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ABSTRACT 

Antimicrobial resistance is a big problem in modern medicine. One of the key components in 

the combat is the characterization of novel drug targets and the development of new classes of 

compounds targeting them. In the case of the gastric pathogen Helicobacter pylori, increasing 

resistance necessitates more elaborate and costly treatment-regimes, which cause more side 

effects than the standard therapy. As for Bacillus anthracis, the causative agent of anthrax, 

naturally occurring or engineered resistance threatens to compromise the treatment of infections 

caused by this severe pathogen. 

 

The aim of this thesis was to characterize bacterial thioredoxin systems as potential drug 

targets in bacteria devoid of glutathione. Furthermore, to develop inhibitors that targets these 

systems. Special emphasis was given to H. pylori as a representative for slow growing, chronic, 

pathogens and B. anthracis for rapidly growing pathogens giving rise to fulminant disease. 

 

Paper nr I: We provided crystal structures of H. pylori thioredoxin reductase in both the 

oxidized and reduced forms at 1.7 and 1.45Å resolution, respectively. This information could 

potentially be used for rational design and optimization of inhibitors. 

 

Paper nr II: We characterized the thioredoxin system of B. anthracis and concluded that, 

despite an apparent redundancy, B. anthracis has only one thioredoxin reductase, two 

thioredoxins and one NrdH-redoxin. Furthermore, thioredoxin 1 was the predominant disulfide 

reductase and the physiologically relevant electron donor for ribonucleotide reductase. This 

suggests that the thioredoxin system of B. anthracis could be an attractive drug target. 

 

Paper III: We described inhibition of bacterial thioredoxin reductases as a novel antibiotic 

principle using ebselen. Using pure proteins, we could show that ebselen is a competitive 

inhibitor of E. coli thioredoxin reductase, acting by binding to the C-terminal active site 

cysteine. We used various E. coli strains with gene-deletions in the redox systems to show that 

the absence of glutathione confers sensitivity to ebselen. We also showed that H. pylori and M. 

tuberculosis, both of which naturally lack glutathione, are sensitive to the drug. 

 

Manuscript IV: We studied ebselen and derivatives thereof as inhibitors of B. anthracis 

thioredoxin reductase and tested their antibacterial activity against B. subtilis. We could show 

that selected compounds are potent inhibitors of B. anthracis thioredoxin reductase with IC50 

values down to 70 nM. Minimal Inhibitory Concentrations (MICs) were down to 0.4 µM 

(0.12µg/ml) for B. subtilis and compounds had a bacteriocidal mode of action. Based on this, 

we constructed a structure-activity-relationship and concluded that ebselen and derivatives 

thereof could potentially be used for the treatment of anthrax. 

 

In conclusion, the present thesis deals with the characterization of bacterial thioredoxin 

systems as potential drug targets - on a biochemical, bacteriological and structural level. The 

results obtained suggest that bacterial thioredoxin systems are attractive drug targets in bacteria 

devoid of glutathione and that ebselen might be a viable starting point for drug development. 

Inhibitors could potentially be used to treat a wide variety of infections including anthrax, 

gastric ulcers and tuberculosis. 
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1 INTRODUCTION 

 

1.1 THE PROBLEM OF ANTIMICROBIAL RESISTANCE 

One of the big problems in modern medicine is the increasing antimicrobial 

resistance. Antimicrobial resistance results in increased morbidity, mortality and 

cost. Additionally, it threatens to compromise our ability to cope with infectious 

complications normally associated with surgical procedures, cancer treatments, 

dialysis and transplantations (1). 

 

In an American study, infections with methicillin resistant Staphylococcus aureus 

(MRSA) were associated with almost three times higher mortality compared to 

infections with methicillin sensitive  S. aureus (MSSA) (2). Furthermore, a recent 

report suggests that a selected list of resistant bacterial pathogens are responsible for 

a minimum of 25 000 deaths and increased costs of € 1.5 billion annually in the EU 

(3).  

 

In “the golden era of antibiotics” resistance was not considered a big problem given 

that new classes of antibiotics were continuously being introduced, keeping us 

ahead of resistance. The situation has since changed – few new drugs are being 

approved, and most of them are small variations of a well known scaffold, targeting 

a limited set of functions in the bacteria (3–5). This is illustrated by the β-lactams 

(including the penicillins), a class of antibiotics which has been extensively used 

and varied over the years (6). 

 

The reasons for the lack of new antibiotics are many but can broadly be divided into 

financial, scientific and regulatory (7). One important aspect is the limited potential 

financial gain from developing a new antibiotic. Antibiotics for many infections are 

typically used on a timescale of days-weeks, limiting their market potential. This is 

in contrast to drugs such as antihypertensives and antidiabetics which are typically 

used on a timescale of years (8). Scientific reasons include the problem of 

identifying good antibacterial targets which could give a suitable spectrum of 

activity. Furthermore, the low hit rate observed in screening campaigns against 

bacterial targets is problematic. This is illustrated by the experience from 

GlaxoSmithKline (GSK), which screened up to 530 000 compounds against 70 

different targets over a period of seven years. This returned hits for 14 of the targets, 

with a total of five leads generated. All of these were subsequently dropped from 

further development (9). It has been speculated that a large part of the failures in 

screening for antibacterial compounds can be explained by the inadequate chemical 

libraries available. Most corporate and publicly available libraries are heavily biased 

towards types of compounds active against human drug targets. Furthermore, 

successful antibiotics in clinical use are characterized by significant differences in 

their properties compared to non-antibacterial drugs, including higher polarity, 

smaller size and larger proportion of covalent binders (10). 
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1.1.1 How can we combat antimicrobial resistance? 

 

1.1.1.1 Pathogen identification, susceptibility testing and surveillance 

A key component is pathogen identification and susceptibility testing of clinical 

isolates. This enables targeted therapy, and can help in guiding empirical treatment 

(treatment prior to definite identification of the pathogen and susceptibility testing) 

when combined with surveillance. The combination is also important for limiting 

the spread of resistant organisms and can help in directing the development of new 

antibacterials. 

 

1.1.1.2 Prudent use of a limited resource 

Antibiotics are definitely a limited resource given that the number of suitable drug 

targets in bacteria is relatively low. Furthermore, antibacterial resistance shows a 

clear correlation to the level of usage, both in humans (11–13) and animals (14). In 

many countries, antibiotics are available over the counter without prescriptions and 

are frequently being prescribed on inadequate indications (e.g. for viral infections).  

 

Another important factor to consider is the antimicrobial spectrum of the antibiotics 

– ideally an antibiotic should only target the bacteria causing the infection at hand. 

This reduces the risk of resistance development as well as potential for side effects. 

However, since a large proportion of infections are treated empirically, agents 

targeting only a single bacterium are not always ideal. Typically, rapidly 

progressing, life threatening infections such as meningitis and severe sepsis require 

a broader spectrum of activity. On the other hand, slowly progressing and non-fatal 

infections can be treated with agents with a narrower spectrum, given that the 

causative agent is sensitive. 

 

The use of antibiotics as growth promoters in animal feed is prohibited in the EU, 

but is commonly used elsewhere, including the US, despite minimal production 

gain (15). Even in countries where such a misuse is prohibited, the use of veterinary 

antibacterials for treatment and prophylaxis differs significantly. A European study 

showed that the consumption in ten different countries differed by a factor ten (mg 

antibiotic consumed / kg produced meat) between low consumption countries 

(Sweden, Norway and Finland) and high consumption countries (the Netherlands 

and France) (16). The potential for reduction of use should be obvious. 

 

Release of antimicrobials as a result of manufacturing is another problem which has 

been investigated recently. Effluent from a sewage treatment plant in India, serving 

90 different bulk drug manufacturers, was analyzed for a number of 

pharmaceuticals and high levels of many antibiotics were found. The levels of 

ciprofloxacin in the effluents were 28-31mg/L (17). These concentrations are 30 

times higher than the susceptibility breakpoint for E. coli (R > 1mg/L) and roughly 

ten times higher than the maximal concentration attained in patient serum (Cmax < 3-

4 mg/L) during therapy (18). Given that these effluents were released directly into 

nearby rivers (17), the risk for resistance development should be substantial. 
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In conclusion, a strict antibiotic policy should be implemented where antibiotics are 

only available by prescription, on adequate indications and with a spectrum of 

activity suitable for the indication. This has been advocated for the last 15 years by 

STRAMA (Swedish Strategic Programme for the Rational Use of Antimicrobial 

Agents and Surveillance of Resistance), which has shown that long term changes in 

antibiotic usage can be achieved, at least on a national level (19). Furthermore, 

veterinary use should be drastically reduced, given that animals are generally 

treated with the same classes of antibacterials as humans and that resistant bacteria 

can be transmitted between species (15). 

 

1.1.1.3 Containment and prevention of dissemination 

To avoid spread of resistant organisms within hospitals and to the society, 

adherence to basic hygiene routines (including protective clothing, alcohol based 

hand wash and adequate cleaning procedures) is important. The same goes for 

identification and  isolation of infected or colonized patients (20). There is a strong 

correlation between a low MRSA prevalence and strict adherence to such 

procedures (21). Furthermore, there is an association between implementation of 

strict procedures and a decrease in the prevalence of MRSA (22). 

 

Given that international travels are common nowadays, antimicrobial resistance is 

also spread between countries. In a study on healthy volunteers, with negative pre-

travel samples, traveling from a low-prevalence setting (Sweden) to destinations 

outside of northern Europe, 24 % tested positive for colonization with extended 

spectrum β-lactamase (ESBL) producing bacteria  upon return. Notably, 88% of 

travelers returning from India were ESBL positive (23). This is especially 

problematic given the recent isolation of Gram-negative bacteria expressing the 

NewDelhi metallo-β-lactamase 1 (blaNDM-1). These bacteria are generally resistant 

to most available antibiotics including penicillins, cephalosporins, carbapenems, 

flouroquinolones, tetracyclines and aminoglycosides (24, 25). 

 

1.1.1.4 Development of new antibacterials 

The last part involves the development of new antibacterials, and at the heart of 

antibiotic development is the characterization of potential antibacterial drug targets. 

 

Although antibiotic development is a far from trivial task (7, 9, 10), it needs to be 

continued nevertheless. It has been suggested that new approaches, in the scientific, 

regulatory and commercial parts of the development, need to be adopted (26–28). 

 

One way of rapidly accessing “new” antibiotics is to rediscover old drugs and drug 

candidates which, for various reasons, are not widely available or have not been 

registered. These reasons might include inadequate spectrum of activity, frequent 

side-effects, lower efficiency or unfavorable pharmacokinetics, all of which might 

be acceptable in a situation of increased resistance. In a recent European study, the 

accessibility of many older antibiotics such as fosfomycin and colistin, was found to 

be highly variable and with a large potential for improvement (29). 
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1.2 WHAT IS A GOOD DRUG TARGET? 

It has been suggested that a good drug target is a target for which a drug with 

desirable properties exists. However, this is somewhat of an oversimplification 

which affords little help in the evaluation of new potential drug targets. For the sake 

of simplicity, only the properties of potential antibiotic drug targets will be 

considered here. 

 

1.2.1.1 Essentiality 

A key property is that the targeted function is essential for the bacterium of interest. 

Herein, essentiality is defined as the inability for the bacterium to live or proliferate 

in the absence of said function. Often, drug targets for antibiotics are enzymes that 

take part in biochemical pathways such as the synthesis of DNA, proteins or the cell 

wall. If multiple parallel pathways exist, combined targeting of the different 

isoenzymes is needed. Thus, a target should be essential in its own right or be very 

similar to the ones constituting the redundancy, allowing for parallel targeting (30). 

 

In the literature, there seems to be a great deal of confusion and conflicting views 

about how essentiality of a gene should be defined. In the following scenarios I will 

consider a gene to be essential: 

 

 If the gene can be disrupted or removed from the chromosome only with the 

presence of an extra copy of the gene. This can be supplied either on a 

plasmid or on another location on the chromosome. The extra copy can be 

placed under an inducible promoter, enabling verification that the obtained 

mutants are non-viable or unable to grow without added inducer. 

 

 If the gene of interest is placed under an inducible promoter and the bacteria 

are only able to grow when inducer is added. Care should be taken to avoid 

potential polar effects. 

 

 If the gene of interest can be disrupted or removed only in the presence of 

an additive supplementing for the deficiency introduced. Care should be 

taken to avoid potential polar effects on genes belonging to the same 

operon. Therefore, scarless methods or other methods allowing read-through 

into adjacent genes are preferred. 

 

 

1.2.1.2 Absence, difference or non-essentiality in the host 

If a function is not present in the host, this might be a good starting point for 

consideration as a drug target. An example of a function which is essential in 

bacteria but not present in human cells is the synthesis of the cell wall. This is 

probably a part of the reason why compounds interfering with the synthesis of cell 

wall represent the most common mechanism of action for antibiotics in clinical use 

as well as compounds in development (6). This is illustrated by the β-lactams which 

interferes with cross-linking of the cell wall. 
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Another possibility is that the function of the target is needed in host cells, albeit 

with a large difference between the host function and the bacterial counterpart, 

permitting selective targeting. This is illustrated by trimethoprim, which binds to 

bacterial dehydrofolate reductase with a 1000- fold higher affinity than the human 

counterpart. 

 

Even if identical functions exist in bacteria and humans and the function as such is 

essential for both, this function could potentially be useful as an antibacterial target 

given that the host have additional systems acting as backup. This will be discussed 

in more detail later in relation to the thioredoxin and glutaredoxin systems. 

 

 

1.2.1.3 Assayability  

Let us assume that an essential gene, without any close homologue, in a 

hypothetical bacterium of considerable medical importance has been identified.  

 

In order to develop a new class of antibiotics targeting the function of this gene, 

some kind of assay to detect interference is needed. Since antibacterial targets are 

often enzymes, compounds interfering with the catalytic conversion of a substrate to 

product (enzyme inhibitors) are typically sought after. 

 

Initially, small or large collections of compounds are usually screened for the 

desired property. Ideally, this should be done in an assay which is cheap and easy to 

parallelize. The hits found in the primary screen usually need further optimization 

to generate one or more leads, which can progress into further development. 

Alternatively, compounds can be screened directly on bacteria for growth inhibition 

or some other property that can easily be assessed after which the target can be 

identified. 

 

 

1.2.1.4 Auxiliary information  

Generally, the more you know about the target of interest the better. Auxiliary 

information might for instance include structural information, which can help in 

rational optimization of inhibitors. Sometimes, a detailed protein structure can even 

be used for in silico (in the computer) screening of potential inhibitors, bypassing 

the need for large scale screening of compounds in the laboratory (31). Nonetheless, 

suggested inhibitors also need to be verified experimentally. 
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1.3 HELICOBACTER PYLORI 

Helicobacter pylori is a Gram-negative, slow-growing, microaerophilic rod (32) 

which was isolated in 1983 from patients with chronic gastritis and duodenal and 

gastric ulcers by Barry Marshall and Robin Warren (33) who were awarded the 

2005 Nobel Prize in Physiology or Medicine for their discoveries. Eventually it was 

accepted that peptic ulcer disease is essentially an infectious disease curable by 

antibiotics. Apart from its role in chronic gastritis and gastroduodenal ulcer disease, 

the bacterium has been recognized as a definite carcinogen due to the strong 

correlation to gastric carcinoma and mucosa-associated lymphoid tissue (MALT) 

lymphoma (34, 35). 

 

Estimations suggest that half of the global population is infected, with a higher 

prevalence in developing countries than in industrialized ones (32, 36). In the 

Kalixanda Study, where 1001 randomly selected adults from two communities in 

northern Sweden were subjected to gastroscopy (37), 33.6% were culture positive 

for H. pylori (38) and 4.1% had ulcers with an equal distribution between gastric 

and duodenal localization (39).   

 

How does a bacterium manage to colonize the highly inhospitable environment in 

the stomach? Given that the environment in the stomach is highly acidic (pH 

down to 1-2), an important virulence factor is urease, which converts urea to 

ammonia and carbon dioxide. The ammonia acts as a buffer, allowing the 

bacterium to survive short term exposure of low pH. Other virulence factors 

important for colonization is motility, which permits H. pylori to enter the mucous 

layer, adhesins permitting adhesion to epithelial cells and various toxins giving 

the bacterium access to nutrients (32, 34).  

 

Colonization of the host by H. pylori usually results in a strong inflammatory 

response with a massive production of reactive oxygen species (40). It might seem 

somewhat surprising that the bacterium is able to withstand this oxidative 

onslaught and establish persistent infections, given its strict microaerophilic in 

vitro growth requirements. Some of the systems responsible for protection against 

oxidative stress are thioredoxin dependent (41). 

 

The standard triple therapy consists of a proton pump inhibitor (PPI) and two out 

of three of the following antibiotics: clarithromycin, amoxicillin and 

metronidazole. On a Swedish note, antimicrobial resistance is rather uncommon 

as illustrated by the Kalixanda Study (38) and treatment results are still good. 

Internationally, the picture is very different. Increasing resistance has necessitated 

the development of more elaborate and costly therapies, resulting in increased side 

effects and reduced patient compliance (42–44). Perhaps even more problematic, 

is that these therapies tend to include antibiotics such as levofloxacin, 

moxifloxacin and rifabutin, which are normally reserved for other types of 

infections. The need for development of novel antimicrobials targeting this gastric 

pathogen should be obvious. 
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1.4 BACILLUS ANTHRACIS 

Bacillus anthracis, the causative agent of anthrax, is a Gram-positive, spore-

forming rod. The bacterium derives its name from the Greek word for coal which 

refers to the black, coal-like escars sometimes formed during the cutaneous form of 

infection (45). B. anthracis belongs to the Bacillus cereus group and the same genus 

as the nonpathogenic bacterium B. subtilis which has been used extensively as a 

model organism (46).  

 

B. anthracis has two major virulence plasmids; pOX1 and pOX2. pOX1 encodes 

the tripartite toxin whereas pOX2 encodes genes responsible for synthesis of the 

antiphagocytic poly-D-ɣ-glutamic acid capsule. The tripartite toxin is composed of 

protective antigen (PA) in complex with either lethal factor (LF) or edema factor 

(EF). PA mediates cellular uptake, whereas LF and EF mediates toxicity. Loss of 

either plasmid results in dramatic attenuation of virulence (47). 

 

Anthrax exists in three major forms; cutaneous, inhalational and gastrointestinal. In 

the cutaneous form, spores are introduced through the skin whereas in the 

inhalational form, they are inhaled. In the gastrointestinal form, spores or vegetative 

bacteria are ingested. Spores phagocytized by macrophages germinate 

intracellularly after which lysis occurs and bacteria escape to multiply 

extracellularly (48).  

 

The cutaneous form represents about 95% of reported cases and it has been 

estimated that there are about 2000 global cases annually. The mortality rate  has 

been estimated to be up to 20% for untreated infections and less than 1% with early, 

appropriate treatment (49). Mortality in inhalational anthrax has historically been 

close to 100%, but this can be lowered by early treatment with adequate antibiotics 

and supportive care. Out of the 11 cases found during the 2001 anthrax letter 

attacks, 45% died (50).  

 

In 2000, a Norwegian heroin user succumbed to a fourth form of anthrax which was 

named injectional anthrax due to the route of administration (sc. injection) (51). In 

late 2009, Scotland experienced an epidemic of injectional anthrax with a total of 31 

cases, out of which 11 died (52). Additional cases were identified in other parts of 

the UK and Germany (49). Although it was originally assumed that the heroin had 

been contaminated in Afghanistan, a recent molecular epidemiological investigation 

suggest that contamination along the trade route was more likely, given the high 

degree of similarity to Turkish isolates (53). 

 

During the course of a infection, vegetative B. anthracis cells divide rapidly in the 

host and can reach densities of up to 10
7
 - 10

8
 bacteria per milliliter blood (48). The 

rapid growth necessitates efficient systems for synthesis of deoxyribonucleotides 

required for replication and repair of DNA. Additionally, the need for systems 

protecting the bacterium against oxidative stress imposed by the host immune 

system should be obvious. 
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Naturally occurring strains of B. anthracis are generally sensitive to a number of 

commonly used antibiotics including flouroqinolones, tetracyclines, penicillins and 

aminoglycosides (54). Current guidelines usually recommend the combination of a 

flouroquinolone or doxycycline with 1-2 additional antibiotics as empirical 

treatment for symptomatic patients. In a situation of suspected mass-exposure, such 

as after intentional release in a terrorist attack, post exposure prophylaxis with either 

ciprofloxacin or doxycycline is recommended  (55, 56).   

 

Disturbingly, resistance to most relevant antibiotics can easily be selected for in 

vitro (57), which could prove to be disastrous in a scenario intentional release. B. 

anthracis is also naturally resistant to most cephalosporins (45), which is a 

cornerstone in the empirical treatment of serious infections such as pneumonia, 

sepsis and meningitis. 
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1.5 RIBONUCLEOTIDE REDUCTASE 

Deoxyribonucleic acid (DNA) is the macromolecule responsible for maintaining the 

genetic information in all living cells. To be able to replicate and repair DNA, a 

balanced supply of the monomer building blocks, deoxyribonucleoside triphosfates 

(dNTPs), is required.  

 

During the 1950s, Peter Reichard and colleagues made the observation that 

ribonucleosides were incorporated into both RNA and DNA (58), whereas 

deoxyribonucleosides could only be incorporated into DNA, leading to the 

conclusion that there was an enzymatic activity responsible for the conversion of 

ribonucleosides to deoxyribonucleosides (59). This eventually led to the discovery 

of ribonucleotide reductase (RNR) in extracts of E. coli (60, 61) which was 

subsequently found to contain a stable tyrosyl radical (62) localized to tyrosine 122 

(63). Although this was the first protein radical to be discovered, radicals have been 

found in many different proteins since (64). 

 

RNR catalyzes the conversion of ribonucleotides to deoxyribonucleotides as 

outlined schematically in Figure 1, and respresents the only mechanism for de novo 

synthesis of deoxyribonucleotides making it essential in most organisms (65). 

 

 

 

 
 

 

Figure 1. Conversion of ribonucelotides to deoxyribonucleotides. Ribonucelotide 

reductase (RNR) converts ribonuleotides to deoxyribonucleotides. The most common 

substrates are diphosphates (PP) which are then phosphorylated to triphosphates, whereas a 

few RNRs use triphosphates directly (PPP). The hydroxyl group (OH) which is exchanged 

for a hydrogen atom (H) is highlighted in bold. The base is adenine (A), thymidine (T), 

cytosine (C) or guanine (G). 

 

 

The seemingly simple reaction requires a quite complicated catalytic mechanism 

involving the generation of a stable radical, a long range transfer of the radical and 

the supply of two electrons from an external electron donor (65).  The enzymatic 

activity is subject to a complex allosteric regulation to ensure a balanced supply of 

dNTPs (66, 67).  
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1.5.1 Different classes of RNR 

There are three major classes of RNR, which differ in their overall structure, metal-

cofactor requirement, tolerance or requirement for oxygen and use of external 

electron donor (65). RNRdb (www.rnrdb.molbio.su.se) is a manually curated 

database, collecting information about ribonucleotide reductases in various 

organisms (68). This is a veritable treasure trove for RNR scientists. Below, some 

aspects of the different RNRs will be discussed with a focus on their role for 

proliferation and virulence in different bacteria. 

 

1.5.1.1 Class I – aerobic 

Class I enzymes contain two major subgroups (Ia and Ib) differing in their genomic 

organization, metal cofactor requirement and allosteric regulation of activity (65, 

66). The recently proposed subgroup Ic (69), will not be discussed further in this 

thesis.  

 

Common for the class is that the protein is made up of two different nonidentical 

subunits (NrdA (α) and NrdB(β) for Ia and NrdE (α) and NrdF(β) for Ib) typically 

found in an α2β2 configuration.  The radical is generated on a tyrosine residue in the 

β subunit which is then transferred to a cysteine in the active site of the α subunit, 

giving rise to the catalytic cysteinyl radical. During the course of a catalytic cycle, a 

disulfide is generated in the active site. This disulfide is reduced by the C-terminal 

cysteines located on flexible tail, which swings into the active site. The C-terminal 

disulfide is in turn reduced by external electron donors which can be glutaredoxin, 

thioredoxin or NrdH redoxin depending on the type of RNR and species. Since the 

formation of the radical is oxygen dependent, type I RNRs are only active in the 

presence of oxygen (aerobic conditions) (65).  

 

Type Ia RNRs, as exemplified by the E. coli enzyme, contain an iron cofactor in the 

β-subunit which is essential for radical generation. This particular type of RNR is 

usually the only RNR present in higher eukaryotes such as humans, but is also 

frequently found in bacteria capable of growing under anaerobic conditions together 

with class II and/ or class III enzymes (68).   

 

The first type Ib RNR was identified in Salmonella typhimurium as a gene able to 

complement a temperature sensitive mutant of the type Ia RNR in E. coli (70). The 

protein was recombinantly expressed in E. coli and was characterized as having an 

iron  cofactor and the ability to use glutaredoxin but not thioredoxin as electron 

donor (71).  However, a growing body of evidence suggests that type Ib RNRs 

instead use a manganese cofactor (72–76), where NrdI, a small flavodoxin-like 

protein, is needed for radical generation (77–79). Some of this development has 

recently been summarized (80). Interestingly, type Ib enzymes appears to be 

completely absent from the genomes of eukaryotes (including humans), but are 

common in bacteria, most of which do not encode other aerobic RNRs (68). This 

suggests that type Ib RNRs could be viable drug targets given that inhibitors 

targeting type Ib but not Ia RNRs can be found. 
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1.5.1.2 Class II – aeroboindifferent 

Class II RNRs neither requires nor is inhibited by oxygen and can thus be classified 

as indifferent to oxygen, or aeroboindifferent. They contain a single α-subunit 

(NrdJ) and generate the cysteinyl radical with the help of adenosylcobolamin 

instead of a separate β-subunit. Thioredoxins or glutaredoxins are used as external 

electron donors (66). Class II enzymes predominantly exist in bacteria, some of 

which also contain class I and/or class III enzymes (68). 

 

 

1.5.1.3 Class III – anaerobic 

Class III RNRs are only active under anaerobic (oxygen free) conditions. Two 

different subunits are required for activity; the large catalytic subunit (NrdD) and 

the small radical generating unit (NrdG). NrdG contains a redox active iron-sulfur 

cluster, which together with S-adenosyl methionine (SAM) and reduced flavodoxin 

generates the radical. The radical is sensitive to oxygen, thus explaining the proteins 

general sensitivity to oxygen (66). The external electron donor for class III enzymes 

is formate (81). Class III RNRs are most often found in bacteria and are absent from 

most eukaryotes including humans. In bacteria, class III enzymes are found both in 

strict and  facultative anaerobes. In the latter, they are combined with class I and/ or 

class II enzymes (68). 

 

 

1.5.2 A closer look at RNR in selected bacteria 

 

Some bacteria deserve a closer examination of their RNR with a focus on 

essentiality and role in virulence. E. coli does so, on the basis of its well 

characterized history and role as reference organism, whereas the other bacteria are 

in more direct focus of this thesis. 

 

 

1.5.2.1 Escherichia coli 

Most strains of E. coli with available sequence information contains one Ia, one Ib 

and one class III RNR (68). The presence of both aerobically and anaerobically 

active RNRs is expected given that the bacterium is a facultative anaerobe. 

However, the presence of both a class Ia and a Ib RNR is a bit more surprising. 

 

Despite the presence of two aerobic RNRs in E. coli, the type Ia is essential under 

aerobic conditions unless the type Ib is overexpressed (82–84). In a recent study, E. 

coli could survive solely on its type Ib RNR when subjected to iron starvation, 

H2O2-stress or supplementation of the growth medium with high levels of 

manganese (75). This might indicate a role for the type Ib RNR under iron-deprived 

conditions such as during an infection. To limit the access to iron for the microbe is 

an important defense strategy for the host. 
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In a series of experiments, it was shown that both of the subunits of class III RNR in 

E. coli are essential for growth under strict aerobic conditions. However, even trace 

amounts of oxygen was enough to promote growth by the class I enzymes (85). 

This was later verified (84). 

 

 

1.5.2.2 Helicobacter pylori and Campylobacter jejuni 

H. pylori contains only a single type Ia RNR (86), which might explain its inability 

to grow under anaerobic conditions. So far, no experimental data has been 

published regarding RNR from this gastric pathogen.  

 

The closely related microaerophile Campylobacter jejuni, which causes colitis and 

diarrhea, also encodes a single Ia RNR (87) and is unable to grow under strict 

anaerobic conditions. In a recent study, the authors showed that C. jejuni is able to 

respire without oxygen as the terminal electron acceptor. On the other hand, DNA 

synthesis was inhibited. Anaerobic conditions resulted in filamentation, a 

morphology also seen when bacterial cultures were treated with hydroxyurea – a 

well known inhibitor of ribonucleotide reductases (88). 

 

Whether or not RNR in these bacteria could be viable drug targets remains to be 

established. This is far from obvious given that humans also rely on type Ia RNRs 

for synthesis of deoxyribonucleotides.  However, one could imagine inhibitors 

selective for the bacterial enzymes or compounds which are not absorbed from the 

gastrointestinal tract, thus giving low systemic exposure. 

 

 

1.5.2.3 Bacillus anthracis, cereus and subtilis 

B. anthracis, B. cereus and B. subtilis all have type Ib RNRs but not type Ia RNRs 

(68). On a general note B. subtilis seems to be missing anaerobic RNRs whereas 

most B. cereus and some of B. anthracis strains appear to have genes encoding for 

type III RNRs. 

 

Both subunits of the type Ib RNR are essential for growth of B. subtilis under 

aerobic conditions on rich media (89). To the best of my knowledge, essentiality of 

the corresponding genes in B. cereus and B. anthracis has not been investigated. 

However, it seems likely that they are essential under aerobic conditions. 

 

Whether or not B. subtilis is able to grow under strict anaerobic conditions without 

exogenously added deoxyribonucleotides, is still under debate (90, 91). 

 

The iron form of the type Ib RNR from B. anthracis has been studied as a potential 

drug target. Compounds showing a selective inhibition over type Ia RNRs in vitro 

were identified (92, 93). Certain compounds showed some activity against B. 

anthracis and a moderate selectivity relative to E. coli (92).  
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1.5.2.4 Staphylococcus aureus 

S. aureus is a Gram-positive cocci, capable of growing both aerobically and 

anaerobically. It is an important human pathogen causing a wide variety of clinical 

conditions including endocarditis, septicemia as well as skin and soft tissue 

infections (94). 

 

S. aureus encodes one class Ib and one class III RNR. The class III RNR, which is 

essential for anaerobic growth of S. aureus (95), was  shown to be highly important 

for virulence in a mouse model of septic arthritis, and for the ability of the 

bacterium to persist in the kidney parenchyma after an intravenous challenge (96). 

 

Although essentiality of the type Ib RNR for aerobic growth of S. aureus has not 

been formally shown, it is likely, given the results from a transposon based study, 

which suggest that both NrdE and NrdF are essential (97). In another study, the type 

Ib enzyme was characterized in its pure form and was found to be active (98). The 

low activity found could likely be explained by the use of an iron-loaded form of 

NrdF. 

 

  



 

14 

1.6 THE THIOREDOXIN AND GLUTAREDOXIN SYSTEMS 

Many organisms, including E. coli and man, have two major protein disulfide 

reductase systems – the thioredoxin and the glutaredoxin system (Figure 2). The 

thioredoxin system is composed of NADPH, thioredoxin reductase (TR) and 

thioredoxin (Trx) shuttling electrons to the terminal substrates (99). When present, 

NrdH can also be considered a part of the thioredoxin system as discussed later in 

the introduction. The glutaredoxin system on the other hand consists of NADPH, 

glutathione reductase (GR), glutathione (GSH) and glutaredoxin (Grx) (100). 

 

 
 

Figure 2. The thioredoxin and glutaredoxin system.  

 

 

1.6.1 Thioredoxin 

Thioredoxin was originally discovered in E. coli as a hydrogen donor for 

ribonucleotide reductase (RNR) (101). Four years later, the amino acid sequence 

was elucidated (102) and in 1975, the first high-resolution structure was presented 

(103). 

 

Thioredoxins are small (approx. 12 kDa), heat stable proteins with a well 

characterized fold. The thioredoxin fold is composed of a central β-sheet 

surrounded by α-helices. Although the minimal Trx fold requires four β-strands and 

three α-helices (104), thioredoxin as exemplified by E. coli Trx1 contain a five-

membered β-sheet surrounded by four α-helices (103). The thioredoxin fold is 

present in a wide variety of proteins with different functions including 

glutaredoxins, NrdH redoxins, protein disulfide isomerases and glutathione S-

transferases (104). Thioredoxins typically have WCGPC active sites, but exceptions 

do exist as exemplified by Trx2 from H. pylori which has a WCPDC active site 

(105) and by Trx2 from B. anthracis as discussed in paper II (106). 

 

Flow of electrons
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In addition to its role as an electron donor for RNR, thioredoxin also acts as a 

general protein disulfide reductase with an important role in upholding of the 

reducing intrecellular milieu and protection against oxidative stress (107–109). 

Specific disulfide targets include methionine sulfoxide reductase (MSR), 3’-

phosphoadenylylsulfate (PAPS) reductase (110), and thioredoxin dependent 

peroxiredoxins (111, 112). 

 

PAPS reductase catalyses the conversion of 3’-phosphoadenylylsulfate (PAPS) to 

sulfite and is required for sulfur assimilation from sulfate. PAPS reductase is 

generally essential in bacteria unless a reduced sulfur source such as methionine, 

cysteine or glutathione is present. MSR on the other hand reduces methionine 

sulfoxides in proteins and is important for protection against oxidative stress (113). 

The same goes for the peroxiredoxins which scavenge organic and inorganic 

peroxides (114). 

 

Thioredoxin also has a number of functions which does not involve the transfer of 

electrons to a substrate, but rather where it acts as a structural component. The most 

well-known of these is perhaps E. coli thioredoxin and its role as a subunit of the 

phage T7 DNA polymerase, for which it required for activity (115–117). 

 

 

1.6.2 NrdH 

NrdH was identified as an electron donor for the type 1b RNR from Lactococcus 

lactis with a CMQC active site (118). Further characterization of the E. coli 

counterpart, with a CVQC active site, revealed a thioredoxin activity profile despite 

the sequence similarity to glutaredoxins. It was speculated that this might result 

from the inability to bind GSH (119) which was later confirmed by the crystal 

structure that showed the absence of a GSH binding site in NrdH. Furthermore, the 

structure suggested a putative TR binding patch, explaining the ability for TR 

dependent reduction (120). 

 

 

1.6.3 Thioredoxin reductase 

Thioredoxin reductases are widely distributed, FAD containing enzymes which  

catalyze the NADPH-dependent reduction of thioredoxins and NrdH-redoxins 

(121). Thioredoxin reductase was dicovered in, and partially purified from, E. coli 

in parallel with the work on thioredoxin (122). It was further purified and 

characterized a few years later (123). 

 

The most well studied TR is E. coli enzyme, for which crystal structures have been 

determined of several different forms. This includes the C138S in oxidized, FO 

form (124), wild type in oxidized FO form (125) and fully reduced FO form (126). 

Finally, the structure of a complex of E. coli TR C135S trapped in a complex with 

an active site mutant (C35S) of E. coli Trx1 was published in 2000 (127). 
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Whereas thioredoxins from most species show a high degree of structural and 

functional similarity, this is not the case for their respective reductases. Two major 

groups have evolved. The low molecular weight group is exemplified by the 

bacterial enzymes and the high molecular weight group is exemplified by the 

mammalian enzymes (121).  

 

 

1.6.3.1 Bacterial thioredoxin reductases 

The bacterial enzymes have a subunit weight of 35 kDa and utilize a CAT/VC 

active-site. The active site is positioned in a crevice in the central parts of the 

molecule, and the enzyme needs to undergo a 67 degree domain rotation during 

their catalytic cycle alternating between the FO and the FR forms (127). The flow 

of electrons is from NADPH via FAD to the active-site disulfide (121). The 

substrate specificity of the bacterial thioredoxin reductase group is generally quite 

narrow and is largely confined to its respective thioredoxins, and when present, 

NrdH (119).  

 

 

1.6.3.2 Mammalian thioredoxin reductases 

The mammalian enzymes on the other hand, have a subunit weight of about 55 kDa 

and show a high degree of structural similarity to glutathione reductases (128). 

They utilize a GCUG active-site, where U is the unusual and highly reactive amino 

acid selenocysteine, positioned at a flexible C-terminal extension (129). The flow of 

electrons is from NADPH via the FAD and the N-terminal redox-center to the 

selenosulfide which then reduces the substrate (130). The mammalian enzymes 

have a much broader substrate specificity which includes, apart from thioredoxins 

from different species, various low molecular weight compounds such as hydrogen 

peroxide, selenite and DTNB (131). Mammals, including humans, have two major 

isoforms of TR, TR1 which is cytosolic and TR2 which is mitochondrial. 

 

Thioredoxin reductase has been suggested to be a drug target for certain anticancer 

drugs such as cis-platin and arsenic trioxide acting through alkylation of the highly 

reactive selenocysteine. Since this falls outside of the scope of this thesis, the 

interested reader is encouraged to seek further information in the following reviews 

(132, 133).  

 

Interestingly, although null mutations for TR1 are embryonically lethal in mice 

(134, 135), the gene is dispensable later if glutathione is present. This was 

demonstrated by conditional knockouts which allowed for normal growth and 

proliferation of hepatocytes – even under conditions of rapid growth such as in the 

re-growth phase after a partial hepatectomy (136, 137). This raises questions about 

the validity of TR1 as a potential drug target in cancer therapies, although a toxic 

gain of function mechanism or combination with other drugs targeting glutathione 

dependent pathways could be viable. 
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1.6.4 Glutaredoxin 

Given the role of thioredoxin as an electron donor for ribonucelotide reductase, it 

was surprising that mutants of phage T7-negative E. coli (115), without detectable 

thioredoxin activity (117, 138), were viable, exhibited an almost normal phenotype 

and had the ability to synthesize DNA. In 1976, this led to the discovery of another 

protein which was able to act as an electron donor for RNR. Since the activity was 

dependent on glutathione, it was named glutaredoxin (138) which was subsequently 

purified to homogeneity (139) and further characterized (140).  

 

Glutaredoxins share the same basic architecture with thioredoxins (the thioredoxin 

fold), although they are typically smaller with four β-strands, three α-helices and a 

molecular weight of approximately 10 kDa. Another class of glutaredoxins, as 

exemplified by E. coli Grx2, is characterized by a molecular weight of 

approximately 24 kDa and an overall fold similar to that of glutathione-S-

transferases (141). The most commonly found active site amongst glutaredoxins is 

the dithiol motif CPYC (142).  However, monothiol glutaredoxins do exist as 

exemplified by E. coli Grx4 which encodes a CGFS active site (143, 144). 

 

In organisms, like E. coli and humans, which have both the thioredoxin and 

glutaredoxin system present, some functions overlap whereas other functions are 

distinct for the glutaredoxin system. The former is exemplified by the reduction of 

ribonucleotide reductase and PAPS reductase, whereas the latter is exemplified by 

glutaredoxins role in  reduction of glutathionylated proteins (142). 

 

 

1.6.5 Glutathione and glutathione reductase 

Glutahione (L-ɣ-glutamyl-L-cysteinylglycine, GSH) is a tri-peptide composed of 

glutamic acid, cysteine and glycine. GSH is synthesized by the enzymes ɣ-

glutamylcysteinyl synthethase (GshA) and glutathione synthethase (GshB) in a two 

step process requiring ATP. Apart from its role in the reduction of glutaredoxins, 

GSH has a wide variety of functions including direct neutralization of reactive 

oxygen species (ROS) and detoxification of xenobiotics (145). Glutathione 

reductase (GR) is the FAD containing enzyme responsible for regeneration of 

glutathione (GSH) from the oxidized form (GSSG) at the expense of NADPH 

(146). 

 
 
1.6.6 The thioredoxin and glutaredoxin systems in E. coli 

Combined null mutants of Grx1 and Trx1 were not viable unless the growth 

medium was supplemented with cysteine. However, they had a capacity for RNR 

reduction which led to the conclusion that either Trx1 or Grx1 is required for 

reduction of PAPS reductase, but that an alternative electron donor for RNR exists 

(147). 
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An E. coli strain with null mutations for Trx1 and Grx1 (148), was used to isolate 

two additional glutaredoxins (Grx2 and Grx3). Grx2 was unable to reduce E. coli 

RNR, whereas Grx3 showed an approximate catalytic efficiency of 2% relative to 

Grx1 (149). Given the low capacity of Grx3 for RNR reduction, the physiological 

role was not immediately clear.   

 

Eventually, it was established that E. coli had at least one more redoxin capable of 

TR dependent reduction of disulfides (150). Trx2 was identified and shown to be 

capable of reducing insulin and the type Ia RNR but not the type Ib (151). 

 

A fourth glutaredoxin (Grx4), with a monothiol CGFS active site was discovered in 

E. coli. Although likely essential, the exact physiological role is currently a bit 

unclear (143), given that it cannot replace Trx1, Trx2 or Grx1 in their respective 

roles in reduction of RNR and PAPS reductase. 

 

All in all, E. coli has two thioredoxins and four glutaredoxins and requires either a 

functional thioredoxin or glutaredoxin system to sustain aerobic growth and 

produce dNTPs in vivo. The thioredoxin can be either Trx1 or Trx2, whereas Grx1 

becomes essential in the absence of a functional thioredoxin sytems (84, 150). 

 

 
1.6.7 Some bacteria do not produce GSH 

Many bacteria do not use GSH – some of which are medically important pathogens 

such as the Staphylococci (S. aureus and the coagulase negative staphylococci 

including S. epidermidis) and Mycobacteria (including M. tuberculosis). This also 

holds true for the B. cereus group (including B. anthracis) and the common model 

organism B. subtilis (152–154).  

 

H. pylori lacks the genes required for synthesis and regeneration of glutathione 

(GR) (86), but instead degrades GSH from the host using the extracellular enzyme 

ɣ-glutamyl transpeptidase (GGT) giving the bacterium access to glutamate (155). 

GGT results in the induction of oxidative stress and is required for colonization of 

the gastric mucosa in animal models (156). H. pylori isolates from patients with 

active peptic ulcer disease have a significantly higher GGT-activity compared to 

isolates from patients without ulcers (157).  

 

The absence of glutathione should make these bacteria heavily dependent on the 

thioredoxin system for reduction of ribonucleotide reductase and protection against 

oxidative stress. 
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1.7 THIOREDOXIN SYSTEMS IN BACTERIA DEVOID OF GSH 

 

1.7.1.1 Helicobacter pylori 

In the sequenced genome of H. pylori 26695, there are two genes annotated as 

thioredoxins and two genes annotated as thioredoxin reductases (86). Windle et al, 

isolated one thioredoxin (Trx1) and one thioredoxin reductase from its native 

source, verified their activity and observed that Trx1 is accumulated under 

conditions of stress induced by incubation with anti-H.pylori antibodies (158). 

Another study characterized Trx1 and Trx2 as substrates for TR and electron donors 

for alkyl hydroperoxide reductase (AhpC). Interestingly, the catalytic efficiency of 

Trx1 as a substrate for TR was approximately three-fold lower, predominantly due 

to a six-fold higher Km, relative to the E. coli counterpart. Trx2, with its atypical 

CPDC active-site, showed similar catalytic properties with model disulfides, but 

was unable to reduce AphC (105).  

 

Surprisingly, a combined null-mutant for both Trx1 and Trx2 in H. pylori was 

viable. However, it could only be isolated in an atmosphere with very low oxygen 

tension (2%), grew slowly to a low final density and was very sensitive to various 

forms of oxidative and nitrosative stress (159). This might indicate the existence of 

an alternative pathway for reduction of RNR and other protein disulfides. 

 

The annotation of a second gene as a thioredoxin reductase, based on its sequence 

similarity to TR from other species (86) opened up the possibility of further 

redundancy in the system. However, the gene (HP1164) does not encode a protein 

with a potential CXXC active site. The protein was later shown, rather than acting 

as a TR, to be a combined flavodoxin and quinone reductase and should be 

reannotated accordingly (160). Thus, H. pylori appears to have only one TR. 

 

Although essentiality for the thioredoxin system has not been shown in vitro, this is 

likely the case in vivo, given the very fragile phenotype for the combined Trx1 and 

Trx2 null-mutant. 

 

 

1.7.1.2 Bacillus anthracis, cereus and subtilis  

In B. subtilis, Trx and TR are both essential for growth on rich laboratory media 

(89, 161). This essentiality could be overcome by the supplementation of the 

growth medium with deoxyribonucleotides and one of the two sulfur containing 

amino acids, cysteine or methionine. However, the growth was still severely 

retarded, the sporulation efficiency was decreased by more than five orders of 

magnitude and the Cytochrome c oxidase activity decreased by more than 99%  

(162).  

 

Under certain conditions, conditional null mutants of Trx in B. subtilis which are 

not dependent on added inducer can be obtained. However, this can be attributed to 

the general leakiness of the promoter and the accumulation of suppressor mutations, 

allowing for read-through into the gene (162–164).  
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In B. cereus, very little has been published with regards to the thioredoxin systems. 

There is one article describing that B. cereus NrdH can function as an electron 

donor for the type Ib RNR of both B. cereus and B. anthracis (79). As for the 

situation in B. anthracis, to the best of our knowledge, nothing had been published 

previously. This was addressed in paper II (106) as will be discussed in more detail 

later. 

 

 

1.7.1.3 Staphylococcus aureus 

Aharonowitz and colleagues studied the thioredoxin system from S. aureus and 

observed that both Trx and TR were upregulated on a transcriptional level when 

exposed to oxidative stress. Furthermore, they were unable to isolate null mutants of 

the gene encoding TR, suggesting that it is essential (165). This was later 

corroborated by another study which utilized transposome based techniques to find 

essential genes. This study suggested that both Trx and TR are essential (97). 

Although none of these studies fulfill the formal criteria for designating a gene as 

essential (as discussed in section 1.2), they are strongly suggestive of essentiality. 

 

In a later study, an NrdH-redoxin was identified which was not part of the usual 

NrdHIEF operon. The active site of the protein was CPPC instead of the CVQC 

sequence found in E. coli NrdH. The protein was active as a general disulfide 

reductase and could transfer electrons to the type Ib RNR, albeit with a low activity. 

The gene encoding NrdH was found to be non-essential and disruption of it was not 

associated with any obvious phenotype (98). 

 

 

1.7.1.4 Bacteroides fragilis 

B. fragilis is an aerotolerant, Gram-negative anaerobe. It is the most commonly 

isolated anaerobe in clinical samples and causes septicemia and abscesses. 

Important for its pathogenic potential is likely its relatively high tolerance for 

oxygen compared to other anaerobes. 

 

Recently, TR was shown to be a key component for oxygen tolerance and for 

protection against oxidative stress in B. fragilis. Furthermore, a strain in which the 

gene encoding TR had been deleted, was severely attenuated and unable to form 

intraperitoneal abscesses in a mouse model (166). On a genomic level, the 

bacterium seems to have six different thioredoxins, out of which one is essential. 

Some of the other, nonessential thioredoxins, appear to be important for protection 

against oxidative stress (167). So far, no data on the pure proteins has been 

published. This could help verifying which of the six are actual thioredoxins and 

which might have other functions in the cell. 
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1.8 BACILLITHIOL – AN ALTERNATIVE TO GSH? 

Some bacteria, including B. anthracis, B. subtilis and S. aureus produce the recently 

described low molecular weight thiol, bacillithiol (BSH) which is present at 

approximately 30-fold lower concentrations than GSH in E. coli (154).  

 

The role of BSH is however, still a bit unclear given that strains with gene knock-

outs abolishing synthesis of BSH in both B. subtilis (168) and B. anthracis (169) are 

viable, without obvious growth defects. Strains unable to produce BSH do however 

exhibit decreased sporulation efficiency, increased sensitivity to extremes of pH and 

ionic strength as well as increased sensitivity to the antibiotic fosfomycin (168, 

169).  

 

This does not paint the picture of attractive drug-targets for antibiotic development. 

Given the essentiality of TR and Trx1 in B. subtilis (89, 161), and the highly likely 

essentiality of TR and Trx in S. aureus (97, 165) a role for BSH as a substitute for 

GSH seems somewhat unlikely. 
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2 AIMS OF THE THESIS 

The overall goals of this thesis were to characterize bacterial thioredoxin systems as 

potential drug targets and to develop inhibitors thereof. Since the thioredoxin 

system is generally dispensable in bacteria which produce glutathione, the focus 

was on bacterial species devoid of glutathione. A special emphasis was given to H. 

pylori, the causative agent behind gastroduodenal ulcers, gastric cancer and type B 

gastritis, as a representative for slow growing, chronic pathogens and B. anthracis, 

the causative agent of anthrax, for rapidly growing bacteria causing fulminant 

disease. Part of the thesis project was also devoted to methodological development 

in the area of cloning and recombinant protein expression. Some of the specific 

aims are listed below with the roman numerals denoting in which paper they have 

been addressed: 

 

 To gain new structural insight on bacterial thioredoxin reductases in general, 

and the one from H. pylori in particular (I). 

 

 To characterize the thioredoxin systems from B. anthracis as general protein 

disulfide reductases and electron donors for the essential protein 

ribonucleotide reductase. Furthermore, to sort out the apparent, several fold, 

redundancy suggested by the annotations of the genome (II). 

 

 To characterize ebselen as an inhibitor of bacterial thioredoxin reductases on 

a biochemical and bacteriological level (III, IV). 

 

 To establish a structure-activity-relationship for ebselen and derivatives 

thereof as inhibitors of bacterial thioredoxin reductases and as antibacterial 

compounds (IV).  

 

 To develop a cloning methodology, retaining the flexibility of the 

Restriction Free (RF) cloning method while improving speed, simplicity and 

cost-effectiveness (II).  
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3 METHODOLOGY 

Most projects require a number of different techniques, some of which are 

laborative in their nature and some of which are computer based. A few of the 

methods where some kind of development was undertaken are discussed below. 

 

3.1 GENE CLONING 

In this thesis gene cloning, or simply cloning, specifically relates to the process in 

which a copy of a gene is transferred from the genome of an organism into another 

vector such as a plasmid. A plasmid is a short, circular piece of DNA which is 

replicated independently from the chromosomal DNA and is commonly present in 

many bacteria. A plasmid used for this purpose typically encodes an origin of 

replication (ORI) where replication starts, integration sites for the desired gene and 

an antibiotic resistance marker which allows the host to survive under selective 

pressure of the specific antibiotic. Plasmids intended for recombinant protein 

expression also encodes a promoter region which allows the RNA polymerase to 

bind and initiate transcription, where the T7-polymerase system is popular (170, 

171). 

 

A typical traditional approach to cloning involves the PCR-amplification of the 

gene of interest, gel-purification of the amplified fragment, digestion with 

restriction endonucelases of the fragment and vector, annealing, ligation and 

transformation into recipient bacteria. This approach suffers from limited flexibility, 

given that specific restriction sites needs to be considered, and is inherently labour 

intensive.  

 

In the era of structural genomics, the problems of parallelization associated with the 

traditional restriction-ligation cloning resulted in the development of Ligation 

Independent Cloning (LIC-cloning) which lends itself to parallel cloning of multiple 

targets. This method does however require special adaptation of the vectors (172) 

limiting the flexibility.  

 

Another method, which addresses the limitations with regards to flexibility, is 

Restriction Free (RF) cloning which was originally developed by Geiser and co-

workers (173) and further developed by van den Ent and co-workers who gave the 

method its name (174). The method is composed of an initial PCR, where the gene 

of interest is amplified by forward and reverse primers which are flanked by 

roughly 25 base pairs complementary to the destination vector. After gel 

purification, the PCR-product is used as primers in a linear amplification step, 

where the fragment is inserted in the destination plasmid, after which the mixture is 

treated with DpnI to digest the parental plasmid. The product is then used to 

transform E. coli. Although flexible, the method is still rather labour intensive, time 

consuming and does poorly lend itself to parallelization. 

 

These limitations prompted us to develop ERF-cloning (Exonuclease dependent 

Restriction Free cloning), which is discussed in more detail in paper II (106). 
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3.2 RECOMBINANT PROTEIN EXPRESSION AND PURIFICATION 

A prerequisite for many comprehensive biochemical investigations is pure protein 

in adequate amounts (usually mg-quantities). Traditionally this has been achieved 

by isolation of the protein from its native source. This is typically both time-

consuming and labour intensive giving a low final yield, unless the protein of 

interest is highly abundant and/or has special properties allowing for simplified 

purification procedures. 

 

With the development in molecular biology (especially in the area of gene cloning 

and with the ever-growing availability of sequenced genomes), recombinant protein 

expression in E. coli has largely taken over as the primary source for proteins for 

biochemical studies. Most often, E. coli harboring the gene of interest on a plasmid 

is grown to mid-log phase at 37
o
C, in a medium containing nutrients in the form of 

yeast extract and digested protein extracts, after which an inducer is added to the 

culture. This inducer, which is typically IPTG (Isopropyl β-D-1-

thiogalactopyranoside) as for the T7-system, induces expression of the gene of 

interest (171). Expression of target proteins with IPTG often results in high 

expression of target protein, but can result in the formation of insoluble protein 

aggregates. Furthermore, the massive induction of expression often limits the final 

density of the bacterial culture to an OD600 of approximately 2-3, thus lowering the 

final yield. These problems are especially prominent when protein production is 

done at 37
o
C, but can sometimes be partially circumvented by lowering the 

cultivation temperature, resulting in slower growth rates. Some structural genomics 

projects utilize a combination of rich, buffered mediums with expression of proteins 

at low temperature and the use of specialized equipment ensuring maximal aeration. 

This results in increased final cell densities (up to about OD600 = 20) and protein 

levels (172, 175).  

 

Previous investigators have observed that high level production of the desired 

protein is sometimes induced without any exogenously added inducer (176, 177). 

However, the mechanism behind this was not fully understood.  

 

In a seminal paper from 2005, FW Studier dissected the mechanism and found that 

the unintended induction was due to residual lactose from the casein hydrolysate 

which is converted to allolactose, in turn driving expression of the gene. This led to 

the development of auto-induction, in which a low level of glucose prevents uptake 

of lactose and permits growth to high densities. When glucose is exhausted, lactose 

which is also included in the medium is taken up and the protein of interest is 

produced. This allowed for high-density cultivation (final OD600 up to ≥ 20) without 

the need constant observation of growth or specialized equipment such as 

fermentors (178). The method was further developed by BG Fox and co-workers 

(179, 180). 
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When a protein is recombinantly expressed in E. coli, intracellular expression is 

usually opted for, which means that the protein has to be extracted before 

purification. This can be achieved through a number of methods including physical 

methods such as sonication (181), detergents which dissolve the membrane (182), 

enzymes degrading the cell wall (183), compounds interfering with the integrity of 

the LPS layer (such as EDTA) and freeze-thaw treatments which disrupts the inner 

membrane through the formation of ice crystals (184). Often, methods need to be 

combined for efficient lysis. 

 

In paper II (106), we used auto-induction for expression of the target proteins. By 

combining an optimized auto-induction medium with low temperature cultivation, 

we could obtain up to 800 mg of pure protein / litre bacterial culture. Furthermore, 

by including arabinose in the medium, and through the use of the bacterial strain 

XJB(DE3)Autolysis (ZymoResearch), which carries a chromosomal copy of λ-

phage lysozyme under control of the pBAD promoter, we could easily lyse the cells 

by simply resuspending the bacteria in a hypotonic buffer followed by a freeze-thaw 

treatment. This allowed for facile processing of multiple constructs in parallel. 

When combined with nucleases to degrade DNA and RNA, it resulted in low-

viscosity lysates, suitable for downstream processing. 

 

A problem often encountered when FAD-containing proteins are over-expressed to 

very high levels, is that the cellular machinery for synthesis of FAD cannot keep up. 

It has previously been counteracted by including FAD in the lysis buffer, increasing 

the amount of holo enzyme (176). This strategy was adopted in both paper I (185) 

and II (106). In paper II, it resulted in a seven-fold increase in holo enzyme, 

compared to the unsupplemented control, as determined by the ratio of FAD 

absorbance to protein concentration (determined by the method of Lowry). 



 

26 

4 RESULTS AND DISCUSSION 

 

4.1 PAPER I  

Helicobacter pylori  is heavily dependent upon the thioredoxin system for growth 

and defence against oxidative stress (159). The catalytic properties for the TR-Trx1 

couple is also quite different compared to the E. coli equvivalent. When H. pylori 

Trx1 was used as a substrate for its TR, Km was found to be six-fold higher (105) 

than for the E. coli couple. At the time, crystal structures of thioredoxin reductases 

from two different bacteria were available; several structures of the E. coli enzyme 

(124–127) , and one of the enzyme from M. tuberculosis (186). Based on this, we 

wanted to investigate the thioredoxin reductase from this gastric pathogen from a 

structural point of view, with the hope of obtaining information that could be of 

value in drug development.  

 

Crystals were rapidly obtained in the initial screens for the enzyme without added 

NADP
+
. However, despite extensive optimization, crystals of this form diffracted to 

3-4Å at best and were not pursued further. 

 

When instead enzyme mixed with NADP
+
 was used, crystals growing as thin plates 

appeared in the initial screens. Unfortunately, these crystals were very hard to 

obtain reproducibly and diffracted to a maximum of 2.8Å.Through the use of a 

combination of additives, detergents and streak-seeding, we were able to obtain 

reproducibly growing crystals which still grew as plates. After a couple of rounds of 

streak-seeding, crystals growing as thick, bright yellow rods (Figure 3) were 

obtained. These crystals reproducibly diffracted to better than 2Å resolution. 

 

 
Figure 3. Helicobacter pylori thioredoxin reductase crystallized in the presence of 

NADP
+
.  
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We were able to determine the crystal structures of the oxidized and reduced forms 

of the enzyme at 1.7 and 1.45 Å resolutions, respectively. At the time, this 

represented the most highly resolved crystal structures of a bacterial thioredoxin 

reductase. 

 

The overall architecture of the enzyme (Figure 4) was quite similar to the one from 

E. coli (124–127) and M. tuberculosis (186). However, there are distinct 

differences, especially in the thioredoxin binding area, which is less negatively 

charged in the H. pylori enzyme compared to the E. coli counterpart. This may 

potentially explain species-specific recognition of Trx by TR. 

 

 
Figure 4. Helicobacter pylori thioredoxin reductase. Ribbon representation of the dimer 

of reduced H. pylori thioredoxin reductase (PDB code: 2Q0L). Bound FAD and NADP
+
 are 

shown in stick representation. Subunits are coloured by domain organization, with the 

FAD-binding domains in blue and the NADPH-binding domains in yellow (Picture 

courtesy of Dr. Edvard Wigren). 

  

 

The structural information could potentially be used for rational design and 

optimization of inhibitors, but has hitherto predominantly been used as a reference 

for modeling and structure determinations (187–193). 
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4.2 PAPER II 

To broaden the scope of the thesis, we decided to take a closer look at the 

thioredoxin systems from B. anthracis, the causative agent of anthrax. Although 

neither H. pylori nor B. anthracis produce glutathione, they are quite different in a 

number of other aspects as discussed in some detail the introduction. When this 

project was started, there was no information available on the thioredoxin systems 

from B. anthracis or the closely related B. cereus. At the time of publication, there 

was one article demonstrating that B. cereus NrdH together with TR could reduce 

RNR from B. anthracis (79). Since the focus of this article was primarily on the 

metal content and radical in RNR, other possible combinations were not taken into 

account. 

 

Our goal was to try to identify all possible thioredoxin reductases, thioredoxins and 

NrdH-redoxins in B. anthracis and to characterize the flow of electrons from 

NADPH to the terminal substrates with an emphasis on ribonucleotide reductase. 

 

Initial searches showed that a large number of genes were annotated as potential 

thioredoxin reductases, thioredoxins and NrdH-redoxins, some of which lacked a 

potential active site (CXXC). Based on this, we decided on a more structured 

bioinformatic strategy, where the primary search was followed by the step-wise 

exclusion of genes without a potential active site, and those with a predicted 

extracellular localization (Figure 5). 

 

 

 
 

 
Figure 5. Overview of the bioinformatic strategy. Annotated genes from the genome of 

B. anthracis Ames (194) were accessed through the RefSeq database (195). Retrieved genes 

were manually inspected for a potential active site (CXXC) and genes were excluded when 

such a sequences was absent. Subcellular localizations were predicted using PSORTb and 

genes with a predicted extracellular localization were excluded. The rest of the genes were 

included in the experimental set and were cloned, expressed, purified and characterized. 
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4 potential thioredoxin reductases

6 potential thioredoxins

3 potential NrdH-redoxins/grx-like
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For cloning of the genes, we developed a new cloning methodology which we 

named ERF-cloning. This cloning method retains the flexibility of restriction free 

cloning (173, 174) while significantly improving speed, ease of parallelization and 

cost effectiveness. This method could be useful in low-medium throughput 

laboratories where flexibility combined with speed should be of greatest interest. In 

high throughput laboratories, the ease of parallelization might be more important. 

 

When we started characterizing the proteins, it quickly became apparent that there 

were few active players. Out of the two possible thioredoxin reductases, only TR1 

was active. Potential TR2 was inactive in combination with all six potential 

redoxins in both the assays and was not reducible by NADPH or NADH. Out of the 

three potential thioredoxins, two were active. Trx1 could reduce both the low 

molecular weight disulfide DTNB and insulin which serves as a model for general 

protein disulfides. Trx2 on the other hand, could only reduce DTNB. This contrasts 

to the situation in H. pylori, where Trx2 can reduce both DTNB and insulin (105), 

despite an identical CPDC active site. Out of the three potential NrdH-redoxins, 

only one was active. When the different redoxins were characterized in more detail 

as substrates for TR, Trx1 was found to be superior, giving three-fold and 20-fold 

higher catalytic efficiencies than Trx2 and NrdH, respectively. Interestingly, the 

catalytic efficiency for the TR1-Trx1 couple is almost five-fold lower than the 

equivalent from E. coli (196).  

 

When all of the potential redoxins were screened as electron donors for B. anthracis  

RNR, only Trx1 and NrdH were active with the manganese form of the enzyme, 

whereas none of them stimulated the activity of the iron form of RNR. This 

strengthens the notion that type Ib RNRs are indeed manganese containing enzymes 

(72–74, 76, 79). When Trx1 and NrdH were compared as electron donors for RNR, 

Trx1 was more efficient, giving a seven-fold higher catalytic efficiency, primarily 

due to a six-fold lower Km. This is in contrast to the situation in E. coli, where 

NrdH, but not Trx1 was active as electron donors for its type Ib RNR (119). 

 

To be able to draw relevant conclusions about the physiological roles of the 

different active redoxins, we needed information about relative levels. First we 

studied the relative enzymatic activities in lysates of the non-pathogenic strain B. 

antracis Sterne 7700 (pOX1
-
, pOX2

-
), by incubating the lysates with polyclonal 

antibodies raised against the respective pure proteins. We established that close to 

100% of the enzymatic activity could be attributed to Trx1. To confirm this, we 

developed quantitative western-blots which showed that Trx1 was present at 15 and 

60 times higher concentrations than Trx2 and NrdH, respectively. 

 

Although essentiality of TR1 and Trx1 has not been formally proven in B. 

anthracis, this seems highly likely given results presented in our investigation and 

the essentiality of corresponding genes in related species (89, 161, 165). Based on 

this we suggested that TR1 and Trx1 could constitute attractive drug targets. 

 

  



 

30 

4.3 PAPER III 

Ebselen(2-phenyl-1,2-benzoisoselenazol-3(2H)-one, Figure 6) was developed as a 

glutathione peroxidase mimic (197) and has been evaluated in phase III clinical 

trials against acute ischemic stroke by the Daiichi Pharmaceutical Company, Japan. 

It showed a favorable safety profile although the treatment effect was not 

statistically significant (198). In 1996, when mammalian TR was discovered to be a 

selenoenzyme, a collaboration was initiated involving Daiichi and the Holmgren 

laboratory. Ebselen was shown to be a substrate for mammalian thioredoxin 

reductase, allowing for TR-dependent detoxification of hydroperoxides. It also 

acted as a superfast oxidant of thioredoxin (199, 200). Furthermore, results from 

this laboratory in 1996, showed that ebselen acted as in inhibitor rather than a 

substrate for E. coli TR. This gave rise to the hypothesis that ebselen could act as an 

antibacterial agent through inhibition of bacterial TRs. 

 

 

 

 
 

Figure 6. Structure of ebselen (2-phenyl-1,2-benzoisoselenazol-3(2H)-one) 

 

 

 

In material provided by Daiichi, ebselen had been found to have antibacterial 

properties against selected bacteria with MIC values down to 0.2µg/ml for S. aureus 

and a rapidly bacteriocidal mode of action through an unknown mechanism (201).  

 

We observed that most of the bacteria sensitive to ebselen lack glutathione. In 

combination with the finding that ebselen inhibits E. coli TR, a mechanism where 

ebselen exerts its action through inhibition of bacterial thioredoxin reductases in 

bacteria devoid of glutathione became likely. 

 

When we tested ebselen as an inhibitor of E. coli TR, we found that it acted as a 

competitive inhibitor with a Ki of 0.5 µM targeting the C-terminal active site 

cysteine (C138). The sulfur analog of ebselen, ebsulfur, where the selenium atom 

has been substituted for a sulfur atom was instead a substrate for the E. coli enzyme 

whereas it acted as an inhibitor of the thioredoxin reductase from H. pylori. This 

difference was interesting, not least given the small, but distinct differences found 

between the two enzymes in paper I (185). 

 

N
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In an attempt to dissect the mechanism, we utilized different E. coli strains with 

various null-mutations in the thioredoxin and glutaredoxin systems. We could see 

that strains with deletions in the systems for synthesis or regeneration of glutathione 

were more sensitive to exposure to ebselen than the strains in which parts of the 

thioredoxin system had been deleted.  

 

To further corroborate our hypothesis, we exposed different logarithmically 

growing E. coli strains to ebselen and could show that growth-arrest correlated with 

in vivo oxidation of thioredoxin 1 in strains unable to produce glutathione. 

 

In the last part of the paper, we expanded the set of sensitive bacteria with H. pylori 

and M. tuberculosis, both of which are unable to synthesize glutathione.   

 

The combined data demonstrate that ebselen is a competitive inhibitor of E. coli TR 

in vitro acting by binding to the active site cysteines. Furthermore, that inhibition of 

TR and direct oxidation of Trx might be important mechanisms of action for 

ebselen in vivo, in bacteria devoid of glutathione.  
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4.4 PAPER IV 

 

In this paper, we took the next logical step and characterized ebselen and 

derivatives thereof as inhibitors of B. anthracis thioredoxin reductase. 

 

When we compared the sequences of TR from B. antracis with some other 

members of the low-GC group of Gram-positive bacteria, we could see that the 

degree of conservation was high with 86% identity for B. subtilis and 73% identity 

for S. aureus. The identity was lower for the Gram-negative bacterium E. coli which 

exhibited 38% identity.  

 

Ebselen was verified as an inhibitor of B. anthracis TR with a IC50 value of 1.0 µM 

assayed with 25nM TR and 2.5µM Trx1 and DTNB as the terminal substrate. When 

a series of 12 analogs were evaluated, IC50 values varied from 70nM to 14.8µM. 

An IC50 value of 70 nM, as observed for the most potent compound (compound nr 

12, please refer to manuscript IV for structures), represents a close to stoichiometric 

concentration with respect to available active sites in TR. The second most potent 

inhibitor of the enzyme was compound nr 9 which gave an IC50 value of 370nM. 

This represents close to a three-fold increase in potency relative to parental ebselen. 

 

In the next part of the study, we tested the compounds against B. subtilis as a 

substitute for B. anthracis, which requires special considerations for use. The 

compounds were evaluated based on two fundamental parameters – MIC and MBC. 

The MIC (Minimal Inhibitory Concentration) is defined as the lowest concentration 

of drug preventing all visible growth of bacteria. MBC (Minimal Bacteriocidal 

Concentration) is defined as the lowest concentration of drug resulting in a 

minimum of 99.9% reduction in CFU (Colony Forming Units) during 24 hours, 

where a CFU is assumed to represent one viable bacterium in the culture. The MIC 

value was compared to the previously established IC50 value for a human cell line 

(HEK 293) (202) and selectivity indices (SI) were calculated by dividing the IC50 

for HEK cells with the MIC for B. subtilis.  

 

The MIC values were found to vary between 0.4µM (0.12µg/ml) and >16µM. The 

most potent group of compounds, with a MIC of 0.4-0.5µM included parental 

ebselen, compound nr 9 and compound nr 12, but also a 2-methyl, 4-cloro 

substituted derivative (compound nr 3). MBC values were found at 1-2 times the 

MIC values, suggesting a general bacteriocidal mode of action. Selectivity indices 

were found to vary between <3.4 and >400. The group of compounds with the 

highest selectivity indices (>400 – 160) included compounds 1, 3 and 9. Notably, 

compound nr 12 gave a modest SI of 25. 
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On a general note, inhibitory activity on the pure enzyme showed a reasonably good 

correlation to the effects seen on B. subtilis, although exceptions exist. For example, 

compounds with carboxylic acid substituents gave reasonable IC50 values, which 

were 4.5 – 5 times higher than parental ebselen, but MIC values which were >32 

times higher. Since these carboxylic acid substituents are likely de-protonated and 

negatively charged under physiological pH, we speculate that this might impair 

permeability. Furthermore, compound 12, which was 15-fold more potent as an 

inhibitor of the pure enzyme gave the same MIC value as parental ebselen. This 

might be attributable to decreased permeability due to the larger size of the 

molecule. 

 

The most powerful technique to obtain structural information about a protein is X-

ray crystallography. Structural information can potentially be used for rational 

design and /or optimization of inhibitors (31). Therefore, a long-standing goal has 

been to crystallize a complex between a bacterial TR and ebselen. However, co-

crystallization of preformed complexes between TRs from different species and 

ebselen has hitherto been unsuccessful. The same goes for post-crystallization 

soaking of crystals (data not shown).  

 

Therefore, we decided to characterize the complex between the C135S mutant of B. 

anthracis TR and ebsulfur where ebsulfur is an analog of ebselen in which the 

selenium atom has been substituted for with sulfur. The most important reason for 

choosing ebsulfur over ebselen, is the somewhat higher solubility of the former.  

 

Mass-spectrometry verified close to complete complex formation between ebsulfur 

and the protein in a 1:1 stoichiometry. The complex eluted as a nice symmetrical 

peak in size-exclusion chromatography which should be a good starting point for 

crystallization. A good behavior in size-exclusion chromatography appears to have 

a positive predictive value for crystallization success (203).  

 

All in all, the most promising compound was compound nr 9, which gave the 

second lowest IC50 value (370 nM) for the enzyme, the lowest MIC (0.4µg/ml) and 

the best selectivity index (>400). Hopefully this or another analog based on the 

structure-activity-relationship established in this study can be developed into an 

antibiotic for the treatment of anthrax. Given the high degree of similarity between 

TRs in the particular group of bacteria, data can likely be extrapolated to other 

bacteria such as S. aureus – at least on an enzymatic level. 
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5 CONCLUDING REMARKS 

 

Since antimicrobial resistance is a major problem and continued development of 

new antibiotics is needed, a few important questions arise: 

 

 Are bacterial thioredoxin systems good drug targets? 

 

 Does ebselen represent an attractive drug candidate for further 

development? 

 

 Is the choice of H. pylori and B. anthracis as primary study objects 

adequate? 

 

The essentiality criteria is reasonably well fulfilled for representative bacteria (B. 

subtilis, S. aureus and to a lesser extent H. pylori). There seems to be a general 

trend that bacteria devoid of glutathione are heavily dependent on thioredoxin and 

thioredoxin reductase for synthesis of DNA and protection against oxidative stress. 

 

Thioredoxin reductase is present in the host (humans), but is dispensible (at least in 

mice) after birth, due to the presence of the glutaredoxin system. Furthermore, 

thioredoxin reductase is sufficiently different in mammals and bacteria to allow for 

selective targeting. 

 

With regards to the possible spectrum of activity for an inhibitor, it includes distinct 

members from different groups such as Gram-negatives (including as H. pylori), 

Gram-positives (including S. aureus and B. anthracis) and acid fast bacilli 

(including M. tuberculosis). Interestingly, a large part of the normal flora (including 

E. coli) does have glutathione which could allow for selective targeting with fewer 

side effects. 

 

 Bacterial thioredoxin systems are good drug targets in bacteria devoid of 

glutathione (II-IV).  

 

 Species/ group specific differences with respect to structure and function of 

TRs and Trxs need to be taken into account when evaluating inhibitors (I, 

III, IV).  

 

When ebselen is considered as a potential antibiotic lead compound, several things 

speak in its advantage. The favourable toxicity profile of ebselen as a phase III drug 

against ischemic stroke is encouraging and its ability to work as an antioxidant in 

mammalian systems represent a possible added bonus. The favourable selectivity 

indices are also encouraging as well the novel mechanism of action.  

 

 Ebselen and analogs thereof represent attractive leads for antibiotic 

development (III, IV).  
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The need for development of novel antibacterial targeting H. pylori is warranted on 

the direct basis of its common occurrence as a causative agent behind peptic ulcer 

disease and the increasing resistance seen amongst clinical isolates. 

 

As for B. anthracis, the question is a bit harder given that there are only about 5000 

cases annually, worldwide. Thus, it can hardly be considered a major public health 

problem as of today. However, antibiotic development should ideally be one step 

ahead. Furthermore, the ease with which resistant strains can be generated in the 

laboratory is problematic. Additionally, for systems which are highly conserved 

between B. anthracis and other bacteria, extrapolation to other species might be 

possible. 

 

H. pylori and B. anthracis represent the opposite sides of the spectrum with respect 

to many basic physiology features (such as Gram-stain, sporulation ability and 

oxygen tolerance/requirements) and the type of disease they cause (slow, chronic 

infections vs rapidly progressing). 

 

 Continued development of antibiotics targeting H. pylori and B. anthracis is 

warranted. 

 

 H. pylori and B. anthracis are interesting species from a redox perspective 

and especially the thioredoxin systems deserve investigation given the 

absence of glutathione (I – IV).  

 

 Data obtained using the thioredoxin system from B. anthracis can likely be 

extrapolated to other bacteria such as S. aureus ( II and IV). 

 

 

All in all, the data presented herein strongly suggest that bacterial thioredoxin 

systems represent good drug targets in bacteria devoid of glutathione. Furthermore, 

ebselen represents an interesting starting point for development of a novel class of 

antibacterials. This class could potentially be used to treat a wide variety of 

infections including anthrax, peptic ulcers and tuberculosis. 

 

 

   



 

36 

6 ACKNOWLEDGEMENTS 

 

There are many people whom I wish to thank: 

 

First and foremost I would like to express my deepest gratitude towards my main supervisor 

Prof. Arne Holmgren for accepting me as a PhD-student. Thank you for sharing your 

extensive knowledge and giving me plenty of scientific freedom throughout the years. 

Thank you also for allowing me time to finish my medical studies in parallel with the PhD-

studies. 

 

Prof. Gunter Schneider and Prof. Lars Engstrand for being my co-supervisors. Gunter 

for providing invaluable structural knowledge and for the fruitful collaboration resulting in 

paper nr I. Lars for providing crucial bacteriological expertise, kindly donating bacterial 

strains and DNA as well as the collaboration resulting in paper nr III.  

 

Prof. Annelie Brauner for being the best mentor I could ever ask for. Furthermore, you are 

a true inspiration in the field of bacteriology and I deeply appreciate your help on career 

planning and other aspects. 

 

Prof. Elias Arnér for your open door policy, and for starting the MD-PhD program quite 

some years ago. Furthermore for organizing the redox course – I’ll always try to remember 

to keep track of the electrons. 

 

Dr. Tatyana Sandalova for introducing me to the world of X-ray crystallography and for 

the excellent collaboration which resulted in paper nr I. Dr. Margareta Sahlin and Prof. 

Britt-Marie Sjöberg for the collaboration resulting in paper nr II. Dr. Jun Lu for the 

collaborations resulting in papers I–III and for always providing such a nice atmosphere in 

our office. Dr. Karuppasamy Kandasamy and Prof. Lars Engman for the collaboration 

resulting in paper III and IV. Prof. Sven Hoffner for the collaboration resulting in paper nr 

III. Dr. Alexios Vlamis-Gardikas for taking care of me during my first summer in the lab, 

as well as for the collaboration resulting in paper nr III. Suman Vodnala, Prof. Martin 

Rottenberg and the others for the collaboration in the trypanosoma project. 

 

Sergio Montano for being my constant partner in crime and for all the good times, in and 

outside of the lab. Without you and your wife, Dr. Dolores Salvado Duro, the last years 

would never have been as joyful. Thank you also for collaborations yet to be published, 

food yet to be eaten and drinks yet to be had. Fernando Ogata for the collaboration on the 

elusive protein during your first visit in Sweden - one of these days I’ll come and visit you 

in Brazil. Dr. Olle Regnby for being a good friend ever since my first visit to the lab many 

years ago. I’ll miss all the barbeques, parties and Günter-lunches you have instigated. Dr. 

Johanna Ungerstedt for being an inspiration on how to combine a clinical career with high 

quality research. Dr. Lars Bräutigam for all the help during the years and for many 

discussions on hiking and other outdoorsy activities. William Stafford for all the good 

times (not least “The Nebraskan Shootout” during the Redox Course in Lincoln) as well as 

for interesting discussions on everything from data analysis to egg-noodles. 



 

  37 

Drs. Hanna-Stina Martinsson Ahlzén and Helena Wållberg for being such good “fika” 

companions and for providing moral and practical support during the thesis endgame.  Dr. 

Lucia Coppo for being ever so patient in your attempts to teach me the “Italian hand 

language”. Irina Pader for persistently trying to teach me German organizational skills and 

Dr. Katarina Johansson for always taking such a big interest in my food. Lena Ringdén 

for guiding me through the administrative jungle and Jacek Andrzjewski for skillful 

technical assistance. Rolf Eliasson for running assays in a project yet to be published. 

 

Past and present post-docs and students in the Biochemistry unit: Drs. Eva-Maria 

Hanschman, Anne-Barbara Witte, Jianqiang Xu, Pascal Dammeyer, Victor Croitoru, 

Qíng Chéng, Sofi Eriksson, Rajib Sengupta, Yatao Du, Huihui Zhang, Carsten Berndt 

and Cristopher Horst Lillig as well as Zhang Xu, Deepika Nair, Xiaoyuan Ren, Marcus 

Cebula, Xiaoxiao Peng, Harer Osman, Lena Haffo and Emelie Barreby for providing a 

nice atmosphere in the lab at different points in time. 

 

Drs. Edvard Wigren and Magnus Claesson for being my downstairs allies and for kindly 

helping me whenever needed. Chad Tunell, Johanna Sandelius and the others in the after 

work/pub crew for the evenings on the balcony and in the pub. Dr. Åke Rökaeus and the 

others at the teaching unit for making teaching a true pleasure. 

 

Drs. Ed and Karen Schmidt for taking care of me during my visit to Montana and for 

showing me the best of what the mountains have to offer - science, beer, food and nature - 

all in a perfect mixture. Dr. Justin Prigge for guiding me to the best waters for fly fishing – 

I’m amazed how you could find fishable waters during the worst spring flood in ages. 

Sonya Iverson for taking care of me in the lab in Montana, but also for showing me the 

best watering holes in the Boston area.  

 

Oskar Boqvist for being a true friend throughout the years. Thank you for the road trips, 

the fishing adventures and for sharing your best places for åkerbär. Dr. Jonas Österlind 

and the rest of the ”Boden Bunch” for being like a family for me during my summers in 

Norrbotten. Dr. Jenny Löfgren for being such a good friend, for the mussel dinners and for 

sharing Pigge 1-3. Love Eklund and Stefan Björk for all those midsummer celebrations 

and other joyous occations. Drs. Eva Rinblad and Wenjing Tao for being good friends 

since medical school. Ove Bohlin for showing me the best fishing spots and for always 

providing accommodation during my northbound road trips. Lisa Lantto and the rest of 

“Åkersbergamaffian” for taking care of my brother. Lauren Kreimer for being such a dear 

friend and the best travel companion one could ever ask for. Thank you also for the 

linguistical help.  

 

Karolinska Institutet is gratefully acknowledged for the MD-PhD fellowship. The 

Swedish Medical Association, Swedish Society for Medicine and John and Kerstin 

Berglund Foundation are gratefully acknowledged for generous economical support 

during the last years of medical school. 

 

Last, but certainly not least, I wish to thank my family (mor, far och storebror). Without 

you, this journey would never have been possible. I will always be thankful for your 

support. 



 

38 

7 REFERENCES 

1.  WHO | The evolving threat of antimicrobial resistance - Options for action 

WHO [online] 

http://www.who.int/patientsafety/implementation/amr/publication/en/index.htm

l (Accessed January 9, 2013). 

2.  Rubin, R. J., Harrington, C. A., Poon, A., Dietrich, K., Greene, J. A., and 

Moiduddin, A. (1999) The economic impact of Staphylococcus aureus infection 

in New York City hospitals. Emerging Infect. Dis. 5, 9–17 

3.  European Centre for Disease Prevention and Control (ECDC) and European 

Medicines Agency (EMEA)  ECDC/EMEA Joint Technical Report — The 

bacterial challenge: time to react.  [online] 

http://www.ecdc.europa.eu/en/publications/Publications/Forms/ECDC_DispFor

m.aspx?ID=444 (Accessed January 9, 2013). 

4.  Boucher, H. W., Talbot, G. H., Bradley, J. S., Edwards, J. E., Gilbert, D., Rice, 

L. B., Scheld, M., Spellberg, B., and Bartlett, J. (2009) Bad Bugs, No Drugs: 

No ESKAPE! An Update from the Infectious Diseases   Society of America. 

Clin. Infect. Dis. 48, 1–12 

5.  Fischbach, M. A., and Walsh, C. T. (2009) Antibiotics for emerging pathogens. 

Science 325, 1089–1093 

6.  Silver, L. L. (2006) Does the cell wall of bacteria remain a viable source of 

targets for novel antibiotics? Biochem. Pharmacol. 71, 996–1005 

7.  Projan, S. J., and Shlaes, D. M. (2004) Antibacterial drug discovery: is it all 

downhill from here? Clin. Microbiol. Infect. 10 Suppl 4, 18–22 

8.  Projan, S. J. (2003) Why is big Pharma getting out of antibacterial drug 

discovery? Curr. Opin. Microbiol. 6, 427–430 

9.  Payne, D. J., Gwynn, M. N., Holmes, D. J., and Pompliano, D. L. (2007) Drugs 

for bad bugs: confronting the challenges of antibacterial discovery. Nat Rev 

Drug Discov 6, 29–40 

10.  Silver, L. L. (2011) Challenges of antibacterial discovery. Clin. Microbiol. Rev. 

24, 71–109 

11.  Albrich, W. C., Monnet, D. L., and Harbarth, S. (2004) Antibiotic selection 

pressure and resistance in Streptococcus pneumoniae and Streptococcus 

pyogenes. Emerging Infect. Dis. 10, 514–517 

12.  Goossens, H., Ferech, M., Vander Stichele, R., and Elseviers, M. (2005) 

Outpatient antibiotic use in Europe and association with resistance: a cross-

national database study. Lancet 365, 579–587 

13.  Van de Sande-Bruinsma, N., Grundmann, H., Verloo, D., Tiemersma, E., 

Monen, J., Goossens, H., and Ferech, M. (2008) Antimicrobial drug use and 

resistance in Europe. Emerging Infect. Dis. 14, 1722–1730 

14.  Wegener, H. C. (2003) Antibiotics in animal feed and their role in resistance 

development. Current Opinion in Microbiology 6, 439–445 

15.  Silbergeld, E. K., Graham, J., and Price, L. B. (2008) Industrial Food Animal 

Production, Antimicrobial Resistance, and Human Health. Annual Review of 

Public Health 29, 151–169 

16.  Grave, K., Torren-Edo, J., and Mackay, D. (2010) Comparison of the sales of 

veterinary antibacterial agents between 10   European countries. J. Antimicrob. 

Chemother. 65, 2037–2040 

17.  Larsson, D. G. J., De Pedro, C., and Paxeus, N. (2007) Effluent from drug 

manufactures contains extremely high levels of   pharmaceuticals. J. Hazard. 

Mater. 148, 751–755 



 

  39 

18.  Vancebryan, K., Guay, D., and Rotschafer, J. (1990) Clinical Pharmacokinetics 

of Ciprofloxacin. Clin. Pharmacokinet. 19, 434–461 

19.  Mölstad, S., Erntell, M., Hanberger, H., Melander, E., Norman, C., Skoog, G., 

Lundborg, C. S., Söderström, A., Torell, E., and Cars, O. (2008) Sustained 

reduction of antibiotic use and low bacterial resistance: 10-year follow-up of the 

Swedish Strama programme. Lancet Infect Dis 8, 125–132 

20.  Mielke, M. (2010) Prevention and control of nosocomial infections and 

resistance to antibiotics in Europe - Primum non-nocere: elements of successful 

prevention and control of healthcare-associated infections. Int. J. Med. 

Microbiol. 300, 346–350 

21.  MacKenzie, F. M., Bruce, J., Struelens, M. J., Goossens, H., Mollison, J., and 

Gould, I. M. (2007) Antimicrobial drug use and infection control practices 

associated with the prevalence of methicillin-resistant Staphylococcus aureus in 

European hospitals. Clin. Microbiol. Infect. 13, 269–276 

22.  Hansen, S., Schwab, F., Asensio, A., Carsauw, H., Heczko, P., Klavs, I., 

Lyytikäinen, O., Palomar, M., Riesenfeld-Orn, I., Savey, A., Szilagyi, E., 

Valinteliene, R., Fabry, J., and Gastmeier, P. (2010) Methicillin-resistant 

Staphylococcus aureus (MRSA) in Europe: which infection control measures 

are taken? Infection 38, 159–164 

23.  Tängdén, T., Cars, O., Melhus, A., and Löwdin, E. (2010) Foreign travel is a 

major risk factor for colonization with Escherichia coli producing CTX-M-type 

extended-spectrum beta-lactamases: a prospective study with Swedish 

volunteers. Antimicrob. Agents Chemother. 54, 3564–3568 

24.  Yong, D., Toleman, M. A., Giske, C. G., Cho, H. S., Sundman, K., Lee, K., and 

Walsh, T. R. (2009) Characterization of a new metallo-beta-lactamase gene, 

bla(NDM-1), and a novel erythromycin esterase gene carried on a unique 

genetic structure in Klebsiella pneumoniae sequence type 14 from India. 

Antimicrob. Agents Chemother. 53, 5046–5054 

25.  Kumarasamy, K. K., Toleman, M. A., Walsh, T. R., Bagaria, J., Butt, F., 

Balakrishnan, R., Chaudhary, U., Doumith, M., Giske, C. G., Irfan, S., 

Krishnan, P., Kumar, A. V., Maharjan, S., Mushtaq, S., Noorie, T., Paterson, D. 

L., Pearson, A., Perry, C., Pike, R., Rao, B., Ray, U., Sarma, J. B., Sharma, M., 

Sheridan, E., Thirunarayan, M. A., Turton, J., Upadhyay, S., Warner, M., 

Welfare, W., Livermore, D. M., and Woodford, N. (2010) Emergence of a new 

antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, 

biological, and epidemiological study. Lancet Infect Dis 10, 597–602 

26.  Nathan, C. (2012) Fresh approaches to anti-infective therapies. Sci Transl Med 

4, 140sr2 

27.  White paper: recommendations on the conduct of superiority and organism-

specific clinical trials of antibacterial agents for the treatment of infections 

caused by drug-resistant bacterial pathogens (2012) Clin. Infect. Dis. 55, 1031–

1046 

28.  So, A. D., Ruiz-Esparza, Q., Gupta, N., and Cars, O. (2012) 3Rs for innovating 

novel antibiotics: sharing resources, risks, and rewards. BMJ 344, e1782 

29.  Pulcini, C., Bush, K., Craig, W. A., Frimodt-Møller, N., Grayson, M. L., 

Mouton, J. W., Turnidge, J., Harbarth, S., and Gyssens, I. C. (2012) Forgotten 

antibiotics: an inventory in Europe, the United States, Canada, and Australia. 

Clin. Infect. Dis. 54, 268–274 

30.  Silver, L. L. (2007) Multi-targeting by monotherapeutic antibacterials. Nat Rev 

Drug Discov 6, 41–55 

31.  Simmons, K. J., Chopra, I., and Fishwick, C. W. G. (2010) Structure-based 

discovery of antibacterial drugs. Nat. Rev. Microbiol. 8, 501–510 



 

40 

32.  Kusters, J. G., Van Vliet, A. H. M., and Kuipers, E. J. (2006) Pathogenesis of 

Helicobacter pylori infection. Clin. Microbiol. Rev. 19, 449–490 

33.  Marshall, B. J., and Warren, J. R. (1984) Unidentified curved bacilli in the 

stomach of patients with gastritis and peptic ulceration. Lancet 1, 1311–1315 

34.  Suerbaum, S., and Michetti, P. (2002) Helicobacter pylori infection. N. Engl. J. 

Med. 347, 1175–1186 

35.  Björkholm, B., Falk, P., Engstrand, L., and Nyrén, O. (2003) Helicobacter 

pylori: resurrection of the cancer link. J. Intern. Med. 253, 102–119 

36.  Magalhães Queiroz, D. M., and Luzza, F. (2006) Epidemiology of Helicobacter 

pylori infection. Helicobacter 11 Suppl 1, 1–5 

37.  Aro, P., Ronkainen, J., Storskrubb, T., Bolling-Sternevald, E., Carlsson, R., 

Johansson, S. E., Vieth, M., Stolte, M., Engstrand, L., Talley, N. J., and Agréus, 

L. (2004) Valid symptom reporting at upper endoscopy in a random sample of 

the Swedish adult general population: the Kalixanda study. Scand. J. 

Gastroenterol. 39, 1280–1288 

38.  Storskrubb, T., Aro, P., Ronkainen, J., Wreiber, K., Nyhlin, H., Bolling-

Sternevald, E., Talley, N. J., Engstrand, L., and Agréus, L. (2006) 

Antimicrobial susceptibility of Helicobacter pylori strains in a random adult 

Swedish population. Helicobacter 11, 224–230 

39.  Aro, P., Storskrubb, T., Ronkainen, J., Bolling-Sternevald, E., Engstrand, L., 

Vieth, M., Stolte, M., Talley, N. J., and Agréus, L. (2006) Peptic ulcer disease 

in a general adult population: the Kalixanda study: a random population-based 

study. Am. J. Epidemiol. 163, 1025–1034 

40.  Matthews, G. M., and Butler, R. N. (2005) Cellular mucosal defense during 

Helicobacter pylori infection: a review of the role of glutathione and the 

oxidative pentose pathway. Helicobacter 10, 298–306 

41.  Wang, G., Alamuri, P., and Maier, R. J. (2006) The diverse antioxidant systems 

of Helicobacter pylori. Mol. Microbiol. 61, 847–860 

42.  Gerrits, M. M., Van Vliet, A. H. M., Kuipers, E. J., and Kusters, J. G. (2006) 

Helicobacter pylori and antimicrobial resistance: molecular mechanisms and 

clinical implications. Lancet Infect Dis 6, 699–709 

43.  Calvet, X. (2006) Helicobacter pylori infection: treatment options. Digestion 73 

Suppl 1, 119–128 

44.  Tepes, B., O’Connor, A., Gisbert, J. P., and O’Morain, C. (2012) Treatment of 

Helicobacter pylori infection 2012. Helicobacter 17, 36–42 

45.  Spencer, R. C. (2003) Bacillus anthracis. J. Clin. Pathol 56, 182–187 

46.  Kolstø, A.-B., Tourasse, N. J., and Økstad, O. A. (2009) What sets Bacillus 

anthracis apart from other Bacillus species? Annu. Rev. Microbiol 63, 451–476 

47.  Mock, M., and Fouet, A. (2001) Anthrax. Annu. Rev. Microbiol. 55, 647–671 

48.  Dixon, T. C., Meselson, M., Guillemin, J., and Hanna, P. C. (1999) Anthrax. N. 

Engl. J. Med. 341, 815–826 

49.  Sweeney, D. A., Hicks, C. W., Cui, X., Li, Y., and Eichacker, P. Q. (2011) 

Anthrax infection. Am. J. Respir. Crit. Care Med. 184, 1333–1341 

50.  Holty, J.-E. C., Bravata, D. M., Liu, H., Olshen, R. A., McDonald, K. M., and 

Owens, D. K. (2006) Systematic review: a century of inhalational anthrax cases 

from 1900 to 2005. Ann. Intern. Med. 144, 270–280 

51.  Ringertz, S. H., Høiby, E. A., Jensenius, M., Maehlen, J., Caugant, D. A., 

Myklebust, A., and Fossum, K. (2000) Injectional anthrax in a heroin skin-

popper. Lancet 356, 1574–1575 

52.  Booth, M. G., Hood, J., Brooks, T. J. G., and Hart, A. (2010) Anthrax infection 

in drug users. Lancet 375, 1345–1346 



 

  41 

53.  Price, E. P., Seymour, M. L., Sarovich, D. S., Latham, J., Wolken, S. R., 

Mason, J., Vincent, G., Drees, K. P., Beckstrom-Sternberg, S. M., Phillippy, A. 

M., Koren, S., Okinaka, R. T., Chung, W.-K., Schupp, J. M., Wagner, D. M., 

Vipond, R., Foster, J. T., Bergman, N. H., Burans, J., Pearson, T., Brooks, T., 

and Keim, P. (2012) Molecular epidemiologic investigation of an anthrax 

outbreak among heroin users, Europe. Emerging Infect. Dis. 18, 1307–1313 

54.  Turnbull, P. C. B., Sirianni, N. M., LeBron, C. I., Samaan, M. N., Sutton, F. N., 

Reyes, A. E., and Peruski, L. F., Jr (2004) MICs of selected antibiotics for 

Bacillus anthracis, Bacillus cereus, Bacillus thuringiensis, and Bacillus 

mycoides from a range of clinical and environmental sources as determined by 

the Etest. J. Clin. Microbiol. 42, 3626–3634 

55.  Inglesby, T. V., O’Toole, T., Henderson, D. A., Bartlett, J. G., Ascher, M. S., 

Eitzen, E., Friedlander, A. M., Gerberding, J., Hauer, J., Hughes, J., McDade, 

J., Osterholm, M. T., Parker, G., Perl, T. M., Russell, P. K., and Tonat, K. 

(2002) Anthrax as a biological weapon, 2002: updated recommendations for 

management. JAMA 287, 2236–2252 

56.  Hicks, C. W., Sweeney, D. A., Cui, X., Li, Y., and Eichacker, P. Q. (2012) An 

overview of anthrax infection including the recently identified form of disease 

in injection drug users. Intensive Care Med 38, 1092–1104 

57.  Athamna, A., Athamna, M., Abu-Rashed, N., Medlej, B., Bast, D. J., and 

Rubinstein, E. (2004) Selection of Bacillus anthracis isolates resistant to 

antibiotics. J. Antimicrob. Chemother. 54, 424–428 

58.  Hammarsten, E., Reichard, P., and Saluste, E. (1950) Pyrimidine Nucleosides 

as Precursors of Pyrimidines in Polynucleotides. J. Biol. Chem. 183, 105–109 

59.  REICHARD, P., and ESTBORN, B. (1951) Utilization of desoxyribosides in 

the synthesis of polynucleotides. J. Biol. Chem. 188, 839–846 

60.  REICHARD, P., BALDESTEN, A., and RUTBERG, L. (1961) Formation of 

deoxycytidine phosphates from cytidine phosphates in extracts from 

Escherichia coli. J. Biol. Chem. 236, 1150–1157 

61.  REICHARD, P. (1962) Enzymatic synthesis of deoxyribonucleotides. I. 

Formation of deoxycytidine diphosphate from cytidine diphosphate with 

enzymes from Escherichia coli. J. Biol. Chem. 237, 3513–3519 

62.  Ehrenberg, A., and Reichard, P. (1972) Electron spin resonance of the iron-

containing protein B2 from ribonucleotide reductase. J. Biol. Chem. 247, 3485–

3488 

63.  Sjöberg, B. M., Reichard, P., Gräslund, A., and Ehrenberg, A. (1978) The 

tyrosine free radical in ribonucleotide reductase from Escherichia coli. J. Biol. 

Chem. 253, 6863–6865 

64.  Stubbe, J., and Van der Donk, W. A. (1998) Protein radicals in enzyme 

catalysis. Chem. Rev. 98, 705–762 

65.  Jordan, A., and Reichard, P. (1998) Ribonucleotide reductases. Annu. Rev. 

Biochem 67, 71–98 

66.  Nordlund, P., and Reichard, P. (2006) Ribonucleotide reductases. Annu. Rev. 

Biochem. 75, 681–706 

67.  Hofer, A., Crona, M., Logan, D. T., and Sjöberg, B.-M. (2012) DNA building 

blocks: keeping control of manufacture. Crit. Rev. Biochem. Mol. Biol. 47, 50–

63 

68.  Lundin, D., Torrents, E., Poole, A. M., and Sjöberg, B.-M. (2009) RNRdb, a 

curated database of the universal enzyme family ribonucleotide reductase, 

reveals a high level of misannotation in sequences deposited to Genbank. BMC 

Genomics 10, 589 



 

42 

69.  Jiang, W., Yun, D., Saleh, L., Barr, E. W., Xing, G., Hoffart, L. M., Maslak, 

M.-A., Krebs, C., and Bollinger, J. M., Jr (2007) A manganese(IV)/iron(III) 

cofactor in Chlamydia trachomatis ribonucleotide reductase. Science 316, 

1188–1191 

70.  Jordan, A., Gibert, I., and Barbe, J. (1994) Cloning and Sequencing of the 

Genes from Salmonella-Typhimurium Encoding a New Bacterial 

Ribonucleotide Reductase. J. Bacteriol. 176, 3420–3427 

71.  Jordan, A., Pontis, E., Atta, M., Krook, M., Gibert, I., Barbe, J., and Reichard, 

P. (1994) A 2nd Class-I Ribonucleotide Reductase in Enterobacteriaceae - 

Characterization of the Salmonella-Typhimurium Enzyme. Proc. Natl. Acad. 

Sci. U. S. A. 91, 12892–12896 

72.  Willing, A., Follmann, H., and Auling, G. (1988) Ribonucleotide reductase of 

Brevibacterium ammoniagenes is a manganese enzyme. Eur. J. Biochem. 170, 

603–611 

73.  Fieschi, F., Torrents, E., Toulokhonova, L., Jordan, A., Hellman, U., Barbe, J., 

Gibert, I., Karlsson, M., and Sjöberg, B. M. (1998) The manganese-containing 

ribonucleotide reductase of Corynebacterium ammoniagenes is a class Ib 

enzyme. J. Biol. Chem. 273, 4329–4337 

74.  Mohamed, S. F., Gvozdiak, O. R., Stallmann, D., Griepenburg, U., Follmann, 

H., and Auling, G. (1998) Ribonucleotide reductase in Bacillus subtilis--

evidence for a Mn-dependent enzyme. Biofactors 7, 337–344 

75.  Martin, J. E., and Imlay, J. A. (2011) The alternative aerobic ribonucleotide 

reductase of Escherichia coli, NrdEF, is a manganese-dependent enzyme that 

enables cell replication during periods of iron starvation. Molecular 

Microbiology 80, 319–334 

76.  Cotruvo, J. A., and Stubbe, J. (2011) Escherichia coli class Ib ribonucleotide 

reductase contains a dimanganese(III)-tyrosyl radical cofactor in vivo. 

Biochemistry 50, 1672–1681 

77.  Cotruvo, J. A., Jr, and Stubbe, J. (2010) An active dimanganese(III)-tyrosyl 

radical cofactor in Escherichia coli class Ib ribonucleotide reductase. 

Biochemistry 49, 1297–1309 

78.  Johansson, R., Torrents, E., Lundin, D., Sprenger, J., Sahlin, M., Sjöberg, B.-

M., and Logan, D. T. (2010) High-resolution crystal structures of the 

flavoprotein NrdI in oxidized and reduced states--an unusual flavodoxin. 

Structural biology. FEBS J 277, 4265–4277 

79.  Crona, M., Torrents, E., Røhr, A. K., Hofer, A., Furrer, E., Tomter, A. B., 

Andersson, K. K., Sahlin, M., and Sjöberg, B.-M. (2011) NrdH-redoxin protein 

mediates high enzyme activity in manganese-reconstituted ribonucleotide 

reductase from Bacillus anthracis. J. Biol. Chem. 286, 33053–33060 

80.  Cotruvo, J. A., and Stubbe, J. (2011) Class I ribonucleotide reductases: 

metallocofactor assembly and repair in vitro and in vivo. Annu. Rev. Biochem. 

80, 733–767 

81.  Mulliez, E., Ollagnier, S., Fontecave, M., Eliasson, R., and Reichard, P. (1995) 

Formate is the hydrogen donor for the anaerobic ribonucleotide reductase from 

Escherichia coli. PNAS 92, 8759–8762 

82.  Fuchs, J. A., Karlström, H. O., Warner, H. R., and Reichard, P. (1972) 

Defective gene product in dnaF mutant of Escherichia coli. Nature New Biol. 

238, 69–71 

83.  Jordan, A., Aragall, E., Gibert, I., and Barbe, J. (1996) Promoter identification 

and expression analysis of Salmonella typhimurium and Escherichia coli nrdEF 

operons encoding one of two class I ribonucleotide reductases present in both 

bacteria. Mol. Microbiol. 19, 777–790 



 

  43 

84.  Gon, S., Faulkner, M. J., and Beckwith, J. (2006) In vivo requirement for 

glutaredoxins and thioredoxins in the reduction of the ribonucleotide reductases 

of Escherichia coli. Antioxid. Redox Signal. 8, 735–742 

85.  Garriga, X., Eliasson, R., Torrents, E., Jordan, A., Barbé, J., Gibert, I., and 

Reichard, P. (1996) nrdD and nrdG genes are essential for strict anaerobic 

growth of Escherichia coli. Biochem. Biophys. Res. Commun. 229, 189–192 

86.  Tomb, J. F., White, O., Kerlavage, A. R., Clayton, R. A., Sutton, G. G., 

Fleischmann, R. D., Ketchum, K. A., Klenk, H. P., Gill, S., Dougherty, B. A., 

Nelson, K., Quackenbush, J., Zhou, L., Kirkness, E. F., Peterson, S., Loftus, B., 

Richardson, D., Dodson, R., Khalak, H. G., Glodek, A., McKenney, K., 

Fitzegerald, L. M., Lee, N., Adams, M. D., Hickey, E. K., Berg, D. E., 

Gocayne, J. D., Utterback, T. R., Peterson, J. D., Kelley, J. M., Cotton, M. D., 

Weidman, J. M., Fujii, C., Bowman, C., Watthey, L., Wallin, E., Hayes, W. S., 

Borodovsky, M., Karp, P. D., Smith, H. O., Fraser, C. M., and Venter, J. C. 

(1997) The complete genome sequence of the gastric pathogen Helicobacter 

pylori. Nature 388, 539–547 

87.  Parkhill, J., Wren, B. W., Mungall, K., Ketley, J. M., Churcher, C., Basham, D., 

Chillingworth, T., Davies, R. M., Feltwell, T., Holroyd, S., Jagels, K., 

Karlyshev, A. V., Moule, S., Pallen, M. J., Penn, C. W., Quail, M. A., 

Rajandream, M. A., Rutherford, K. M., Van Vliet, A. H., Whitehead, S., and 

Barrell, B. G. (2000) The genome sequence of the food-borne pathogen 

Campylobacter jejuni reveals hypervariable sequences. Nature 403, 665–668 

88.  Sellars, M. J., Hall, S. J., and Kelly, D. J. (2002) Growth of Campylobacter 

jejuni Supported by Respiration of Fumarate, Nitrate, Nitrite, Trimethylamine-

N-Oxide, or Dimethyl Sulfoxide Requires Oxygen. J. Bacteriol. 184, 4187–

4196 

89.  Kobayashi, K., Ehrlich, S. D., Albertini, A., Amati, G., Andersen, K. K., 

Arnaud, M., Asai, K., Ashikaga, S., Aymerich, S., Bessieres, P., Boland, F., 

Brignell, S. C., Bron, S., Bunai, K., Chapuis, J., Christiansen, L. C., Danchin, 

A., Débarbouille, M., Dervyn, E., Deuerling, E., Devine, K., Devine, S. K., 

Dreesen, O., Errington, J., Fillinger, S., Foster, S. J., Fujita, Y., Galizzi, A., 

Gardan, R., Eschevins, C., Fukushima, T., Haga, K., Harwood, C. R., Hecker, 

M., Hosoya, D., Hullo, M. F., Kakeshita, H., Karamata, D., Kasahara, Y., 

Kawamura, F., Koga, K., Koski, P., Kuwana, R., Imamura, D., Ishimaru, M., 

Ishikawa, S., Ishio, I., Le Coq, D., Masson, A., Mauël, C., Meima, R., Mellado, 

R. P., Moir, A., Moriya, S., Nagakawa, E., Nanamiya, H., Nakai, S., Nygaard, 

P., Ogura, M., Ohanan, T., O’Reilly, M., O’Rourke, M., Pragai, Z., Pooley, H. 

M., Rapoport, G., Rawlins, J. P., Rivas, L. A., Rivolta, C., Sadaie, A., Sadaie, 

Y., Sarvas, M., Sato, T., Saxild, H. H., Scanlan, E., Schumann, W., Seegers, J. 

F. M. L., Sekiguchi, J., Sekowska, A., Séror, S. J., Simon, M., Stragier, P., 

Studer, R., Takamatsu, H., Tanaka, T., Takeuchi, M., Thomaides, H. B., 

Vagner, V., Van Dijl, J. M., Watabe, K., Wipat, A., Yamamoto, H., Yamamoto, 

M., Yamamoto, Y., Yamane, K., Yata, K., Yoshida, K., Yoshikawa, H., Zuber, 

U., and Ogasawara, N. (2003) Essential Bacillus subtilis genes. Proc. Natl. 

Acad. Sci. U.S.A 100, 4678–4683 

90.  Folmsbee, M. J., McInerney, M. J., and Nagle, D. P. (2004) Anaerobic growth 

of Bacillus mojavensis and Bacillus subtilis requires   deoxyribonucleosides or 

DNA. Appl. Environ. Microbiol. 70, 5252–5257 

91.  Härtig, E., Hartmann, A., Schätzle, M., Albertini, A. M., and Jahn, D. (2006) 

The Bacillus subtilis nrdEF genes, encoding a class Ib ribonucleotide reductase, 

are essential for aerobic and anaerobic growth. Appl. Environ. Microbiol. 72, 

5260–5265 



 

44 

92.  Torrents, E., Sahlin, M., Biglino, D., Gräslund, A., and Sjöberg, B.-M. (2005) 

Efficient growth inhibition of Bacillus anthracis by knocking out the 

ribonucleotide reductase tyrosyl radical. Proc. Natl. Acad. Sci. U.S.A 102, 

17946–17951 

93.  Torrents, E., and Sjöberg, B.-M. (2010) Antibacterial activity of radical 

scavengers against class Ib ribonucleotide reductase from Bacillus anthracis. 

Biol. Chem 391, 229–234 

94.  Lowy, F. D. (1998) Staphylococcus aureus Infections. New England Journal of 

Medicine 339, 520–532 

95.  Masalha, M., Borovok, I., Schreiber, R., Aharonowitz, Y., and Cohen, G. 

(2001) Analysis of transcription of the Staphylococcus aureus aerobic class Ib 

and anaerobic class III ribonucleotide reductase genes in response to oxygen. J. 

Bacteriol. 183, 7260–7272 

96.  Kirdis, E., Jonsson, I.-M., Kubica, M., Potempa, J., Josefsson, E., Masalha, M., 

Foster, S. J., and Tarkowski, A. (2007) Ribonucleotide reductase class III, an 

essential enzyme for the anaerobic growth of Staphylococcus aureus, is a 

virulence determinant in septic arthritis. Microb. Pathog. 43, 179–188 

97.  Chaudhuri, R. R., Allen, A. G., Owen, P. J., Shalom, G., Stone, K., Harrison, 

M., Burgis, T. A., Lockyer, M., Garcia-Lara, J., Foster, S. J., Pleasance, S. J., 

Peters, S. E., Maskell, D. J., and Charles, I. G. (2009) Comprehensive 

identification of essential Staphylococcus aureus genes using Transposon-

Mediated Differential Hybridisation (TMDH). BMC Genomics 10, 291 

98.  Rabinovitch, I., Yanku, M., Yeheskel, A., Cohen, G., Borovok, I., and 

Aharonowitz, Y. (2010) Staphylococcus aureus NrdH redoxin is a reductant of 

the class Ib ribonucleotide reductase. J. Bacteriol. 192, 4963–4972 

99.  Holmgren, A. (1985) Thioredoxin. Annu. Rev. Biochem. 54, 237–271 

100.  Holmgren, A. (1989) Thioredoxin and Glutaredoxin Systems. J. Biol. Chem. 

264, 13963–13966 

101.  Laurent, T. C., Moore, E. C., and Reichard, P. (1964) Enzymatic synthesis of 

deoxyribonucleotides. IV. Isolation and characterization of thioredoxin, the 

hydrogen donor from Escherichia coli B. J. Biol. Chem. 239, 3436–3444 

102.  Holmgren, A. (1968) Thioredoxin. 6. The amino acid sequence of the protein 

from escherichia coli B. Eur. J. Biochem 6, 475–484 

103.  Holmgren, A., Söderberg, B. O., Eklund, H., and Brändén, C. I. (1975) Three-

dimensional structure of Escherichia coli thioredoxin-S2 to 2.8 A resolution. 

Proc. Natl. Acad. Sci. U.S.A 72, 2305–2309 

104.  Martin, J. L. (1995) Thioredoxin - a fold for all reasons. Structure 3, 245–250 

105.  Baker, L. M., Raudonikiene, A., Hoffman, P. S., and Poole, L. B. (2001) 

Essential thioredoxin-dependent peroxiredoxin system from Helicobacter 

pylori: genetic and kinetic characterization. J. Bacteriol. 183, 1961–1973 

106.  Gustafsson, T. N., Sahlin, M., Lu, J., Sjöberg, B.-M., and Holmgren, A. (2012) 

Bacillus anthracis Thioredoxin Systems, Characterization and Role as Electron 

Donors for Ribonucleotide Reductase. J. Biol. Chem. 287, 39686–39697 

107.  Holmgren, A. (1984) Enzymatic reduction-oxidation of protein disulfides by 

thioredoxin. Meth. Enzymol. 107, 295–300 

108.  Arnér, E. S., and Holmgren, A. (2000) Physiological functions of thioredoxin 

and thioredoxin reductase. Eur. J. Biochem 267, 6102–6109 

109.  Holmgren, A. (2000) Antioxidant function of thioredoxin and glutaredoxin 

systems. Antioxid. Redox Signal 2, 811–820 

110.  Gonzalez Porqué, P., Baldesten, A., and Reichard, P. (1970) The involvement 

of the thioredoxin system in the reduction of methionine sulfoxide and sulfate. 

J. Biol. Chem. 245, 2371–2374 



 

  45 

111.  Chae, H., Chung, S., and Rhee, S. (1994) Thioredoxin-Dependent Peroxide 

Reductase from Yeast. J. Biol. Chem. 269, 27670–27678 

112.  Hofmann, B., Hecht, H. J., and Flohe, L. (2002) Peroxiredoxins. Biol. Chem. 

383, 347–364 

113.  Levine, R. L., Moskovitz, J., and Stadtman, E. R. (2000) Oxidation of 

methionine in proteins: Roles in antioxidant defense and   cellular regulation. 

IUBMB Life 50, 301–307 

114.  Wood, Z. A., Schroder, E., Harris, J. R., and Poole, L. B. (2003) Structure, 

mechanism and regulation of peroxiredoxins. Trends Biochem.Sci. 28, 32–40 

115.  Chamberlin, M. (1974) Isolation and characterization of prototrophic mutants of 

Escherichia coli unable to support the intracellular growth of T7. J. Virol. 14, 

509–516 

116.  Mark, D. F., and Richardson, C. C. (1976) Escherichia coli thioredoxin: a 

subunit of bacteriophage T7 DNA polymerase. Proc. Natl. Acad. Sci. U.S.A. 73, 

780–784 

117.  Holmgren, A., Ohlsson, I., and Grankvist, M. L. (1978) Thioredoxin from 

Escherichia coli. Radioimmunological and enzymatic determinations in wild 

type cells and mutants defective in phage T7 DNA replication. J. Biol. Chem. 

253, 430–436 

118.  Jordan, A., Pontis, E., Åslund, F., Hellman, U., Gibert, I., and Reichard, P. 

(1996) The Ribonucleotide Reductase System of Lactococcus lactis. Journal of 

Biological Chemistry 271, 8779 –8785 

119.  Jordan, A., Aslund, F., Pontis, E., Reichard, P., and Holmgren, A. (1997) 

Characterization of Escherichia coli NrdH. A glutaredoxin-like protein with a 

thioredoxin-like activity profile. J. Biol. Chem 272, 18044–18050 

120.  Stehr, M., Schneider, G., Aslund, F., Holmgren, A., and Lindqvist, Y. (2001) 

Structural basis for the thioredoxin-like activity profile of the glutaredoxin-like 

NrdH-redoxin from Escherichia coli. J. Biol. Chem. 276, 35836–35841 

121.  Williams, C. H., Arscott, L. D., Müller, S., Lennon, B. W., Ludwig, M. L., 

Wang, P. F., Veine, D. M., Becker, K., and Schirmer, R. H. (2000) Thioredoxin 

reductase two modes of catalysis have evolved. Eur. J. Biochem 267, 6110–

6117 

122.  Moore, E. C., Reichard, P., and Thelander, L. (1964) Enzymatic synthesis of 

deoxyribonucleotides.V. purification and properties of thioredoxin reductase 

from Escherichia coli B. J. Biol. Chem. 239, 3445–3452 

123.  Thelander, L. (1967) Thioredoxin reductase. Characterization of a homogenous 

preparation from Escherichia coli B. J. Biol. Chem. 242, 852–859 

124.  Kuriyan, J., Krishna, T. S., Wong, L., Guenther, B., Pahler, A., Williams, C. H., 

Jr, and Model, P. (1991) Convergent evolution of similar function in two 

structurally divergent enzymes. Nature 352, 172–174 

125.  Waksman, G., Krishna, T. S., Williams, C. H., Jr, and Kuriyan, J. (1994) 

Crystal structure of Escherichia coli thioredoxin reductase refined at 2 A 

resolution. Implications for a large conformational change during catalysis. J. 

Mol. Biol. 236, 800–816 

126.  Lennon, B. W., Williams, C. H., Jr, and Ludwig, M. L. (1999) Crystal structure 

of reduced thioredoxin reductase from Escherichia coli: structural flexibility in 

the isoalloxazine ring of the flavin adenine dinucleotide cofactor. Protein Sci. 8, 

2366–2379 

127.  Lennon, B. W., Williams, C. H., Jr, and Ludwig, M. L. (2000) Twists in 

catalysis: alternating conformations of Escherichia coli thioredoxin reductase. 

Science 289, 1190–1194 



 

46 

128.  Zhong, L., Arnér, E. S., Ljung, J., Aslund, F., and Holmgren, A. (1998) Rat and 

calf thioredoxin reductase are homologous to glutathione reductase with a 

carboxyl-terminal elongation containing a conserved catalytically active 

penultimate selenocysteine residue. J. Biol. Chem 273, 8581–8591 

129.  Zhong, L., Arnér, E. S., and Holmgren, A. (2000) Structure and mechanism of 

mammalian thioredoxin reductase: the active site is a redox-active 

selenolthiol/selenenylsulfide formed from the conserved cysteine-

selenocysteine sequence. Proc. Natl. Acad. Sci. U.S.A 97, 5854–5859 

130.  Sandalova, T., Zhong, L., Lindqvist, Y., Holmgren, A., and Schneider, G. 

(2001) Three-dimensional structure of a mammalian thioredoxin reductase: 

implications for mechanism and evolution of a selenocysteine-dependent 

enzyme. Proc. Natl. Acad. Sci. U.S.A 98, 9533–9538 

131.  Lillig, C. H., and Holmgren, A. (2007) Thioredoxin and related molecules--

from biology to health and disease. Antioxid. Redox Signal 9, 25–47 

132.  Arnér, E. S. J., and Holmgren, A. (2006) The thioredoxin system in cancer. 

Semin. Cancer Biol 16, 420–426 

133.  Urig, S., and Becker, K. (2006) On the potential of thioredoxin reductase 

inhibitors for cancer therapy. Semin. Cancer Biol. 16, 452–465 

134.  Jakupoglu, C., Przemeck, G. K. H., Schneider, M., Moreno, S. G., Mayr, N., 

Hatzopoulos, A. K., De Angelis, M. H., Wurst, W., Bornkamm, G. W., 

Brielmeier, M., and Conrad, M. (2005) Cytoplasmic thioredoxin reductase is 

essential for embryogenesis but dispensable for cardiac development. Mol. Cell. 

Biol. 25, 1980–1988 

135.  Bondareva, A. A., Capecchi, M. R., Iverson, S. V., Li, Y., Lopez, N. I., Lucas, 

O., Merrill, G. F., Prigge, J. R., Siders, A. M., Wakamiya, M., Wallin, S. L., 

and Schmidt, E. E. (2007) Effects of thioredoxin reductase-1 deletion on 

embryogenesis and   transcriptome. Free Radic. Biol. Med. 43, 911–923 

136.  Rollins, M. F., Van der Heide, D. M., Weisend, C. M., Kundert, J. A., 

Comstock, K. M., Suvorova, E. S., Capecchi, M. R., Merrill, G. F., and 

Schmidt, E. E. (2010) Hepatocytes lacking thioredoxin reductase 1 have normal 

replicative   potential during development and regeneration. J. Cell Sci. 123, 

2402–2412 

137.  Prigge, J. R., Eriksson, S., Iverson, S. V., Meade, T. A., Capecchi, M. R., 

Arnér, E. S. J., and Schmidt, E. E. (2012) Hepatocyte DNA replication in 

growing liver requires either glutathione or a single allele of txnrd1. Free Radic. 

Biol. Med. 52, 803–810 

138.  Holmgren, A. (1976) Hydrogen donor system for Escherichia coli 

ribonucleoside-diphosphate reductase dependent upon glutathione. Proc. Natl. 

Acad. Sci. U.S.A 73, 2275–2279 

139.  Holmgren, A. (1979) Glutathione-dependent synthesis of deoxyribonucleotides. 

Purification and characterization of glutaredoxin from Escherichia coli. J. Biol. 

Chem. 254, 3664–3671 

140.  Holmgren, A. (1979) Glutathione-dependent synthesis of deoxyribonucleotides. 

Characterization of the enzymatic mechanism of Escherichia coli glutaredoxin. 

J. Biol. Chem. 254, 3672–3678 

141.  Xia, B., Vlamis-Gardikas, A., Holmgren, A., Wright, P. E., and Dyson, H. J. 

(2001) Solution structure of Escherichia coli glutaredoxin-2 shows similarity to 

mammalian glutathione-S-transferases. J. Mol. Biol. 310, 907–918 

142.  Fernandes, A. P., and Holmgren, A. (2004) Glutaredoxins: glutathione-

dependent redox enzymes with functions far beyond a simple thioredoxin 

backup system. Antioxid. Redox Signal 6, 63–74 



 

  47 

143.  Fernandes, A. P., Fladvad, M., Berndt, C., Andrésen, C., Lillig, C. H., 

Neubauer, P., Sunnerhagen, M., Holmgren, A., and Vlamis-Gardikas, A. (2005) 

A novel monothiol glutaredoxin (Grx4) from Escherichia coli can serve as a 

substrate for thioredoxin reductase. J. Biol. Chem. 280, 24544–24552 

144.  Fladvad, M., Bellanda, M., Fernandes, A. P., Mammi, S., Vlamis-Gardikas, A., 

Holmgren, A., and Sunnerhagen, M. (2005) Molecular mapping of 

functionalities in the solution structure of reduced Grx4, a monothiol 

glutaredoxin from Escherichia coli. J. Biol. Chem. 280, 24553–24561 

145.  Forman, H. J., Zhang, H., and Rinna, A. (2009) Glutathione: Overview of its 

protective roles, measurement, and biosynthesis. Molecular Aspects of 

Medicine 30, 1–12 

146.  Carlberg, I., and Mannervik, B. (1985) Glutathione reductase. Methods in 

Enzymology Volume 113, 484–490 

147.  Russel, M., Model, P., and Holmgren, A. (1990) Thioredoxin or glutaredoxin in 

Escherichia coli is essential for sulfate reduction but not for 

deoxyribonucleotide synthesis. J. Bacteriol. 172, 1923–1929 

148.  Miranda-Vizuete, A., Martinez-Galisteo, E., Aslund, F., Lopez-Barea, J., 

Pueyo, C., and Holmgren, A. (1994) Null thioredoxin and glutaredoxin 

Escherichia coli K-12 mutants have no enhanced sensitivity to mutagens due to 

a new GSH-dependent hydrogen donor and high increases in ribonucleotide 

reductase activity. J. Biol. Chem. 269, 16631–16637 

149.  Aslund, F., Ehn, B., Miranda-Vizuete, A., Pueyo, C., and Holmgren, A. (1994) 

Two additional glutaredoxins exist in Escherichia coli: glutaredoxin 3 is a 

hydrogen donor for ribonucleotide reductase in a thioredoxin/glutaredoxin 1 

double mutant. Proc. Natl. Acad. Sci. U.S.A. 91, 9813–9817 

150.  Prinz, W. A., Aslund, F., Holmgren, A., and Beckwith, J. (1997) The role of the 

thioredoxin and glutaredoxin pathways in reducing protein disulfide bonds in 

the Escherichia coli cytoplasm. J. Biol. Chem. 272, 15661–15667 

151.  Miranda-Vizuete, A., Damdimopoulos, A. E., Gustafsson, J., and Spyrou, G. 

(1997) Cloning, expression, and characterization of a novel Escherichia coli 

thioredoxin. J. Biol. Chem. 272, 30841–30847 

152.  Fahey, R. C., Brown, W. C., Adams, W. B., and Worsham, M. B. (1978) 

Occurrence of glutathione in bacteria. J. Bacteriol. 133, 1126–1129 

153.  Newton, G. L., Arnold, K., Price, M. S., Sherrill, C., Delcardayre, S. B., 

Aharonowitz, Y., Cohen, G., Davies, J., Fahey, R. C., and Davis, C. (1996) 

Distribution of thiols in microorganisms: mycothiol is a major thiol in most 

actinomycetes. Journal of Bacteriology 178, 1990 –1995 

154.  Newton, G. L., Rawat, M., La Clair, J. J., Jothivasan, V. K., Budiarto, T., 

Hamilton, C. J., Claiborne, A., Helmann, J. D., and Fahey, R. C. (2009) 

Bacillithiol is an antioxidant thiol produced in Bacilli. Nat. Chem. Biol 5, 625–

627 

155.  Shibayama, K., Wachino, J., Arakawa, Y., Saidijam, M., Rutherford, N. G., and 

Henderson, P. J. F. (2007) Metabolism of glutamine and glutathione via 

gamma-glutamyltranspeptidase and glutamate transport in Helicobacter pylori: 

possible significance in the pathophysiology of the organism. Mol. Microbiol. 

64, 396–406 

156.  Chevalier, C., Thiberge, J.-M., Ferrero, R. L., and Labigne, A. (1999) Essential 

role of Helicobacter pyloriγ-glutamyltranspeptidase for the colonization of the 

gastric mucosa of mice. Molecular Microbiology 31, 1359–1372 

157.  Gong, M., Ling, S. S. M., Lui, S. Y., Yeoh, K. G., and Ho, B. (2010) 

Helicobacter pylori gamma-glutamyl transpeptidase is a pathogenic factor in the 

development of peptic ulcer disease. Gastroenterology 139, 564–573 



 

48 

158.  Windle, H. J., Fox, A., Ní Eidhin, D., and Kelleher, D. (2000) The thioredoxin 

system of Helicobacter pylori. J. Biol. Chem. 275, 5081–5089 

159.  Comtois, S. L., Gidley, M. D., and Kelly, D. J. (2003) Role of the thioredoxin 

system and the thiol-peroxidases Tpx and Bcp in mediating resistance to 

oxidative and nitrosative stress in Helicobacter pylori. Microbiology (Reading, 

Engl.) 149, 121–129 

160.  St Maurice, M., Cremades, N., Croxen, M. A., Sisson, G., Sancho, J., and 

Hoffman, P. S. (2007) Flavodoxin:quinone reductase (FqrB): a redox partner of 

pyruvate:ferredoxin oxidoreductase that reversibly couples pyruvate oxidation 

to NADPH production in Helicobacter pylori and Campylobacter jejuni. J. 

Bacteriol. 189, 4764–4773 

161.  Scharf, C., Riethdorf, S., Ernst, H., Engelmann, S., Völker, U., and Hecker, M. 

(1998) Thioredoxin is an essential protein induced by multiple stresses in 

Bacillus subtilis. J. Bacteriol 180, 1869–1877 

162.  Möller, M. C., and Hederstedt, L. (2008) Extracytoplasmic processes impaired 

by inactivation of trxA (thioredoxin gene) in Bacillus subtilis. J. Bacteriol 190, 

4660–4665 

163.  Smits, W. K., Dubois, J.-Y. F., Bron, S., Van Dijl, J. M., and Kuipers, O. P. 

(2005) Tricksy business: transcriptome analysis reveals the involvement of 

thioredoxin A in redox homeostasis, oxidative stress, sulfur metabolism, and 

cellular differentiation in Bacillus subtilis. J. Bacteriol 187, 3921–3930 

164.  Mostertz, J., Hochgräfe, F., Jürgen, B., Schweder, T., and Hecker, M. (2008) 

The role of thioredoxin TrxA in Bacillus subtilis: a proteomics and 

transcriptomics approach. Proteomics 8, 2676–2690 

165.  Uziel, O., Borovok, I., Schreiber, R., Cohen, G., and Aharonowitz, Y. (2004) 

Transcriptional regulation of the Staphylococcus aureus thioredoxin and 

thioredoxin reductase genes in response to oxygen and disulfide stress. J. 

Bacteriol. 186, 326–334 

166.  Rocha, E. R., Tzianabos, A. O., and Smith, C. J. (2007) Thioredoxin reductase 

is essential for thiol/disulfide redox control and oxidative stress survival of the 

anaerobe Bacteroides fragilis. J. Bacteriol. 189, 8015–8023 

167.  Reott, M. A., Parker, A. C., Rocha, E. R., and Smith, C. J. (2009) Thioredoxins 

in redox maintenance and survival during oxidative stress of Bacteroides 

fragilis. J. Bacteriol. 191, 3384–3391 

168.  Gaballa, A., Newton, G. L., Antelmann, H., Parsonage, D., Upton, H., Rawat, 

M., Claiborne, A., Fahey, R. C., and Helmann, J. D. (2010) Biosynthesis and 

functions of bacillithiol, a major low-molecular-weight thiol in Bacilli. Proc. 

Natl. Acad. Sci. U.S.A 107, 6482–6486 

169.  Parsonage, D., Newton, G. L., Holder, R. C., Wallace, B. D., Paige, C., 

Hamilton, C. J., Dos Santos, P. C., Redinbo, M. R., Reid, S. D., and Claiborne, 

A. (2010) Characterization of the N-acetyl-α-D-glucosaminyl l-malate synthase 

and deacetylase functions for bacillithiol biosynthesis in Bacillus anthracis. 

Biochemistry 49, 8398–8414 

170.  Studier, F. W., and Moffatt, B. A. (1986) Use of bacteriophage T7 RNA 

polymerase to direct selective high-level expression of cloned genes. J. Mol. 

Biol. 189, 113–130 

171.  Studier, F. W., Rosenberg, A. H., Dunn, J. J., and Dubendorff, J. W. (1990) Use 

of T7 RNA polymerase to direct expression of cloned genes. Meth. Enzymol. 

185, 60–89 

172.  Savitsky, P., Bray, J., Cooper, C. D. O., Marsden, B. D., Mahajan, P., Burgess-

Brown, N. A., and Gileadi, O. (2010) High-throughput production of human 

proteins for crystallization: the SGC experience. J. Struct. Biol 172, 3–13 



 

  49 

173.  Geiser, M., Cèbe, R., Drewello, D., and Schmitz, R. (2001) Integration of PCR 

fragments at any specific site within cloning vectors without the use of 

restriction enzymes and DNA ligase. BioTechniques 31, 88–90, 92 

174.  Van den Ent, F., and Löwe, J. (2006) RF cloning: a restriction-free method for 

inserting target genes into plasmids. J. Biochem. Biophys. Methods 67, 67–74 

175.  Gräslund, S., Nordlund, P., Weigelt, J., Hallberg, B. M., Bray, J., Gileadi, O., 

Knapp, S., Oppermann, U., Arrowsmith, C., Hui, R., Ming, J., dhe-Paganon, S., 

Park, H., Savchenko, A., Yee, A., Edwards, A., Vincentelli, R., Cambillau, C., 

Kim, R., Kim, S.-H., Rao, Z., Shi, Y., Terwilliger, T. C., Kim, C.-Y., Hung, L.-

W., Waldo, G. S., Peleg, Y., Albeck, S., Unger, T., Dym, O., Prilusky, J., 

Sussman, J. L., Stevens, R. C., Lesley, S. A., Wilson, I. A., Joachimiak, A., 

Collart, F., Dementieva, I., Donnelly, M. I., Eschenfeldt, W. H., Kim, Y., Stols, 

L., Wu, R., Zhou, M., Burley, S. K., Emtage, J. S., Sauder, J. M., Thompson, 

D., Bain, K., Luz, J., Gheyi, T., Zhang, F., Atwell, S., Almo, S. C., Bonanno, J. 

B., Fiser, A., Swaminathan, S., Studier, F. W., Chance, M. R., Sali, A., Acton, 

T. B., Xiao, R., Zhao, L., Ma, L. C., Hunt, J. F., Tong, L., Cunningham, K., 

Inouye, M., Anderson, S., Janjua, H., Shastry, R., Ho, C. K., Wang, D., Wang, 

H., Jiang, M., Montelione, G. T., Stuart, D. I., Owens, R. J., Daenke, S., Schütz, 

A., Heinemann, U., Yokoyama, S., Büssow, K., and Gunsalus, K. C. (2008) 

Protein production and purification. Nat. Methods 5, 135–146 

176.  Mulrooney, S. B. (1997) Application of a single-plasmid vector for mutagenesis 

and high-level expression of thioredoxin reductase and its use to examine flavin 

cofactor incorporation. Protein Expr. Purif. 9, 372–378 

177.  Grossman, T. H., Kawasaki, E. S., Punreddy, S. R., and Osburne, M. S. (1998) 

Spontaneous cAMP-dependent derepression of gene expression in stationary 

phase plays a role in recombinant expression instability. Gene 209, 95–103 

178.  Studier, F. W. (2005) Protein production by auto-induction in high density 

shaking cultures. Protein Expr. Purif 41, 207–234 

179.  Blommel, P. G., Becker, K. J., Duvnjak, P., and Fox, B. G. (2007) Enhanced 

bacterial protein expression during auto-induction obtained by alteration of lac 

repressor dosage and medium composition. Biotechnol. Prog 23, 585–598 

180.  Blommel, P. G., and Fox, B. G. (2007) A combined approach to improving 

large-scale production of tobacco etch virus protease. Protein Expr. Purif 55, 

53–68 

181.  Feliu, J. X., Cubarsi, R., and Villaverde, A. (1998) Optimized release of 

recombinant proteins by ultrasonication of E. coli cells. Biotechnol. Bioeng. 58, 

536–540 

182.  Listwan, P., Pédelacq, J.-D., Lockard, M., Bell, C., Terwilliger, T. C., and 

Waldo, G. S. (2010) The optimization of in vitro high-throughput chemical 

lysis of Escherichia coli. Application to ACP domain of the polyketide synthase 

ppsC from Mycobacterium tuberculosis. J. Struct. Funct. Genomics 11, 41–49 

183.  Salazar, O., and Asenjo, J. A. (2007) Enzymatic lysis of microbial cells. 

Biotechnol. Lett. 29, 985–994 

184.  Benov, L., and Al-Ibraheem, J. (2002) Disrupting Escherichia coli: a 

comparison of methods. J. Biochem. Mol. Biol. 35, 428–431 

185.  Gustafsson, T. N., Sandalova, T., Lu, J., Holmgren, A., and Schneider, G. 

(2007) High-resolution structures of oxidized and reduced thioredoxin 

reductase from Helicobacter pylori. Acta Crystallogr. D Biol. Crystallogr 63, 

833–843 

186.  Akif, M., Suhre, K., Verma, C., and Mande, S. C. (2005) Conformational 

flexibility of Mycobacterium tuberculosis thioredoxin reductase: crystal 



 

50 

structure and normal-mode analysis. Acta Crystallogr. D Biol. Crystallogr. 61, 

1603–1611 

187.  Zhang, Z., Bao, R., Zhang, Y., Yu, J., Zhou, C.-Z., and Chen, Y. (2009) Crystal 

structure of Saccharomyces cerevisiae cytoplasmic thioredoxin   reductase Trr1 

reveals the structural basis for species-specific   recognition of thioredoxin. 

BBA-Proteins Proteomics 1794, 124–128 

188.  Ruggiero, A., Masullo, M., Ruocco, M. R., Grimaldi, P., Lanzotti, M. A., 

Arcari, P., Zagari, A., and Vitagliano, L. (2009) Structure and stability of a 

thioredoxin reductase from Sulfolobus   solfataricus: A thermostable protein 

with two functions. BBA-Proteins Proteomics 1794, 554–562 

189.  Kirkensgaard, K. G., Hagglund, P., Finnie, C., Svensson, B., and Henriksen, A. 

(2009) Structure of Hordeum vulgare NADPH-dependent thioredoxin reductase 

2.   Unwinding the reaction mechanism. Acta Crystallogr. Sect. D-Biol. 

Crystallogr. 65, 932–941 

190.  Negri, A., Rodriguez-Larrea, D., Marco, E., Jimenez-Ruiz, A., Sanchez-Ruiz, J. 

M., and Gago, F. (2010) Protein-protein interactions at an enzyme-substrate 

interface:   Characterization of transient reaction intermediates throughout a full   

catalytic cycle of Escherichia coli thioredoxin reductase. Proteins 78, 36–51 

191.  Denschlag, R., Schreier, W. J., Rieff, B., Schrader, T. E., Koller, F. O., 

Moroder, L., Zinth, W., and Tavan, P. (2010) Relaxation time prediction for a 

light switchable peptide by molecular   dynamics. Phys. Chem. Chem. Phys. 12, 

6204–6218 

192.  Obiero, J., Pittet, V., Bonderoff, S. A., and Sanders, D. A. R. (2010) 

Thioredoxin System from Deinococcus radiodurans. J. Bacteriol. 192, 494–501 

193.  Obiero, J., and Sanders, D. A. R. (2011) Design of Deinococcus radiodurans 

Thioredoxin reductase with altered   thioredoxin specificity using computational 

alanine mutagenesis. Protein Sci. 20, 1021–1029 

194.  Read, T. D., Peterson, S. N., Tourasse, N., Baillie, L. W., Paulsen, I. T., Nelson, 

K. E., Tettelin, H., Fouts, D. E., Eisen, J. A., Gill, S. R., Holtzapple, E. K., 

Okstad, O. A., Helgason, E., Rilstone, J., Wu, M., Kolonay, J. F., Beanan, M. J., 

Dodson, R. J., Brinkac, L. M., Gwinn, M., DeBoy, R. T., Madpu, R., 

Daugherty, S. C., Durkin, A. S., Haft, D. H., Nelson, W. C., Peterson, J. D., 

Pop, M., Khouri, H. M., Radune, D., Benton, J. L., Mahamoud, Y., Jiang, L., 

Hance, I. R., Weidman, J. F., Berry, K. J., Plaut, R. D., Wolf, A. M., Watkins, 

K. L., Nierman, W. C., Hazen, A., Cline, R., Redmond, C., Thwaite, J. E., 

White, O., Salzberg, S. L., Thomason, B., Friedlander, A. M., Koehler, T. M., 

Hanna, P. C., Kolstø, A.-B., and Fraser, C. M. (2003) The genome sequence of 

Bacillus anthracis Ames and comparison to closely related bacteria. Nature 423, 

81–86 

195.  Pruitt, K. D., Tatusova, T., and Maglott, D. R. (2007) NCBI reference 

sequences (RefSeq): a curated non-redundant sequence database of genomes, 

transcripts and proteins. Nucleic Acids Res 35, D61–D65 

196.  Prongay, A. J., Engelke, D. R., and Williams, C. H. (1989) Characterization of 

two active site mutations of thioredoxin reductase from Escherichia coli. 

Journal of Biological Chemistry 264, 2656 –2664 

197.  Müller, A., Cadenas, E., Graf, P., and Sies, H. (1984) A novel biologically 

active seleno-organic compound--I. Glutathione peroxidase-like activity in vitro 

and antioxidant capacity of PZ 51 (Ebselen). Biochem. Pharmacol 33, 3235–

3239 

198.  Yamaguchi, T., Sano, K., Takakura, K., Saito, I., Shinohara, Y., Asano, T., and 

Yasuhara, H. (1998) Ebselen in acute ischemic stroke: a placebo-controlled, 

double-blind clinical trial. Ebselen Study Group. Stroke 29, 12–17 



 

  51 

199.  Zhao, R., Masayasu, H., and Holmgren, A. (2002) Ebselen: a substrate for 

human thioredoxin reductase strongly stimulating its hydroperoxide reductase 

activity and a superfast thioredoxin oxidant. Proc. Natl. Acad. Sci. U.S.A 99, 

8579–8584 

200.  Zhao, R., and Holmgren, A. (2002) A novel antioxidant mechanism of ebselen 

involving ebselen diselenide, a substrate of mammalian thioredoxin and 

thioredoxin reductase. J. Biol. Chem. 277, 39456–39462 

201.  Nozawa, R., Yokota, T., and Fujimoto, T. (1989) Susceptibility of methicillin-

resistant Staphylococcus aureus to the selenium-containing compound 2-

phenyl-1,2-benzoisoselenazol-3(2H)-one (PZ51). Antimicrob. Agents 

Chemother 33, 1388–1390 

202.  Lu, J., Vodnala, S. K., Gustavsson, A, Gustafsson, T. N., Sjöberg, B, 

Johansson, H. A., Kumar, S, Tjernberg, A, Engman, L., Rottenberg, M. E., and 

Holmgren, A.  Ebsulfur as a benzisothiazolone cytocidal inhibitor targeting the 

trypanothione reductase of Trypanosoma brucei. Manuscript in preparation 

203.  Gräslund, S., Sagemark, J., Berglund, H., Dahlgren, L.-G., Flores, A., 

Hammarström, M., Johansson, I., Kotenyova, T., Nilsson, M., Nordlund, P., 

and Weigelt, J. (2008) The use of systematic N- and C-terminal deletions to 

promote production and structural studies of recombinant proteins. Protein 

Expr. Purif 58, 210–221 

 


