteine biosynthesis, histidine biosynthesis, synthesis of NADH Dehydrogenase I, and phosphonate transport.  The 
plot above shows the average signal intensity (absolute) of each gene within the operon set.  Error bars represent the 
standard deviation of those expression values.   
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Table 2.3: Signal log intensity values for expression of genes found to be the most highly expressed with respect to DHB4.  A majority of genes over expressed by strains with mutated 
reducing pathways included those associated with stress response, carbohydrate catabolism, and glycolysis.  Mutants with mutations in both reducing pathways show the most pronounced 
variation in gene expression.   
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(vii) Genes expressed significantly lower in oxidized strains than wild type strains. The average 

gene expression of significantly low expressing genes in SMG96 and MJF277.2 were 2.7 

to 3.3 fold lower than wild type gene expression.  Most gene expression variation within 

MJF256.10, KV77, and KV96 ranged between 2.5 to 2.8 fold lower than wild type (Figure 

2.6).  Analogously to the mutant strain KV256.10, a majority of these genes include 

prophage derived gene elements A complete table of 100 genes with significantly lower 

expression than wild type is provide in Appendix C.   

 

2.3.6 Differential gene expression by mutant strains devoid of thioredoxin reductase (ΔtrxB) 

PCA analysis (Figure 2.4) suggests that, with respect to first principal component, the 

transcriptome of mutant strains expressing thioredoxin reductase, KV256.10, KV277.2, 

and KV96 is distinguishable from their corresponding “parent” strains devoid of 

thioredoxin reductase, MJF256.10, MJF277.2, and SMG96.  Therefore, we probed the 

gene set in search of genes whose expression varied based on a mutation in trxB.  A  

SAM analysis uncovered 76 genes whose expression varied drastically with respect to 

the three double mutant strains.  Surprisingly, only eight genes were uncovered to have 

increased expression specific to double mutants (Figure 2.8).  Of these eight genes, four 

include sufBCD and sufS which, as previously discussed, are activated by the OxyR 

transcriptional activator and encode proteins that encompass an ATP binding cassette 

transporter for sulfur assimilation (Table 2.1).  Another upregulated gene amongst the 

double mutant strains, is hemF.  HemF synthesizes an oxidase responsible for the 

decarboxylation of coproporgyrinogen III to protoporhyrinogen IX , resulting in the 
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accumulation of hydrogen peroxide as a byproduct (Breckau D. 2003).  The remaining 

over expressed genes are hypothetical proteins ycfR, ydiU, yfiP, and yijE.   

 

 
With exception to hypothetical proteins, the majority of genes expressing at significantly 

lower levels encoded proteins responsible for flagellar synthesis.   The flagellar gene 

hierarchy organizes more than fifty genes into various different operons, whose 

expression depends upon their temporal class: early genes, middle genes, and late genes.  

Approximately twenty-one genes comprise the set of “late genes” whose transcription is 

Figure 2.8: Heat map representation of the majority of genes whose expression varies between double 
deletion mutants only.  Shown above is a heat map 76 genes identified to have differential expression specific 
to the original “protein folding” mutants: SMG96, MJF277.2, and MJF256.10.  Of these genes, only eight were 
found to be significantly over-expressed.  One set of genes repressed were those involved in synthesis of the 
late flagellar proteins (boxed in red).  The samples leftmost samples represent the “protein folding mutants”.  
They are ordered from left to right as: MJF256.10_1, MJF277.2_1, MJF277.2_2,MJF256.10_2,SMG96_1,SMG96_2,  
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controlled by flgM and fliA, a middle gene transcription sigma-28 factor (Chiclott 2000).  

In mutants lacking both thioredoxin reductase and a component of the glutathione 

pathway, expression levels of twenty of these “late genes”, including flgM and fliA, is 

significantly repressed.   

 

2.3.7 Differential gene expression by mutant strains devoid of glutathione (ΔgshA) 

With exception to thioredoxin reductase mutants, statistical comparisons of gene 

expression between groups of mutants were not fruitful.  However, one group, the 

glutathione (Δgsh A) mutants, exhibited unique gene expression for a specific set of 

genes.  Although, overall, KV256.10 showed very little variability with wild type gene 

expression, statistical analyses discovered thirty genes that were significantly down-

regulated.  Again, a majority of these repressed genes appear to be hypothetical proteins 

with putative functions.  However, the most prevalent non hypothetical proteins found 

to be repressed solely in both replicates of glutathione deficient mutants are the codAB 

and cynXS gene sets (Figure 2.9).  CynXS gene expression in MJF256.10 and KV256.10 

are two to four lower than DHB4 gene expression.  These genes encode for proteins 

responsible for maintaining the steady state concentration of bicarbonate and carbon 

dioxide.  CynX is believed to be a putative intracellular transporter for cyanate.  Cyn S 

encodes cyanase which catalyzes the reaction between cyanate and bicarbonate, 

producing ammonia and carbon dioxide (Guillton 1993).  Cod AB are important 
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members of the pyrimidine salvage pathway.  CodB is a cytosine transporter and CodA 

catalyzes the deamination of cytosine into uracil and ammonia (Danielsen 1992).    

 
 

 

 

  

Figure 2.9: Expression profile of two sets of genes exhibiting weak expression specific to glutathione mutants.  Two specific operon 
sets are repressed only in glutathione deficient mutants: codAB and  cynSX.   Expression signals have been normalized across samples 
and translated into the positive axis for aesthetic purposes.  Error represents variation in intensity between replicates samples. 
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2.4 Discussion 

2.4.1 Classification of the overall variation between mutant and wild type transcriptome 

Principal component analysis is a simple and quick mathematical method for reducing 

data into a few factors which contribute most to the variation between overall gene 

transcription.  For these eight strains, PCA attributed most variation to two highly 

variable groups of genes.  As expected, the most variably expressed genes across 

samples were caused by specific mutations introduced into the reducing pathways.  The 

second principal component, however, implied the presence of some non biological 

variation.  Although, this batch effect is undesirable, it was not a severe setback for this 

work sincethe specific genes we were interested were not affected by this non biological 

variation.  That is, replicate samples still clustered together with respect to the first 

component.  The group of genes which varied across replicate samples was independent 

from the group of genes affected by genetic mutations.  However, two strains in which 

the batch effect may have actually resulted in a greater number of false positive or 

negative differentially expressed genes include KV277.2 and KV256.10 in which replicate 

samples do not reflect across the x-axis.   

 

Disregarding the variation between replicates, the most variable genes correspond with 

an increased oxidative cytoplasm.  The transcriptome of strains with mutations in both 

pathways, SMG96 and MJF277.2, is much different than the wild type transcriptome; 

this degree of variation seems dampened amongst strains with only glutathione 
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mutations, such as KV96 and KV277.  This suggests that although both sets of mutant 

strains exhibit a similar differential response in gene expression, the “protein folding” 

gene expression response is amplified.  For example, mutations in one or both reducing 

pathways, results in the differential expression of a majority of similar genes such as 

OxyR regulated genes.  However, whereas strains with mutations in only the 

glutathione pathway over express genes with a median intensity four-fold higher than 

wild type, strains with mutations in both pathways will over express these same genes 

at a median intensity of approximately six-fold high (Figure 2.6).   

 

One very interesting trend revealed by both PCA and SAM is the indifference in gene 

expression between the wild type strains DHB4 and KHB4, and the mutant strain 

KV256.10.  KV256.10 is completely devoid of glutathione, an important metabolite 

implicated in many biological functions in addition to the reducing pathway (Masip, 

Veeravalli et al. 2006).  Furthermore, a strain expressing the glutathione precursor, γ-

glutamylcysteine, KV277.2, shows more severe change in gene expression than this 

glutathione deficient strain.  Two genetic variables differentiate the strains KV256.10 and 

KV277.2: gshA and ahpC.  As previously said, KV256.10 has a deletion in the gene gshA, 

and consequently cannot synthesize any glutathione; alternatively, KV277.2 has a 

deletion in the gene gshB, and consequently accumulates the glutathione-precursor 

instead.  A second genetic difference between the two strains is the specific mutant of 

alkyl peroxidase, ahpC.  Derived from MJF256, KV256.10, contains the suppressor 

mutation, AhpC(V164G), which directly reduces glutaredoxin I .  (Faulkner, Veeravalli 
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et al. 2008).  Conversely, the suppressor mutation AhpC* restores reducing capacity by 

directly reducing glutathionylated-glutaredoxins, or in the case of KV277.2, 

accumulating reduced glutamyl-cysteine.  Since a ΔtrxB/ΔgshA strain is deleterious to a 

cell where as   ΔtrxB/ΔgshB double mutant strains can still grow, albeit extremely 

slowly (Faulkner, Veeravalli et al. 2008), the variance in gene expression in which a 

ΔgshA mutation is more similar to wild type phenotype is most likely due to the 

mechanisms of action of the type of suppressor mutant AhpC.  The AhpC* mutation is 

known to be a loss of function mutation in which it no longer has its wild type ability to 

reduce peroxides (Yamamoto, Ritz et al. 2008).  However, the AhpC V164G suppressor 

mutation may instead result in a functional peroxidase with an expanded role in the 

reduction of glutaredoxins.  Therefore, mutants expressing the AhpC V164G would be 

able to partly reconstitute the reducing the glutathione pathway, while simultaneously 

reducing peroxides, further decreasing oxidative stress within the cell and showing a 

more wild type phenotype.  An additional explanation may be that in KV277.2, the 

AhpC* mutation reconstitutes reduced γ-glutamyl-cysteine rather than reduced 

glutathione, which is known to be a less efficient substitute for glutathione.  Therefore, 

the AhpC V164G mutant may instead be a better direct reductant of glutaredoxins rather 

than the glutathione precursor, γ-glutamylcysteine.       
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2.4.2 Differential Gene Expression of Mutated Strains 

All mutants, including KV256.10, initiated an oxidative stress response via the OxyR 

transcriptional factor.  These hallmark genes, grxA, oxyS, ahpC, dps, and katG, 

constituted the most upregulated genes in all strains.  Furthermore, strains with 

mutations in both reducing pathways exhibit a full-scale oxidative stress response in 

which essentially all genes activated by OxyR are upregulated.  Significantly 

upregulated genes in many of the strains have supported a majority of previous 

transcriptome analyses of strains from exposure to hydrogen peroxide, including 

enzymes involved in heat shock response, response to DNA damage , the acquisition of 

sulfur and cysteine synthesis, and chaperone proteins (Priesto-Alamo 2000).   

 

Within these mutant strains, additional genes were upregulated in pathways relating to 

aerobic respiration, histidine and phenylalanine synthesis, phosphonate synthesis, and 

glycolysis.  During aerobic respiration, NADH dehydrogenase is believed to be 

analogous to the eukaryotic dehydrogenase I, and act as a proton pump, responsible for 

the generation of an electrochemical gradient and downstream reduction of quinines 

(Tran, Bongaerts et al. 1997).  Increased expression of the operon encoding NADH 

dehydrogenase may be explained by the necessity of reduced ubiquinone, which acts as 

a protectant against dangerous radicals; this increased transcription of NADH 

Dehydrogenase during oxidative stress has been observed in the mitochondria of 

eukaryotic cells (Soballe 2000; Ghosh 2007).   
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Increased gene expression in the glycolysis pathway is most likely due to the increased 

need for a reducing source, NAD(P)H, during oxidative stress.  Increasing the transport 

of sugar (i.e. increased expression of manXYZ) to the cell would alter the flux of glucose 

metabolism towards the pentose phosphate pathway, regenerating a reduced pool of 

NAD(P)H  (Pomposiello 2001).  This explains why a majority of genes involved in the 

pentose phosphate pathway (i.e. tktAB, talB, rpiAB) were upregulated in all mutant 

strains with exception to KV256.10.  Moreover, increased transcription of genes within 

the pentose phosphate pathway maybe also be linked with other observations of 

increased metabolic activity.  Increased expression of the tktAB and rpiAB genes may 

implicate an increased production of D-ribose-5-phosphate, which acts as a precursor to 

the synthesis of PRPP via two possible pathways catalyzed by prs and phnN 

respectively.  Therefore, the requirement for phnN in the metabolism of PRPP could 

result in over expression of in its transcriptional unit encoding phosphonate lyases 

(Kononova 2002).  PRPP is the initial precursor metabolite involved in the superpathway 

of histidine, purine, and pyrimidine biosynthesis.  Therefore, this increased activity in 

the PRPP pathway may also explain  upregulated genes in histidine and NAD synthesis.  

 

2.4.3 Differential gene expression unique to specific mutant strains  

When comparing mutant strains to wild type, approximately 200, were determined to be 

significantly up-regulated.  However, when probing for increased differential expression 

unique to specific types of strains, only a minute number of genes were found with 
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increased gene expression.  Therefore, it seems as though most increased gene 

expression was due a general increase in oxidative states rather than specific genetic 

mutations.  Interestingly, though, it seems as though repressed genes may provide more 

of an insight into loss of functions that may be the result of deletion of specific reductive 

pathway members.   

Mutant strains lacking thioredoxin reductase repress the expression of essentially all late 

phase flagellar synthesis proteins.  Therefore, this effect may have been due to excessive 

oxidative stress induced by mutations in both reductive pathways; but, more so, it may 

have been due to the specific elimination of thioredoxin reductase, a key member for 

maintaining thioredoxins in a reduced state.  Previously, a proteomic analysis revealed 

that approximately 80 proteins associate with thioredoxin, of which two proteins, ftsZ 

and mreB, are members of cell division, which insinuated a potential importance of 

thioredoxins in cell division (Kumar 2004).  In addition, the processes of cell division 

and flagellar gene expression are interdependent: cell division can affect the expression 

of the flagellar regulons and vice versa (Aizawa 1998) .  Therefore, the proteomic 

analysis implicating interactions between thioredoxins and cell division may also 

suggest an additional downstream interaction with late flagellar proteins in which the 

lack of reduced thioredoxins result in repression of the flagellar operon.  

Finally, expression analysis revealed a possible implication in the metabolism of cyanate 

and cytosine.  Both sets of mutant replicates devoid of glutathione, reveal that within 

both pathways their respective transporter and catalytic proteins are significantly 

repressed.  The specific pathways result in the regulation of bicarbonate (cynTSX) and 
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ammonia (codAB).  It should also be noted that both sets of operons are located adjacent 

to each other, separated by only one gene, cynR, the respected repressor of the cynTSX 

operon.  Therefore, the observation of repressed genes amongst both operons may be 

only due to regulation of a specific operon.   

 

2.4.4 Specific Genes that maybe used to classify the degree of oxidative stress in the cell 

Numerous reports have shown that specific genes are regulated by the OxyR 

transcription factor shortly after exogenous treatment with hydrogen peroxide.  The 

transcriptional analysis in this report may be more informative in that it shows the 

steady state expression of an oxidative stress response.  Based on the degree of oxidative 

stress, different mutant strains can be classified.  For example, all mutants show 

significant up-regulation of the four hallmark genes induced during oxidative stress: 

grxA, trxC, katG, and OxyS.  However, only the “protein folding” mutant strains initiate 

significant upregulation of all the genes regulated by OxyR.  This suggests that the 

expression of certain OxyR regulated genes depends on their sensitivity to oxidative 

stress.  These ROS sensitive genes may be used as assays for varying degrees of 

oxidative stress.  It may also be correlated to asses protein folding capacity in mutants 

which is a function of the cytoplasmic oxidizing potential. 
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Chapter 3 

Shifting the Intracellular Thiol Balance from Glutathione to 

Glutathionylspermidine 

3.1: Introduction 

Five decades ago, evidence for a mysterious metabolite suggested an additional 

metabolic pathway involving glutathione (Dubin 1959).  This metabolite, dubbed 

glutathionylspermidine (GshSpd), was found to be a glutathione derivative of an 

abundant polyamine, spermidine (N-(3-amino) propyl-1,4-diaminobutane) (Tabor 1975).   

Spermidine and other polyamines have been implicated in processes involving nucleic 

acid and protein biosynthesis, cell structure, cell growth, and cell differentiation (Tabor 

1984).  Glutathionylspermidine is synthesized via amide bond formation between the 

glycine carboxylate of glutathione and the N1 of spermidine (Bollinger 1995) .  

 

Glutathionylspermidine synthetase/amidase is a bifunctional enzyme which catalyzes 

both glutathionylspermidine synthesis and hydrolysis (Bollinger 1995).  It has been 

discovered that these enzymatic functions are isolated in different regions of the 

enzyme: synthetase activity is found exclusively in the C-terminal domain of the 

enzyme, whereas hydrolysis is found exclusively in the N-terminal domain and believed 

to be negatively auto regulated by the synthesis domain (Bollinger 1995).  Moreover, 

research groups have successfully expressed functional enzymes with only synthetase 

activity or amidase activity.  The N-terminal amidase domain is found between amino 



 

53 
 

acid residues 1-225 while the C-terminal synthetase amino acid residues can be found 

between amino acid residues 226-619 (Figure 3.1) (Kwon 1997).   

 

 

A Metabolic function of glutathionylspermidine has been observed in parasites of 

genera Trypanosoma and Leishmania.  These parasites conjugate an additional 

glutathione molecule to glutathionylspermidine forming a unique bis(glutathione)-

spermidine conjugate known as N1,N8-bis(glutathione)spermidine or trypanothione 

(TSH) (Fairlamb 1985).  These parasites have evolved to incorporate a unique reducing 

pathway in which trypanothione, not glutathione, acts as the key redox balance 

regulator.  Analogously to the glutathione pathway, redox cycling of reduced 

Figure 3.1: Crystal structure of Glutathionylspermidine synthetase/amidase (PDB: 2HGS).  Glutathionylspermidine 
synthetase is a bifunctional enzyme responsible for both the synthesis and the hydrolysis of glutathionylspermidine into its 
constituent components, glutathione and spermidine. The amidase domain (red) is approximately 20 kDa (residues 1-195).  
The synthetase domain (blue) is approximately 50 kDa (residues 206-619).  Both domains, separated by a linker (yellow), can be 
expressed independently. 
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trypanothione is catalyzed by a pyridine nucleotide disulfide oxidoreductase enzyme, 

trypanothione reductase, using the reducing power of NADPH (Henderson 1987).         

E. coli cells, lacking the enzyme required for trypanothione synthesis, cannot convert 

glutathionylspermidine to trypanothione.  

 

 

 

The function of glutathionylspermidine in E. coli has yet to be elucidated.  However, 

measurements of glutathionylspermidine levels during different growth stages strongly 

suggest an in-vivo metabolic function.  During late exponential phase, levels of GshSpd 

are at about 3% of total GSH; during stationary phase, these levels increase to 

approximately 11%; finally, during anaerobic growth, GshSpd sequesters approximately 

80% of total GSH (Tabor 1975).   It is unusual that glutathionylspermidine levels increase 

during both stationary and anaerobic phase which correspond to increased and 

decreased amounts oxidative stress, respectively. There are two prevailing hypotheses 

Figure 3.2: A derivative of glutathione in parasitic organisms.  A metabolic function for glutathionylspermidine has 
only been observed in parasites of genera Trypanosoma and Leishmania.  In these parasites, glutathionylspermidine is 
synthesized by both GspS and TryS from glutathione and spermidine.  A second step, catalyzed by TryS conjugates a 
second glutathione molecule to glutathionylspermidine forming trypanothione. These parasites have evolved reducing 
pathways, in which trypanothione functions as the essential intracellular thiol and redox buffer. 
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concerning the function of glutathionylspermidine:  (i) It may act as a better reductant 

than glutathione against radical or oxidant induced damage, or (ii) It may regulate the 

intracellular levels of glutathione and spermidine by sequestering the molecules in an 

inactive form (glutathionylspermidine) (Henderson 1987). 

 

One attempt to address hypothesis (i) is to compare its reductant activity with its 

precursor glutathione.  However, this assay cannot be performed using a wild type 

strain of E. coli due to the overwhelmingly higher glutathione concentration; conversely, 

a glutathione deficient strain would expunge the cell of both glutathione and 

glutathionylspermidine.  Instead, an ideal biological system would be a strain which 

expresses glutathionylspermidine as the main intracellular thiol.  Exploiting the 

bifunctional properties of glutathionylspermidine synthetase, we sought to engineer 

such a strain by over-expressing the synthetase domain of glutathionylspermidine in a 

strain lacking amidase activity (Δgsp mutant).  
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3.2: Materials and Methods:  

3.2.1 Materials and Methods 

Primers were purchased from Integrated DNA Technologies.  T4 Dna Polymerase and 

T4 DNA ligase were purchased from Invitrogen.  Restriction endonucleases were 

purchased from New England Biolabs.  Glutathione was purchased from Sigma;          

N1-Glutatthionylspermidine disulfide was purchased from Bachem; Acetonitrile and 

TFA were purchased from Fischer Biosciences; and Monobromobimane and Tris-(2-

carboxyethyl) phosphine (TCEP) were purchased from Invitrogen.  

 

3.2.2 Bacterial Strains  

All strains used are derivatives of DHB4 (wild type).  The strain AD494 (ΔtrxB::KmR), 

was provided by the Jon Beckwith lab at Harvard.  A Δgsp knockout derived from 

DHB4 was constructed using the Wanner method and a CmR marker from the pkD3 

plasmid  (Datsenko 2000) .   An additional Δgsp knockout mutant derived from AD494 

was constructed using P1 transduction resulting in a ΔtrxB/Δgsp double knockout 

mutant.  Four mutant strains Δgsp, Δgsp transformed with pGspSyn, ΔtrxB/Δgsp, and 

ΔtrxB/Δgsp transformed with pGspSyn, were named CC821 (Δgsp), CC821-G (Δgsp + 

pGspSyn), CC494 (ΔtrxB/Δgsp), and CC494-G (ΔtrxB/Δgsp + pGspSyn) respectively. 
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3.2.3 Construction of the GspSyn Vector 

Expression plasmids, pET-28a and pTrc99a, were used as templates for cloning.  As 

described previously the synthetase domain of GSP is located between amino acids  540 

and 1320  (Kwon 1997).  Primer 1 (‘ACCATTCTGAGCTCGATGATCCAGA’) was 

designed to hybridize to the 565 N-terminal region of gsp and also place a unique SacI 

restriction site; Primer 2(‘TTCTTCATAATCTAGACGGGGTTGCTACAAC’) hybridized 

to the C-terminal region and placed a unique upstream XbaI site.  The synthesis 

fragment of GSP was amplified from the E. coli chromosome using Primers 1 and 2, and 

T4 DNA Polymerase. The resulting DNA fragment was cloned into pET28-a, upstream 

of an N-terminal His tag.  The gsp synthesis fragment and His tag were then digested 

using NcoI and XbaI and relegated into ptrc99a.  Sequence confirmed the successful 

cloning of the gsp synthetic fragment into ptrc99a .  This plasmid expressing gsp was 

called pGspSyn.  A western blot using Anti-His-Hrp confirmed soluble expression of the 

protein. 

 

3.2.4 Glutathione and Glutathionylspermidine assays: 

Glutathione assays were performed as previously described (Faulkner, Veeravalli et al. 

2008).  Briefly, strains were grown overnight to stationary phase in M9 minimal media.  

Cells were spun at 4°C and 8000 RPM, and washed once with 50mM Tris-HCL buffer 

(pH 8.0).  Cells were resuspended in Tris-HCL buffer to an OD between 40 and 50.  Cells 

were lysed using French press, the insoluble fraction was spun at 14000 RPM, and the 

lysate was ultracentrifuged using 3000 MWCO filters.  Lysates were incubated with 
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2mM TCEP for twenty minutes at room temperature before adding 1 mM 

monobromobimane for one hour.  Concentrations of reduced glutathione and 

glutathionylspermidine were determined after injection over a reversed phase column.  

 

3.2.5 HPLC conditions:  

Samples were injected onto an Agilent Eclipse AAA reversed phase column and  

monitored continuously at 398 nm.  Mobile phase, A, consisted of Water and 0.1% TFA 

and the stationary phase, B, consisted of Acetonitrile (ACN) + 0.1% TFA.  Elution was 

performed with at a flow rate of 1ml/min as follows: 0-1 min 5% B, 4-24 increase %B 

linearly to 10%, 30-35 min increase %B linearly to 95%, 45-48 min decrease %B linearly to 

5% B and equilibrate isocratically for 5 minutes.  Concentrations of metabolites were 

determined using a standard curve range from 0.01 to 0.5 mM GSH-mBBr or GshSpd-

mBBr. 
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3.3 Results:  

3.3.1 Soluble expression of the synthetic domain of GSP 

The glutathionylspermidine synthetase fragment (GspSyn) was cloned into the ptrc99a 

plasmid with an N-terminal His-tag.  Sequencing of the plasmid confirmed that the 

correct GspSyn sequence and His-tag were cloned into ptrc99a downstream of the pTrc 

promoter.  A western blot using Anti-His-HRP (Figure 3.3) confirmed expression of 

soluble protein after induction with IPTG (0.5 mM).  The protein is approximately 50 

kDa as expected.     

  
 
 
3.3.2 Identification of Glutathione and Glutathionyl-Spermidine using High Performance Liquid 
Chromatography (HPLC) 

Pure standards of N1-glutathionylspermidine could not be detected using the HPLC 

method ascribed for glutathione detection  (Faulkner, Veeravalli et al. 2008).  It was 

determined that, glutathionylspermidine co-eluted with an intervening 

monobromobimane adduct (data not shown).  Therefore, the method was altered to 

resolve the glutathionylspermidine peak.  The revised method adequately separates the 

Figure 3.3: Expression of soluble synthetase domain 
GspSyn.  The synthetase domain of GSP is a 50 kDa 
fragment found between residues 200 and 619 (bp 564-
1860).  This fragment was cloned into pTrc99A with an N-
terminal 6xHis tag.  This plasmid was cloned into CC821 
and protein expression was induced with 0.5 mM IPTG.  A 
western blot using Anti-His-HRP is shown left.  Lanes 7-9 
show soluble protein at approximately 50 kDa.  Lanes 3 
and 4 show small amount insoluble protein. Lanes 1, 3-5, 
and 7-9 are loaded with a protein ladder, insoluble protein 
lysate, and soluble protein lysate, respectively .  Lanes 2 
and 6 have not been loaded. 
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monobromobimane adduct, glutathionylspermidine, and glutathione, which elute at 

18.5, 20.5, and 26 minutes, respectively (Figure 3.4).    

 

 

 

 

3.3.3 Cytoplasmic Levels of Glutathione and Glutathionylspermidine in mutants overexpressing 

GspSyn 

To prevent undesired hydrolysis of glutathionylspermidine by wild type amidase 

function, the pGspSyn plasmid was transformed into CC821, a Δgsp knockout mutant 

(strain CC821-G). Levels of glutathione and glutathionylspermidine during stationary 

phase were measured in wild type strain (DHB4), ΔgshA mutant strain (WP758), Δgsp 

mutant strain (CC821), and Δgsp mutant strain transformed with pGspSyn (CC821-G).  

Figure 3.4: Identification of glutathione and glutathionylspermidine using High Performance Liquid Chromatography (HPLC).  
Using the gradient method described in the methods and materials section, glutathionylspermidine and glutathione can be adequately 
separated.  This figure shows the co-elution of thiol standards N1- glutathionylspermidine (0.05 mM) and glutathione (0.03 mM) at about 
20.5 and 26 minutes respectively. 
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As expected, glutathione and glutathionylspermidine are not detected in the glutathione 

deficient mutant strain WP758.  In addition, only glutathione was detected in the 

glutathionylspermidine deficient mutant strain CC821.  Glutathionylspermidine can be 

detected in wild type strain, DHB4, but only in minute amounts (~3%).  Leaky 

expression of the Glutathionylspermidine synthetase fragment from pGspSyn converts 

half of the total thiol content into glutathionylspermidine.  Full expression of GspSyn 

using 0.5 mM IPTG essentially converts all glutathione into glutathionylspermidine 

(Figure 3.5)  
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Figure 3.5: Assay of intracellular thiol content in wild type and mutant strains.  Levels of glutathione and 
glutathionylspermidine were measured using HPLC in wild type strains (DHB4),  ΔgshA strains (WP758), Δgsp Strains 
(CC821), and  Δgsp Strains transformed with pGsypSyn.  Levels of total levels of thiol content during stationary phase 
varied between 5 and 8 mM.  The lack of detectable glutathione and glutathionylspermidine confirmed the 
chromosomal deletion of gshA and gsp in strains WP758 and CC821, respectively.  Strains expressing the pGspSyn 
plasmid with no induction with IPTG showed leaky expression of the protein resulting in approximately 50% of 
glutathione sequestered by glutathionylspermidine.  After induction with 0.5 mM IPTG, the strain, CC821-G,  is 
essentially devoid of glutathione. 
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3.3.4 Exponential growth rates of mutant strains (Δgsp, Δgsp/ΔtrxB) overexpressing pGspSyn  

HPLC assays confirmed GspSyn activity and its ability to convert nearly all glutathione 

into glutathionylspermidine when over-expressed in gsp mutant cells.  Subsequent 

measurements of exponential growth rates characterized the viability of these mutant 

strains (Table 3.1).  Strains not expressing gsp (Δgsp) are characterized by a doubling 

time which is approximately 10-to-15 minutes  longer than wild type.  This retarded 

growth is even more pronounced in double mutant strains (ΔtrxB/Δgsp) expressing the 

pGspSyn vector.  

 

Strain Genotype Doubling Time (min)
DHB4 Wild Type 37
CC821 Δgsp 50
CC821‐G Δgsp (pGspSyn) 48
AD494 ΔtrxB 44
CC494 ΔtrxB/Δgsp 44
CC494‐G ΔtrxB/Δgsp (pGspSyn) 62

Growth Rates of Mutant Strains

 

 

 

To assess whether glutathionylspermidine can interact with glutaredoxins, double 

mutant strain CC494-G (ΔtrxB/Δgsp +pGspSyn) was grown to an OD600 of 0.5 AU and 

subsequently induced with 0.5 mM IPTG, resulting in full expression of GspSyn.  

Table 3.1: Exponential Growth rates of mutants transformed with and without pGspSyn  
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Results indicate that, while un-induced cells grew concurrently for an additional 1-1.5 

hours, induced cells demonstrated diminutive growth immediately after treatment 

(Figure 3.6).  A comparable sudden change in growth rate was not observed for gsp 

mutant strains (CC821-G) induced with IPTG at an OD600 of 0.5 AU (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Growth of mutant strain CC494-G (ΔtrxB /Δgsp) before and after induction with IPTG.   Before 
induction with 0.5 mM IPTG, cells are growing exponentially at a doubling time of 62 minutes as reported.  
Once the cells reached an OD600 of 0.5 AU, cells were partitioned into two groups: induced (red) and un-
induced strains (black).  Full expression of GspSyn from induced cells forced the cells to stop growing 
exponentially.  Un-induced cells continued to grow exponentially. 
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3.4 Discussion: 

3.4.1 In-vivo conversion of intracellular glutathione to glutathionylspermidine.   

The main objective was to design a model system that substituted glutathione with 

glutathionylspermidine.  Although, the synthetase fragment of this bifunctional enzyme 

has been successfully expressed, no supplementary work has been done to measure 

cellular levels of glutathionylspermidine in strains over-expressing these plasmids 

(Bollinger 1995; Kwon 1997).  Data from this work demonstrate that expression of 

GspSyn from an inducible vector can successfully convert glutathione into 

glutathionylspermidine.  

 

Design of this model system expressing glutathionylspermidine required two main 

steps.  First, a Δgsp mutant had to be constructed to prevent any undesirable wild type 

amidase activity.  Second, a GspSyn fragment had to be successfully cloned into an 

expression vector.  Both deletion of gsp and cloning of GspSyn were accomplished and 

confirmed via PCR and DNA sequencing, respectively.  Evidence for functional enzyme 

activity was supported from glutathione and glutathionylspermidine assays using High 

Performance Liquid Chromatography.   Leaky expression of GspSyn from the pTrc99a 

template plasmid was sufficient to convert approximately half of the total intracellular 

thiol content into glutathionylspermidine.  Upon full induction of this enzyme, 

intracellular concentrations of glutathione become exhausted. Therefore, this novel  
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strain promotes the complete conversion of intracellular glutathione is into its 

spermidine-derivative form.  

3.4.2 Characterization of growth of glutathionylspermidine mutants  

In M9 minimal media, a GSP mutant strain, with an approximate doubling time of 50 

minutes, grows extremely slowly, as compared to wild type growth.  This retarded 

growth suggests that the deletion of gsp generates a taxing cellular environment that is 

unhealthy for adequate cell growth.   Previous experiments have only pointed towards a 

role of glutathionylspermidine during stationary and anaerobic growth in which it its 

cytoplasmic concentration increases to 11% and 80% of total thiol content, respectively.  

However, the characteristic exponential growth rate from a strain deficient only in 

glutathionylspermidine synthetase, could suggest that even though levels of 

glutathionylspermidine are only 3% of all thiol content during exponential phase, the 

enzyme gsp is actually playing an active role in regulating the steady state 

concentrations of glutathione and spermidine.   

 

A trxB knockout mutant, maintaining a pool of oxidized thioredoxins, can only use the 

glutathione pathway to shuttle reducing equivalents from NADPH to downstream 

oxidized proteins.  If glutathione is not available, or inactive, then there will be no other 

channel for reducing inactive oxidized proteins.  Concerning a gsp knockout mutant, the 

cytoplasmic concentration of glutathione has been replaced by glutathionylspermidine, 

which may not necessarily reduce downstream glutaredoxins.  Therefore, growth of 
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ΔtrxB/Δgsp double mutants expressing pGspSyn, investigates whether 

glutathionylspermidine can substitute for glutathione in the glutathione pathway.   

Before induction with IPTG, CC494-G seems to be able to grow exponentially, albeit 

slowly. However, upon induction and subsequent expression of GspSyn, there is an 

abrupt decrease in growth rate and the relative cell concentration does not increase 

above an OD600 of 1 AU after 6 hours.  Therefore, this immediate halt in growth 

accompanied by the conversion of glutathione to glutathionylspermidine, strongly 

suggest that glutathionylspermidine cannot reduce downstream glutaredoxins, or 

similarly be reduced by glutathione reductase.   
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Chapter 4 

Conclusions and Future Directions 

A high throughput transcriptional profile was the most logical choice for the 

characterization of six bacterial strains, as it returns a considerable amount of data in a 

minute amount of time.  However, one note of caution should be mentioned whilst 

trying to correlate data with biological explanations.  When mining such vast amounts 

of data using few numbers of replicates, false positive and negative results are almost a 

guarantee.  Although interesting trends were found, these results merely suggest the 

possibility of a biological interaction which must be proven through direct 

experimentation. 

 

The overall objective was to characterize six strains harboring mutated reducing 

pathways.  We investigated whether these mutations produced increased oxidative 

stress and variation in gene expression associated with certain biological processes.  

Approximately 100 genes are significantly upregulated in strains devoid of components 

constituting the reducing pathways; double mutant strains exhibited 4 to 8 fold 

increased expression, and single mutant strains exhibited 3 to 5.5 fold increased 

expression of these genes.  These genes encoded for proteins involved in different 

biological processes such as sugar transport, various stress responses, amino acid 

biosynthesis, and phosphonate transport.  Moreover, the majority of genes most 

upregulated, i.e. within the top 20, correspond highly with an oxidative stress response.  
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In each mutant strain, at least one gene, OxyS, controlled by the OxyR regulon was 

significantly up-regulated.  Interestingly, expression of the remaining genes seemed to 

be specific to the classification of the mutation.  Two of the three “protein folding” 

double mutants demonstrated the strongest response to oxidative stress in which 

transcription of essentially every gene implicated in the OxyR regulon was between 4 

and 16 fold higher than wild type.  On the other hand, strains with only one mutation, 

also showed a similar, yet less pronounced stress response in which transcription of 

these OxyR regulated genes was between 2 and 8 fold higher.   

 

This varied degree of expression amongst different mutant strains was a common theme 

which distinguished the effects of rendering both reducing pathways (double mutants) 

or only the glutathione pathway (single mutants) nonoperational.  Therefore, distinction 

in gene expression may suggest a method to characterize the redox environment in the 

cytoplasm.  That is, the expression of specific genes may be used as an indicator of the 

reducing potential.  It may be noteworthy to investigate such “oxidative sensitive” genes 

and test if they truly respond to the degree of oxidative potential and thus the ability to 

promote disulfide bond formation. 

 

In addition, an E. coli strain expressing high concentrations of glutathionylspermidine 

has been designed.  The next stage is to investigate the reductive properties of 

glutathionylspermidine by analyzing its ability to substitute for glutathione. These 



 

69 
 

efforts have already been initiated to some extent, given the design of ΔtrxB Δgsp double 

mutants to determine whether glutathionylspermidine can interact in the glutathione 

pathway.  These initial tests suggest that, dissimilarly from glutathione, 

glutathionylspermidine cannot cooperate with either glutathione reductase or 

glutaredoxins.  In addition to maintaining glutaredoxins in a reduced state, glutathione 

is also noted for its ability to confer resistance to arsenate, hypochlorous acid, and low 

acidic environments.  Therefore, addressing those functions, phenotypic assays need to 

be performed to test whether glutathionylspermidine can also confer such resistance.  

Ultimately, the compilation of these phenotypic assays may tip the debate concerning 

whether glutathionylspermidine is a better reductant than glutathione, or if it just 

regulates the steady state levels of glutathione and spermidine.  
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APPENDIX A: Array Chip Expression Report 

 

 
Sample 

Percent of All  
Genes Present 

(%) 

Percent of E. coli 
Genes Present 

(%) 

Background 
Intensity 

June 
Samples 
 (Batch 1) 

DHB4_1 61.10 96.12 36.91 
KHB4_1 62.10 97.28 35.51 
KV256.10_1 60.00 94.35 38.93 
KV277.2_1 59.10 93.19 39.20 
KV96_1 57.90 93.22 35.41 
MJF256.10_1 57.00 92.09 36.10 
MJF277.2_1 57.00 91.50 36.16 
SMG96_1 57.80 92.50 37.18 

October 
Samples 
 (Batch 2) 

DHB4_2 37.80 63.00 311.40 
KBH4_2 53.00 84.30 33.92 
KV256.10_2 49.80 76.50 34.70 
KV277.2_2 51.40 82.80 30.61 
KV96_2 48.00 75.53 33.94 
MJF256.10_2 43.60 70.30 31.62 
MJF277.2_2 52.00 80.30 35.10 
SMG96_2 49.10 76.70 31.93 

 

Table A1: Summary of raw signal intensities detected 
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APPENDIX B: Over-expressed genes in protein folding mutants 

 

Table B1: List of the top 100 most over-expressed genes with respect to DHB4 
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APPENDIX B (Continued) 

 
  Table B2: List of the top 100 most over-expressed genes with respect to DHB4 (Continued) 
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APPENDIX C: Genes with low expression in protein folding mutants 

 
Table C1: Top 100 genes whose expression is significantly lower than DHB4 
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APPENDIX C (Continued) 

Table C2: Top 100 genes whose expression is significantly lower than DHB4 
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