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Peroxiredoxin (Prx) enzymes catalyze the reduction of hydrogen peroxide, 

peroxynitrous acid, and organic peroxides, and are extremely efficient peroxidases, 

with kcat/KM on the order of 107 – 108 M-1 s-1. Besides their role in oxidative stress 

defense, evidence has accumulated that some eukaryotes, including humans, use Prxs 

as switches to regulate peroxide levels for the purpose of signaling events triggered by 

hormones and growth factors. Their significance and relevance to human health is 

underscored by the occurrence of cancer in some Prx knockout mice; the 

overexpression of Prxs in certain cancers, and knockout/knockdown studies that show 

Prxs in pathogens can be important, and even essential, for pathogen viability and 

infectivity. Further, their ubiquity in all the kingdoms of life implies Prxs provide 

indispensible functions. 

 This thesis reports on work aimed at characterizing aspects of Prx function and 

catalysis using model systems that behave well for experimentation, specifically 

focusing on detangling the multifaceted roles of conserved residues, catalytic 

conformation change, and hyperoxidative inactivation. Five chapters of original work 

include two review articles and three primary research reports. One review provides a 

relatively broad overview of Prx structure-function (Chapter 2) and the other focuses 

on observations related to understanding the physiological role(s) of Prxs especially 

summarizing the results of knockout/knockdown studies and assessing the natural 



 

 

distribution of an enzyme, sulfiredoxin, that is able to reactivate hyperoxidized Prxs 

(Chapter 3). The latter shows that many virulent bacterial and eukaryotic pathogens 

lack sulfiredoxin, implying that they are unable to rescue hyperoxidatively inactivated 

Prxs. 

 Of the primary research reports, two studies using the model Prx Salmonella 

typhimurium alkyl hydroperoxide reductase C (StAhpC) assess the impact of 

modifications on structure and dynamics (Chapter 4) and define the roles of highly 

conserved residues as they pertain to catalysis, conformation change, and 

oligomerization (Chapter 5). The studies with StAhpC were enabled by the discovery 

that a previously studied crystal form of the locally-unfolded (LU) conformation of 

StAhpC is also able to accommodate the fully-folded (FF) conformation. The work 

includes presentations of the first crystal structure of the wild type enzyme in its 

substrate-ready form and also the structures of eight mutants of residues that are well-

conserved in the Prx1 subfamily of Prxs. The work led to an awareness of how small 

shifts in the relative stabilities of the FF versus LU conformations could strongly 

influence Prx function, and this in turn led to the proposal of a novel idea for the 

design of selective inhibitors of Prxs as potential drug leads: to target regions involved 

in the catalytic conformation change to trap them in inactive states. The third primary 

research report (Chapter 6) presents an analysis of three crystal structures of the PrxQ 

subfamily that had been solved and deposited in the Protein Data Bank by structural 

genomics groups, but not described in publications. These three structures provided 

views of the only remaining undescribed type of Prx conformation change – that of the 

PrxQ group with a resolving Cys in helix 2. In addition to describing the conformation 

change, we also define roles for conserved residues from a structural perspective for 

this entire PrxQ subgroup.  

 Finally, in a forward looking part of the thesis (Chapter 7) I describe initial 

work toward developing Xanthomonas campestris PrxQ (XcPrxQ) as a new model 

system for study. This enzyme has the advantage of being a monomer, unusual for 



 

 

Prxs, and this makes it more ideal for probing questions related to dynamics. The 

preliminary work with this system includes crystal structures solved at 1 Å resolution, 

the highest for any Prx, trapping all relevant active site oxidation states and a ligand-

bound form, NMR backbone assignments for the reduced and oxidized forms, and in 

silico docking analyses aimed at discovering a conformation-stabilizing inhibitor. 

Furthermore, results showing that the protein in the crystal has strongly enhanced 

sensitivity to hyperoxidation validates my proposal that inhibitors stabilizing the FF 

conformation of Prxs will lead to hyperoxidative inactivation. Together, these results 

establish XcPrxQ as a promising model system for future study.    
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Preamble 

Peroxiredoxins (Prxs) are enzymes that play an integral role in cellular redox 

metabolism by reducing various peroxide species. This is remarkably important to the 

survival and longevity of cells because if left unchecked peroxide can damage 

proteins, lipids, and DNA, and is suspected to be a major contributor to aging and the 

development of cancer. The essentiality of Prxs for normal cellular function is 

demonstrated by their ubiquity in nature, as they are found in organisms as distantly 

related as humans and deep sea archaea. Presumably these enzymes arose during the 

Great Oxidation Event 2.4 billion years ago to enable cells to cope with the increasing 

prevalence of reactive oxygen species and facilitate aerobic metabolism. Thus, the 

retention of Prxs through billions of years of evolutionary optimization emphasizes 

that these ancient enzymes play an indispensable role in the existence of life on Earth.   

Prxs are particularly relevant to disease and are central to the evolutionary 

arms race between hosts and pathogens. Attacking macrophages attempt to overwhelm 

pathogenic redox defenses by secreting hydrogen peroxide extracellularly, and 

pathogens rely on their Prxs to reduce the toxic peroxide burst and resist the attacks. 

Studies of mutant pathogen strains confirm that Prx deficiency results in dramatically 

reduced infectivity and increased killing by macrophage.  Both bacterial parasites—

ex. Helicobacter (stomach ulcers/cancer), Salmonella (food poisoning), 

Mycobacterium (tuberculosis)—and eukaryotic parasites—ex. Plasmodium (malaria), 

Trypanosomes (African sleeping sickness), Leishmania (leishmaniasis)—seem to 

depend heavily on their Prxs for survival within hosts. Prxs therefore represent an 

enticing target for the development of novel antibiotics against some of the most 

virulent modern diseases. 

It might be expected that 2.4 billion years of evolution would result in a great 

diversity in protein structure among the Prx family, but in fact, in terms of active site 

functionality, nature has stuck with its original solution. This means that broad insight 

into the Prx family can be garnered from the study of model systems that behave well 
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and/or are ideal for certain biochemical and biophysical analyses. The work presented 

here has used such model systems to structurally and kinetically characterize the 

interactions involved in the catalytic cycle of Prxs to understand their efficient 

catalysis, the reasons for their ubiquitous retention, their fascinating conformational 

dynamics, and how their inhibition could be utilized to treat a variety of diseases. An 

illustrative depiction of the biological roles of Prxs is shown in Fig. 1.1, highlighting 

the aspects that will be fleshed out in the subsequent chapters. 

The rest of Chapter 1 is unusual for a thesis introduction in that it is intended to 

be a very basic opening, discussing the broad aspects of the project presented in casual 

language. The purpose of this is so that a reader from a general science background 

might find this work more approachable. As a justification for this, Chapter 2 is a 

review article draft near completion that provides a technical and scholarly discussion 

of Prx enzymes and the key literature of the field. 
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Figure 1.1. Nature’s dominant peroxidase in action.  
Peroxiredoxins work to reduce a burst of peroxide created during a peroxide signaling event. 

As each Prx reacts and becomes oxidized, the active decamers disassemble to dimers and are 

recycled by Trx (cyan). At high peroxide concentrations the active site Cys residue is 

hyperoxidized to a Cys-sulfinate and the enzyme is inactivated (yellow), allowing the peroxide 

signal to persist and oxidatively regulate downstream targets. The hyperoxidized Prxs are 

resurrected in an ATP-dependent reaction by the enzyme sulfiredoxin (green). 
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The physiological roles of cellular peroxide 

The Great Oxidation Event.  

Earth’s atmosphere was not always so oxygen rich. After the planet’s formation 

approximately 4.6 billion years ago, molecular oxygen was actually quite rare, 

estimated to be less than 10-5 of its current level1 for the first two billion years.  

Analyses of Archean Eon rocks show that elements sensitive to reacting with oxygen, 

such as rhenium, osmium, and molybdenum, only started to become oxidized between 

2.45 and 2.22 billion years ago1, a period referred to as the Great Oxidation Event. The 

evolution of life predates this time, with carbonaceous biomarkers and cellular 

microfossils suggesting the first cells appeared more than 3.6 billion years ago. Thus 

life arose and thrived in an oxygen-deficient environment for more than a billion 

years2. These ancient organisms were so plentiful, in fact, that they left behind oil-

bearing fluid inclusions still detectable today3.  

 The advent of O2-producing photosynthetic organisms marked a profound 

change in the chemistry of life. Whereas anaerobic glycolysis can obtain 2 net 

adenosine triphosphate (ATP) molecules from one molecule of glucose, aerobic 

respiration allows for 36-38 total ATPs to be produced4. The availability of oxygen for 

biochemical reactions therefore presented an enormous advantage for those organisms 

that could use it. However, with nearly all organisms at that time having been 

evolutionarily optimized for an anaerobic environment, the Great Oxidation Event was 

also the impetus for a catastrophic extinction of all life that could not cope with 

molecular oxygen. Some organisms withdrew into the remaining oxygen-deficient 

environments, many species became extinct, and a select few evolved mechanisms to 

deal with the devastating pollutant and were able to survive. The strong selection 

pressure to reduce, regulate, and make use of reactive oxygen species was an 

important early evolutionary bottleneck, and has greatly influenced the development 

of life on earth and its biochemical processes. 
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Problems posed by oxygen.  

So if oxygen could be harnessed for a massive evolutionary advantage, how can it also 

be detrimental to life? First, the molecular mechanisms for harvesting energy operate 

like hydroelectric power generation, whereby an energetically-favorable process is 

harnessed for work—in this case the degradation of an energy-rich substance is 

allowed to occur through a route that performs useful chemistry. This involves the 

transfer of electrons to increasingly electronegative chemical entities to break bonds, 

form bonds, and release energy. How did this work prior to an oxygenic atmosphere? 

Some anaerobic extremophile organisms, such as methanogens, are thought to possess 

metabolisms that resemble those of ancient cells, and use carbon as an electron 

receptor, evolving methane5. These organisms operate well in the absence of oxygen, 

with biochemical work performed by using the energy from electrons passing to 

carbon. However, oxygen is one of the most electronegative atoms, and if present in 

such systems will steal the electrons meant to be funneled into performing 

biochemical work. Aerobic organisms have therefore converted to using oxygen as the 

final electron acceptor in oxidative phosphorylation to produce the chemically-useful 

adenosine/guanosine triphosphate (ATP/GTP) molecules. Second, oxygen is 

incredibly reactive and its partial reduction generates radicals such as superoxide that 

can readily oxidize and damage essential cellular components such as DNA, proteins, 

and lipids. A variety of other reactive oxygen species can be formed—hypochlorous 

acid (HOCl), hydrogen peroxide (HOOH), organic peroxides (ROOH), and 

peroxynitrite (ONOO-)—and so cells living in an aerobic environment have a host of 

toxic oxidants to combat. If left unchecked, these species will scavenge electrons, 

form unwanted chemical bonds, and damage the cellular machinery necessary for 

sustaining life.  

 Cells have had to evolve clever and sometimes complex solutions for either 

making use of oxygen or keeping it away from certain biochemical processes. One 

example of the need for tight O2 regulation is Rubisco, a key enzyme involved in the 

light-independent reactions that use energy and reducing power derived from 
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photosynthesis to produce glucose. Ironically, although photosynthetic organisms are 

thought to be responsible for the Great Oxidation Event, Rubisco is a terribly 

inefficient enzyme due to its inadvertent reactivity (and inactivation) with oxygen, and 

is considered to be the rate-limiting step for photosynthesis6. Thus, due to the 

reactivity of oxygen, plants and other organisms expend a great deal of energy to 

manage and regulate it. Even more detrimental can be the reactive oxygen species 

such as hydrogen peroxide produced as a byproduct of biological processes like the 

enzyme-catalyzed oxidation of water and partial reduction of oxygen by cytochromes, 

occurring especially within metabolic engines such as chloroplasts and mitochondria7. 

Indeed, cellular concentrations of hydrogen peroxide are thought to rarely exceed 1-15 

μM for healthy cells8.  

 Organisms have evolved some very efficient enzymes to scavenge and 

eliminate these toxic chemicals. Some well-known examples include superoxide 

dismutase (SOD), which converts the highly reactive superoxide anion to the more 

stable hydrogen peroxide, and catalase and glutathione peroxidase that reduce 

hydrogen peroxide to water. More recently, peroxiredoxins (Prxs) were discovered to 

be the dominant peroxidases in nature. The importance of such redox defense enzymes 

is reflected in their broad conservation in all the major kingdoms of life, emphasizing 

that although oxygen can be useful for many chemical reactions, it must be tightly 

regulated so as not to interfere with other processes or damage the cell. 

Hydrogen peroxide in disease and aging.  

And so the paradigm of reactive oxygen species like hydrogen peroxide being toxins 

was born, a belief that is perpetuated in popular culture with advertisements lauding 

“anti-oxidants” as the key to health and longevity. These ideas are not without some 

merit. Oxidation-induced mutations to key cellular regulators such as p53 have been 

shown to contribute to the development of cancer and inflammatory disorders10. A 

number of other diseases are thought to be exacerbated by oxidative stress, such as 

tumor angiogenesis11,12. Seeming to support the toxic nature of reactive oxygen 
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species, hydrogen peroxide is actually a key weapon used by macrophage to 

overwhelm pathogen redox defenses, where NADPH oxidase (Nox) purposefully 

produces superoxide, which is subsequently converted to peroxide7. Bacteria such as 

Escherichia coli and Salmonella typhimurium have also co-evolved to possess a built-

in peroxide sensor, the transcription factor OxyR, that quickly induces the expression 

of redox defense proteins in response to such attacks13. However, the physiological 

role of hydrogen peroxide has turned out to be complex; it is not simply a cytotoxic 

molecule.  

Hydrogen peroxide as a signaling molecule.  

Surprising was the seemingly paradoxical discovery that Nox enzymes are expressed 

in a variety of cells in addition to the immune cells that combat pathogens, and that it 

was reported to influence cell signaling and inner ear development7. It had been 

thought that the role of peroxide in signaling events was restricted to stress responses, 

but a breakthrough study in 1995 showed that smooth muscle cells stimulated by 

platelet-derived growth factor (PDGF) had their intracellular peroxide concentrations 

increased as well as increased tyrosine phosphorylation, kinase activation, and DNA 

synthesis14. Further studies of growth factor signaling confirmed that bursts of 

peroxide were produced by the activation of oxidases, and, importantly, that the 

activity of key regulatory components are modulated by oxidation12 as a part of 

normal cell growth. One such well-studied example of so-called “non-stress-related” 

peroxide signaling is that of protein tyrosine phosphatases that are reversibly 

inactivated by oxidation of a catalytic Cys residue15. However, other examples now 

abound of downstream targets being regulated by peroxide-induced oxidation, such as 

MAP kinases and transcription factors such as nuclear factor-κβ (NF-κβ) and hypoxia 

inducible factor 1α (HIF1α), as recently reviewed by Giorgio et al.12 and Sies16. It is 

now generally accepted that peroxide plays critical roles in normal cellular regulation 

for eukaryotes12.  

 



9 

 

 

The need for novel antibiotics 

Emergence of antibiotic-resistance.  

Relevant to this story is the development of antibiotics, which are among science’s 

greatest contributions to improving human health. The discovery that certain natural 

compounds could be used to selectively kill or impair the growth of disease-causing 

microbes revolutionized medicine. By interfering with the biological processes of 

pathogens, antibiotics allowed treatment for many devastating illnesses, particularly of 

bacterial origin, and greatly increased survival rates for those infected with such 

diseases as tuberculosis, bacterial pneumonia, and cholera. In fact, penicillin, 

discovered in 1928 by Alexander Fleming, is still a widely used therapeutic for 

common bacterial infections such as strep throat and sinusitis17. 

 However, as soon as an antibiotic was introduced as a therapy (or in some 

cases even before), reports of antibiotic resistance emerged. A well-known example is 

that involving penicillinases, discovered in 194017, that cleave the β-lactam ring of 

penicillin, thereby nullifying its function. As bacteria have the ability to grow and 

divide rapidly, advantageous qualities, such as possessing penicillinase genes, can 

swiftly become prominent in a population. Startlingly, it was even discovered that 

bacteria can pass antibiotic resistance genes between cells by bacterial conjugation17. 

Therefore, as every exposure of a pathogen to an antibiotic gives opportunity to adapt, 

and it takes many years and millions/billions of dollars to develop a new antibiotic, it 

follows that antibiotics should be used only when necessary to delay the emergence of 

resistant strains. 

 Unfortunately, misuse and overuse of antibiotics has greatly contributed to the 

rise of antibiotic resistant pathogens, a major problem that the World Health 

Organization (WHO) is actively working to solve by educating practitioners, 

government officials, and industry leaders. Although the phenomenon of antibiotic 

resistance is a result of evolution and cannot be altogether prevented, early antibiotics 
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could likely have had much greater impact, and perhaps still be effective, if they had 

been used properly and sparingly. One especially egregious example is that of the 

deadly disease tuberculosis, caused by the bacteria Mycobacteria tuberculosis, which 

infects one out of every three people worldwide and killed 1.5 million people in 

201318. This difficult-to-kill pathogen is able to remain dormant for long periods of 

time and can occupy a variety of niches within the body where low circulation or 

acidic pH inhibit the function of most antibiotics19. So when streptomycin  was 

developed20, which proved extremely effective against Mycobacteria, it was heralded 

by some as being the miracle drug that would wipe out tuberculosis forever. However, 

it actually worked so well that patients began to feel better after only a few days and 

discontinued their antibiotic regimen. Sadly, this gave the bacteria time to adapt and 

develop into resistant strains. Unfortunately, this same problem with treating 

tuberculosis persists to this day, with new antibiotics being developed only to have 

patients stop their medication prematurely (a personal story on such a case can be 

found on the Center for Disease Control website21). Thus, despite the development of 

potent drugs against tuberculosis over fifty years ago, the disease is still the second 

leading cause of death by an infectious agent worldwide (second only to HIV/AIDS) 

and virulent, multi-drug resistant strains are estimated to have infected 480,000 new 

people in 201318.  

 Equivalent stories exist for many other deadly pathogens—malaria, 

Staphylococcus aureus, Salmonella—and antibiotics are still improperly administered 

and needlessly used in cleaning products and farming22. The increasing number of 

drug-resistant pathogens is truly alarming, as is the cost, both human and financial, 

with 25,000 deaths attributed to multidrug-resistant bacteria in Europe in 2007, and an 

estimated annual cost of $20 billion to the US health care system22. To combat these 

strains and prevent epidemics, the development of new antibiotics is necessary; 

especially valuable would be therapeutics that function in novel ways that could act 

synergistically with other drugs and/or target pathogens that are impervious to current 

therapies. As it can take over a decade for an effective antibiotic to be discovered, 
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tested, approved, and synthesized in bulk, only to be quickly made obsolete by the 

emergence of resistance, pharmaceutical companies have become wary of investing in 

the development of such drugs22. So who will invent the next generation of 

antibiotics? The burden, at least for general investigation of targets and even discovery 

of proofs-of-concept, may fall to academia and government-funded agencies22. 

Peroxiredoxins as novel targets for drug design.  

One promising idea for novel therapeutics arises from observing how our bodies 

naturally combat invading pathogens: our white blood cells use hydrogen peroxide as 

a weapon, producing it extracellularly (and intracellularly within phagosomes) to 

overwhelm the redox defenses of bacteria and eukaryotic parasites. As mentioned 

above, this highly reactive molecule damages crucial cellular components and, at high 

enough concentrations and duration, kills the target. However, the ability of pathogens 

to thwart such attacks is greatly increased by their oxidative stress defenses, including 

glutathione peroxidase, catalase, and (the subject of this dissertation), peroxiredoxins. 

These enzymes, and their supporting reductive partner proteins such as thioredoxin 

and thioredoxin reductase, are critical to pathogen resilience23,24. Knockout and 

knockdown studies conclusively show that strains deficient in these enzymes have 

reduced growth and infectivity, and are more easily killed by macrophage25. It follows 

that if one could inhibit these pathogen enzymes, it would be akin to disarming an 

enemy’s anti-aircraft arsenal, allowing the hydrogen peroxide bombardment produced 

by our white blood cells to devastate the invaders. 

 So among potential targets, is there one that stands out from the rest? It turns 

out that there is one group of enzymes that bear the brunt of peroxide reduction—the 

peroxiredoxins—which are highly efficient peroxidases and are estimated to be 

responsible for the reduction of >90% of cellular peroxide26. These thiol-based 

peroxidases are able to reduce peroxide without any cofactor, and undergo dramatic 

conformation changes as part of their catalytic cycle. Over the last twenty years we 

have gained a much better understanding of this enzyme family, with accurate 
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measurements of their reactivity with peroxide, their rates of reduction, and 

approximately 120 structures published in the protein data bank (PDB). Further, the 

efficacy of targeting them for drug design is supported by extensive knockout and 

knockdown studies showing their role in cancer and pathogen survival25. However, 

several important issues complicate the design of Prx inhibitors.  

 First, organisms often possess multiple peroxidases and even multiple Prx 

isoforms that can overlap in function and compensate for each other. This means that 

the severity of effects of Prx inhibition may vary widely between species. Though 

extensive Prx knockout and knockdown studies have been published, no cumulative 

analysis has been conducted to determine what organisms might be best-targeted by 

Prx inhibition. Second, selectivity for the pathogen Prxs, and not the host’s, is a major 

concern. The Prx active site is universally conserved, with catalytic Cys, Arg, Thr, and 

Pro residues arranged identically even in distant homologues, thereby making the 

active site difficult to selectively target. Inhibiting Prx function can be extremely 

harmful to mammalian cells, exemplified by Prx1-knockout mice that develop cancer 

and die prematurely27, thought to be due to their influence on peroxide in cell 

signaling. Thus, the straight-forward approach of constructing peroxide-mimicking 

inhibitors is not ideal due to the risk of toxicity to the patient. Third, gaps in 

understanding of Prx catalysis exist. The roles of highly conserved residues are still 

not fully understood, and aspects of the catalytic conformation changes remain 

unclear, and—for some groups—completely undescribed. Further work must be done 

to build a foundational understanding of Prx function. Prior to the work presented 

here, no general approach had yet been proposed to circumvent these problems. 

Structure-based drug design.   

Drug leads have traditionally been discovered by screening vast libraries of 

compounds, such as those derived from natural products, to identify molecules with 

the desired therapeutic properties. However, the search for and design of drug leads 

can also be guided by structural data, if the 3-dimensional structure of the 
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macromolecular drug target is in hand. It can be imperative to know, for example, the 

volume of the binding pocket and the local chemical environment. This technique, 

referred to as structure-based drug design (SBDD), is an attractive alternative to the 

expensive and sometimes time-consuming task of experimentally screening hundreds 

of thousands of compounds and also provides the ability to target specific regions of a 

macromolecule—the latter being quite advantageous in the case of peroxiredoxins, 

where the active site itself cannot be the only target. Searching for compounds can 

instead be performed in silico with only the top candidates being tested. Further, once 

a lead is identified the hope is that a structure of the complex can be obtained so that 

the binding interactions can be studied and the lead can be iteratively improved28. 

Thus, the foundation of successful SBDD is to have high-resolution structures that 

capture the bound and apo states, every conformation, redox-state, etc., so that a 

complete picture of catalysis and the target’s behavior can be understood. 

 In truth, SBDD is fraught with challenges. Obtaining protein structures is 

challenging in itself, and even some of the most hotly-pursued targets have yet to be 

determined. Given that a successful graduate student (at ca. $40,000 annually) may 

only solve a few novel structures during the course of their ~5-years worth of study, 

and that the experiments require expensive instruments such as x-ray generators and 

NMR machines, the cost of structure determination can be estimated to be near 

$100,000 per target. It may therefore take many years for a field to accumulate enough 

structural data for a detailed understanding of the protein. If the structure is not 

known, it is possible to use a quality homology model for drug discovery, such as in 

the case of the aryl hydrocarbon receptor29. But here caution must be used, as the 

adage “garbage in, garbage out,” applies. Regardless, even with superb structural 

information available, successful SBDD is not assured.  

 Despite that more than 100,000 experimentally-determined structures have 

been published in the PDB, our grasp of protein interactions remains limited. This is in 

part because of the “protein folding problem,” which refers to the fact that it is quite 

difficult to predict the structure of a protein given only its primary sequence. One 
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opinion on the topic comes from The Structure and Function of Proteins, stating that: 

“Only a very small fraction of the vast set of conceivable polypeptide chains would 

adopt a single, stable three-dimensional conformation, by some estimates less than one 

in a billion30”. It is true that some residues tend to populate alpha helices while others 

tend to form β-strands31, and sequences can be compared to other known structures, 

but de novo structure prediction is challenging with current technologies.  

 Furthermore, even predicting the outcome of single mutations is often tricky, 

let alone more complex problems such as explaining why some proteins are thermo-

stable when they highly resemble their mesophilic homologues. Foreseeing how a 

protein will interact with a small molecule presents similar obstacles, one example 

being that many binding events involve an “induced-fit” change in the protein’s 

conformation. Despite these gaps in knowledge, significant progress is being made in 

the field. Recently, the group of Dr. David Baker (University of Washington) was 

successful in designing an ultra-stable helix bundle in silico that proved in vitro to be 

capable of withstanding 7.3 M guanidine-HCl at 130° C without denaturing32. De novo 

structure prediction by programs such Rosetta33 is becoming more accurate, and the 

public’s help has even been enlisted to solve the protein folding problem34. A game 

called Foldit now exists where players abide by chemical and physical laws to try and 

find the lowest energy conformation for a protein34. It is clear that our understanding 

of protein folding and protein interactions is advancing.  

 Indeed, SBDD has an increasing number of success stories, not the least of 

which are the HIV drugs amprenavir and nelfinavir, for which structural knowledge of 

aspartyl proteases was used to design inhibitors that mimic the substrate transition 

state35. Other important examples include the cancer therapeutics raltitrexed, which 

inhibits thymidylate synthase, and imatinib, which inhibits tyrosine kinases28. So, 

though limitations remain in our understanding of protein-protein and protein-ligand 

interactions, SBDD is a worthwhile approach using our current approximations, but 

success is heavily dependent upon quality structural information. 
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Techniques of structural biology.  

To pursue SBDD, one must first have a foundational understanding of how one 

obtains structures of proteins. Proteins are usually quite small, on the order of a few 

nanometers, and the covalent bonds between atoms are only 1-2 Angstroms (Å). Their 

miniscule size means that proteins are generally beyond the resolution of traditional 

light microscopy, which is limited to ~0.2 microns. At present, only two techniques 

are commonly used to obtain atomic-level resolution of protein structure (though cryo 

electron microscopy has some cases where ~3 Å resolution has been achieved36): 

protein x-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy. 

The importance of these techniques is reflected in the numerous Nobel Prize awards 

for determinations of proteins structures and that hundreds of millions of dollars have 

been spent to fund Structural Genomics Consortiums with the goal of solving 

structures important to the scientific community and relevant to disease. An in-depth 

discussion of the theories and histories of these techniques is not within the scope of 

this thesis or necessary to appreciate the work presented here, but Biomolecular 

Crystallography: Principles, Practice, and Application to Structural Biology (2009) 

by Bernhard Rupp, and The Basics of NMR (available at 

https://www.cis.rit.edu/htbooks/nmr/) by Joseph P. Hornak are great references for 

these techniques. Rather, select aspects that pertain to the following chapters will be 

discussed so that the reader can appreciate the challenges and approaches used, 

especially the advantages and limitations of the respective techniques. Protein 

crystallography is explained first and in greatest detail as it is the major technique used 

in the studies included in this thesis. 

Protein crystallography.  

To begin, protein crystallography utilizes a rather ingenious principle of physics that is 

captured in Bragg’s Law, which essentially states that there exist certain angles at 

which scattering of electromagnetic waves off a regular repeating structure will be 

coherent and amplified. This means that the scattered waves can be detected as a 
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signal, and their intensities and position used to reveal the structural details of the 

object—in this case the electron cloud. Like sunlight reflected off a cold pint of beer 

provides information on the specific size and shape of the pint, the information in the 

scattered rays “reflected” off the sample can, using complex math (and these days, 

computers), be used to reconstruct a 3-dimensional structure of the irradiated sample. 

In essence, the final product of protein crystallography is an electron density map. The 

irradiating X-rays have a small enough wavelength (~0.5-1.5 Å) to probe atomic 

features and provide adequate resolution to elucidate protein structure, interactions, 

and reactions. A crystal of the protein provides the required regular repeating 

structure, and serves two further purposes. First, the signal from a single “reflected” x-

ray from a single molecule would be insufficient to detect, but the combined scattering 

from the many aligned molecules in the crystal amplifies the signal and makes the 

“reflections” practical to observe. Second, the crystal lattice holds the protein in place 

while it is exposed to the x-rays. Normally a protein would be tumbling randomly in 

solution. Like the blurring of a photo due to movement, the x-ray signal would 

likewise become smeared and unusable if not for the relative rigidity of the crystal 

lattice. 

 Unfortunately protein crystallography is sometimes quite misunderstood. It has 

been characterized by some as being an unreliable source for structural information 

since the conditions required to crystallize a protein are often exotic and the protein is 

held static when they are actually dynamic molecules. In truth, crystallography 

certainly does have its limitations, but the previous generalization is a poor one that 

misses the true paradigm for interpreting crystal structures: that the observed structure 

is the genuine structure under the conditions analyzed. Five key points emphasize that 

crystal structures are generally relevant to their structures in solution. First, protein 

crystals are usually fifty-percent or more solvent and can often perform catalysis while 

within the crystal. Second, the interactions within the protein that maintain its 

structure (hundreds of hydrogen bonds and thousands of Å2 of hydrophobic contacts) 

are much more extensive than the interactions joining areas of the lattice called 
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“crystal contacts” (a few hydrogen bonds and much less hydrophobic packing) and 

therefore unlikely to significantly perturb the structure. Third, proteins can crystallize 

in more than one solution and in more than one type of lattice to provide a control for 

any changes induced by crystallization. Further, homologous proteins crystallized 

under very different conditions still show retention of the general structure. Fourth, 

once grown, protein crystals can sometimes tolerate changes in solution. So a crystal 

grown at pH 4.0 could be transferred to a solution at pH 7.0 to ensure that the structure 

is more representative of the physiological form. Fifth, the structures determined by x-

ray crystallography are usually supported by other structural-determination techniques 

such as NMR and electron microscopy. 

 With the misconceptions dispelled, the actual limitations of protein 

crystallography can be discussed. A major disadvantage is that not all proteins can be 

analyzed in this way. The first hurdle is in growing a protein crystal, which requires 

the protein to be fairly stable and soluble up to at least ~1 mg/ml. This makes 

crystallizing unstable proteins and membrane proteins especially difficult. Even if 

these properties are met, however, thousands of crystallization attempts may never 

produce a usable crystal. Upon obtaining a highly-diffracting crystal, the second 

obstacle is known as the “phase-problem.” Although the intensity and position of an x-

ray reflection can be measured, it has lost the phase information necessary to 

reconstruct the 3-dimensional structure. To emphasize the importance of the phase 

information, if one were to superimpose the faces of Chuck Norris and Angelina Jolie, 

using the intensities of Chuck Norris and the phases of Angelina, the picture would 

essentially look like Angelina, with some trace evidence of a red beard. This problem 

can only be solved by estimating the true phase values, as is typically done by using 

anomalous scattering from atoms such as sulfur, iron, or zinc as beacons or by 

utilizing a known structure that is similar (usually greater than ~30-percent sequence 

identity) as a search model. These techniques may be unsuccessful, especially if the 

resolution of the dataset is ~3.5 Å or poorer.  
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 Once a structure is solved there are still limitations as to what information can 

be gleaned. A crystallographer’s role is to create a model that best fits the electron 

density map, and like in any experiment, the accuracy of the interpretation may be 

limited by the skills of the interpreter, and subjectivity is involved in the analyzing of 

electron density maps and deciding what atoms fit where. Some errors may derive 

from poor methodology, but opinions vary even among experts (sometimes even 

experts in the same lab). Unfortunately the PDB is rampant with errors ranging from 

misplaced residues to fictitious ligands, and misinterpretation or worse—purposeful 

deception—has resulted in the retraction of high profile articles. One final limitation 

of protein crystallography is that the experiment is an average over space and time. 

Only atoms which are static will contribute to the coherent diffraction of x-rays, 

whereas any parts with substantial movement or structural heterogeneity will have 

blurred density, or no electron density at all to reveal their properties. Crystallography 

only provides limited information for protein dynamics, in the form of the 

crystallographic B-factor, and no information about rates of dynamic processes. That 

is why the in-solution experiments of NMR spectroscopy complement crystallography 

so well. 

NMR spectroscopy.  

NMR relies upon very different biophysical principles than crystallography. Rather 

than obtaining structural information from electrons, NMR utilizes a strong magnetic 

field to interact with atomic nuclei, which will be influenced by electromagnetic 

radiation at discrete wavelengths in the MHz range. Any nucleus containing an odd 

number of protons and neutrons will possess a non-zero spin that can be detected as an 

electrical signal. Because of this, proteins studied by NMR are commonly grown on 

isotopically-labeled media to generate proteins that contain 13C and 15N so that the 

properties of these atoms can be measured. Although the theory behind NMR rivals 

even that of protein crystallography in complexity, the essence of NMR experiments is 

that the spins between different nuclei will interact; either through covalent bonds or 
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by being in close proximity, and these interactions reveal information that can be used 

to infer structural features. 

 One of the cornerstone experiments for protein NMR is the Heteronuclear 

Single Quantum Coherence (HSQC) experiment, which is most often a 2-dimensional 

spectrum with 1H on one axis and 15N on the other. This experiment applies a short 

radiofrequency pulse to excite amide protons, allows a period for the proton to transfer 

magnetization to the nitrogen, transfers the magnetization back to the protons, and 

then measures the chemical shift of the protons. Thus, each residue produces roughly 

one peak in an HSQC spectra corresponding to the backbone N-H, with some extras 

contributed to by protein side chains, and a few missing because proline lacks an 

amide proton. Importantly, the position of the peak, referred to as its chemical shift, is 

highly sensitive to the atom’s environment. So changes such as binding events and 

conformational changes can often be observed by NMR as a shift in these peaks. Such 

experiments can be used to map out protein-protein interfaces and ligand binding sites. 

Importantly, NMR can also be used to directly observe protein dynamics, one of the 

limitations of protein crystallography. As the relaxation of a nucleus after excitement 

by a short radiofrequency pulse is related to its local dynamics, HSQC experiments 

can provide rough information about the rate constants (kex) of the dynamics, with 

more accurate determinations possible through heteronuclear relaxation experiments. 

Dynamics can also be assessed by rates of hydrogen-deuterium exchange when the 

protein is put in 2H2O (i.e. D2O) solution, as amide protons are slightly acidic and will 

exchange with the 2H from the buffer (because HSQC detects hydrogen, the signal is 

lost when the 1H atom exchanges with the 2H atom). Exchange will occur more readily 

in regions of the protein that are more exposed to solvent, either statically or due to 

dynamics. 

 Other experiments detect the Nuclear Overhauser Effect (NOE), where a 

nucleus in close proximity to another will transfer magnetization through space in a 

distance-dependent manner, allowing for 3-dimensional structures to be determined. 

Though labor-intensive, complete structures for protein in solution can be solved, 
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including in some cases defining structural features of dynamic regions that might not 

be visible in crystal structures, and also being able to define structural features of 

intrinsically disordered proteins. Experiments also exist that can measure reaction 

kinetics and pKa values, and even extremely low-populated states (~4%) can be 

detected, showing that NMR is truly a versatile and powerful biophysical tool.  

 Still, it has its limits. Unlike crystallography, for which the data provides a 

clear global view of the structure, in NMR-based structures the global features are 

indirectly derived from local interactions, as NOEs provide information about atoms 

that are within about 6 Å. There are instances where this can lead to errors, such as in 

the case of a long molecule with few NOEs between residues distant in sequence. A 

metaphor to convey this point is to imagine how ship navigator off by a few degrees 

will be fine over short ranges but not over long distances. Similarly, for some cases 

small deviations in local placements of atoms can lead to substantial global 

inaccuracies. Further, NMR structure determination often uses a computer to compile 

the measurements with the aid of a molecular mechanics or other kind of force field to 

generate a series of models that best describe the data. Limitations in the accuracy of 

these force fields can impact the accuracy of the model. Yet another problem is that 

not all proteins can be easily analyzed by NMR. The width of peaks on spectra is 

related to the tumbling speed of the molecule. Larger molecules tumble more slowly 

and this creates broader peaks that cannot be resolved. Generally, a protein greater 

than ~50 kd will pose some problems, and, although many clever experiments are 

being developed to improve this issue (and it depends what one wants to observe), 

larger proteins are currently unable to be fully analyzed.  

Theoretical approaches.  

Worthy of mention here are computational techniques used in the study of protein 

structure. The discovery that atomic-level interactions could be approximated by 

Newtonian physics in the 1970s allowed the increasingly powerful number-crunching 

ability of computers to be applied toward structural problems, and forty years later the 
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2013 Nobel Prize in Chemistry was awarded to three of the founders of the field: 

Michael Levitt, Arieh Washel, and Martin Karplus. Although the afore mentioned 

protein folding problem still prevents accurate de novo structure prediction, 

simulations based on experimentally-determined models can provide much insight, 

and in fact such techniques are already central to the SBDD design process. 

 Our ability to describe complex systems with equations is rapidly improving. 

For example, in January 2015 Bowling et al. reported in Science that a form of Texas 

Hold’em poker, a game which relies on betting, bluffing, risk, and luck, is solved to 

the point that no human could beat their algorithm with statistical significance within a 

lifetime37. Applying such reasoning toward structural problems is similar: use 

experimental data to come up with a set of rules that describe molecular interactions, 

apply those rules to a system, and optimize the rules to best reflect true experimental 

results. For instance, the optimal heavy atom-heavy atom distance for a water 

hydrogen bond is ~2.8 Å. As that distance is increased, the attraction falls off. As the 

distance is decreased, repulsion by van der Waals contacts between the atoms 

increases exponentially.  Functions can therefore be determined to approximate as 

many of the interactions as is feasible given the available computational power and 

develop a force field, the sum of all the functions working together. Commonly 

performed in silico experiments are molecular dynamics simulations, in which a 

macromolecule, such as a protein, is simulated to observe structural phenomena such 

as conformational changes, substrate binding, and protein-protein interactions. 

 Of particular importance to SBDD is a technique called virtual ligand 

screening (VLS), which was alluded to earlier. In this method, ligands are virtually 

“docked” to test their ability to fit and bind within a pocket. The ligand is flipped and 

contorted and the program outputs a score for each conformation that can be used for 

the ranking of thousands (or hundreds of thousands) of compounds. This can quickly 

eliminate molecules that are too big or are incapable of adopting the necessary 

geometry, as well as finding those that possess hydrogen bonding groups and 

hydrophobic patches that compliment those of the binding pocket. The hope is that the 
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process will enrich the fraction of good binders that are present in the set of 

compounds that are to be tested experimentally.  

 Many considerations must be taken into account for VLS to be successful, the 

two most important being that quality structures are used (of the receptor and the 

ligands) and that the calculations made by the docking program are reasonably 

accurate. One area of the field that requires improvement is that of handling protein 

flexibility. Very often during docking analyses the receptor is kept rigid while the 

ligand is allowed to change conformation to better fit the pocket. However, proteins 

are dynamic molecules and often undergo induced-fit conformational changes upon 

binding a ligand, and thus this simplification impairs accurate prediction of binding 

events. A 2014 study published in Nature Chemistry showed that alternate 

conformations for side chains observed in crystal structures can be used as a guide for 

a flexible receptor38 to improve docking results. Flexible receptor docking has been 

recently introduced as an option in several docking programs, but assessments of their 

accuracy do not provide compelling evidence that it is always beneficial39. Obviously, 

more work will need to be done in order to improve reliability of this approach. 

 While these molecular simulations provide an exciting window into atomic 

interactions not possible by any other technique, it is essential to remember that they 

are theoretical. The numerous approximations made by the functions of the force field 

assure that inaccuracies will result, and so such simulations stand on firmer ground 

when they are supported by experimental results. For example, if mutational analysis 

shows that certain residues are important for binding, one would expect that to be 

reflected in the simulation. When screening for new binders, one should see that 

known non-binders score poorly and known activators score highly. If such controls 

are neglected the experimenter risks going down a rabbit hole and wasting time and 

resources on fictitious leads.   
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Dissertation Contents 

Six more chapters of original work are reported herein that use model systems 

to address key gaps in knowledge in the Prx field and the efficacy of targeting them 

for structure-based drug design.  The beginning chapters introduce the current 

knowledge of Prxs: Chapter 2 is a review published in Trends in Biochemical Sciences 

review that discusses developments in the field over the last twenty years and 

highlights important recent contributions. Chapter 3 is a review published in 

Biochemistry that focuses on the physiological roles of Prxs by compiling knockout 

and knockdown studies and also reviews studies related to the importance and 

prevalence of peroxide signaling and Prx inactivation and includes a bioinformatics 

analysis of the distributions of sensitive Prxs and of a partner enzyme sulfiredoxin 

(Srx).  

Chapter 4 is a research article published in Biochemistry that reports the first 

structure of the well-studied Prx alkyl hydroperoxide reductase C from Salmonella 

typhimurium (StAhpC) in its wild type substrate-ready conformation. The article 

examines the sensitive balance between the two primary conformations of Prxs—the 

fully folded (FF) and locally unfolded (LU)—and shows how even single amino acid 

substitutions can dramatically modulate activity. Additionally, this paper proposes a 

novel idea for Prx inhibition: that a small molecule could be designed to tip the 

balance between FF and LU conformations in order to prevent catalysis and even 

promote permanent inactivation. Chapter 5 is a follow-up study of StAhpC to be 

submitted to Proceedings of the National Academy of Sciences (PNAS). While the 

structural part of this study is mostly complete, the kinetic work performed by 

collaborators is more preliminary and will be further developed. This work involved 

structural, stability, and kinetic analyses of AhpC active site mutants to determine the 

roles of highly conserved Prx residues. Eleven single-residue mutants were 

constructed targeting seven highly conserved positions, and these mutants were 

crystallized in order to provide structural explanations for the alterations in activity 

compared to the wild type. For the first time, we define specific, and sometimes 
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unexpected, roles for each of the highly conserved residues as they relate to Km, kcat, 

pKa of the catalytic Cys, reduction by AhpF, oligomerization, and the active structure. 

Chapter 6 is a research article published in Biochemistry that analyzes three 

PrxQ subfamily structures from extremophiles that had been solved by the Japanese 

structural genomics consortium RIKEN deposited in the protein databank (PDB) in 

2005 but never published in the literature. Importantly, of the variety of FF↔LU 

changes seen in the Prx family, these structures represent the only such conformational 

change that had not been described in a primary publication. This study reanalyzed the 

original data, significantly improved the models, and investigated the conformational 

rearrangements for this un-described subgroup of Prxs. Additionally, this work opened 

a dialogue on what should be done with these sorts of “orphaned” structures in the 

PDB, showing how useful data can be gleaned from them and that they may contain 

errors that limit their reliability when used without scrutiny.  

Chapter 7 summarizes the key findings from these works and discusses their 

impact on the field and what questions remain unanswered. Some additional 

experiments and unpublished data are presented as a part of proposing plans for how 

to address these issues in future studies.  Specifically, I show progress with the use of 

a PrxQ from Xanthomonas campestris (XcPrxQ) as an ideal model Prx, which 

produces crystals that diffract to atomic resolution, and which, because it is a 

monomer of 160 residues, is well-suited for analysis by NMR and molecular 

dynamics. This preliminary data includes a series of the best resolved structures for 

any Prx (~1.0 Å resolution), as well as proof-of-principle evidence that inhibiting the 

FF to LU conformation change does indeed, as proposed in Chapter 4, promote 

permanent inactivation through hyperoxidation, even when the enzyme is extremely 

robust against such inactivation. I have also used the high resolution structures as a 

platform for SBDD, and performed VLS to find candidate compounds to test via 

NMR. A manuscript submitted to Biological NMR Assignments with the assignments 

for the reduced and oxidized enzyme are included as an appendix chapter. The results 
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presented here firmly establish the validity of my hypothesis that selective inhibition 

of Prxs can be accomplished by targeting catalytic conformations.  

Finally, included here as a reference, is Perkins et al. Biology 201429. Though 

this study was unrelated to my Prx work, it reports the successful application of VLS 

to find novel ligands using knowledge of a protein’s structure as well as using 

molecular dynamics to gain insight into function. 
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Abstract  

Peroxiredoxins (Prxs) are a ubiquitous family of cysteine-dependent peroxidase 

enzymes that play dominant roles across biological systems in regulating peroxide 

levels within cells.  These enzymes, often present at high levels and capable of rapidly 

clearing peroxides, function through a remarkable array of redox-dependent and 

independent mechanisms that alter their oligomeric states and susceptibility to 

regulation by oxidative and other post-translational modifications. Key conserved 

residues within the active site promote catalysis through transition state stabilization as 

the terminal oxygen of hydroperoxides is transferred to the active site cysteine residue. 

Investigations continue to expand our understanding of the scope of their importance as 

well as the structures and forces at play within these critical defense and regulatory 

enzymes.  

 

Oxidative Stress Defenses and the Recently Recognized Importance of 

Peroxiredoxins 

Peroxiredoxins (Prxs) are ubiquitous enzymes that have emerged as arguably the most 

important and widespread peroxide and peroxynitrite scavenging enzymes in all of 

biology40,41. Discovered to be widely-distributed peroxidases in the mid-1990’s 42, the 

role of Prxs was long overshadowed by well-known oxidative stress defense enzymes 

such as catalase and glutathione peroxidase (Gpx).  Prxs have since transitioned from 

complete obscurity to become well-studied enzymes with refined kinetics 

measurements now implying that they reduce more than 90% of cellular 

peroxides42,43.  Of special importance for awakening interest in Prxs were several 

developments in the early 2000s. The Rhee group demonstrated rapid inactivation by 

hyperoxidation of human Prx I during turnover with even ~100 microM hydrogen 

peroxide44, and our group identified conserved structural features within many 

eukaryotic Prxs that provide a built-in sensitivity to hyperoxidative inactivation by 

H2O2
45. The seemingly paradoxical finding that a peroxidase would be so easily 

inactivated by its own substrate led us to put forward the ‘floodgate’ hypothesis45, 
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which posits that Prx inactivation is crucial for enabling peroxide signaling in 

eukaryotes, a phenomenon now known to regulate many normal cellular functions25. 

In the same year, Rhee’s group demonstrated that Prx hyperoxidation is reversible in 

vivo46 and Toledano’s group discovered sulfiredoxin (Srx) as the enzyme responsible 

for the “resurrection” of the hyperoxidized Prx proteins47. Providing powerful 

independent evidence that Prxs are crucial to proper cell regulation was the 

demonstration, also reported in 2003, that Prx I knockout mice develop by nine 

months of age severe hemolytic anemia and lymphomas, sarcomas and carcinomas27.   

 Prxs have not only attracted the attention of cancer researchers for their 

apparent function as tumor suppressors (or in some circumstances promoters), but also 

because they have significantly elevated expression levels in various cancer tissues 

and immortalized cell lines, features that appear to be connected with the resistance of 

these tumors and cell types toward certain chemo- and radiotherapies25 ,48,49.  New 

findings continue to link Prxs with human diseases; they are found to be abnormally 

nitrated in early Alzheimer’s patients50, and play a role in inflammation and ischemic 

brain injury49.  Additionally, the reliance of pathogens on their Prxs to evade host 

immune systems makes them promising targets for the development of novel 

antibiotics25,51.  Thus, the role of Prxs in disease motivates continued exploration of 

the physiological roles of Prxs as well as the molecular mechanisms at play in Prx 

enzymatic function and regulation.  

 

The Catalytic Prowess of Prxs 

So what are Prxs? Prxs are cysteine-based peroxidases that do not require any 

special cofactors for their activity. During the catalytic cycle, a peroxidatic Cys 

thiolate (CP-S-) contained within a universally-conserved PxxxTxxC motif (with T in 

some Prxs replaced by S) attacks a hydroperoxide substrate and is oxidized to a CP-

sulfenic acid (CP-SOH), and then to a disulfide, before being reduced (via a mixed 

disulfide with a reductant) to reform the thiolate (Fig. 2.1). As alluded to above, Prxs 
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were long thought to be ~1000-times slower than the historically better-known 

catalase and Gpxs, but by developing sensitive, spectral assays in which disulfide 

reduction was not rate limiting, we and others showed f(e.g., for the model bacterial 

Prx AhpC from Salmonella typhimurium and human PrxII) that the actual kcat/Km for 

H2O2 for some Prxs is as high as 107 to 108 M-1 s-1 52,53,54.   

 
Figure 2.1. Catalytic cycle of 2-Cys peroxiredoxins.  

Shown in brown is the normal Prx cycle with the structure of the peroxidatic Cys (CP) residue 

shown for each redox state, which forms a disulfide with the resolving Cys (CR). Carbons are 

colored gray, nitrogens blue, oxygens red, sulfurs yellow, and hydrogens not shown for 

simplicity. The points at which conformation change occur for progression of the cycle are 

noted. Shown in blue is the hyperoxidation shunt undergone mostly by eukaryotes, with the 

Cys-sulfinate Prx form being resurrected in an ATP-dependent reaction with Srx. 
 

Also important in catalysis are conformational changes between a fully-folded 

(FF) conformation in which CP can react with peroxide, and a locally-unfolded (LU) 

conformation in which the CP is exposed and can form a disulfide with the so-called 

‘resolving’ Cys (CR)55. In the CP-S- and CP-SOH forms, the FF and LU conformations 

rapidly equilibrate 56,57,58,59,60, but in disulfide forms Prxs become locked in the LU 

conformation (LUSS) (Fig. 2.1). As we noted in 200345,61 stabilization of the FF 
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conformation should effectively promote further oxidation of CP by peroxide (because 

of the greater opportunity to react with a second molecule of peroxide), and indeed the 

CP-SOH form of those Prxs having a highly stabilized FF conformation does more 

readily form a Cys-sulfinate (CP-SO2
- ), rendering the Prx inactive (Fig. 2.1 

“hyperoxidation” shunt). In many eukaryotes, including humans, the enzyme Srx 

catalyzes repair of hyperoxidized Prxs in the Prx1 group (see below), restoring their 

activity25. Given that Prxs are abundant and highly reactive with cellular peroxides and 

peroxynitrite and have activity that can be regulated, they are well suited to play roles 

in not just oxidant defense, but also in redox sensing and signaling as well as 

chaperone-like functions to assist in recovery of oxidatively-damaged 

proteins62,63,64,65,66. 

 

Functional and structural subdivisions of Prxs 

Prxs exist in six evolutionary subfamilies (Prx1, Prx5, Prx6, Tpx, PrxQ and AhpE), 

which vary in oligomeric states and interfaces, and in the locations of the resolving 

Cys67. In general, Prx1 subfamily enzymes – typically toroidal decamers – are the 

most highly expressed, making up 0.1-1% of the soluble protein68. These are the Prxs 

that have been commonly referred to as “typical 2-Cys” Prxs61 as they were the 

original type of “2-Cys Prx” discovered in 199442 (having both a CP and CR), with CR 

near the C-terminus of the second chain of a dimer (thus forming an intersubunit 

disulfide bond during the catalytic cycle). In mammals, Prx1 subfamily enzymes are in 

the cytosol (PrxI and PrxII), the mitochondria (PrxIII) and the endoplasmic reticulum 

(PrxIV). Two other subfamilies are represented in mammals by PrxV, which localizes 

to peroxisomes, mitochondria and the cytosol, and PrxVI, which is cytosolic69. The 

diversity of Prxs based on our bioinformatics analyses of >3500 Prxs from the 2008 

GenBank database67 demonstrated the widest biological distribution for Prx1 and Prx6 

subfamilies; PrxQ members appear to be absent in animals, and Prx5 members appear 

to be lacking in archaea, and Tpx and AhpE subfamilies are only found in bacteria 
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(Table 2.1).  Bioinformatics approaches have also been used to track the prevalence 

and location of CR among members of each subfamily (Fig. 2.2 and Table 2.1). 

Table 2.1. Summary of Prx subfamily phylogenetic distribution and structures 

Subfamily Phylogenetic 

Distribution 

Structural 

distinctions 

relative to Prx 

core folda 

Oligomeric states 

and interfaces 

Typical Location 

and Conservation 

of Cr (When 

Present)a 

Prx1 b Archae, Bacteria, 

Plants and Other 

Eukaryotes 

Extended C-

terminus 

B-type dimers, 

(α2)5 decamers and 

dodecamers 

through A-

interfacec 

C-terminus of  

partner subunit 

(>96%)d 

Prx6 e Archae, Bacteria, 

Plants and Other 

Eukaryotes 

Longer extended 

C-terminus 

B-type dimers, 

some (α2)5 

decamers through 

A-interface 

Mostly 1-Cys 

Prx5 f Bacteria, Plants and 

Other Eukaryotes 

(not archae) 

~16% fused with 

Grx domain 

A-type dimers Helix α5 

(~14%) 

Between β1 and 

β2 of N-term 

(~16%) g 

PrxQ h Archae, Bacteria, 

Plants and Fungi 

(not animals) 

Extended helix α5 Monomers and A-

type dimers 

Helix α2 

(~62%) 

Helix α3 (~6%) 

Tpx i Bacteria N-terminal β-

hairpin 

A-type dimers Helix α3 (>96%) 

AhpE Bacteria j Extended loop at 

N-terminus 

A-type dimers 1-Cys/Uncertain j 

     
a Structural designations as in (Hall, et al., 2011)26.  If no CR is present, resolving thiol must come from another protein or small 
molecule. 
b Prx1 is also known as the “typical 2-Cys” Prx group and includes Salmonella typhimurium AhpC, Homo sapiens PrxI-PrxIV 

tryparedoxin peroxidases, Arabidopsis thaliana 2-Cys Prx, barley Bas1, and Saccharomyces cerevisiae TSA1 and TSA2. 
c Octamers and dodecamers have also been observed (Hall, et al., 2011)26. 
d The CR is near the C-terminus of the partner subunit within the homodimer; upon oxidation, intersubunit disulfide forms 

between the CP and the CR of the two chains. 
e The Prx6 subfamily (frequently referred to as the ”1-Cys” group) includes H. sapiens PrxVI, Arenicola marina PRDX6, A. 

thaliana 1-Cys Prx and S. cerevisiae mitochondrial Prx1. 
f The Prx5 subfamily includes H. sapiens PrxV, Populus trichocarpa PrxD, the plant type II Prxs, mammalian Prx 5, and a group 
of bacterial Grx-Prx5 fusion proteins. 
g Unlike CR in α2, α3 and α5 positions, forms intersubunit disulfide bond, as exemplified in yeast Ahp1. 
h The PrxQ group includes Escherichia coli PrxQ and plant chloroplast PrxQ. 
i The Tpx subfamily includes bacterial proteins (e.g. from E. coli, Streptococcus pneumoniae and Helicobacter pylori) named 

thiol peroxidase, p20, and scavengase.  
j The canonical AhpE from Mycobacterium tuberculosis contains no Cr and is dimeric; however, >50% of sequences include a 
potential CR in α2, similar to E. coli PrxQ.  Distribution appears restricted to the order Actinomycetales. 
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Figure 2.2. Variable locations of the resolving Cys.  

Shown left are the various positions of the peroxiredoxin resolving Cys in relation to the 

active site peroxidatic Cys (red). Intramolecular CP-CR disulfides are formed for the α2 

(yellow), α3 (green), and α5 (blue) types, and intermolecular disulfides are formed for the N-

terminal (orange, gold chain) and C-terminal (violet, black chain) types. Shown right is the 

distribution of CR location by subfamily as classified by the PREX database67 using 1,387 

Prx1, 1,102 Prx6, 1,139 Prx5, 990 Tpx, 2,060 PrxQ, and 112 AhpE sequences. 1-Cys Prxs are 

noted in red. The N-terminal CR found in yeast is in orange. The unique case of Prx5 members 

that possess a Grx-fused domain, and are thought to be resolved in a somewhat different 

manner, are noted in cyan. Those Prxs with unknown locations are indicated in gray. 
 

 The resolving Cys, when present, can be located in at least 5 different positions 

on the thioredoxin-like fold of Prxs (Fig. 2.2), varying both across and within 

subfamilies. For instance, the PrxQ subfamily has members with CR in α2, CR in α3, or 

that lack CR altogether (Table 2.1).  Such variation in CR locations brings up several 

points.  Upon oxidation, CP in the FF active site of Prxs is in its sulfenic acid (or 

sulfenate, R-SO-) state; in 2-Cys Prxs (those which have a CR), structural 

rearrangements (i.e., local unfolding) which are distinct in the various subfamilies are 

required to bring the CP and CR together in a disulfide bond before the enzyme can be 

efficiently recycled by a reductant (Fig. 2.3).  Note that the necessity for such 
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conformational changes provides an opportunity for the inclusion of a “kinetic pause” 

in the catalytic cycle that can be controlled structurally and dynamically; it is this 

feature that establishes the delicate balance between enabling a high rate of turnover 

(fast unfolding and/or an equilibrium favoring the local unfolding) or becoming 

hyperoxidized and shunted off into an inactive form (slow unfolding and/or an 

equilibrium disfavoring the local unfolding)59,45. Thus hyperoxidation is a “tunable” 

regulatory modification with significant biological ramifications (see below)25.  

Additionally, several lines of evidence support the CR residue as the point-of-attack for 

Trx or Trx-like reductases of Prx1 proteins70, highlighting another useful aspect of 

local unfolding and disulfide bond formation for promoting the catalytic cycle.  There 

is also evidence for one other subfamily utilizing the CR side of the CP-CR disulfide for 

reductive recycling; the yeast Prx5 protein (also known as Ahp1p, cTpxIII, or 

YLR109W), for which a recently-determined Prx-Trx complex structure is available, 

shows the two enzymes trapped in a mixed Prx CR-Trx disulfide71.  One exception to 

this “attack at the CR” seems to be observed with Mycobacterium tuberculosis Tpx, 

which exhibits essentially the same catalytic efficiency (kcat/KM
H2O2) whether or not 

the CR is present72. 
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Figure 2.3. Conformational changes of the peroxiredoxin family.  

Shown are the transitions from fully folded to locally unfolded conformations for 

representative Prxs: N-terminal, Saccharomyces cerevisiae Ahp1;  α2, Aeropyrum pernix 

PrxQ; α3, Escherichia coli Tpx; α5, Homo sapiens PrxV; C-terminal, Salmonella typhimurium 

AhpC. The fully folded conformation is shown in white and the locally unfolded conformation 

is shown in black, with structural changes that occur in the transition highlighted in yellow.  

CP is highlighted in red, and CR is highlighted in blue. For clarity residues 169-186 of StAhpC 

are not shown. Note substantial movement of CR in particular when in the C-terminus (making 

an intersubunit disulfide bond with CP), and of both CP and CR when CR is in α2. 

 

The Specialized Active Site of Prxs: Chemical and Kinetic Properties 

Most Cys sulfhydryl groups in proteins are in their protonated (thiol, R-SH) form in 

biological systems as the reference pKa for Cys, , at ~8.573, is well above neutral pH. 

However, the pKa of any individual Cys residue may be substantively influenced by 

the protein microenvironment; if the anionic thiolate form (R-S-) is stabilized by 

influences such as a positively charged environment, it lowers the pKa74.  Such effects 

account for the existence of a select, more reactive subset of Cys residues which 

exhibit lowered pKa values and are found at the active sites of many Cys-dependent 

enzymes74,75.  In Prxs, the CP pKa has been determined for nearly a dozen 

representatives, yielding a rather tight range of values from 5.1 to 6.375.  This equates 

to 94.1 – 99.6 % thiolate at pH 7.5 using the Henderson-Hasselbalch equation.  While 

a lowered pKa does positively contribute to peroxide reduction by enhancing thiolate 

content, a lowered Cys thiolate pKa also renders the sulfur less nucleophilic, 

disfavoring catalysis76.  Thus, a lowered CP pKa cannot be the only factor rendering 
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Prxs so exquisitely reactive toward H2O2 and other hydroperoxides (including 

peroxynitrite) but not other, more electrophilic compounds 75,77,53,41. 

Structural and computational approaches have begun to provide insights into 

the special features of the Prx active site architecture and composition that support its 

unique reactivity.  From a chemical point of view, the reaction of the enzyme with 

peroxide is a nucleophilic displacement (SN2) reaction, with the thiolate sulfur of the 

CP attacking the terminal (or CP proximal) oxygen (OA) of the hydroperoxide 

substrate, and the bond between the peroxide oxygens, OA and OB, being broken (with 

OB as the leaving group, within the alcohol or water product, Fig. 2.4)77,78,79.  Until 

2010, there was no bona fide substrate-bound structure of a Prx, but a survey by our 

group77 of all fully-folded Prx structures in the Protein Data Bank with water or 

oxygen-containing ligands bound near CP documented a “track” of oxygen binding 

sites.  This analysis illustrated where OA and OB of the peroxide substrate could bind, 

and suggested a path along which OA could move toward the thiolate sulfur during the 

course of the reaction.  Fully supporting the importance of this proposed oxygen track 

and mechanism is a remarkable structure with H2O2 bound in the active site80, the only 

example to date of a substrate-bound Prx structure (Fig. 2.4). 

 
Figure 2.4. Active site coordination.  

(A) The peroxide-bound structure is shown (pdb 3a2v), with the highly conserved PxxxTxxC 

and R residues highlighted in light yellow. (B) A model for the reaction transition state from 

Hall et al. 201177.  
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 Surrounding the H2O2 (or ROOH) substrate in the Prx active site are the 

conserved Thr and Arg residues (Fig. 2.4), and the structural analysis by Hall et al.77 

highlighted interactions between these residues and the peroxide substrate that would 

activate (i.e. orient and polarize) the peroxide for attack.  They would also 

preferentially stabilize the transition state of the SN2 reaction through hydrogen 

bonding (HB) interactions that are optimized when the OB-OA bond is partially broken 

and the CP-S…OA bond is partially formed (Fig. 2.4)77.  Hybrid QM-MM and site-

directed mutagenesis studies conducted by two groups have also supported the 

importance of these residues in catalysis, adding the perspective that the weakening of 

stabilizing interactions with the CP-thiolate present in the free enzyme would also 

promote the nucleophilicity of the thiolate sulfur by transiently raising its pKa78,79.  

Based on an Arrhenius analysis of the catalytic rates of Mycobacterium tuberculosis 

AhpE over a range of temperatures, Zeida et al.79 also report a large entropic penalty 

(TΔS) that is paid by the apparent increase in the order of side chains in the transition 

state that is nonetheless compensated for by a large enthalpic change (ΔH) that still 

supports an overall decrease in free energy of activation (ΔG) in the Prx active site. 

While the importance of the contribution of Thr to Prx reactivity toward peroxides is 

generally agreed upon 77,78,79,81 the exact nature of the interactions between CP and Thr 

in the unbound, ligand-bound and transition state forms of Prxs is still under 

discussion. The initial Michaelis complex with peroxide has been described by Zeida 

et al.79 and Portillo-Ledesma et al.78 as including a strong HB interaction between the 

Thr hydroxyl (as donor) and CP thiolate (as acceptor).  However, this interaction is not 

present in the H2O2-bound (and perhaps also free) enzyme as the Thr hydroxyl is 

donating a HB to a nearby backbone carbonyl oxygen in that structure (Protein Data 

Bank identifier 3A2V80) and is therefore unavailable to interact with the CP sulfur 

(Fig. 2.4)77.  That this conserved Thr is important for lowering the pKa of the CP sulfur 

is also supported by combined molecular dynamics (MD) and electrostatic analyses of 

Prx active sites81.   
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 The importance of interactions of the conserved Arg with the CP and peroxide 

atoms is also widely agreed upon77,78,79,81,82,83. It is clear that the positive charge of the 

guanidinium group of the conserved Arg exerts a stabilizing influence on the CP 

thiolate (lowering its pKa) and on the developing negative charge on the peroxide in 

the transition state; HB interactions between the NH groups of Arg and the peroxide 

are also optimized in the transition state and thus contribute to its stabilization77,78,79.  

Interestingly, both QM-MM studies of Prx catalysis with H2O2
78,79 describe the 

formation of a strong HB between NH of Arg and the CP sulfenate (R-SO-) occurring 

after the transition state (described as a shared proton), forming as the proton of the 

sulfenic acid, CP-SOA is transferred to OB of the hydroxyl group to form the water 

product.  This apparently explains the noted lack of a candidate protein-donating 

(acidic) group in the Prx active site that would promote liberation and dissociation of 

the otherwise negatively-charged leaving group (ROB
-). 

 Studies of the kinetic properties of Prxs have provided steady state kinetic 

parameters for an increasing array of Prxs, as well as second order rate constants for 

the H2O2 reaction using competition kinetics and information on individual steps in 

the peroxidase reaction.  We summarize here some of the findings for various 

members of different Prx subfamilies, selecting for citation studies that have been 

published since the 2007 review by Trujillo and colleagues84.  The Prx1 group has 

been by far the most widely studied by full bisubstrate kinetic analyses, and members 

have been shown to exhibit broad specificities in some cases and narrow in others 

(both for peroxides and reductants) and kcat/Km values for peroxide reduction 

(considering the best substrates of each) on the order of 1 x 105 – 7 x 107 M-1 s-1 at pH 

7-7.4 and 20-25 °C85,86,87. E. coli and M. tuberculosis Tpx have yielded similar 

kcat/KM
peroxide values85, while these values for PrxQ members from bacteria and plants 

have been ~104 M-1 s-1 88,89.  Interestingly, a number of the first kinetically-

characterized Prxs, all from the Prx1 group, exhibited kinetic patterns that did not 

follow Michaelis-Menten type saturation kinetics (i.e., no true kcat or KM can be 

determined), and thus were evaluated by Dalziel approaches90,91, but these patterns 
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seem to be relatively uncommon among Prxs85.  By either approach, kinetic data like 

these for Prxs in all groups support a double displacement (i.e., ping pong) kinetic 

mechanism with two independent halves, (i) reduction of the peroxide by the Prx 

(resulting in oxidized enzyme), and (ii) the reestablishment of reduced Prx by electron 

transfer from a reductant.  Kinetic complexities can be expected with these proteins, 

however, particularly since oligomeric properties can change with concentration and 

redox state (see Fig. 2.5 for details).  

 Approaches either directly monitoring loss of Trp fluorescence or assessing 

Prxs competing with horseradish peroxidase (HRP) for H2O2 have provided alternative 

ways to assess peroxide reactivity even when the reaction is very rapid and/or the 

physiological reductant is unknown or unavailable.  Since the first assessment of Prx1 

family members from budding yeast using the HRP competition assay92, these rate 

constants (107 to 108 M-1 s-1) have been measured for a number of additional Prx1 

family members93,54,94,53,95, as well as Arenicola marina Prx696 and human PrxV97; for 

AhpE98,99 and PrxQ members89, these values have been lower, at 104 – 105 M-1 s-1 

(with the exception of the PrxQ from Xylella fastidiosa, at 4.5 x 107 M-1 s-1)88.  These 

approaches have been particularly useful for assessing the peroxynitrite reductase 

activity of Prxs, first reported for bacterial members of the Prx1 group100, and 

subsequently confirmed for other Prx1 members54,85, as well as Prx5 and Tpx 

members97 and most recently members of the AhpE98,99 and PrxQ subfamilies88.  As 

the only enzymes known to catalyze the reduction of peroxynitrite to nitrite, it has 

been argued that the Prxs may exert some of their most important roles in tightly 

controlling this highly reactive species85.  
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Figure 2.5. Prx oligomerization.  

Shown are the various oligomers observed across the Prx family: A-type dimers (top left) and 

B-type dimers (bottom left) that further assemble into decamers by the A-type interface (upper 

and lower right). 

 

 With rapid reaction kinetic approaches, as well as competitive kinetic 

approaches that enable analysis of disulfide bond formation rates, recently applied to 

Prxs, new insights into reaction mechanisms have emerged95,53,97.  In particular, Peskin 

et al. noted that human PrxII, which is sensitive toward inactivation during turnover 

with H2O2, undergoes disulfide bond formation at a rate (1.7 s-1) that is considerably 

slower than the less sensitive PrxIII (at 22 s-1)53.  In comparison, human PrxV 

exhibited a disulfide formation rate of 15 s-1 97 and S. typhimurium AhpC (a highly 

robust Prx) a rate of 75-80 s-1 95.  The pre-steady state data of S. typhimurium AhpC 

also argue for more complex substrate binding than is captured in the three-step 

Kintek Explorer model that was used to fit the data95.  In short, binding of the very 

small molecule H2O2 leads to large fluorescence changes as might be expected to arise 

if side chains proximal to the Trp81 near the active site also rearrange upon binding. 

Moreover, the data collected, interpreted as an initial step of binding, imply a Kd for 
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binding of H2O2 of ~400 nM, a very strong binding energy given the few H-bonding 

interactions that this small molecule can make.  In addition, larger hydroperoxide 

substrates are poorer (with high KM values) by virtue of slower binding rather than 

enhanced dissociation (as is more typically observed in enzymes)95.  Thus, structural 

and kinetic evidence favors substrate-induced conformational changes within the 

active site that facilitate reactivity. 

 

Cell Signaling and the Importance of Prxs 

We close with a brief discussion of the importance of Prxs not only for defense against 

oxidative stress, but also for stress response signaling and, of even broader 

significance, non-stress related signaling.  It is now widely recognized that Prxs are 

intimately linked to the regulation of signaling processes because, as initially shown 

for platelet-derived growth factor (PDGF) signaling14, H2O2 is a critical small 

molecule second messenger in many signaling processes, including growth factor 

signaling, angiogenesis, toll-like receptor and cytokine signaling, and a host of 

others101,7.  Activated NADPH oxidase (Nox) complexes are the predominant source 

of the signaling-related H2O2, generated either directly from oxygen (e.g., by Nox4 

and DUOXs) or via dismutation of the superoxide initially produced102,103.  Without 

Nox-generated H2O2, ligand-mediated activation of receptor and non-receptor protein-

tyrosine kinases occurring during signaling is insufficient to substantially augment 

steady state levels of protein tyrosine phosphorylation in cellular proteins.  H2O2 

promotes tyrosine kinase-mediated signals at least in part by inhibiting tyrosine 

phosphatases to augment the lifetimes of the phosphorylated protein forms.  The active 

site Cys which is sensitive to oxidative inactivation in protein tyrosine phosphatases 

(PTPs) and PTEN is therefore a key target of Nox-derived H2O2.  Importantly, the 

typical Cys oxidation products within the phosphatases (sulfenic acid, disulfide and 

sulfenamide) are reversible and over time are returned to their reduced, active Cys 

thiol forms, again acting as a “brake” on kinase-mediated phosphorylation cascades. 
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 Because phosphatases are only modestly reactive with H2O2, the H2O2 levels 

must rise substantially for inactivation to occur, yet if this happened throughout the 

cell, many proteins and lipids could be nonspecifically oxidized, as well.  The most 

likely explanation is that the H2O2 buildup is kept well localized68,64, and many lines 

of evidence support this view.  Nox complexes are themselves localized, for example 

to specialized lipid raft regions of membranes (Nox1 and Nox2) or tethered to the 

outer surface of ER membranes (Nox4)103,104.  These Nox-rich sites also support 

localized assembly of signaling complexes including protein tyrosine kinases and Src 

family kinases, and would be expected to be “hot spots” of H2O2 generation.  An 

elegant study from 2006 demonstrated that ER-localized Nox4 was responsible for the 

oxidative inactivation of similarly localized PTP1B as a result of epidermal growth 

factor (EGF) stimulation, and that the ER targeting of the PTP1B was required for 

PTP1B inhibition and for effective EGF-stimulated proliferation104.  More recent 

imaging approaches to assess H2O2 generation105 and protein oxidation106 have also 

supported the localized build-up of H2O2 proximal to growth factor receptors and 

oxidatively-modified targets.  In endosome-mediated growth factor and cytokine 

signaling, H2O2 generation is localized proximal to these so-called “redoxosomes”, 

and is required for effective downstream signaling106. But in the context of cells with 

powerful and abundant peroxide removal systems comprised primarily of Prxs and 

glutathione peroxidases107,41 , how can we envision that such peroxide build-ups are 

able to occur? 

 In 2003, our group proposed that the redox sensitivity inherent to some 

eukaryotic Prxs which renders them inactive during catalytic cycling in the presence 

of high peroxide concentrations is an evolutionary adaptation that was required in 

order for H2O2 to serve a signaling role45.  By the switching off of Prxs proximal to 

activated Nox complexes in this “floodgate” model, a steep gradient of H2O2 

concentration could be achieved while simultaneously removing active Prxs which 

would act as major competitors for reaction of other targets with H2O2.  We noted that 

sensitive Prxs typically contain conserved motifs which stabilize the FF form relative 
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to the LU form, disfavoring disulfide bond formation and augmenting 

hyperoxidation45. Several studies to date have offered support for hyperoxidation of 

Prxs modulating biological responses through the loss of activity.  For example, Day 

et al.62 showed that in fission yeast exposed to very high (>1 mM) peroxide, the loss of 

function associated with hyperoxidation of the single Prx1-group Prx known as Tpx1 

alters its function as a redox relay mediator (see below) but also results in the 

preservation of reducing equivalents in the Trx pool, which can then drive the repair 

and functional restoration of proteins damaged by the H2O2 assault.  The best 

documented example to date of a floodgate-like buildup of H2O2 being required for a 

biological response was reported by Kil et al.108 who showed that as part of the 

circadian synthesis of corticosteroids in the adrenal gland mitochondria, the activity of 

a cytochrome P450 produces localized H2O2 which, in concert with PrxIII 

hyperoxidation, causes an H2O2 buildup that leads to p38 activation and a negative 

feedback suppression of steroidogenesis.   

 Interestingly, circadian cycles of Prx hyperoxidation observed in a variety or 

organisms as a potential informative marker of fundamental, transcription-independent 

mechanisms underlying circadian clocks109,110,111.  As yet, direct evidence for the 

existence of a hyperoxidation-driven floodgate modulating mammalian signal 

transduction pathways is lacking and the relevance of this model is still under 

discussion.  However, a parallel example of an oxidation-phosphorylation system 

provoking inactivation of lipid raft-associated PrxI in a spatially restricted manner 

following growth factor stimulation of cells has been reported112.  Following 

stimulation of growth factor or immune receptors, the Src kinase-driven 

phosphorylation of Tyr194 in PrxI causes its inactivation, and this phosphorylated 

status is maintained due to the transient accumulation of H2O2 around these receptor 

complexes, causing local inactivation of protein tyrosine phosphatases and potentially 

other oxidation-sensitive signaling components112.  Thus the principle of localized 

peroxide buildup being a significant contributor to signaling processes when Prxs are 
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locally inactivated is clearly established, but the mode through which the inactivation 

occurs may or may not include hyperoxidation. 

 It should be noted that other positive roles for Prx hyperoxidation have also 

been put forth63.  In yeast, hyperoxidation of Prxs is well documented during peroxide 

stress or heat shock and leads to aggregation of the affected Prxs which can act as 

chaperones to help restore proper folding and function to damaged proteins113.  Some 

studies have suggested that this chaperone function is relevant to higher organisms, as 

well64,114
.  In addition, PrxII hyperoxidation has been linked to cell cycle arrest when 

peroxide levels are high, with the hyperoxidized Prx serving as a “dosimeter” of 

peroxide exposure115.  However, these roles all reflect Prxs acting in stress-related 

signaling pathways and are distinct from the potential floodgate role proposed for Prx 

hyperoxidation in non-stress signaling. 

 In addition to regulation by hyperoxidation, there are also other, more active 

roles that Prxs can take in mediating the transduction of peroxide signals, and some 

argue that this could be the chief way that Prxs modulate signaling41,107,65. The first 

very clear example of a “redox relay” (transfer of oxidizing equivalents from the 

sensor to the target signaling protein) through a thiol peroxidase sensor was through S. 

cerevisiae Gpx3 (also called Orp1), which was found at the CP-SOH stage (equivalent 

to Prxs, Fig. 2.1) to form a disulfide bond with, and ultimately transfer the disulfide 

(through thiol-disulfide exchange) to the transcription factor Yap1, activating it116.  

Subsequent studies to assess the contribution of the five Prxs and three Gpx 

homologues of yeast to triggering transcriptional responses toward H2O2 demonstrated 

that multiple Prxs and Gpxs were involved in these responses; moreover, if all eight 

thiol peroxidases were deleted, essentially no response was observed69,117.  In fission 

yeast, a parallel pathway linking the oxidation of a Prx (TpxI) with subsequent 

oxidation of a transcriptional regulator, Pap1, has also been reported118.  Note that for 

the single celled yeast, H2O2 is more of a toxin or “stress signal” than for higher 

organisms with activated Nox-mediated signaling.  There has now emerged an 
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example of a direct Prx-transcription factor interaction that underlies a redox relay 

between PrxII and STAT3 in mammals119.  The existence of such redox relays in 

mammalian systems had also been suggested earlier by studies of PrxI with apoptosis 

signaling kinase 1 (ASK1), a signaling protein which is also regulated indirectly by 

Prxs through redox-sensitive interactions with Trx120. The role of Prxs as sensors of 

H2O2 signals is appealing given their high reactivity and the potential for specificity 

through protein-protein interactions; while we now have a clear example that such a 

mechanism does occur in mammalian systems, whether or not such redox relays play a 

major role in signal transduction in mammals cannot yet be judged without further 

investigation121.   

 In addition to hyperoxidation at CP and phosphorylation at a Tyr residue near 

the C-terminus, Prxs are also regulated by other posttranslational modifications, 

including Tyr nitration, Ser and Thr phosphorylation, acetylation at the N-terminus or 

near the C-terminus, proteolytic truncation, and S-nitrosylation or glutathionylation of 

catalytic or non-catalytic Cys residues (reviewed in69).  Many of these modifications 

affect the oligomeric properties and/or hyperoxidation sensitivity of the Prx and are 

thus regulatory, either bolstering activity or strongly inhibiting it.  For example, 

glutathionylation on the Cys83 residue unique to human PrxI (relative to the other 

human Prxs) reportedly promotes dissociation of the decameric proteins into dimers 

and causes loss of chaperone activity122.  On the other hand, phosphorylation at Ser32 

of PrxI, acetylation at or near the N- and C-termini of PrxI and PrxII , nitration of 

PrxII (predominantly at Tyr193) and C-terminal truncation all enhance the peroxidase 

activity of these proteins107,69; in the latter three cases this effect is explained at least in 

part by the decreased sensitivity toward hyperoxidation by peroxides that results from 

the modification.  Moreover, interactions of Prxs with a number of proteins have been 

reported over the years, including interactions with the protein and lipid phosphatase 

PTEN and the signaling kinase Mst1, some of which are dependent on Prx redox 

status; unfortunately in most cases the molecular details of these interactions are 

lacking 64.  With the wide array of modifications and peroxidase-dependent and 
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independent secondary functions, as well as the delicate balance regulating oligomeric 

state and functional attributes of Prxs, the excitement is building as we continue to 

learn more about the pivotal roles Prxs play in organismal growth and survival across 

the biome. 
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Tuning of Peroxiredoxin Catalysis for Various Physiological Roles 
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Abbreviations 

1Abbreviations: Prx – peroxiredoxin, Srx – sulfiredoxin, NOX – NADPH oxidase, 

ACTH – adrenocorticotropic hormone, PDB – protein databank, CP – peroxidatic 

cysteine, CR – resolving cysteine, FF – fully folded, LU – locally unfolded, DTT – 

dithiothreitol, HOCl – hypochlorous acid, Gpx – glutathione peroxidase, LPA – 

lysophosphatidic acid, ParB – chromosomal partitioning protein B.  

 

 

 

Footnotes 

†Although the term “peroxide signaling” can refer to both stress and non-stress-related 

signaling (Hall et al review68 and Karplus and Poole highlight63), here we exclusively 

use this term in reference to non-stress-related signaling. 
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Abstract 

Peroxiredoxins (Prxs) are an ancient family of enzymes that are the predominant 

peroxidases for nearly all organisms, and play essential roles in reducing hydrogen 

peroxide, organic hydroperoxides, and peroxynitrite. Even between distantly-related 

organisms, the core protein fold and key catalytic residues related to its cysteine-based 

catalytic mechanism have been retained. Given that these enzymes appeared early in 

biology, Prxs have experienced over a billion years of optimization for specific 

ecological niches. Although their basic enzymatic function remains the same, Prxs 

have diversified and are involved in such roles as protecting DNA against mutation, 

defending pathogens against host immune responses, suppressing tumor formation, 

and—for eukaryotes—helping regulate peroxide signaling via hyperoxidation of their 

catalytic Cys. Here, we review current understanding of the physiological roles of Prxs 

by analyzing knockout and knockdown studies from ca. twenty-five different species. 

We also review what is known about the structural basis for the sensitivity of some 

eukaryotic Prxs to inactivation by hyperoxidation.  In considering the physiological 

relevance of hyperoxidation, we explore the distribution across species of sulfiredoxin 

(Srx), the enzyme responsible for rescuing hyperoxidized Prxs. We unexpectedly find 

that among eukaryotes appearing to have a “sensitive” Prx isoform, some do not 

contain Srx. Also, as Prxs are suggested to be promising targets for drug design, we 

discuss the rationale behind recently proposed strategies for their selective inhibition.   
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Introduction to Peroxiredoxins and Scope of this Review 

 Peroxiredoxins (Prxs) are nature’s dominant peroxidases. From archaea to 

humans, they are widely expressed and possess the same catalytic components67. Prxs 

serve to protect cells from oxidative stress and prevent damage to DNA, lipids, and 

other proteins by reducing hydroperoxides and peroxynitrite69. With catalytic rates of 

~107 M-1 s-1 and an abundance that implies that they account for the reduction of over 

90% of cytosolic peroxide, they are crucial for regulating intracellular peroxide levels 

in most organisms26. Cells encounter peroxides in a variety of ways—as a byproduct 

of cellular processes, as a consequence of environmental conditions, or even as a result 

of deliberate attacks by other cells12—and Prxs have been finely tuned to address the 

needs of their respective organisms. Given the ubiquity of Prxs, it is presumed that 

they are an ancient enzyme family that arose at the time of the great Oxidation Event, 

some 2.4 billion years ago, to aid cells in coping with increased oxygen levels and to 

facilitate aerobic metabolism123. Due to their retention over the millennia, with no 

major alterations in the protein fold or catalytic mechanism, Prxs can be seen as 

integral to the existence of life on Earth.  

 We have come to understand that Prxs serve a much more complex function 

than simply purging cells of a toxic molecule.  This is in part due to the discovery that 

peroxide not only creates oxidative stress and participates in stress-related signaling, 

such as activating the bacterial transcription regulator OxyR13, but in eukaryotes is an 

integral part of normal, “non-oxidative-stress-related”† cell regulation events68. Such 

non-stress-related peroxide signaling is now known to be an important factor involved 

in cell proliferation, angiogenesis, senescence, and apoptosis12,124,125. Non-oxidative-

stress-related peroxide signaling occurs, for instance, as a part of insulin-stimulated 

activation of NADPH-oxidases (NOXs)101, or adrenocorticotropic hormone (ACTH)-

stimulated activation of a cytochrome P450 that contributes to peroxide buildup (Fig. 

3.1). The peroxide bolus produced by such enzymes becomes a chemical signal that 

leads to changes in protein activities through the reversible oxidation of protein 

residues, like an active site cysteine of protein tyrosine phosphatases69. Other 
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phospho-regulatory enzymes, such as the kinases CAMKII, PKA, and PKG, are 

oxidant-sensing and also can be regulated by hydrogen peroxide (recently reviewed by 

Burgoyne et al.101). Thus, a complex interplay exists between Prxs and transcription 

factors, phosphatases, kinases, and any cellular molecule capable of being modified by 

peroxide (Fig. 3.1). The important influence of Prxs in cell homeostasis is supported 

by the observations that Prxs are over-expressed in some human breast126, lung127, and 

thymic128 cancers, and that when the most abundant Prx isoform is knocked out in 

mice the animals develop malignant tumors and hemolytic anemia, and die 

prematurely27.  
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Figure 3.1. Examples of non-stress-related peroxide signaling.  

The white panel (left) shows a general scheme of growth factor triggered peroxide signaling12. 

Growth factor binding to receptors (green), leads to the activation of oxidases (orange) and the 

production of superoxide which is subsequently converted to peroxide. Certain aquaporins 

(dark red) facilitate peroxide access into the cell16 where kinases (light purple), phosphatases 

(dark purple), and transcription factors12,45 (dark blue) can be oxidatively activated or 

deactivated16. Active Prxs (cyan toroid) degrade peroxides, but also can be inactivated by 

hyperoxidation (dark toroid); Srx (light red) reactivates hyperoxidized Prxs. The magenta and 

purple panels convey other examples of peroxide signaling highlighted in the text. In LPA-

mediated signaling106 (magenta, bottom), LPA  binding to its receptor (green) activates 

NADPH oxidase (NOX, orange) and through endocytosis a “redoxosome” is formed which 

accumulates superoxide/peroxide and serves as a hub for modifying regulatory factors. In 

murine adrenal corticosteroid production108 (purple, upper right), ACTH binding to its 

receptor (green) leads to the activation of the cAMP-PKA pathway (the transcription factor 

cAMP response element-binding protein is noted with *) and then phosphorylation and 

activation of steroidogenic acute regulatory protein (StAR); StAR makes cholesterol available 

for CYP11A1 and CYP11B1 catalyzed conversion via 11-deoxycorticosterone (DOC) to 

corticosterone (CS), and also produces superoxide from which superoxide dismutase (SOD) 

produces peroxide. The peroxide increasingly inactivates PrxIII, and after further buildup 

initiates a negative feedback loop by activating p38, that in turn suppresses the synthesis of 

StAR. 
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 A number of recent reviews of Prxs exist that highlight structure-function 

relations68,26 , enzymology129,130, and their roles in signaling131. Here, we seek to 

complement these reviews by organizing current knowledge of the physiological roles 

of Prxs, exploring how evolution has optimized Prx dynamics and thermodynamics to 

modulate their sensitivity to hyperoxidation, assessing the distribution of its partner 

enzyme sulfiredoxin (Srx)132, and describing how the conformational changes that 

Prxs undergo might be taken advantage of for drug design59,133,134. At present there are 

~120 Prx structures in the protein databank (PDB) and over 15,000 annotated Prx 

genes135, so a wealth of data are available.  

 

The peroxidase function of Prxs 

Catalytic cycle.  

Prxs have been classified into subgroups based on functional site sequence 

similarity67. These are Prx1, Prx5, Prx6, Tpx, AhpE, and PrxQ (proposed recently57 to 

replace the uninformative name of  BCP—bacterioferritin comigratory protein—that 

has been used for some members of this group). These subgroups have variations in 

their oligomerization, conformation, and some secondary structure elements, and most 

organisms possess multiple isoforms26 (for example, humans contain four Prx1, one 

Prx5, and one Prx6 subtypes, whereas Escherichia coli has one Prx1, one Tpx and one 

PrxQ). For all Prxs, however, catalysis is facilitated by a peroxidatic Cys (CP) 

contained within a universally conserved Pxxx(T/S)xxC active site motif67 (Fig. 3.2). 

The active site lowers the CP side chain pKa from ~8.4 to around 6 or even lower so 

that it is kept predominantly in a nucleophilic, thiolate state94,97,75. 
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Figure 3.2. Catalysis by peroxiredoxins.  

A) The Michaelis complex of peroxide (green) bound to the FF active site of ApTpx (pdb code 

3a2v) with atom coloring (grey carbons, white hydrogens, yellow sulfurs, red oxygens, blue 

nitrogens) and showing key hydrogen bonds (dashed lines). B) The normal Prx catalytic cycle 

(black) is shown along with the hyperoxidation shunt (grey). To illustrate the conformation 

change necessary for Prx catalysis, the center shows a morph between FF and LU 

conformations for the Prx1 subfamily member StAhpC; the CP and CR containing chains are 

white and dark grey, respectively and the C-terminal region beyond CR is not shown. C) An 

organic peroxide and peroxynitrous acid are shown bound to the active site in ways that mimic 

the interactions made by peroxide in panel A. “BB” refers to a backbone NH hydrogen bond 

donor. The placement of the hydrophobic collar seen in some organic peroxide selective Prxs 

is noted by orange circles. D) The chemical structures of some other molecules recently 

reported to react with Prxs (see text). 

     

 The conformation of the enzyme that possesses a substrate-ready active site 

pocket (Fig. 3.2A) is referred to as “fully folded” (FF). In the catalytic cycle (Fig. 

3.2B) the peroxide substrate binds to the FF active site where it is attacked by the 

nucleophilic CP in an SN2-type reaction to form Cys-sulfenic acid (CP-SOH) and water 
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or alcohol. Subsequently the active site locally unfolds, an event sometimes involving 

the rearrangement of as many as ~35 residues59 (Fig. 3.2B center). As discussed later 

in more detail, a second peroxide can react with CP-SOH to hyperoxidize the enzyme 

to a dead-end CP-SO2
-. Some organisms, mainly eukaryotes, contain Srx which 

converts the hyperoxidized form back to CP-SOH in an ATP-dependent reaction136. 

For a minority of Prxs, termed “1-Cys” Prxs, the CP-SOH form is reduced directly by 

an intracellular reductant such as glutathione or ascorbate137. The majority of Prxs, 

called “2-Cys” Prxs, have a second resolving Cys (CR) which forms a disulfide bond 

with CP
26. Depending on the Prx, the CR may be contained within the same chain or, 

for some oligomeric Prxs, in the chain of another subunit. The formation of the CP—

CR disulfide requires the active site to locally unfold, i.e. adopting a “locally unfolded” 

(LU) conformation, that often involves substantial rearrangements to both the CP and 

CR regions (Fig. 3.2B)26.  

 To complete the catalytic cycle, the disulfide is commonly reduced by 

thioredoxin (Trx), or a thioredoxin-like protein70, and the Prx is returned to the FF 

conformation. Recently, the first structure of a Prx-Trx complex was obtained, 

showing one Trx on each side of a Prx dimer trapped in a mixed disulfide with CR
71. 

However, given that this particular yeast Prx possesses an unconventional N-terminal 

CR, it is unclear how representative the details of this interaction may be for Prxs in 

general. 

  

Reactivity toward various substrates.  

Structural work has greatly elucidated the features important for substrate interactions, 

with a peroxide-bound complex of Aeropyrum pernix thiol peroxidase80 providing a 

view of a true Prx Michaelis complex (Fig. 3.2A). Other ligands bound at the active 

sites of Prx crystal structures include such molecules as oxidized dithiothreitol 

(DTT)57,77, benzoate138, acetate80, formate139, and glycerol80, with the oxygens of these 
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molecules mimicking those of a peroxide. Analysis of these complexes led to a 

proposal that the roughly 105-fold rate enhance of the enzyme over free cysteine is 

largely due to an extensive set of hydrogen bonds that stabilize the transition state of 

the reaction77, and this was supported by recently determined experimental 

thermodynamic activation energies as well as QM/MM simulations78,79.   

Interestingly, though Prxs share a universal catalytic cycle and active site, 

some are observed to have relatively broad substrate specificity, while others are more 

selective140. For instance, Salmonella typhimurium alkyl hydroperoxide reductases C 

(StAhpC) is ~100-fold more reactive with hydrogen peroxide than with organic 

peroxides due primarily to differences in Km
141. In contrast, human PrxV97 and 

Escherichia coli thiol peroxidase (EcTpx)140 are ~100 and ~200-fold, respectively, 

more reactive with organic peroxides. The preference of some Prxs for organic 

peroxides has been attributed to a “hydrophobic collar” of apolar side chains around 

their active site that can make favorable hydrophobic interactions with the 

hydrocarbon part of the substrate (Fig. 3.2C). Such a conserved hydrophobic collar 

was first observed in the Tpx subfamily140, but other Prxs that efficiently reduce 

organic peroxides, such as human PrxV77, also possess analogous collars. One 

commonality among various hydrophobic collars is that a dimer partner is frequently 

seen to contribute a bulky hydrophobic side chain to the collar across the dimer 

interface57,71,77,140. The significance of this interaction is not fully understood, but may 

be related to a positive cooperativity seen for one Prx when consuming organic 

peroxides71. Another possible contributor  to substrate specificity proposed for a PrxQ 

from Xanthomonas campestris is for an extended β-strand to fold down and cap the 

active site after binding an organic peroxide139.  

 The ability of Prxs to reduce peroxynitrite is also well established85. AhpCs 

from the genera Salmonella, Mycobacterium, and Helicobacter were shown to 

efficiently reduce peroxynitrite100, as were Prxs from other organisms such as 

Trypanosoma cruzi tryparedoxin peroxidase142 and human PrxV97,143.  Experiments 
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indicate that the reaction with the CP thiolate reacts with peroxynitrous acid144 (i.e. the 

protonated form that is readily formed at physiological pHs145), and this is consistent 

with the protonated form being better able to mimic peroxide binding in the Prx active 

site (Fig. 3.2C). Additionally, lowering the pH from 7.8 to 7.4 (and increasing the 

fraction of peroxynitrous acid present) increased peroxynitrite reduction by human 

PrxV97 from ~107 M-1 s-1 to ~108 M-1 s-1.    

 Hypochlorous acid (HOCl) is among the reactive oxygen species released 

extracellularly by neutrophils to overwhelm pathogen redox systems 146, and HOCl 

can also lead to generation of chloramines via spontaneous HOCl-amino 

reactions147,148 (Fig. 3.2D). HOCl and chloramines readily oxidize thiol groups, and 

recent studies indicate Prxs are targets of these chemical species147,148. Human PrxIII 

did become oxidized when cells were treated with μM-levels (thought to be 

representative of in vivo concentrations) of NH2Cl and HOCl, but reported rates are 

similar to that of free thiols, suggesting the reaction is not substantially facilitated by 

the enzyme147,148. Given the prevalence of glutathione and other cellular thiols, Prxs 

are not thought to be major sinks for HOCl or chloramines147. Nevertheless, it can be 

seen that a major evolutionary advantage conferred by Prxs is the ability to eliminate 

many forms of peroxide, and apparently even some other reactive species. 

  

Knockdown and knockout studies as probes of the physiological roles of Prxs 

 Prxs influence a variety of cellular processes, and one approach to discern their 

various physiological roles is to observe the phenotypes that arise when cells or whole 

organisms are made deficient of these enzymes. Summarized here are the results of 

extensive knockdown studies in cells from humans and in other organisms (SI Table 

3.1) and of knockout studies for vertebrates (Table 3.1), other eukaryotes (SI Table 

3.2), and prokaryotes (SI Table 3.3).  
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Table 3.1 Summary of Prx knockout studies in vertebrates. 

Organism/ΔEnzyme/s Reference Brief Phenotypic Observations 

Mus musculus-PrxI Neumann 2003149  Malignant cancers, haemolytic anaemia, premature death. 

Mus musculus-Prx1 Egler 2005150 +DNA oxidation, +c-Myc activation in embryonic fibroblasts. 

Mus musculus-Prx1 Cao 2009151 Increased susceptibility to Ras-induced breast cancer.  

Mus musculus-PrxII Lee 2003152 +Protein oxidation in red blood cells, hemolytic anemia. 

Mus musculus-PrxII Park 2011153 +Plaque formation, predisposition to develop atherosclerosis. 

Mus musculus-PrxII Moon 2004154 Enlarged thymus, increased T cell proliferation. 

Mus musculus-PrxII Moon 2006155 Increased splenocytes, bone marrow differentiation.  

Mus musculus-PrxII Han 2005156 +p21 and p53 levels, increased cellular senescence. 

Mus musculus-PrxII Yang 2011157 +Protein cysteine oxidation in red blood cell fractions. 

Mus musculus-PrxIII Li 2007158 +Lung damage from inflammation, + DNA damage. 

Mus musculus-PrxIII Huh 2011159 +Fat mass. +Protein carbonylation in adipose tissue.  

Mus musculus-PrxIII Li 2008160 Reduced litter size, +oxidative stress in placenta tissue. 

Mus musculus-PrxIII Li 2009161 +Macrophage apoptosis by lipopolysaccharide treatment. 

Mus musculus-PrxIV Iuchi 2009162 Testicular atrophy, reduced sperm viability in oxidative stress. 

Mus musculus-PrxVI Wang 2004163 +Lung damage, decreased animal survival due to hyperoxia. 

Mus musculus-PrxVI Nagy 2006164 +Ischemic reperfusion injury, +cardiomyocyte apoptosis 

Mus musculus-PrxVI Fisher 2005165 Decreased lung surfactant degradation. 

Mus musculus-PrxVI Wang 2004166 +LDL oxidation by macrophages, +plasma lipid H2O2 levels.  

Mus musculus-PrxVI Fatma 2011167 +UPR, +apoptosis in lens epithelial and aging cells. 

 

Prx deficiency in eukaryotes.  

Humans contain six Prx isoforms, which are localized in discrete parts of the cell: 

PrxI, II, and VI are primarily cytosolic, PrxIII is mitochondrial, PrxIV is in the 

endoplasmic reticulum, and PrxV is in the cytosol as well as the mitochondria and 

peroxisomes69. The effects of Prx knockdowns have been characterized in at least one 

cell line for each isoform (SI Table 3.1). One commonality of these studies is an 

increase in oxidative damage to cellular components such as increases in protein 

carbonylation168 and DNA oxidation169. These effects are typically accompanied by 

reduced growth and, survival, and increased apoptotic cell death, especially under 

conditions of oxidative stress168,170,171,172,173,174,175.  It is perhaps not surprising, 

therefore, that Prx deficiency also contributes to cellular degeneration and decreases 

the viability of cancer cells. For example, PrxI was designated as a tumor suppressor 

upon the discovery that a histone deacetylase exerted its antitumor properties through 
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increasing PrxI expression in cancerous esophageal cells176. Additionally, knockdowns 

of PrxII170 and PrxVI174 in breast cancer cells were found to inhibit metastases. 

 Further elucidating the protective role of Prxs in mammals are knockout 

analyses carried out on the homologous mouse enzymes (Table 3.1). As was seen in 

the human cell knockdowns, Prx knockout mice show increased oxidative damage to 

proteins, lipids, and DNA that detrimentally affect a host of cellular processes and 

often result in abnormal cellular regulation and growth150,152,157,158,159,177,166. Mouse 

PrxI knockouts exhibit the most severe phenotype in which c-Myc levels increase150,  

Akt kinase levels are elevated in fibroblasts and mammary epithelial cells151, and 

death occurs by nine months due to the development of malignant tumors149. PrxII-

knockout animals showed increased atherosclerosis153, increased splenocytes, bone 

marrow differentiation, and peripheral blood mononuclear cells155, an enlarged 

thymus, increased T-cell proliferation154,178, as well as elevation of p21 and p53 levels 

and increased cell senescence156.  PrxIII-null mice exhibited alterations in fat 

metabolism, with increased fat mass, down-regulation of adiponectin, impaired 

glucose tolerance and insulin resistance159, as well as a reduced litter size and general 

sensitivity to oxidative stress as observed in placenta160, macrophage161, and lung 

cells158. PrxIV was also found to influence reproductive success, as PrxIV-knockout 

mice displayed testicular atrophy and reduced sperm viability under conditions of 

oxidative stress162.  

 Prxs are further seen to be important for the viability of less complex 

eukaryotes (SI Table 3.1, SI Table 3.2). Caenorhabditis elegans Prx-knockdowns 

show a 70% reduction in brood size and individual growth is retarded179,180. Also, 

studies of Prx-deficient disease-causing eukaryotes have implicated Prxs as 

pathogenicity factors for a number of organisms, with Schistosoma showing decreased 

survival and larval size181,182, 183, Trypanosoma brucei exhibiting a 16-fold increase in 

sensitivity to peroxide-induced death184, and Leishmania infantum having decreased 

infectivity in mice185. In addition, Tpx1-knockouts of Plasmodia have increased 
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sensitivity to paraquat and nitroprusside186, produce 60% fewer gametes, exhibit 

delayed gaetocytemia187, grow fewer sporozoites in mosquitoes, and are less effective 

at infecting mice188. Thus, these results are consistent with Prxs being crucial 

components of pathogenic redox defenses. 

 Several studies have utilized fungal model organisms to analyze the effects of 

Prx knockouts (SI Table 3.2). In Sacchoromyces cerevisiae, which has multiple Prx 

and glutathione peroxidase (Gpx) isoforms, the knockout of individual Prxs resulted in 

increased sensitivity to reactive oxygen and nitrogen species as well as increased DNA 

mutations189. Not surprisingly, these effects were magnified when all Prx isoforms 

were knocked out189, and dual Prx/Gpx-null strains exhibited a ~50% shorter 

lifespan117. The less-extensively studied Neurospora crassa showed altered circadian 

periods and phases when a Prx was knocked out and peroxide-dependent 

transcriptional responses were lost110. Alterations to circadian rhythms were also seen 

for Arabidopsis thaliana, the only plant for which a Prx deficiency has been well-

characterized110. Interestingly, Prx  knockdowns in this model plant impacted several 

plant-specific processes, such as increased foliar ascorbate oxidation190, altered gene 

expression in the chloroplast, and reduction in photosystem II and cytochrome-b6 

content191 (SI Table 3.1). 

 These studies demonstrate that Prxs in eukaryotes are essential to normal 

function, as their absence results in damage to cell components and promotes 

deterioration of cell cycle regulation; the latter especially emphasizes that a vital role 

is played by Prxs in non-oxidative-stress-related peroxide signaling. An interesting 

observation that arises from the different effects seen in the knockout or knockdown of 

single Prxs is that, despite their high sequence similarity and shared peroxidase 

functionality, Prx isoforms do not have fully overlapping functions. This is illustrated 

especially well for human and mouse, for which the deficiency in each isoform 

resulted in distinct, deleterious phenotypes (Tables 3.1 and SI Table 3.1). One obvious 

contributor to this lack of compensation is the discrete tissue expression profiles and 
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cellular locations of eukaryotic Prx isoforms172. Besides the restrictions imposed by 

localization, the cytosol, nucleus, ER, and mitochondria all have distinct redox 

environments192,193 (for a recent review see Banach-Latapy et al.194) and therefore Prx 

isoforms have been specifically tuned for optimal function in only certain cellular 

compartments.  

 

Prx deficiency in bacteria.  

Unlike their eukaryotic counterparts, bacteria are not known to utilize non-oxidative-

stress-related peroxide signaling. Thus, the lack of an evolutionary pressure to allow 

for the localized buildup of peroxide constitutes a major difference in the functional 

optimization of bacterial Prxs. As a consequence, many bacterial Prxs have evolved to 

be highly “robust” against inactivation by hyperoxidation, even at millimolar 

concentrations of peroxide195. The advantage of this robustness is especially apparent 

for pathogenic bacteria as Prxs are utilized to defend against the reactive oxygen 

species employed by attacking macrophages196. Investigations into the role of bacterial 

Prxs, therefore, have been largely focused on disease-causing species (SI Table 3.3).  

 The most extreme dependence on Prxs so far observed for a bacterial species is 

that of Helicobacter, for which knockouts displayed no growth in microaerobic 

conditions197, were more susceptible to killing by macrophages, and nearly lost their 

ability to colonize mouse stomachs198. Likewise, for Staphylococcus aureus199and 

Mycobacterium bovis200 Prx-deficient strains were shown to have reduced infectivity. 

In general, minimal effects of some Prx knockouts may be due to compensation by 

other redox-defense enzymes. Some support for this is found in that more adverse 

phenotypes are observed for Vibrio parahaemolyticus201 and Brucella abortus196 when 

two enzymes are knocked out at once. As discussed above, substrate specificity may 

influence the essentiality of a certain isoform or set of isoforms, and for Prxs specific 
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for organic peroxides, like E. coli Tpx, it is important to note that the impact of the 

loss of its activity may be underestimated by challenges with H2O2 alone. 

  

Prx Hyperoxidation 

Potential physiological value of Prx hyperoxidation.  

As noted above, the CP-SOH state of a Prx can react with a second peroxide and 

become hyperoxidized to a Cys-sulfinate (CP-SO2
-) which inactivates the enzyme’s 

peroxidase function (Fig. 3.2B). Prokaryotic Prxs typically are rather resistant to 

hyperoxidation, requiring millimolar concentrations of substrate, and have been 

referred to as “robust” isoforms45.  In contrast, many eukaryotic Prxs are quite readily 

hyperoxidized even though this makes them worse peroxidases. For example, human 

PrxII is converted almost entirely to the hyperoxidized state in the presence of only 40 

μM peroxide (with no reducing agent present), with a kSOH→kSO2 rate on the order of 

~1.0 x 103 M-1s-1or higher 202,203. Such isoforms are referred to as “sensitive,” because 

even at low peroxide levels they are sensitive to being inactivated through 

hyperoxidation45. To facilitate comparisons of sensitivity between Prxs, the quantity 

Chyp1% was recently introduced as a normalized way to quantify this property195; 

Chyp1% defines the peroxide concentration at which 1% of Prx molecules become 

hyperoxidized during each turnover. Using this terminology, it is apparent that human 

PrxI (Chyp1% = 62 μM), human PrxII (Chyp1% = ca. 1.5 μM), and human PrxIII (Chyp1% 

= ca. 18 μM) are much more sensitive than StAhpC (Chyp1% = 10,000 μM)195,203. 

 When Prx hyperoxidation was first discovered, its physiological relevance was 

questioned, as in vivo peroxide concentrations in healthy cells are thought to rarely 

exceed 1-15 μM8. It has since been hypothesized that peroxide levels may locally 

reach concentrations at which hyperoxidation can occur69, such as in the vicinity of 

peroxide-producing enzymes such as NOXs (Fig. 3.1). Recently, the growth factor 

lysophosphatidic acid (LPA) was shown to stimulate cellular internalization of NOX 
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components into early endosomes, termed “redoxosomes,” to serve as hubs for 

oxidative regulation106 (Fig. 3.1). Strong support for the existence of local peroxide 

buildup is an elegant study proving that protein tyrosine phosphatases, which are not 

highly reactive with peroxide, actually do become oxidized in vivo204.  Further, Prx 

hyperoxidation is observed in vivo in a variety of organisms and has been discussed as 

a marker of ancient Circadian rhythms110,109, though the meaning or relevance of this 

latter observation is not yet clear.  

In terms of what evolutionary advantages could be conferred to the many 

eukaryotes which contain sensitive Prxs, there is as of yet no final consensus. One 

explanation, termed the “floodgate hypothesis,” proposes that Prx hyperoxidation is 

important for enabling non-stress-related peroxide signaling in eukaryotes45. In this 

model, low peroxide concentrations are reduced efficiently, but when levels spike 

locally due to the purposeful H2O2-production by enzymes such as NOX during 

signaling events12, Prxs are inactivated to allow the H2O2 to build up sufficiently in a 

local area to oxidize downstream target proteins (Fig 3.1).  The dysregulation of this 

signaling pathway provides an explanation for how knockouts of sensitive isoforms in 

mammals (PrxI-IV) could result in the development of cancers149, increased cell 

senescence156, and malformed tissue and organs160,162 (Table 3.1 and SI Table 3.1). As 

noted above, the downstream targets that have been most extensively studied are the 

protein tyrosine phosphatases which become inactivated through the oxidation of a 

catalytic Cys residue (reviewed by Frijhoff et al15). Nevertheless, the best documented 

example of such a floodgate-style function of a Prx is in fact the role of PrxIII in the 

negative feedback control of mammalian corticosteroid production (Fig. 3.1). 

Occurring in adrenal gland mitochondria as a circadian cycle, an ACTH-activated 

cytochrome P450 produces H2O2 as a by-product of making corticosteroids, and the 

inactivation of PrxIII allows peroxide to build up sufficiently to lead to p38 activation 

and a shutting down of the synthesis of the steroidogenic acute regulatory protein108 

(Fig. 3.1).  
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Additional proposals that have been put forth for the possible benefits of Prx 

hyperoxidation include their serving as chaperones185,205,206, regulating senescence 

through  protein-protein interactions with p38MAPKα207, and peroxide exposure 

dosimeters63. Also, most recently, Day et al.62 showed that under extreme oxidative 

conditions the inactivation of Prxs can serve to preserve the Trx pool for use by more 

essential cellular systems63. In that study, the survival of Schizosaccharomyces pombe 

was greatly diminished when its single Prx was not inactivated by millimolar levels of 

peroxide62. The authors showed the Prx inactivation allowed the reduced Trx pool to 

be retained for use by Trx-dependent repair enzymes such as methionine sulfoxide 

reductase62. Though S. pombe in nature would not normally encounter such high 

peroxide levels, these results provide a valuable insight into the importance of 

maintaining a reduced Trx pool. Related to this, it was proposed that the eukaryotic 

pathogen Schistosoma might possess both sensitive and robust isoforms because it 

allows for the switching between reduction sources; since the latter enzyme is 

preferentially reduced by the glutathione/glutathione reductase system208, the organism 

does not exclusively rely on Trx when enduring a peroxide burst from a macrophage. 

It is also noteworthy that although Schistosoma do not possess catalase, peroxide 

disproportionation by catalases, present in most cells, is in principle an alternative 

approach by which cells can prevent the depletion of their reduced Trx63. 

 

Structural features influencing Prx sensitivity to hyperoxidation.  

So what are the structural features that give rise to sensitivity to hyperoxidation? It 

was discovered that many Prx1 subfamily sensitive Prxs contain two motifs that pack 

against the FF active site, a “GGLG” and a C-terminal extension with a “YF,” which 

are not present in most robust isoforms45 (Fig. 3.3). By inhibiting the local unfolding 

of the active site, these motifs serve to rigidify and stabilize the FF active site and 

make the enzyme more susceptible to hyperoxidation45. This mode of action and the 

greater importance of the C-terminal YF motif to sensitivity was proven shortly 
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thereafter by a study showing that C-terminal swapping between sensitive and robust 

isoforms from the eukaryotic parasite Schistosoma resulted in variants with reversed 

sensitivity208. Likewise, a truncation of the C-terminal YF motif in human PrxIV 

greatly diminished the enzyme’s sensitivity209. Based on such results it has sometimes 

been generalized that only eukaryotes possess sensitive isoforms and that sensitive and 

robust Prxs can be reliably distinguished by the presence or absence of the GGLG and 

YF motifs — but these are both oversimplifications.  
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Figure 3.3. Studies probing the structural basis for Prx hyperoxidation.  

The active site and C-terminal region are shown for HsPrxII (pdb code 1qmv), with the GGLG 

and YF regions highlighted in yellow. Sites where mutations have been introduced as a means 

to explore the impact on hyperoxidation for PrxI subfamily enzymes are noted in pink202. 

Elimination of the YF motif by C-terminal truncation (indicated by Δ) has also been 

conducted209.  

 

 With regard to the first point, some prokaryotes do possess sensitive Prxs. A 

number of bacterial Prx isoforms have the GG(L/V/I)G and YF (or YL or FL) motifs, 

and some have been shown to be sensitive206,210,87 although they appear to be used for 

antioxidant defense rather than regulating peroxide signaling. Examples of this are two 

cyanobacterial species, Anabaena and Synechocystis, that both have sensitive Prxs210. 

Anabaena expresses its sensitive isoform abundantly and utilizes an Srx to rescue any 

hyperoxidized forms, while Synechocystis (which has no Srx) only expresses its 

moderately sensitive Prx at low levels to mop up endogenous peroxide and rapidly 
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produces catalase to defend against higher peroxide levels210. Similarly, the bacterium 

Vibrio vulnificus was shown to possess both a sensitive and a robust Prx87, with trace 

amounts of peroxide inducing the expression of the sensitive isoform, whereas only 

high levels of peroxide induced the robust isoform, suggesting that the two Prxs are 

utilized for discrete levels of oxidative stress.  

 With regard to the second point, a recent study of human PrxII and PrxIII 

explored through mutagenesis the importance of secondary features associated with 

the two regions202 (Fig. 3.3). Both PrxII and PrxIII contain the GGLG and YF motifs 

but nevertheless PrxIII is about 10-fold more robust. Swapping the identities of nearby 

residues between these two isoforms generated more robust PrxII variants and also 

more sensitive PrxIII variants, although again it was the presence of the C-terminal YF 

positions which were most critical to promoting sensitivity202. This proves that 

positions other than the GGLG and YF motifs can also contribute to sensitivity or 

robustness. This is especially exemplified by E. coli Tpx which is a fairly sensitive Prx 

(Chyp1% of 156 μM for cumene hydroperoxide195) even though it does not contain 

either motif, and is actually in a different Prx subfamily. Also, Perkins et al59 showed 

that even conservative mutations such as CR→Ser/Ala, commonly used to study the 

properties of Prxs, can actually perturb the C-terminal packing sufficiently to shift the 

FF↔LU equilibrium toward LU and make the enzyme less sensitive. Such 

modulations of sensitivity have been recently shown to occur physiologically, as the 

C-terminal lysine-acetylation of human PrxI211 and N-terminal acetylation of human 

PrxII212 led the enzymes to become robust. Further, nitration of human PrxII Tyr193 

(in the YF motif), detected in Alzheimer patient brains, converted the enzyme to be 

robust and may play a role in the development of the disease107. Thus, a small 

alteration to even one residue can potentially reduce the fraction of the active FF 

population by orders of magnitude, and thereby inhibit hyperoxidation.  

 These complexities reinforce the point that various Prxs have been optimized 

to suit diverse needs, and that although trends do exist, caution must be employed 
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when attempting to draw firm conclusions about Prx sensitivity solely from a 

sequence fingerprint. In general, enzymatic characterization is necessary to be certain, 

and there remains much to learn about the occurrence and roles of sensitive versus 

robust Prxs. 

 

The Distribution of Sulfiredoxin among Eukaryotes 

 Sulfiredoxin (Srx) catalyzes the ATP-driven rescue of CP-SO2
- back to CP-

SOH132, and is present in many eukaryotes and a few cyanobacteria210. Upon its 

discovery47, Srx provided an explanation for how eukaryotes could allow sensitive 

Prxs to be hyperoxidized without being wastefully irreversibly inactivated. A crystal 

structure of a Prx-Srx complex (Jönsson et al. in 2009) revealed that the two enzymes 

embrace with the locally unfolded Prx C-terminus wrapping around the backside of 

Srx, and the Prx CP being placed into the Srx Gly-Cys-His-Arg (GCHR) active site 

pocket near the bound ATP (Fig. 3.4)136.  

Srx appears to be remarkably important for organisms that express it. 

Knockouts of Srx cope poorly with oxidative stress213, with cells showing dramatically 

increased Prx hyperoxidation, apoptosis, and mitochondrial membrane potential 

collapse214. Conversely, the over-expression of Srx has been observed to influence cell 

proliferation and pro-cancerous activity, including altering the states of p21, p23, and 

p53215. In yeast, the over-expression of Srx was shown to increase the replicative life 

span by twenty-percent216. We expect that these phenotypes are largely due to altered 

Prx regulation, but Srx has also been reported to possess deglutathionylation 

activity217. Two recent reviews provide further details about Srx structure, function 

and physiology217,218. Here, assuming that the presence of Srx in an organism would 

suggest a signaling-related physiological role for Prx hyperoxidation, we have 

investigated the distribution of Srx in nature to seek insight into the occurrence, and 

evolutionary roots, of peroxide-signaling pathways.  

http://www.jbc.org/search?author1=Thomas+J.+J%C3%B6nsson&sortspec=date&submit=Submit
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Figure 3.4. The Prx-Srx embrace.  

Shown is a crystal structure of a human PrxI dimer (light and dark grey) in complex with two 

Srx chains (green, pdb code 3hy2).  Highlighted are the Prx CP (yellow), the GGLG motif 

(red), the Srx active site (purple), and its bound ATP (sticks). The Prx C-terminal YF motif is 

disordered and not seen. 

 

 To perform an updated analysis of the distribution of Srx we used BLAST219 to 

retrieve 335 Srx sequences from the non-redundant protein database. Only sequences 

containing the “GCHR” Srx active site fingerprint213 were included as a way to filter 

out proteins such as the functionally unrelated bacterial chromosomal partition protein 

B (ParB), which is a known homolog220. An evolutionary tree  (Fig. 3.5) reveals that 

Srx is present and clusters distinctly in animals, fungi, plants, some protists, and, as 

was reported in a 2005 Srx evolution study220, some cyanobacteria are the only 

prokaryotes to contain an srx gene. This apparent wide distribution of Srx among 

eukaryotes implies a relatively ancient existence of functional Prx hyperoxidation.  
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Figure 3.5. A relatedness tree for Srx sequences.  

An unrooted phylogenetic tree of 335 Srx sequences is shown. Select organisms or groups of 

organisms are noted. Sequences were retrieved from the non-redundant protein database by 

BLAST219 on 31-Jan-2014 with an expect threshold of 100 using the human Srx1 sequence, 

and additional searches using distantly related Srx sequences did not identify further 

homologs. Sequences were aligned with MUSCLE221 and evolutionary distances were 

calculated using PhyML222. 

 

 

 As a next step, we analyzed the available 220 sequenced eukaryotic genomes 

and surprisingly found that only 56% of them contained an srx gene: fungi and protists 

quite commonly lack Srx, and while most animals and plants contain Srx, a few 

animal exceptions seem to exist (Table 3.2). For example, Xenopus apparently does 

not have Srx and subsequent searches for an amphibian srx gene did not yield any 

examples. Also, especially noteworthy is that many organisms causing human disease, 
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some of which had been mentioned in the 2005 study220, do not possess Srx (Table 

3.2). These include Entamoeba, apicomplexans (such as Plasmodia species and 

Toxoplasma gondii), the Diplomonad Giardia lamblia, the parabasalid Trichomonas 

vaginalis, euglenozoa (Trypanosoma and Leishmania species), the nematodes Loa loa 

(eye worm) and Brugia malayi (causes elephantitis), and the flatworm Schistosoma 

mansoni.  

 

Table 3.2. Presence of sulfiredoxin in eukaryotes.a 

Animals 
Vertebrates  

      Mammals (24/24) 

      Birds (9/9) 

      Reptiles (1/2)b 

      Amphibians (0/2)c 

      Fish (6/6) 

Lancelets (1/1) 

Ascidians  (1/1) 

Echinoderms (1/1) 

Arthropods  

      Insects (19/20)d 

      Mites/Ticks (1/1) 

Nematodes (1/5) 

Flatworms (0/1) 

Cnidarians (1/2) 

Placozoans (0/1) 

Poriferans (0/1) 

Fungi 
Ascomycetes  

      Saccharomycetes (25/25) 

      Sordariomycetes (0/9) 

      Leotiomycetes (0/2) 

      Eurotiomycetes (0/15) 

      Dothideomycetes (0/3) 

      Pezizomycetes (0/1)     

      Schizosaccharomycetes (1/1) 

Basidiomycetes (3/11) 

Microsporidians (0/4) 

Protists 
Choanoflagellates (0/1) 

Amoebozoa  

      Dictyostelium (3/3) 

      Entamoeba (0/2) 

      Acanthamoeba (1/1) 

Alveolates  

      Apicomplexans (0/16) 

      Ciliates (0/2) 

Stramenopiles  

      Diatoms (0/2) 

      Oomycetes (0/1) 

      Eustigmatophytes (0/1) 

Cryptomonads (0/1) 

Haptophyta (0/1) 

Euglenozoa (0/7) 

Heterolobosea (1/1) 

Parabasalids (0/1) 

Diplomonads (0/1) 

Plants 
Eudicots (11/11) 

Monocots (6/6) 

Ferns (1/1) 

Mosses (1/1) 

Green algae (6/8) 

Red algae (0/3) 

 

a Across 220 organisms with sequenced genomes, the fraction of the total found to possess an Srx are 

given in parenthesis. Groups containing any members with an Srx-encoding gene are highlighted in 

bold.  
b Searches of the Anolis carolinensis genome did not yield an Srx sequence, but that of Ophiophagus 

hannah (King Cobra) did. 

 c Frogs from the genus Xenopus. Additional searches yielded no amphibian Srx-possessing 

representatives. 
d The mosquito Anopheles gambiae had no Srx, but two other mosquitos, Aedes aegypti and Culex 

quinquefasciatus, possessed an Srx gene. 

 

 That Srx is present in a diverse range of eukaryotes yet is apparently absent 

from certain groups seems to be an important observation. For those eukaryotes 
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lacking Srx, some possibilities for how they differ are that the Prx repair function is 

performed by a different enzyme, that hyperoxidized Prxs are not rescued, and/or that 

non-stress related peroxide signaling is either not as important or not similarly 

regulated by Prx hyperoxidation. In Schistosoma mansoni, which does not possess Srx 

but does have a sensitive Prx isoform208, it has been shown that Prxs that become 

hyperoxidized are not repaired 181. Whether or not they use peroxide in non-stress 

related signaling is unknown.  Like Schistosoma, many of the eukaryotes which do not 

contain Srx do have at least one Prx isoform that contains the GGLG and YF motifs 

(SI Table 3.4). As discussed earlier, a presence of the GGLG and YF motifs does not 

necessarily prove that a Prx is sensitive, but as is seen for the Schistosoma enzyme, 

some may indeed be sensitive.  

From these analyses the additional question arises as to why organisms that 

seem to lack the ability to rescue hyperoxidized Prxs would retain sensitive isoforms. 

Perhaps some of these organisms, such as was seen for Vibrio87, minimize waste by 

tightly regulating their sensitive Prxs to only be expressed at basal levels of peroxide. 

A further consideration is that due to cellular compartmentalization, even organisms 

which do contain Srx may not necessarily efficiently rescue all hyperoxidized Prxs. 

This is illustrated by a recent study showing that in human fibrosarcoma cells, when 

ER-localized human PrxIV hyperoxidation is induced through ER-stress-generating 

agents, no rescue was observed, leading the authors to conclude that no ER-localized 

Srx exists223. We propose that the distribution pattern of Srx in eukaryotes holds 

important clues to the physiological roles of facile Prx hyperoxidation and that it is 

worthy of further study.  

 

The efficacy of targeting Prxs for drug design 

 From the wealth of studies summarized above we can conclude that Prxs play 

prominent roles in protecting DNA and other cellular components from oxidative 

damage, as well as influencing cell signaling, regulation, and proliferation in 
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multicellular eukaryotes. So what rationale is there for the development of Prx-based 

therapeutics? A particularly interesting development for mammalian Prxs is the recent 

proposal that certain isoforms, especially PrxV and VI, are danger signals associated 

with ischemic brain injury49,164. These enzymes are released post-stroke by necrotic 

brain cells and are specifically detected by toll-like receptors of infiltrating 

macrophages, stimulating inflammatory cytokine production and promoting ischemic 

brain damage49. Antibodies against these Prxs were able to attenuate injury, providing 

evidence that implicates them as viable targets for future stroke therapeutics49. Also, 

given that some cancers over-expressing Prxs are resistant to radiation or other 

therapies126,127,128, it is tempting to envision that inhibiting  human Prxs could have 

therapeutic value in some circumstances. For Prxs from pathogens, however, the case 

that they are drug targets seems very clear as Prx deficiencies in both prokaryotic and 

eukaryotic pathogens are linked to viability and infectivity. 

 The oft noted challenge with regard to Prxs as drug targets is that the Prx 

active site is highly conserved, making it very challenging to make selective inhibitors 

targeting the active site. As an idea for designing inhibitors that would not target the 

active site, Perkins et al59 proposed that the delicately balanced  FF↔LU equilibrium 

could be shifted by a small molecule to stabilize a single conformation (either the FF 

or the LU), thereby preventing the structural changes required for Prx catalysis. 

Surface regions of the protein that are involved in the FF↔LU transition are rather 

divergent in sequence and structure and can therefore be targeted. One such example 

is the C-terminal region of the Prx1 subfamily. If the LU form were stabilized it would 

directly result in the loss of peroxidase activity. Alternatively, if the FF form were 

stabilized, and the CP was blocked from resolving with the CR, this would directly 

enhance activity but would indirectly lead to inhibition by promoting 

hyperoxidation59. Since most pathogens do not possess an Srx to rescue the 

hyperoxidized form (e.g. Table 3.2), these Prxs would be permanently inactivated. 

Further, the affinity of such an inhibitor could perhaps even be tuned so that it would 

dissociate and go on to inactivate other Prxs, thereby leading to an increased potency 
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beyond a 1:1 ratio. Structures of many pathogenic Prxs are available (for a detailed 

review see Hall et al26 and Gretes & Karplus51)—including bacterial isoforms StAhpC, 

HpAhpC, Haemophilus influenza Tpx, MtAhpC, MtTpx and eukaryotic isoforms51 

Plasmodium yoelii PrxI, P. vivax 2-Cys, P. falciparum Trx-Px2—so rational drug 

design techniques such as virtual ligand screening38 could be applied to identify leads. 

These approaches for Prx-targeted therapeutics warrant investigation, because two 

decades of Prx research can now be drawn on for guidance and, if successful, it could 

provide novel antibiotics for some of the most virulent modern diseases.  
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Supplemental Information 

SI Table 3.1. Summary of Prx knockdown studies. 

Organism/ΔEnzyme/s Reference Brief Phenotypic Observationsa 

Homo sapiens-PrxI Hoshino 2005176 Diminished FK228 antitumor properties.  

Homo sapiens-PrxII Stresing 2013170 +H2O2 sensitivity, -metastasis to lungs. 

Homo sapiens-PrxIII De Simoni 2007168 +Protein carbonylation, + neuronal apoptosis. 

Homo sapiens-PrxIII Mukhopadhyay 2006171 +Myocin-c sensitivity.  

Homo sapiens-PrxIV Tavender 2010172 +ER stress sensitivity. 

Homo sapiens-PrxIV Tavender 2008173 ++H2O2 sensitivity. 

Homo sapiens-PrxV De Simoni 2007168 +Protein carbonylation, + neuronal apoptosis. 

Homo sapiens-PrxV Kropotov 2006169 +DNA ox., + non-coding DNA transcription. 

Homo sapiens-PrxVI Chang 2007174 -Breast cancer growth, -metastases. 

Homo sapiens-PrxVI Kim 2001175 + Apoptosis, -IL-1B production. 

Mus musculus-PrxII Agrawal-Singh 2011224 +Myeloblast-like cell growth. 

Mus musculus-PrxVI Manevich 2005177 +Lipid oxidation, + apoptosis. 

Mus musculus-PrxVI Fatma 2011167 +UPR, +apoptosis in lens epithelial/aging cells. 

Caenorhabditis elegans-PrxII Isermann 2004179 Retarded development, -70% brood size. 

Caenorhabditis elegans-PrxIII Ranjan 2013180 -Motility, - brood size. 

Schistosoma mansoni-Prx1a Sayed 2006181 -Survival, + albumin and actin oxidation 

Schistosoma mansoni-Prx1a/b De Moraes 2009182 Decreased larval size. 

Schistosoma japonicam-Prx1 Kumagai 2009183 +H2O2, CHP, and TBP sensitivity. 

Trypanosoma brucei-TbCPX 

Mycobacterium bovis-AhpC 

Wilkinson 2003184 

Wilson 1998200 

+16-fold more H2O2 sensitivity 

Reduced infectivity. 

Arabidopsis thaliana-“2-CP” Baier 2000190 +Foliar ascorbate oxidation. 

Arabidopsis thaliana-PrxQ Lamkemeyer 2006191 -PSII and cytochrome-b6 content. 

Arabidopsis thaliana-PrxII Romero-Puertas 2007225 +lipid oxidation, +protein nitrosylation.  
 

a Abbreviations for cumene hydroperoxide (CHP) and tert-butyl hydroperoxide (TBP). 

 



75 

 

SI Table 3.2. Summary of Prx knockout studies in other eukaryotes 

Organism/ΔEnzyme/s Reference Brief Phenotypic Observationsa 

Saccharomyces cerevisiae (Sc)-Prx1 Wong 2004189 +ROS/RNS sensitivity, +DNA mutation. 

Sc-Tsa1,Tsa2 Wong 2004189 +ROS/RNS sensitivity, ++DNA mutation. 

Sc-Tsa1,Tsa2 Ogusucu 200892 +1-hydroxyethyl radical in the presence of ethanol. 

Sc-Tsa1,Tsa2,Dot5 Wong 2004189 ++ROS/RNS sensitivity, ++DNA mutation. 

Sc-Tsa1,Tsa2,Prx1 Wong 2004189 ++ROS/RNS sensitivity, ++DNA mutation. 

Sc-Tsa1,Tsa2,Prx1,Dot5 Wong 2004189 ++ROS/RNS sensitivity, ++DNA mutation. 

Sc-Tsa1,Tsa2,Prx1,Ahp1 Wong 2004189 ++ROS/RNS sensitivity, ++DNA mutation rate. 

Sc-Tsa1,Tsa2,Prx1,Dot5,Ahp1 Wong 2004189 -Growth rate, +++ROS/RNS sensitivity. 

Sc-Tsa1/2,Ahp1,nPrx,mPrx,Gpx1,Gpx2,Gpx3 

Schizosaccharomyces pombe-Tpx1 

Fomenko 2010117 

Jara 2007226 

Replicative lifespan of strain decreased by ~50%.  

No aerobic growth. 

Neurospora crassa-2Prx Edgar 2012110 Lengthened circadian period with altered phase. 

Plasmodium falciparum-Tpx1 Komaki-Yasuda 2003186 +Paraquat/sodium nitroprusside sensitivity. 

Plasmodium berghei-Tpx1 Yano 2006187 60% fewer gametocytes, delayed gaetocytemia. 

Plasmodium berghei-Tpx1 Yano 2008188 Decreased infectivity in mice. 

Leishmania infantum-mTxnPx Castro 2011185 Decreased infectivity in mice. 

Arabidopsis thaliana-2CysPrxA,2CysPrxB Edgar 2012110 Altered circadium rhythm in phase and amplitude. 
 

a Abbreviations for reactive oxygen species (ROS), reactive nitrogen species (RNS), cumene hydroperoxide (CHP) and tert-butyl hydroperoxide (TBP). 
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SI Table 3.3. Summary of Prx knockout studies in prokaryotes. 

Organism/ΔEnzyme/s Reference Brief Phenotypic Observationsa 
Helicobacter pylori-AhpC Baker 2001197 No colony growth in microaerobic conditions. 

Helicobacter pylori-AhpC Olczak 2003198 100% reduction in mouse stomach colonization. 

Helicobacter pylori-Tpx Olczak 2003198 +H2O2/O2 sensitivity, -94% stomach colonization. 

Helicobacter cinaedi-AhpC Charoenlap 2011227 +Susceptibility to killing by macrophage.   

Legionella pneumophila-AhpC 

Legionella pneumophila-AhpC 

Rankin 2002228 

LeBlanc 2006229 

Normal phenotype, but not extensively studied. 

+H2O2, CHP, TBP, and paraquat sensitivity 

Mycobacterium tuberculosis-AhpC  Springer 2001230 +CHP sensitivity. 

Porphyromonas gingivalis-AhpC Johnson 2004231 +H2O2 sensitivity. 

Bacteroides fragilis-AhpC Rocha 1999232 -10,000-fold survival in aerobic conditions. 

Staphylococcus aureus-AhpC Cosgrove 2006199 -10-fold tolerance to desiccation, -colonization. 

Salmonella typhimurium-AhpC Chen 1998233 +CHP and RNI sensitivity, -10,000-fold survival.  

Salmonella typhimurium-AhpC Storz 1989234 +CHP sensitivity. 

Escherichia coli-AhpC Storz 1989234 +CHP sensitivity. 

Escherichia coli-PrxQ 

Xanthomonas campestris-AhpC 

Xanthomonas campestris-AhpC 

Jeong 2000235 

Mongkolsuk 2000236 

Vattanaviboon 2003237 

+H2O2, TBP, linoleic acid peroxide sensitivity. 

+TBP sensitivity, +catalase expression.  

+Menadione sensitivity. 

Vibrio parahaemolyticus-AhpC1 Wang 2013201 -Colony formation with organic peroxides.  

Vibrio parahaemolyticus-AhpC2 Wang 2013201 Rapid induction of “viable but nonculturable state.” 

Vibrio parahaemolyticus-AhpC1/2 Wang 2013201 -Colony formation. 

Brucella abortus-AhpC Steele 2010196  +H2O2 sensitivity. 

Brucella abortus-AhpC, KatE Steele 2010196 -Virulence to mice, +H2O2 sensitivity. 

Synechococcus elongatus-2CysPrx Edgar 2012110 Altered circadium rhythm in phase and amplitude. 

Camploybacter jejuni-PrxQ Atack 2008238 Slightly reduced growth. 

Campylobacter jejuni-Tpx Atack 2008238 Slightly reduced growth. 

Campylobacter jejuni-PrxQ,Tpx Atack 2008238 Zero growth at high aeration, +DNA damage. 

Anabaena PCC 7120-PrxQ-A Latifi 2007239 Hypersensitive to oxidative stress. 
 

a Abbreviations for reactive nitrogen intermediates (RNI), cumene hydroperoxide (CHP) and tert-butyl hydroperoxide (TBP)
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SI Table 3.4. Eukaryotes lacking Srx with Prxs containing GGLG/YF-like sequences.a 

 Xenopus tropicalis  

Caenorhabditis elegans  

Schistosoma mansoni  

Nematostella vectensis  

Trichoplax adhaerens  

Amphimedon queenslandica  

Phaeosphaeria nodorum  

Tuber melanosporum  

Laccaria bicolor 

Encephalitozoon cuniculib  

Monosiga brevicollis  

Entamoeba histolytica  

Plasmodium falciparum 

Paramecium tetraurelia  

Phaeodactylum tricornutum  

Phytophthora infestans   

Guillardia theta 

Trypanosoma brucei  

Trichomonas vaginalis  

Giardia lamblia  

GGLG 

GGLG 

GGLG 

GGLG 

GGLG 

GGLG 

GGLG 

GGLG 

GGLG 

GVLG 

GGLA 

GGVG 

GGIG 

GGLG 

GGLE 

GGLG 

GGLG 

GGLG 

GGLG 

GGIG 

YF 

YF 

FF 

YF 

FF 

YF 

YL 

YF 

YF 

- - 

YF 

YL 

YY 

YW 

YF 

YF 

FF 

YF 

YF 

YF 
 

a Shown are the sequences at the GGLG/YF motifs for representative Prxs from 

eukaryotes that lack Srx. 
b This organism is included to show that the GGLG motif may be retained even if the 

YF is not. 
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Abbreviations 

1Abbreviations: Prx - peroxiredoxin, StAhpC - Salmonella typhimurium alkyl 

hydroperoxide reductase component C, FF - fully folded, LU - locally unfolded, CP - 

peroxidatic cysteine, CR - resolving cysteine, LUS-S - locally unfolded disulfide form, 

LUSH - locally unfolded thiol form, LUC-term - C-terminally unfolded form, WTDTT - 

DTT-treated wild type structure, C165ADTT - DTT-treated C165A structure, FFWT - 

fully folded wild type, FFC46S - fully folded C46S mutant, HsPrxIV - Homo sapiens 

PrxIV, HsPrxI - Homo sapiens PrxI, HsPrxV - Homo sapiens PrxV, ApTpx - 

Aeropyrum pernix thiol peroxidase, PDB - Protein Data Bank, DTT - 1,4-

dithiothreitol, BME - β-mercaptoethanol, MES - 2-(N-morpholino)ethanesulfonic acid, 

PBS - phosphate buffered saline, ALS - Advanced Light Source, NCS - non-

crystallographic symmetry, TLS - translation libration screw, AML - artificial mother 

liquor.  
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Abstract 

To reduce peroxides, peroxiredoxins (Prx) require a key ‘peroxidatic’ cysteine, that in 

a substrate-ready fully folded (FF) conformation becomes oxidized to sulfenic acid, 

and then after a local unfolding (LU) of the active site, forms a disulfide bond with a 

second ‘resolving’ Cys. For Salmonella typhimurium alkyl hydroperoxide reductase C 

(StAhpC) and some other Prxs, the FF structure is only known for a peroxidatic 

Cys→Ser variant, which may not accurately represent the wild type enzyme. Here, we 

obtain the structure of authentic reduced wild type StAhpC by dithiothreitol treatment 

of disulfide form crystals that fortuitously accommodate both the LU and FF 

conformations. The unique environment of one molecule in the crystal reveals a 

thermodynamic linkage between the folding of the active site loop and C-terminal 

regions, and comparisons with the Ser-variant show structural and mobility differences 

from which we infer that the Cys→Ser mutation stabilizes the FF active site. A 

structure for the C165A variant (a resolving Cys to Ala mutant) in the same crystal 

form reveals that this mutation destabilizes the folding of the C-terminal region. These 

structures prove that subtle modifications to Prx structures can substantially influence 

enzymatic properties. We also present a simple thermodynamic framework for 

understanding the various mixtures of FF and LU conformations seen in these 

structures. Based on this framework, we rationalize how physiologically-relevant 

regulatory posttranslational modifications may modulate activity and propose a non-

conventional strategy for designing selective Prx inhibitors.  
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Introduction 

Peroxiredoxins (Prx) are a ubiquitous family of enzymes which reduce peroxides and 

peroxynitrites via a reactive cysteine.26 Members of the widespread Prx1 subfamily, 

mostly found to form doughnut-shaped decamers, are thought to be responsible for 

reducing over 90% of cytosolic and mitochondrial peroxides.26,41,93 The study of Prx1 

enzymes also has implications for antibiotic drug designs as knock-out strains of 

certain microbial pathogens show them to be important for surviving peroxynitrite 

exposure233 (such as is generated by the host immune system240), for scavenging 

peroxide,241 for colonization,199  or even growth at oxygen levels at or above 4%.197,242 

Additionally, controlled inactivation of some eukaryotic Prx1 subfamily members by a 

peroxide-driven hyperoxidation of the reactive Cys to a Cys-sulfinate was proposed to 

play a role in allowing peroxide-mediated signaling.45 The downstream oxidation of 

target proteins by locally accumulated hydrogen peroxide is increasingly recognized 

as important in many such signaling pathways69 with particularly well-studied 

examples being the inhibition of protein tyrosine phosphatases via oxidation of an 

active site cysteine.69,12,131,204,108 Physiologically relevant regulation of Prx1 enzymes  

is also thought to occur by phosphorylation,69, 131,243,244 lysine acetylation,211 

glutathionylation,122 and proteolysis.69,245  

 Structural studies have shed much light on the mechanism of the Prx1 family 

of Prx enzymes (also called typical 2-Cys Prxs). For these enzymes, key residues are a 

peroxidatic Cys, termed CP, contained within an absolutely conserved 

PXXX(T/S)XXC motif, an additional conserved Arg, and a resolving Cys, termed CR, 

located near the C-terminus26,67 (Fig. 4.1a). The basic active unit involves a so-called 

“B-type” homodimer with two active sites, each involving the CP from one subunit 

and CR from the other (Fig 1a), with the association of five such dimers at “A-type” 

interfaces building the toroidal (α2)5 decamer  (Fig 1b).55 The active site stabilizes the 

CP thiolate (pKa ~6.0),94 as well as specifically binding and activating the peroxide 

substrate.26,77 In the catalytic cycle (Fig. 4.1c), an SN2 nucleophilic attack of the CP 

thiolate on the peroxide substrate forms a CP-sulfenic acid and water (or 
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corresponding alcohol); the CP-sulfenic acid is then attacked by CR to form an 

interchain  CP—CR disulfide (and another molecule of water) which is in turn reduced 

most commonly by a thioredoxin-type protein.26,67,77  

 In the enzyme form that reacts with peroxide, CP and CR are ~14 Å apart and 

CR is buried, so that formation of the CP—CR disulfide requires a substantial local 

unfolding of both the active site loop (i.e. residues ~40-50 which contains CP) of one 

chain and the C-terminus (containing CR) of its partner chain in the homodimer. Each 

active site of these enzymes, therefore, has at least two discrete conformations relevant 

to the catalytic cycle (Fig 1): (1) a fully folded conformation (FF), with a substrate-

ready active site pocket, and (2) a locally unfolded conformation (LU) having the 

active site loop rearranged and the C-terminal residues beyond CR disordered.26,57 This 

FF↔LU transition is not only important for catalysis, but it has been shown to be the 

main factor governing the sensitivity of Prx1 subfamily enzymes to hyperoxidative 

inactivation.45 Some remaining points of uncertainty are, however, to what extent the 

unfolding of the active site loop and C-terminus are coordinated, how the 

conformational equilibrium is altered by modifications, and whether the catalytic 

states of CP-SH and CP-SOH are locked into a certain conformation or dynamically 

transitioning between them. NMR and crystallographic evidences imply that there is a 

preexisting dynamic equilibrium for the CP-SH form for a monomeric plant enzyme in 

the PrxQ subfamily,57,56 while one human Prx1 subfamily enzyme has recently been 

reported to specifically convert to the LU conformation when in the CP-SOH form.58  

 We address these questions here using Salmonella typhimurium alkyl 

hydroperoxide reductase C (StAhpC), one of the first discovered Prxs and a model 

system for studying Prx1 catalysis,141, 52 oligomerization,55 and regulation.45 Among 

the six StAhpC crystal structures reported, four exhibit the LU disulfide conformation 

(LUS-S) – with one wild type55 and four mutants52,94 – while only one, a CP→Ser (i.e. 

C46S) mutant, adopts the FF conformation.45 We speculated that the StAhpC C46S 

mutant structure may not accurately represent the properties of the reduced wild type 
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enzyme, and thus sought to obtain a structure of the authentic wild-type FF active site. 

Here, we report that soaking the LUS-S form crystals in dithiothreitol (DTT) provides a 

structure of FF wild-type StAhpC (FFWT) in a crystal environment that can 

accommodate both the FF and LU conformations. In addition, we developed a 

protocol to crystallize the CR→Ala mutant in the same crystal form. This allows for a 

rare level of insight into the conformational, dynamic, and thermodynamic aspects of 

the FF↔LU equilibrium that are essential for Prx function, including how they are 

influenced by CP→Ser and CR→Ala mutations.  
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Figure 4.1. Structure and 

catalysis of StAhpC.  

(a) A “B-type” dimer unit of StAhpC 

with the key catalytic residues 

depicted as sticks, and select Prx 

fold core elements of seven β-

strands and five helices55 labeled. 

Chains A (light grey/light orange) 

and B (dark grey/dark orange) from 

the WTDTT structure illustrate the FF 

AB′ active site and the LUSH BA′ 

active site (seen at ~50% 

occupancy). The active site loop 

(residues 40-50) and C-terminal 

(residues 161-186) regions are 

highlighted (orange tones), as is the 

disordered BA′ C-terminal region 

(dashed curve). (b) The half-

decamer observed in the StAhpC 

WTDTT asymmetric unit is colored 

according to mobility from low 

(blue) to high (red) as indicated. 

Decamer-building interfaces 

between B-type dimers (dotted grey 

two-headed arrows) and the 

crystallographic two-fold axis that 

generates the decamer are indicated. 

Also shown is the symmetry mate 

hindering folding of the chain A C-

terminus (magenta). (c) The Prx 

catalytic cycle (black) and the 

hyperoxidation regulatory shunt 

active in some eukaryotes (grey) are 

shown. FF and LU conformations 

involved in catalysis are indicated. 
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Experimental Procedures 

Crystallography 

C165A creation and purification of wild type and mutant AhpC proteins.  

The C165A mutation of StAhpC was created using the QuikChange site-directed 

mutagenesis kit (Stratagene) and validated by sequencing the entire gene. Wild type 

and mutant StAhpC were expressed from the pTHCm-ahpC vector94 in JW0598 

(lacking ahpC) E. coli cells246 grown in Studier's ZYM-5052 auto-induction media.247 

The purification procedure for all AhpC mutant proteins was essentially the same as 

described previously248 except that 10 mM β-mercaptoethanol (BME) was included in 

all buffers used during the purification of C165A in order to prevent hyperoxidation of 

the CP.  After purification by phenyl sepharose and ion exchange chromatography, the 

C165A protein was concentrated and exchanged into 25 mM potassium phosphate, pH 

7.0, 1 mM EDTA, 2 mM DTT. As seen from the results, apparently some BME 

remained present after the buffer exchange. The concentration of AhpC was 

determined by absorbance at 280 nm with ε = 24,300 M-1 cm-1.248 

 

Crystallization of wild type StAhpC and C165A mutant. Initial crystallization was 

essentially as described by Wood et al.55 For wild type, optimal crystals were grown at 

300 K in hanging drops formed by 4 μL of 14.3 mg/ml protein (in 25 mM  phosphate-

buffered saline (PBS), 1mM EDTA, pH 7.0) mixed with 1 μL of artificial mother 

liquor (AML) containing 1.4 M MgSO4 and 0.1 M MES at pH 6.5. Micro-seeding 

produced larger and better-diffracting crystals. Briefly, initial crystals were crushed in 

100 μL of AML and vortexed, and a serial dilution of seed stock concentrations was 

created. Drops were seeded by dipping a 21-gauge needle into the seed stock and then 

streaking it across the new drop. Large, tapering column crystals on the order of ~0.5 

mm grew in 1-14 days. As expected, these crystals contained protein in the disulfide 

form, and for reduction, crystals were soaked for two minutes in freshly prepared 
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AML containing 0.1 M DTT (SI Fig. 4.1). Some stress lines did appear on the crystals 

when this soak was performed. 

Many attempts to grow C2221 crystals of untreated C165A produced only a 

single crystal that grew after more than a month. Peroxide at 100 mM was added to 

some crystallization trials to attempt to produce homogeneous oxidized protein, and 

crystals grew much more readily. Analysis of the treated protein by mass spectrometry 

showed that the predominant redox states of the enzyme were CP-SO3
- and a form with 

the molecular weight expected for a BME adduct that presumably was produced by 

residual BME from the purification reacting with transiently formed CP-SOH (SI Fig. 

4.2). These crystals yielded a structure that was 100% LU but when soaked with DTT 

a portion of the enzyme shifted to the FF conformation. We inferred that the portion of 

the protein forming the BME-adduct was being reduced and shifting its conformation 

to FF, and the portion containing CP-SO3
- was not being reduced and was remaining in 

the LU conformation. Though not conclusive, this observations implies that the CP-

SO3
- form of StAhpC behaves differently than two other Prxs for which this form was 

shown to be FF.249,250 In refining the protocol to produce maximal C165A-BME 

adduct with minimal CP-SO2
-/SO3

- formation, we settled on the addition of 10 μM 

BME and 20 μM peroxide based on trials of several concentrations that were analyzed 

with mass spectrometry (SI Fig. 4.2). In our final protocol, crystals of C165A were 

obtained by seeding with crushed wild type LUS-S crystals in drops first treated with 10 

μM BME for 30 minutes, with the subsequent addition of hydrogen peroxide to a final 

concentration of 20 μM. A DTT soak of these crystals was carried out as for wild type 

StAhpC. Here, we refer to the DTT-soaked structures of wild type and C165A as 

WTDTT and C165ADTT, respectively. 

For freezing both wild type and C165A crystals, glycerol was added to the 

drop as a cryoprotectant to make a final concentration of ~20%. The crystals dissolved 

if the glycerol was added too quickly, so the glycerol was placed beside the crystal 

drop and a small channel was created between them with a pipette tip and equilibrated 
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for ~2 min. The crystals were then scooped and frozen by plunging into liquid 

nitrogen. 

 

Data collection. Data were collected at the Advanced Light Source (ALS) Lawrence 

Berkeley National Laboratory beam-lines 5.0.2. and 8.2.2. The data were indexed and 

integrated with Mosflm version 7.0.9.251 All crystals of StAhpC were found to be in 

the space group C2221 and exhibited similar unit cell dimensions as previous StAhpC 

structures, with a~127 Å, b~171 Å, c~135 Å (see Table 4.1). The resolution cutoff 

criterion was based on the new statistic CC1/2 recently introduced by Karplus and 

Diederichs,252 which demonstrated that better models are obtained when resolution is 

extended to the CC1/2 = 0.1-0.2 range despite the fact that Rmeas.values become 

disturbingly large and <I/σ> unconventionally low. We have applied this new criteria 

in recent studies and discussed its value,57,253 and note a recent detailed study by Evans 

& Murshudov254  concluded that useful signal is contained in data out to the CC1/2 

~0.2-4 range and “it seems sensible to set a generous limit so as not to exclude data 

containing real (if weak) information.” For our structures, we implemented a cutoff of 

CC1/2 ~0.2 in the highest resolution shell (Table 4.1) and obtained improved maps. 

The effective resolution of a structure is difficult to define, but for comparison with 

past structures, we also note the resolution at which <I/σ> ~2 (Table 4.1). Rfree flags 

were randomly assigned to five percent of the WTDTT dataset, and the same flags were 

imported to use for the C165ADTT dataset. 

 

Refinement of DTT-soaked structures. An initial model for WTDTT was constructed 

based on the StAhpC C46S crystal structure (PDB entry 1n8j of spacegroup P1)
45 with 

active site residues 40-50 and 161-186 removed to produce maps that were unbiased 

for these regions. Chains K, L, O, P, and R of 1n8j were superimposed on the half-

decamer of PDB entry 1yep, one of the previously solved locally-unfolded C2221 
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StAhpC structures,55 and this model was refined using BUSTER,255 producing initial 

R/Rfree values of 25.0/28.9. All chains were found to have had their disulfides reduced, 

and the active sites were modeled as FF or LUSH (LU with no disulfide formed) or 

LUC-term (only the C-terminal region unfolded), based on omit map density (Table 4.2). 

Coot256 was used to perform manual rebuilding, with main initial changes including 

the addition of solvent molecules and adjustment of some side-chain rotamers. No 

non-crystallographic-symmetry (NCS) restraints were used. End stage refinements 

were performed with PHENIX.257 Adding riding hydrogens reduced Rfree by ~0.5 

percent, and using TLS refinement with one group per protein chain, dropped Rfree by 

~3 percent. The occupancy of the chain B active site loop was estimated to be ~0.5:0.5 

FF:LU. We expect that remaining positive difference density in this region is due to 

solvent molecules that coordinate with Arg119 when the active site is LU, as was 

observed in the LUS-S structure.55 Based on evidence (see Fig. 4.2 legend), residual 

positive difference map peaks at sites that had been modeled as waters were replaced 

by potassium and chloride ions and six glycerol molecules. There remains one fairly 

large and oddly-shaped difference density feature at each decamer-building interface, 

which we were not able to interpret (SI Fig. 4.3). The WTDTT final R/Rfree was 

20.4%/24.0%, and the final refinement statistics are reported in Table 4.1.  
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Table 4.1. Data collection and refinement statistics 

Data Collection 

Structure 

Space group 

Unit cell a, b, c (Å) 

Resolution (Å) 

Completeness (%) 

Unique reflections 

Multiplicity 

Rmeas (%) 

<I/σ> 

CC1/2 

 

Refinement 

Resolution range (Å) 

R-factor (%) 

R-free (%) 

Molecules in AU 

Protein residues 

Water molecules 

Total atoms 

RMSD lengths (Å) 

RMSD angles (°) 

 

Ramachandran plotf 

   φ, ψ-Preferred (%) 

   φ, ψ-Allowed (%) 

   φ, ψ-Outliers (%) 

B factors 

   <Main chain> (Å2) 

   <Side chains & waters> 

PDB code:4MA9 

WTDTT 

C2221 

126.81, 171.13, 135.34 

36.8-1.82 (1.92-1.82)a 

96.7 (91.1) 

126642 (17246) 

13.0 (12.7) 

23.1b (408) 

10.6 (0.6)d 

1.00 (0.16) 

 

 

36.7-1.82 

20.4 

24.0 

5 

907 

518 

14776 

0.012 

1.3 

 

 

97.6 

2.4 

0.0 

1 TLS group/monomer 

48 

(Å2)            59 

PDB code: 4MAB 

C165ADTT  

C2221 

127.23, 172.42, 136.21 

29.2-1.90 (2.00-1.90) 

100.0 (100.0) 

117456 (17015) 

6.8 (6.4) 

23.8 c (1048) 

6.2 (0.2)e 

0.995 (0.20) 

 

 

29.2-1.90 

19.8 

23.9 

5 

909 

232 

14454 

0.016 

1.6 

 

 

97.2 

2.7 

0.1g 

1 TLS group/monomer 

56 

64 

 

 
a Values in parentheses are for the highest resolution shell and preceding values are for 

all data. 

b Rmeas in the inner shell (40-5.76 Å) is 3.3%. 
c Rmeas in the inner shell (30-6.01 Å) is 3.8%. 
d <I/σ> of the inner shell is 58.1 and falls to ~2 at 2.15 Å. 
e  <I/σ> of the inner shell is 30.8 and falls to ~2 at 2.30 Å. 

f Preferred, allowed, and outlier angles as assigned by Molprobity.258 
g V164 chain A has weak density but is near an allowed region. 
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Refinement for C165ADTT utilized the final WTDTT model as a starting model 

with active site residues 40-50 and 160-186 removed (initial R/Rfree = 24.4/26.4). As 

for WTDTT, the chain B active site loop was modeled as 50:50 LUSH/LUC-term. Residues 

40-50 of chains A, C, D, and E were modeled only as fully-occupied FF despite 

residual low level density that could be due to some LU population; the C-terminal 

regions were modeled as partially occupied FF based on consistent 2FO-FC and FO-FC 

density for the expected FF chain path. Test refinements varying the occupancy in 

increments of 0.1 gave 0.6 as the occupancy at which the B-factors for this region 

were closest to those observed for the WTDTT structure. A residual difference peak 

near the position occupied by wild type Cys165-Sγ was left uninterpreted, and we 

suspect it is due to a partially-occupied sulfhydryl from DTT (present at ~0.1 M) that 

binds at this site when the C-terminus is not folded. Both mass spectrometry on these 

crystals (SI Fig. 4.2), and reasonably clear electron density for Ala165 in chain A 

confirm the crystals are of the C165A mutant. Using the reference restraint option of 

Phenix257 the WTDTT structure was utilized to restrain the geometries of the weakly-

occupied C-terminal regions. Riding hydrogens were added to the model and one TLS 

group per chain was implemented to reach final R/Rfree values of 19.9/23.9 (Table 

4.1). The coordinates and structure factors for the WTDTT and C165ADTT structures 

have been deposited in the Protein Data Bank as PDB codes 4ma9 and 4mab. 
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Mass spectrometry analysis 

Crystal samples were prepared from crystals harvested into a 10 μL drop of degassed 

DI water, manually crushed, and kept from further chemical reactions by flash-

freezing in liquid nitrogen prior to analysis. Proteins were detected from 800-2000 m/z 

using a LTQ-FT Ultra mass spectrometer (Thermo, San Jose, CA, US) in LTQ mode, 

with a Finnigan Ion Max API source set up for electrospray ionization in positive ion 

mode. All collections used the following conditions: spray voltage 5 kV, capillary 

temperature 200° C, capillary voltage 40 V, and tube lens 240 V. Proteins from 

samples described above were adsorbed onto a C4 Ziptip, washed with water and 

eluted in-line to the mass spectrometer with solvent as previously described.259,260  The 

solvent of 50% acetonitrile, 50% water and 0.1% formic acid was delivered at 20 

µL/min. Maximum entropy deconvolution and integration of the mass spectrum was 

performed to generate zero charge parent masses from the mass spectra using the 

program MOP (Multiple Overlaying Pictures, Spectrum Square Associates, Inc) and 

Matlab.259 Spectra of crystals were noisy, but clearly showed that WTDTT was 

predominantly monomeric (indicating reduction of the intermolecular disulfide, SI 

Fig. 4.1) and C165ADTT was mostly in the thiol/thiolate state, though there were minor 

peaks near the expected positions of CP-SOH, CP-SO2
-, and CP-SO3

- (SI Fig. 4.2).The 

time course assay for C165A was performed on reduced protein at 43.5 μM in 100-

fold diluted PBS buffer,195 pH 7.0, with the addition of peroxide to make the final 

concentration 1 mM. Samples were taken at 0, 1, 2, 3, 5, 10 and 20 minutes and 

analyzed as specified above. 

 

Results and Discussion 

Overall structure 

Recognizing that the existing StAhpC wild type LUS-S structure55 had few crystal 

contacts involving residues that change positions in the FF↔LU transition (Fig 1b), 
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we conceived of generating the FF conformation by soaking the LUS-S crystals in 

DTT. Fresh crystals of the disulfide form of wild type StAhpC55 survived the DTT 

soak with diffraction power and unit cell virtually unchanged, allowing the structure to 

be determined at 1.82 Å resolution using recently proposed252 more generous 

resolution cutoff criteria (Table 4.1). We identified bound potassium and chloride ions  

(Fig. 4.2), which may relate to how ionic strength can increase decamerization, FF 

stability, and catalytic activity,52 as has been reported for another AhpC.261 In this 

crystal form a half-decamer of five chains (labeled A-E) are in the asymmetric unit, 

with the AB, CD, and EEsym (symmetry mate of E) pairs being the functional 

homodimer units (Fig. 4.1b) .55,52 For the wild-type DTT-treated structure (WTDTT), 

disulfide reduction did occur, as the active site loop (residues 40-50) for chains A, C, 

D, E, and the C-termini of their partner chains (B, D, C, and Esym, respectively) adopt 

the FF conformation, and the CP and CR thiolates/thiols are visible in their expected 

positions ~14 Å apart (Fig. 4.3a,b). Mass spectrometry of dissolved WTDTT crystals 

confirmed the presence of the reduced monomeric form (SI Fig. 4.1). Interestingly, the 

active site loop of chain B exhibits a ~50:50 mix of the FF/LU chain paths (Fig. 4.3c), 

and its partner in the dimer, chain A, has its C-terminus LU (only modeled through 

residue 163) even though no CP—CR disulfide is present (Fig 4.1a).  This C-terminal 

LU conformation can be explained in that a crystal packing interaction blocks the 

position it would fill in the FF conformation (Fig 4.1b). 
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Figure 4.2. Evidence for bound ions at subunit interfaces in the WTDTT structure.  

(a) Representative of all decamer-building interfaces, a potassium (purple sphere) is 

coordinated by Thr72-O of chains B and C and four water sites (red spheres). The 2FO-FC 

density is contoured at 1.5 ρrms (grey mesh) and 5.0 ρrms (hot pink mesh) and coordinating 

interactions (black thin bonds; distances in Å) are shown. Evidences for the assignment are the 

strong electron density, the roughly octahedral coordination with distances near 2.8 Å as is 

uniquely expected for a potassium,262 and the presence of 25 mM potassium-phosphate in the 

protein buffer. If modeled as a water, strong difference density appears. This site is incorrectly 

modeled as a water in previous StAhpC structures. (b) Representative of all dimer-interfaces, 

chloride ions (green spheres) modeled near the positively-charged -amino group of chains A 

and B. The 2FO-FC density is contoured at 2.0 ρrms (grey mesh) and 6.0 ρrms (hot pink mesh). 

When modeled as a water, strong difference density is observed. These ions are also present in 

the C165ADTT structure, but do not appear to be present in C46S StAhpC crystals. 
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Figure 4.3. The WTDTT CP and CR 

environments in FF chains.  

(a) The FF active site loop of wild type 

StAhpC chain A (white) in 2FO-FC electron 

density (grey mesh contoured at 1.5 ρrms) 

matches the conformation of peroxide-

bound ApTpx (pink protein and green 

peroxide; PDB code 3a2v). Selected polar 

interactions are indicated by dashed lines. In 

StAhpC, a bound water (red sphere) 

overlays with the position of the ApTpx 

hydrogen peroxide substrate. (b) The FF CR 

environment in chain B (white) is shown 

with 2FO-FC electron density (contoured at 

1.0 ρrms). The FF CR is buried in a pocket formed by Ile140, Tyr156′, Val157′, Trp169′, and 

Thr175′ where it is sheltered from reacting with cellular oxidants and electrophiles. (c) The 

active site loop of chain B shown adopting both the FF path (solid white) and the LUSH path 

(solid yellow) with similar levels of 2FO-FC electron density (countered at 1.0 ρrms). The LUSH 

conformation is similar to that of LUS-S (transparent forest green; PDB code 1yep), but the CP 

thiol adopts a different position.  
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 Thus, in this crystal, three new conformations containing reduced CP and CR 

residues are observed (Table 4.2). One, as targeted, is the FF conformation adopted by 

the wild type enzyme that is seen four times in the asymmetric unit and which we refer 

to as “FFWT” (Fig. 4.3a and 3b). The others are both ~50% occupied and pair an LU C-

terminus with either an LU active site loop without a disulfide (“LUSH”), or with an FF 

active site loop (“LUC-term”)(Fig. 4.3c). For clarity, since each complete active site 

combines residues from two chains, we will use here a nomenclature that first defines 

the chain contributing CP and then the chain contributing CR, and using a prime (′) to 

denote residues from the chain contributing CR. Thus, the four ~100% FFWT active 

sites are the AB′, CD′, DC′, EE′sym active sites, and the 50:50 mix of the LUSH and 

LUC-term conformations occurs in the BA′ active site. An advantage of this crystal form 

is it provides a controlled environment in which StAhpC structures are each seen in 

two basic contexts — one with unconstrained C-termini and active site loop regions 

(active sites AB′, CD′, DC′, and EE′sym) and one with a C-terminus constrained to be 

unfolded and unconstrained active site loop (active site BA′). A summary of the 

conformations seen in StAhpC structures compared in this paper are given in Table 

4.2. 
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Table 4.2. Conformations and occupancies in active sites of StAhpC structures.a 

 FF LUC-term LUSH LUS-S 

 

Crystal : active sites 

    

WTDTT : AB′, CD′, DC′, EE′ 100 0 0 0 

WTDTT : BA′ 0 50 50 0 

     

C165ADTT  : AB′, CD′, DC′, EE′ 60 20 20 0 

C165ADTT  : BA′ 0 50 50 0 

     

C46S : all 20 100 0 0 0 

     

WTS-S : all 5 0 0 0 100 

 
a The conformation names used are all described in the text and the cartoon images 

provide a simple visual of the essential features of the conformation with the CP 

shown as a grey circle and CR as a black circle. The four crystal forms listed are also 

described in the text.  

 

Linkage of the active site loop and C-terminal conformations 

Asymmetry of interactions linking the C-terminal and active site loop regions. As 

noted above, for the BA′ active site, the A-chain C-terminal region is blocked from 

adopting the FF conformation by a crystal contact. Our observance of the LUC-term 

conformation in this active site proves that the active site loop can be FF even when 

the C-terminal region is LU. In addition, because the BA′ active site loop was ~50% 

LU (as opposed to dominantly FF as for the other active sites) implies a 

thermodynamic linkage in which the absence of a folded C-terminal region 

destabilizes the FF active site loop.  
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Figure 4.4. Packing interactions and coordination of unfolding of the FF C-terminal 

and active site loop regions.  

(a) The FF active site is shown (active site loop in grey; C-terminal region in dark orange; and 

the neighboring surface across the decamer-building interface in cyan) along with select 

interacting residues (labeled and shown as sticks) and stabilizing hydrogen bonds (dashed 

lines). Positions of residues 137 and 141 are also noted with (■). To provide context, the LUSH 

conformation (transparent yellow) is shown and yellow arrows indicate movements of the CP 

residue and Phe44. The C-terminal region has minimal regular secondary structure (residues 

Val164′–Cys165′ forms a short -strand and Leu180′-Gly184′ is a short 310-helix), and it 

interacts with helix α5′ of the same chain (two H-bonds shown), across the decamer-building 

interface, and with the FF active site loop. The C-terminal residue Ile186′ side chain packs 

with Pro47, and C-terminal α-carboxylate H-bonds with the side chains of Ser85 and Thr87. 

(b) Cartoon scheme emphasizing that C-terminal region unfolding destabilizes but does not 

disrupt the active site loop, whereas active site loop unfolding does disrupt the folding of the 

C-terminal region. As in panel (a), FF conformations of the two regions are shown in grey and 

orange, yellow arrows indicate transitions to LU, and LU positions are depicted in transparent 

yellow. Shown also are approximate hinge points at Ala40, Leu50, and Glu163′ (blue cogs), 

and the collision of the LU active site loop with the FF C-terminal region (red lightning). The 

purple arrow emphasizes that the active site loop is not blocked from folding. The decamer-

building interactions are not shown in this scheme. 
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Comparing the FFWT and LUSH structures in the region of the active site (Fig. 4.4a) 

shows that unfolding of the C-terminus could destabilize the active site loop in three 

ways. First is the loss of hydrophobic packing interactions between Leu176′, Leu182′, 

and Ile186′ side chains and the first turn of helix α2. Second is a less direct effect 

mediated by residues 137-142 which in the FF conformation make a short β-sheet with 

C-terminal residues 163′-166′ (Fig. 4.4a). When 163′-166′ move away in the LU 

transition, the 137-142 segment shifts ~1.5 Å, pulling with it Glu49 which is H-

bonded with 142-NH (Fig. 4.5). This shifting of the Glu49 and Glu138 carboxylates 

contribute to a disordering of Arg119 and the weakening of its interactions with the FF 

CP side chain (Fig. 4.5). Third, a contribution not relevant for the crystalline decamer 

but expected to occur in solution, is that the loss of the packing from the side chains of 

Leu180′ and Val183′ with a hydrophobic niche (residues 15-20) at the decamer-

building interface (Fig. 4.4a) would destabilize the decamer and therefore, as has been 

noted before,55 destabilize the active site loop.  

 In these ways, unfolding of the C-terminus destabilizes the FF active site loop, 

but does not force its unfolding. In contrast, the unfolding of the active site loop will 

not just destabilize the C-terminal segment, but will actually force it to unfold (Fig. 

4.4b). This asymmetric linkage occurs because the LU positions of the active site loop 

backbone physically collide with the FF positions of Leu176′, Leu182′, and Ile186′.  
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Figure 4.5. Role of the 137-142 segment in the FF↔LU transition.  

Twenty-four FF dimers (C46S, pink; wild type, white) and 6 LU dimers (LUS-S, forest green; 

LUSH, yellow) are shown, with yellow arrows highlighting FF→LU shifts. For clarity, only the 

FF position of CP (C46 or S46, denoted with an asterisk) is shown. Select H-bonds shown link 

residues 139-141 in a β-sheet with the FF C-terminal region and via the Glu138 and Glu49 

side chains, to the catalytic Arg119.  
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Active site loop and C-terminal region B-factor patterns provide additional evidence 

of linkage.  For the AB′, CD′, DC′, and EE′sym active sites in this crystal form, both 

LUS-S (as grown) and FF (after reduction by DTT) conformations can be adopted, 

proving that the mobility of these active sites are not hindered by the crystal packing. 

Therefore, additional evidence of a physical linkage between the active site loop and 

C-terminal conformations can be gleaned from their B-factors, which show that a 

correlation exists between their dynamic properties, with more ordered active site 

loops (lower B-factors) paired with more ordered C-termini (Fig. 4.6 inset). The 

detailed B-factor patterns of the chains, controlled for the crystal environment, further 

illustrates this linkage. Interestingly, all five regions associated with the FF↔LU 

transition are the high B-factor peaks, and of these regions three – the active site loop, 

the C-terminus, and residues 85-87 which H-bond to the Ile186′ α-carboxylate – 

become even more disordered in the transition from FFWT to LUS-S (black vs. green 

curves in Fig. 4.6). That all five segments are rather mobile in both FFWT and LUS-S 

leads us to conclude that they are easily adaptable rather than being highly stabilized 

in either conformation, and this helps keep the energy barrier to the conformation 

change low. 
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Figure 4.6. Mobility patterns in wild type StAhpC and CP→Ser structures.  

A hybrid plot of average main chain B-factors by residue is shown, with each color trace 

representing the B-factors for residues 1-160 of one chain and residues 161-186 of its dimer 

partner chain. Shown are the wild type FF AB′ dimer (black), the LUS-S AB′ dimer (PDB code 

1yep; forest green), and a dimer from FF C46S with a solvent exposed active site (PDB code 

1n8j KL′ dimer; pink). To normalize comparisons, the B-factors were adjusted by subtracting 

a trace-specific “core” B-value (defined as the 10th percentile B-factor of atoms in the chain 

contributing residues 1-160). Indicated below the plot are the positions of secondary structures 

(labeled). The peaks labeled 1 to 5 are the segments involved in the FF↔LU transition, with 

regions that move highlighted in gold. In C46S, the less-ordered N-terminus may be due to the 

lack of a chloride ion in this crystal form, and the low B-factors near residue 30 are due to a 

crystal packing interaction. Differences in the 100-130 region may be attributed to the 

unidentified ligand at the decamer-building interface (see Experimental Procedures, SI Fig. 

4.3). Inset: Plotted are the average main chain B-factor for residues 40-50 (active site loop) 

and for residues 161′-186′ (C-term), along with the 10th percentile B-value of the active site 

loop containing chain (Core) for each of the four FFWT active sites: AB′ (grey), CD′ (lime 

green), DC′ (blue), and EE′sym (purple). The variation in absolute mobility among the four 

FFWT active sites relates to the crystal packing interactions, with for example, the EE′sym active 

site being the most disordered, because it has no crystal contacts (see also Fig. 4.1b).  
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Changes associated with the CP→Ser mutation 

Positional differences in the FF active site. In addition to StAhpC, many structures of 

FF Prx enzymes have only been solved as CP→Ser mutants263,264,140,265,266,267,268,139 

assuming that a serine in the reactive CP position faithfully mimics the active site.  

Given that an active site Cys→Ser mutation can alter the thermodynamics of a folded 

protein sufficiently to cause substantial rearrangement of the active site,269,270 we 

looked for differences caused by the C46S mutation by comparing the 4 FFWT active 

sites with the 20 independent FF active sites seen in crystals of the C46S mutant 

(FFC46S)45 (Fig. 4.7a). Although the FFWT and FFC46S structures are very similar (rmsd 

~0.35 Å for 186 Cα-atoms), the sets of FFWT and FFC46S structures cluster distinctly 

(Fig. 4.7a), revealing systematic active site differences. For clarity in this comparison, 

we refer to the C46S mutant structure as being “shifted” relative to the wild type. 

 Despite conservation of the CP backbone position, Ser46-Oγ is shifted 

consistently by ~1 Å compared to Cys46-Sγ, and is further from Ala40-NH, Thr43-

Oγ, and Arg119-NH2, and closer to Arg119-NH1 (Fig. 4.7a). Also, the side chains of 

Arg119 and Pro39 shift slightly and Thr43 sits deeper in the active site pocket. 

Independent evidence for which of these shifts are due to the Cys→Ser mutation can 

be gleaned from the prototypical Prx substrate-bound structures of Aeropyrum pernix 

thiol peroxidase (ApTpx, a Prx6 family member despite the “Tpx” name;26 PDB code 

3a2v)80 (Fig. 4.3a) and the diol inhibitor-bound Homo sapiens PrxV (HsPrxV; PDB 

code 3mng),77 which fortuitously have high resolution structures available for both the 

wild type and CP→Ser forms.26 In both cases, similar shifts are seen for the Ser, Arg, 

and Thr side chains, and these structures additionally show that bound ligands sit 

deeper in the active site of the CP→Ser mutants (Fig. 4.7b and c). 
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Figure 4.7. Active site changes due to CP→Ser mutations.  

(a) Stereo diagram of 20 chains of C46S (pink) overlaid onto the 4 chains of wild type StAhpC 

(solid white), with representative distances given in Å based on C46S Chain K (pink) and wild 

type Chain A (grey). Estimation of coordinate uncertainty by SFCHECK271 for both of these 

models are in the range of 0.2-0.3 Å. (b) Active site overlay of wild type HsPrxV (light blue, 

PDB code 1hd2) and its CP→Ser mutant (pink, PDB code 1urm) with color-coded distances to 

the bound benzoate indicated, which were chosen for comparison based on having resolution 

better than 2.0 Å, clear density for the ligands, and adoption of the same space group with 

similar unit cells. For 12 chains of wild type HsPrxV with benzoate, acetate, or DTT ligands 

(PDB codes 1hd2, 3mng, 1h4o, 1oc3, 2vl2, and 2vl3) the average Cys Sγ…ligand distance is 

3.46 Å (c) Active site overlay of 10 chains from wild type ApTpx (light pink, peroxide-bound; 

PDB code 3a2v) and 10 chains from its CP→Ser mutant (purple, acetate bound; PDB code 

3a2x) with the color-coded average distances indicated. 

 

 In rationalizing these common shifts, we assume, for a few reasons, that the CP 

residue in the wild type structures is present as the catalytically relevant thiolate: first, 

the StAhpC crystals are grown at pH 6.5, above the experimentally measured CP pKa 
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of 5.9 +/- 0.1;94 second, the peroxide-bound ApTpx crystals (PDB code: 3a2v) were at 

pH 6.5 and catalytically active;77 third, all the HsPrxV structures, ranging from 

pH=5.6 to pH=8.0, adopt similar active site geometry;77 and fourth, the interactions 

between Sγ and its active site surroundings are compatible with the thiolate 

interpretation (Fig. 4.7). It is to be expected that a hydroxyl would not be able to 

perfectly mimic a thiolate, as the thiolate is both larger (van der Waals radius ~0.7 Å 

greater), cannot donate a hydrogen bond, and with its more diffuse electron clouds is 

“softer,” making for rather different H-bonding properties.272,273 We attribute the Ser 

and Arg shifts to making the Arg119-NH1…Oγ H-bond shorter and better aligned in 

the mutant, and the Thr shift as filling in the space opened by the Sγ to Oγ change 

while improving the linearity of its H-bond with the backbone carbonyl.274 The ~0.5 Å 

deeper penetration of ligands into the active sites of CP→Ser mutants (Fig. 4.7b and c) 

would be both due to the smaller van der Waals radius of oxygen and the formation of 

a Ser-OγH … ligand H-bond. Given such structural differences it should not be 

surprising that the C46S mutation may also have thermodynamic consequences. 

 

B-factors and crystallizability indicate mutation-induced alterations to mobility. 

Beyond the changes in atom positions, we also observed striking differences between 

the B-factors of FFWT and a FFC46S active site that is not constrained by crystal 

contacts (Fig. 4.6). Relative to their respective cores, FFC46S has B-factors about half 

as high as the FFWT in all three regions of the structure that change positions in the 

FF↔LU transition (yellow highlights). This greater order of C46S provides evidence 

that in some way the CP-Ser mutation has a stabilizing effect on the FF active site, and 

we propose that this apparent stabilizing effect is at least in part due to the Ser-Arg 

hydrogen bond  (Fig. 4.7a) being stronger than those formed by the sulfur atom.273 The 

ApTpx and HsPrxV CP→Ser structures do not share this difference in B-factor 

patterns, but this may be due to a stabilizing effect of the bound inhibitors and/or 

crystal packing interactions. 
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 Additional evidence for a difference in the dynamic properties of C46S and 

wild type StAhpC is that we were not able to crystallize the reduced wild type enzyme 

in the C46S mutant P1 spacegroup,45 despite the near identity of their average 

structures. The explanation we propose is that even though the FF conformation is 

dominant for the reduced wild type enzyme, LU or partially LU conformations are 

present at a high enough level to prevent growth of the P1 crystals which have some 

packing interactions that are not compatible with the LU conformation. This is 

consistent with deuterium exchange analysis of reduced wild type StAhpC that 

revealed the active site loop as the least protected region.275 These differences in 

StAhpC induced by the CP→Ser mutation reinforce two things: first, one must be 

cautious inferring the properties of the wild type enzyme from studies of such variants, 

and second, that the wild type active site has not evolved to be as highly stable as 

possible, as it would be counter-productive to catalysis (see also below).   

 

Structural characterization of the StAhpC CR→Ala mutant 

Recently a study of HsPrxIV crystals that could accommodate both the FF and LU 

conformations showed that a resolving Cys→Ala mutant (HsPrxIV-C245A) adopted 

the FF conformation when reduced, but was LU after a 5 min 1 mM peroxide 

treatment said to generate the CP-SOH form.58 Because of the apparent resistance of 

the CP-SOH to further oxidation, the authors concluded that once the newly-formed 

CP-SOH transitions to LU, “it does not reform the FF conformation until the 

peroxidatic cysteine is reduced.”58 However, we note that a Western blot of similar 

treatments in that study showed an un-quantified portion of the sample was 

hyperoxidized to CP-SO2/3, and the identification of the CP-SOH state was only based 

on interpreting an electron density map that for some chains showed alternate 

conformations for the CP side chain. To address this important point further, we sought 

to use our StAhpC crystal form to crystallographically define thermodynamic impacts 

on the FF↔LU equilibrium of both a CR→Ala mutation and CP-SOH formation. 
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β-mercaptoethanol (BME) as a crystallization aid. We generated the equivalent 

StAhpC CR→Ala mutant (C165A), which as expected was active in the presence of a 

suitable reductant. As purified, the C165A variant did not readily crystallize, but 

crystal growth was strongly promoted by treatment with 100 mM hydrogen peroxide, 

and the resulting structure showed the protein in the LU conformation in what, based 

on the electron density, we originally modeled as the CP-SOH form (data not shown). 

However, mass spectrometric analyses of the crystals (SI Fig. 4.2) showed them to be 

a roughly 60:40 mix of a BME adduct (presumably a mixed disulfide with CP) and CP-

SO3 despite the lack of clear density for these modifications. Using this insight we 

created a C165A BME-adduct crystal by exposure to only μM levels of peroxide in 

the presence of added BME. We suggest based on this experience that, especially for 

CR-mutants or 1-Cys Prxs, trapping an otherwise dynamic Prx enzyme (e.g. 56) in an 

LU, mixed-disulfide state (for instance, with BME) may enhance conformational 

homogeneity and serve as a generally useful crystallization aid.  

 

The structure of reduced C165A. The BME-adduct crystal was soaked with DTT to 

yield a 1.9 Å resolution structure of reduced StAhpC C165A (Table 4.1; SI Fig. 4.2a). 

In this C165ADTT structure, the BA′ active site (in which the C-terminal region cannot 

fold) is like WTDTT adopting a 50:50 mix of the LUSH and LUC-term conformations. 

However, for the other four active sites, the active site loops are visibly in the FF 

conformation with an unmodified CP side chain (SI Fig. 4.2b), but the C-termini have 

very weak electron density and were modeled at ~60% FF (Table 4.2). As little, if any, 

CP oxidation is present, the ~40% unfolding of the C-termini must reflect a 

destabilization caused by the C165A mutation itself. A mutation of a Cys→Ala in a 

buried, non-polar environment would be expected to be destabilizing.276 
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Time course of C165A oxidation implies a dynamic CP-SOH form. To seek conditions 

for generating pure C165A CP-SOH for crystallographic study, we used mass 

spectrometry to characterize its peroxide-driven CP oxidation. The time course reveals 

that S-BME and SOH forms appear early, and that as the BME is used up, the SOH 

peak smoothly decreases while the SO2
- peak increases (Fig. 4.8). This conversion 

implies that the StAhpC CP-SOH form is not locked into the LU conformation, but 

dynamically adopts the FF conformation from which it reacts with a second peroxide 

to form CP-SO2
-. Given this behavior, we were not able to create a pure C165A CP-

SOH species for structural analysis. 

 The facile hyperoxidation of the StAhpC C165A variant is an expected result, 

and makes all the more surprising the report that HsPrxIV-C245A58 resists 

hyperoxidation sufficiently to be crystallized as a stable CP-SOH form. Although the 

two proteins may behave this differently, another possibility is that despite the electron 

density map evidence, the peroxide-treated HsPrxIV-C245A structure was not CP-

SOH, but a mixture of CP-SOH, CP-SO2
-, CP-SO3

- and/or mixed disulfide forms. Our 

experience noted above with the structure of C165A treated with 100 mM peroxide 

(where we had satisfactorily modeled CP-SOH into the electron density maps of 

protein that was mixture CP-SO3
- and a BME adduct) shows that electron density alone 

in an exposed region of a structure may be insufficient to differentiate between CP-

SOH and higher oxidation states. While we agree that CP-SOH formation may indeed 

promote unfolding of the active site, we suggest that mass spectrometric 

characterization of the peroxide-treated HsPrxIV-C245A is needed before firm 

conclusions are drawn. 
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Figure 4.8. Modifications of C165A StAhpC by 

1 mM hydrogen peroxide.  

(a-d) Mass spectra of purified C165A StAhpC 

starting material and after treatment with 1 mM 

peroxide for 1, 3, and 20 min, respectively (see 

Experimental Procedures). The theoretical weight 

of C165A is 20584.32 Da (C928H1427N241O283S3), 

and for modifications: 20600.32 Da (+1 Oxygen) 

20616.32 Da (+2 Oxygens), 20660.44 Da (BME 

adduct, + C2H4OS). Experimental peaks have 

values of 20584 Da (grey), 20599 Da (cyan), 20615 

Da (blue), and 20659 Da (green). Inferred identities 

of the observed species assume that additions are 

associated with the CP residue. The y-axes are 

normalized so that the summed areas of the four 

colored peaks is a constant. (e) Integrated 

normalized populations of four prominent species 

as a function of time. We suspect that the time=0 

populations attributed to SOH (cyan) and SO2- 

(blue) are overestimates, because the peak centers 

are not at the expected mass and they may be 

satellite peaks caused by some non-covalent ligand 

binding to the fully reduced protein. Fortunately, 

these areas are small and their inclusion does not 

substantially impact the conclusions. 

 

 

 

A conceptual model for understanding the impact of Prx modifications on activity 

The changes in conformation and equilibrium populations that we have observed 

highlight to what extent even slight modifications in or near the Prx active site can 

alter the enzyme’s properties. Although the variety of effects appears complex, a 

simple thermodynamic model for how the various modifications stabilize or 

destabilize the FF active site can account for the range of structural changes seen and 
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help in understanding their implications for function (Fig. 4.9). The six curves 

illustrate how with changes in interaction energies of just a few kcal/mol, the FF↔LU 

equilibrium can shift from 1000:1 to 1:100. The crystal structures analyzed here show 

a hierarchy of FF↔LU equilibria (Table 4.2) that allow us to assign various StAhpC 

forms to the different curves (Fig. 4.9). Beginning with the most ordered FF active 

site, the StAhpC C46S mutant seems in the range of the orange to red curves (99.9 – 

99% FF). The four FFWT active sites that are visibly FF (but less so than C46S) might 

be represented by the orange to yellow curves (99-90% FF), while the equivalent 

active sites in the C165ADTT structure — with the C-terminal region destabilized 

relative to wild type — would be between the yellow and green curves (90-50% FF). 

The BA′ active site of the WTDTT structure with its ~50:50 mix of LUSH/LUC-term 

conformations is described by the green curve. Lastly, the BME adduct that strongly 

destabilizes the FF active site loop would be represented by the violet curve or above 

(≥99% LU). Two key insights from these analyses are that (1) for wild type StAhpC 

the FF:LU free energy difference is not large, so even minor changes can substantially 

impact the enzyme’s properties, and (2) given this sensitive positioning, the FF-

stabilizing CP→Ser mutation and the FF-destabilizing CR→Ala mutation may each 

sufficiently perturb the FF↔LU equilibrium that the measured properties of those 

mutants will not reliably report on the properties of the wild-type enzyme.  
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Figure 4.9. A thermodynamic framework for understanding the impact of Prx 

modifications on its function via alteration of the active site loop FF↔LU equilibrium.  

Plotted is an illustrative series of six possible free energy changes associated with the LU to 

FF transition with each 1.36 kcal/mol increment in their relative stabilities corresponding to a 

10-fold change in the FF/LU equilibrium ratio at 298 K. The transition state barrier is not to 

scale, but for simplicity, we have drawn it as relatively low, consistent with the rapid 

dynamics seen for some Prxs.56 Based on the relative strength of density observed for the FF 

and LU conformations in various crystal forms and active sites, we have roughly assigned the 

structures discussed here to the different curves. Along this series, StAhpC forms discussed in 

the text are shown at the point where we approximate their FF↔LU equilibria.  As illustrated 

by the arrows, modifications that destabilize the FF active site will lower the initial rate of 

reaction with peroxides while protecting against hyperoxidation, whereas modifications that 

stabilize the FF will slow disulfide formation and increase the enzyme’s susceptibility to 

hyperoxidation. These effects could, in theory, also be induced by inhibitors that stabilized 

either the LU or FF conformation. 

 

 Though each Prx enzyme will have distinct properties, these concrete examples 

of the linkage between sequence, structure, and thermodynamics can be applied to 

understand the impact of how sequence variations and physiological Prx 

posttranslational modifications such as Thr/Ser phosphorylation and lysine acetylation, 

many of which occur in or affect the FF C-terminal region,45,69,131,243,244, 211,122 may 
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regulate both the enzyme’s activity, and/or its sensitivity to hyperoxidation by altering 

the FF↔LU equilibrium. Indeed, mutations disrupting in the C-terminal region of 

certain Prxs allowed them to retain activity and become much less sensitive to 

inactivating hyperoxidation.208,277 Similarly, in vivo proteolytic C-terminal 

truncation245 or the acetylation of HsPrx1 at Lys197211, have both been reported to 

lower the enzyme’s susceptibility to hyperoxidation, as would be expected if they 

destabilize the C-terminal packing.   

 

Targeting the prokaryotic Prx C-terminal region for drug design 

Although it is most common to target the active sites of proteins for drug therapy, 

inhibitors that trap enzymes in conformations in which catalysis cannot occur offer an 

alternative strategy. A recent example is a small molecule inhibitor that holds a tumor-

associated mutant of isocitrate dehydrogenase 1 in an open and un-reactive 

conformation.278 As Prxs contain a universally conserved active site, yet exhibit highly 

divergent C-terminal regions, especially between human and prokaryotic homologs,26 

this latter strategy could be very useful for developing inhibitors selective for 

pathogen Prxs.45,195 In particular, our observations here lead us to suggest three novel 

strategies for developing antibiotics that could diminish prokaryotic redox defenses 

through blocking Prx activity. First, molecules that disrupt the C-terminal packing 

(indicated by the upward arrow in Fig. 4.9) would decrease the amount of FF enzyme 

present and thus inhibit the enzyme’s peroxidase activity. Second, and somewhat 

counter-intuitive, even more effective could be molecules capable of highly stabilizing 

the FF C-terminus of prokaryotic Prxs (indicated by the downward arrow in Fig. 4.9). 

These would strongly shift the equilibrium toward FF to promote (potentially to 

100%) the hyperoxidation of CP so that inactive CP-SO2/3
- states would accumulate. 

Third, in a special case that combines these effects, an inhibitor that both destabilized 

the FF active site and also blocked resolution of the CP-SOH state (similarly to the 

behavior of the StAhpC-C165A mutant) would both decrease peroxidase activity and 
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promote formation of the hyperoxidized forms. Because few prokaryotes possess a 

sulfiredoxin-type enzyme capable of reversing hyperoxidation of the peroxidatic 

cysteine,69 the latter two approaches could be extremely effective, as the 

hyperoxidation to CP-SO2/3
- would cause permanent inactivation.132  
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Supporting Information 

 
SI Figure 4.1. WTDTT crystals are reduced by the soak with DTT.  

Analysis of dissolved WTDTT crystals were analyzed by mass spectrometry to assess the redox 

state of the enzyme after being soaked for ~2 minutes with 0.1 M DTT. The spectra of 

oxidized (blue) and reduced (red) wild type crystals are shown. The theoretical MW of the 

dimer is 41230.76 Da (C1856 H2852 N482 O566 S8) and 20616.39 Da for the monomer, with 

actual values measured at 41231 Da and 20616 Da, respectively. Though the spectra are noisy 

due to the presence of ionizable reagents present in the crystallization buffer, the primary peak 

for the WTDTT crystals is the CP-thiol/thiolate form of the enzyme and is clearly monomeric, 

indicating that the disulfides of the LUS—S crystals were indeed reduced by the DTT soak.  
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SI Figure 4.2. Characterization of the StAhpC C165A variant.  
(a) Mass spectrum of dissolved C165ADTT crystals is shown in the upper panel. The theoretical 

and actual peaks for the dominant thiol state were 20584.32 Da and 20585 Da, respectively. 

Smaller peaks may be higher oxidized states (see further comment in panel b). The mass 

spectrum of C165A crystals pretreated with 100 mM peroxide is shown in the lower panel. 

For the reduced sample the peaks of interest were (in Da with actual in parenthesis): CP-SH 

20584.32(20584); CP-SOH 20600.32(20601); CP-SO3
- 20632.32(20632). For the oxidized 

sample the peaks of interest were: CP-SO3
- 20632.32(20632); CP-BME 20660.44(20660), CP-

BME+OH 20676.44(20676). Crystals were found to be CP-SO3
- and CP-BME when oxidized 

(blue) and CP-SH and CP-SO3
- when reduced with 0.1 M DTT (red dashed). We suspect that 

smaller peaks could be due to Met-oxidation as could be expected at this concentration of 

peroxide with mass shift of ~16 Da.  However, due to noise a more accurate mass of these 

peaks was not obtained, and further work was not done to confirm their identity. (b) The FF 

active site of C165ADTT. C165ADTT 2FO-FC electron density (contoured at 1.0 ρrms) for the CD′ 

active site shows the refined FF model for the CP-loop, oriented as in Fig. 4.3a. Because mass 

spectra of C165ADTT crystals exhibited minor peaks for the approximate molecular weights of 

higher oxidized states of CP, we cannot precisely quantify the effect of the mutation on active 

site stability. (c) Crystallization drop at 24 h time point resulting from a trial using C165A as 

purified (left panel) compared with using C165A protein treated with by the addition of 10 μM 

BME for 30 min, followed by 20 μM peroxide (right panel). These crystals (on the right side 

of panel c) provided the structure shown in (b). 
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SI Figure 4.3. Uninterpreted electron density at the decamer-building interfaces.  

Shown in stereo is 2FO-FC density at the interface between chains B and C of the WTDTT 

structure (transparent surface with carbons grey, oxygens red, nitrogens blue). Contour levels 

are 1.2 ρrms (grey) and 3.0 ρrms (hot pink). This is representative of density present at all 

decamer-building interfaces. The site is located near Arg105 (sticks) in a generally 

electropositive environment having local NCS two-fold symmetry. Strong density of this 

shape was observed in both the WTDTT and C165ADTT structures, and could not be easily fit 

with any of the constituents in the crystallization conditions or reagents used during the 

protein purification process. Also mass spectrometry of the samples did not show clearly-

interpretable peaks for a bound small molecule. The strong density and long interaction 

distances (all ≥3.5 Å) would be consistent with a sulfur atom at some positions. Such density 

is also seen in electron density maps of C46S (PDB code 1n8j) and LUS—S (PDB code 1yep) 

but the density is not as strong and the main peaks were modeled as waters in those structures. 
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Abbreviations: 

Prx, peroxiredoxin; StAhpC, Salmonella typhimurium alkyl hydroperoxide reductase 

C component (peroxidase); AhpF, alkyl hydroperoxide reductase F component 

(flavoprotein reductase); CP, peroxidatic cysteine; CR, resolving cysteine; DTT, 1,4-

dithiothreitol; EDTA, ethylenediamine tetraacetic acid; NTDS128W, the mutant of the 

truncated form of AhpF containing only residues 1-202 at the N-terminus, with Ser128 

mutated to Trp;  

 

Abstract 

Peroxiredoxin 1 (Prx1) subfamily enzymes are the major workhorses in cellular 

peroxide reduction, with catalysis facilitated by a peroxidatic Cys residue kept as a 

reactive Cys-thiolate by the active site environment. To determine which residues are 

essential to their highly efficient peroxidase activity we analyzed the available Prx1 

sequences (~1400), revealing eight highly conserved positions, six within the active 

site and two in the C-terminal region. To thoroughly probe the roles of these residues, 

we generated 11 variants of the Prx1 subfamily enzyme Salmonella typhimurium 

AhpC, and assessed KM, kcat, pKa of the peroxidatic Cys, stability, oligomerization, 

and reduction by AhpF. Additionally, we obtained crystal structures of all but one 

mutant, providing structural explanations for the observed shifts in activity. The 

results provide quantitative evidence of the roles of these conserved positions as they 

pertain to various aspects of Prx1 function. 

 

Keywords: peroxiredoxins, AhpC, enzyme kinetics, peroxidases, antioxidants, redox 

regulation, redox-active disulfide, sulfenic acid, cysteine  
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Introduction 

 Despite the recent accumulation of evidence showing that many signaling and 

regulatory proteins are regulated by cysteine oxidation, there is still incomplete 

knowledge about the structural characteristics that promote the sensitivity of particular 

cysteine residues toward peroxide-mediated oxidation. For many years our group has 

attempted to address this question by exploring the characteristics of Salmonella 

typhimurium AhpC, a member of the peroxiredoxin family.  Peroxiredoxins (Prxs) are 

abundant and widespread cysteine-dependent peroxidases in which the peroxidatic 

cysteine (CP, Cys46 in Salmonella typhimurium AhpC) reacts rapidly with H2O2, 

organic hydroperoxides, and peroxynitrite, with rates as high as kcat/KM values of 107-

108 M-1s-1 25,52,53.  

 To facilitate catalysis, Prx proteins contain a highly conserved PxxxTxxC 

motif and an absolutely conserved Arg residue (Arg119 in StAhpC) that maintains the 

CP as a reactive Cys-thiolate (Fig. 5.1A). The thiolate will react with a bound peroxide 

to form Cys-sulfenic acid (CP-SOH) and then transition from a fully folded (FF) 

conformation to a locally unfolded (LU) conformation to form a disulfide bond with a 

second cysteine residue, referred to as the resolving cysteine (CR) (Fig. 5.1A)55.  The 

shift between the substrate-ready fully folded (FF) and locally unfolded (LU) 

conformations is often a substantial rearrangement, involving twenty-percent or more 

of the protein, and it’s thought that prior to formation of the disulfide that the enzyme 

dynamically interconverts between FF↔LU59,57,56. For StAhpC, the disulfide is then 

resolved though a thiol-disulfide interchange with a CXXC motif in the N-terminal 

domain of AhpF70 to regenerate the FF conformation. AhpF ultimately derives its 

reducing power from NADH or NADPH via two other redox centers (FAD and 

another CXXC) found in the thioredoxin reductase-like, C-terminal domain of 

AhpF70,52.  Of note is that in a fraction of Prx1-like proteins, if peroxide concentration 

is high and/or disulfide formation is slow, a second molecule of peroxide can react 

with the CP-SOH form to form a cysteine sulfinate (-SO2
-), leading to inactivation of 

the peroxidase activity (Fig.5.1A)45. Unlike many eukaryotic Prxs, StAhpC is resistant 
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to this type of hyperoxidation and sulfinate formation is only observed for wild-type 

AhpC when the peroxide concentration reaches 20-30 mM195.  

 

Figure 5.1. Catalytic cycle of 

Prxs and conserved residues.  

(A) The normal catalytic cycle 

ungergone by Prxs is shown by 

brown arrows, with the structure of 

CP noted at each stage. The 

hyperoxidation shunt mostly 

undergone by eukaryotes is 

highlighted in blue arrows. The 

details of the cycle are discussed in 

the text. (B) Prx1 enzymes undergo 

redox and concentration dependent 

oligomerization between decameric 

and dimeric forms. (C) 1,409 Prx1 

sequences reveal high conservation 

at seven positions. Residue numbers 

are from StAhpC. 

 

Residues of the active site are 

highly conserved and some of 

their roles have been 

elucidated77,26,53,82. The Thr43 is 

always present (though found as 

a Ser ~5% in all Prx 

subfamilies67), and the Arg119 is 100% conserved across all Prx proteins and almost 

certainly plays a key role in stabilizing the deprotonated form of the CP (Fig. 5.1B) 

53,82. Analysis of substrate interactions suggest that the Thr43 and Arg119 form 

hydrogen bonds to the peroxide substrate, and led to the hypothesis that the active site 

not only activates the CP-thiolate, but also the peroxide substrate, stabilizing the 

transition state77. Additionally important for fine-tuning of active site interactions is 

Glu49, which hydrogen bonds to and stabilizes Arg11926, and is conserved in Prx1, 
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Prx6, and PrxQ subfamily members (sometimes replaced by Gln/His in other Prx 

subfamilies67)(Fig. 5.1B). We find that Trp81, which buttresses CP in the active site, is 

also highly conserved but no study has yet specifically investigated its purpose (Fig. 

5.1B). 

 Further important to function are the oligomeric assembly of Prx1 enzymes. S. 

typhimurium AhpC belongs to the Prx1 subfamily and utilizes a typical 2-Cys 

mechanism, with the resolving cysteine being from the C-terminus of its partner 

subunit and a CP-CR disulfide-linked dimer formed across the “B” interface (Fig. 

5.1B). The extended C-terminus and B interface is only found in the Prx1 and Prx6 

subfamilies with the CR (C165 in StAhpC) only conserved in the Prx1 subfamily 

(>99%)(Fig. 5.1B).  W169 packs against the C165 in the FF active site structure and is 

also conserved in both Prx1 (96%) and Prx6 (>99%) subfamilies67,95 (Fig. 5.1C). In 

most Prx1 proteins and some Prx6 proteins, B-type dimers can then associate across 

their “A” interface to form donut-shaped decamers55, and in some cases, higher 

oligomeric species64. Previous studies have indicated that decamer formation is redox 

sensitive (and recently, pH sensitive279) with the reduced protein forming tight 

decamers and the disulfide protein showing a concentration-dependent dissociation of 

decamers to form dimer52. Disruption of the AhpC decamer by mutation of Thr77 in 

the decamer forming interface was also shown to decrease the kcat/Km for peroxide52, 

indicating that decamer formation was important for stabilizing the FF AhpC active 

site; Thr77 is conserved in 30% of the Prx1-like proteins and is replaced by either Ser 

or Val in 33% and 28% of subfamily members, respectively52,67. Further evidence of 

the importance of oligomeric interfaces for function comes from molecular dynamic 

simulations and electrostatic analysis of Trypanosoma cruzi tryparedoxin peroxidase. 

CP pKa values were calculated to be close to those of free thiol using the density from 

a single subunit, while dimer calculations gave a lowered pKa value for one subunit 

and a higher value for the partner subunit, and decamer calculations provided lowered 

pKa values for all subunits81.  
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Though previous studies have investigated the effects of mutating some 

conserved Prx1 residues, they have primarily focused on the catalytic efficiency, as 

defined by the kcat/KM ratio53,82. As separate KM and kcat values were not determined, 

the specific effects as pertains to substrate binding versus turnover remained uncertain. 

Here, we have investigated the kinetic properties of wild type and ten single-site 

variants of the StAhpC enzyme, targeting each of the highly conserved positions noted 

above52. We report KM and kcat separately, and also determine further relevant 

properties such as the pKa of CP, the ability to be reduced by the physiological 

reductant AhpF, and properties related to global stability and oligomerization. We 

further explain these observations with crystal structures of the variants, allowing a 

penetrating analysis of the importance of these positions. This work uncovers several 

previously unknown, and somewhat unexpected, roles for these conserved residues, as 

well as revealing their multi-dimensional functions in various aspects of catalysis, 

conformation change, and oligomerization.  

 

Results 

Strategy.  

Though the reduction of hydrogen peroxide to water is chemically simple to 

understand, assessing the impact of a structural change on Prx function is not so 

straightforward. Five aspects of the Prx catalytic cycle are interrelated, and any 

mutation could potentially influence activity through altering any combination of the 

following factors: (1) the pKa of CP, (2) enzyme-substrate interactions, (3) the 

dramatic conformation change involving ~20% of the protein, (4) the oligomerization 

from dimers to decamers, and (5) reduction by AhpF. To determine the potentially 

multifaceted roles of key residues and regions in StAhpC, we created a series of 

mutations to highly conserved active site residues (R119A, E49Q, T43V, T32A, T43S, 

W81F) and to residues in the C-terminal tail (C165S, W165F) and dimer-dimer 

interface (T77I, T77V). Because previous work has shown that Prx activity can be 
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sensitive to even slight structural modifications59, we designed our mutations to be 

relatively conservative. Brief justifications for each mutation are as follows. For the 

Thr43 position, we constructed Thr43→Ser/Ala/Val variants to explore the specific 

contributions of the side chain hydroxyl and Cγ. For Glu49 we constructed a 

Glu→Gln variant that would be incapable of satisfying the wild type hydrogen 

bonding network between the catalytic Arg119 and Arg142. For Trp81, which packs 

against the backside of CP, we constructed a Trp→Phe mutant to assess the 

importance of this packing. For Arg119, we created an Arg→Ala mutant which 

presumably would allow us to determine the influence of the guanidinium group on 

the CP pka, substrate binding, and efficiency. To determine the impact of 

oligomerization on other Prx properties, we analyzed the A-type interface with 

Thr77→Val/Ile mutations, which had been previously shown to increase, and 

completely inhibit decamerization, respectively52. Finally, to assess the importance of 

the C-terminal positions, Cys165→Ser and Trp169→Phe mutants were generated.  

 

AhpC-mediated peroxide reduction: pKa, KM, and kcat values 

Un-tagged AhpC and variants were expressed in Escherichia coli cells lines 

lacking endogenous AhpC. All variants were expressed at similar levels to wild-type, 

purified to >98% homogeneity, and did not exhibit significant changes to global 

protein stability (Supplemental Information and SI Fig. 5.1). The reductive half 

reaction was measured using steady state assays with full-length S. typhimurium AhpF 

(Fig. 5.2A, Table 5.1). These assays utilized various concentrations of each AhpC 

variant in the presence of a single AhpF concentration. Peroxide concentrations were 

selected such that AhpF reduction of AhpC was rate limiting and the activity did not 

increase with increasing peroxide. To measure kcat(app) and KM(app)HOOH values with 

peroxide, we utilized our previously published assay that monitors the initial 

fluorescence decrease as a mutated form of the N-terminal domain of AhpF 

(NTDS128W) becomes oxidized in the presence of AhpC and various concentrations of 
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peroxide52. This construct exhibits no significant differences as an electron donor to 

AhpC yet shows substantial differences in fluorescence between the oxidized and 

reduced forms, allowing accurate tracking of reaction kinetics52,89. The pKa for each 

variant was determined as previously described94 by monitoring the ability of AhpC to 

compete with horse radish peroxidase (HRP) for a sub-stoicheometric concentration of 

H2O2 (Table 5.1). As has been previously published, wild-type AhpC is highly 

resistant toward peroxide-mediated inactivation through Cys-sulfinate formation45,195. 

With the exception of C165S, none of the variants exhibit any increased tendency 

toward inactivation at peroxide concentrations up to 5 mM hydrogen peroxide (SI Fig. 

5.2); any decrease in sensitivity is technically difficult to measure and is not expected 

to make a meaningful difference under physiologically relevant conditions.   

 

Fig. 5.2. AhpF reductase 

activity and oligomeric state of 

AhpC variants.  

(A) The absorption at 340 nm was 

monitored as NADPH becomes 

oxidized in the presence of wild-

type or mutant AhpC (0.1-20 

μM), 0.025 μM AhpF,  150 μM 

NADPH and either 50 μM (WT, 

T43S, W81F, C165S, W169F, 

T77I, T77V) or 1 mM (R119A, 

E49Q,T43V,T43A) hydrogen 

peroxide at pH 7.0 and 30 oC. 

Under these conditions, the AhpC 

concentration was effectively 

below the KM and the k2 of AhpC 

for AhpF (k2AhpF) was determined 

by a linear fit of the rate vs the 

AhpC concentration. p-values are 

determined using a student’s t-

test. * p-value <0.05, ** p-value < 

0.005 (B) The oligomeric state of 

each AhpC variant was measured 

both oxidized and reduced at 

multiple concentrations by 
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analytical ultracentrifugation. The oligomeric state at each concentration ranged from fully 

dimeric (yellow, s(0) ~3.4) to fully decameric (dark blue, s(0) ~7.5) with many samples 

exhibiting a mixture of the two species with the colors representing the approximate relative 

values of dimer and decamer within the mixtures. At 100 μM, oxidized R119A exhibited a 

single peak at s(0) =5.1 (violet), that would either suggest the presence of an oligomeric 

species between dimer and decamer or a very rapid equilibrium between the two species. 

 

It must be noted that while second order rate constants with wild-type AhpC 

and peroxide at pH 7.0 are comparable utilizing the HRP assay (3.0 x 107 M-1s-1) and 

our NTDS128W assay (5.1 x 107 M-1s-1) we observed that the HRP assay provided 

significantly faster rates (as much as two orders of magnitude) for some of the most 

inhibited AhpC mutants (SI Fig. 5.3 and SI Fig. 5.4). In order to determine whether 

this discrepancy reflected technical problems with one of the assays or fundamental 

differences between the underlying rates being measured, peroxide disappearance was 

measured under single turnover conditions using a modified version of the FOX assay 

(SI Fig. 5.3). This assay, which should measure the exact same catalytic step as the 

HRP assay, provided a rate of 8.5 x 103 M-1 s-1, which agreed much more closely with 

our kcat/KM values obtained with 10 μM NTDS128W  (8.5 x 103 M-1 s-1) than with the 

HRP competition value (2.5 x 105 M-1 s-1) for the same mutant. These results indicate 

that the second order rate constants obtained with steady-state turnover more truly 

reflect the interaction of AhpC with peroxide than the values obtained with the HRP. 

We did however, find that the trends in relative activity for each variant was consistent 

with both assays, which suggested that the pKa values for each mutant would still be 

valid since this measurement depends solely on how the rate changes at different pH 

values and not the rate itself. To confirm that this is indeed the case, the pKa of 

R119A (one of our most inhibited mutants) was determined with both the HRP assay 

(7.2 + 0.17) and with the modified FOX assay (7.17 + 0.29, SI Figure 5.3); the pKa 

values were equivalent within the standard deviation of the assay. Because the FOX 

assay is not sensitive or reproducible enough to measure single turnover kinetics with 

peroxidases with k2(HOOH)  >103-104, we therefore utilized the HRP assay to determine 
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the pKa for all of the AhpC variants. The pKa and second order rate constants are 

reported in Table 5.1.   

Table 5.1. C46 pKa and rates with hydrogen peroxide for AhpC variants 

  pKaa 
Assay 

pHb 

kcat(app)
b

 

(s-1) 

Km(app)HOOH
b 

(μM) 

kcat/KmHOOH
b 

(M-1s-1) 

Relative c 

kcat/KmHOOH 

Wild-type 6.0d 7.0 36 0.70 5.1 x 107  1.0 

   8.5 40 0.84 4.7 x 107  1.0 

Active site        

 R119A 7.3 8.5 11.7 1,500 8.0 x 103  0.00017 

 E49Q 7.0 8.5 0.73 740 9.9 x 102  0.000019 

 T43V 7.2 8.5 2.8 1,600 1.8 x 103  0.000035 

 T43A 6.2 8.5 3.8 34 1.1 x 105  0.0023 

 T43S 5.8 7.0 14.5 0.62 2.4 x 107  0.47 

 W81F 6.5 7.0 29 4.5 4.4 x 106  0.08 

C-terminus       

 C165S 6.8 7.0 0.11 e 0.76 1.4 x 106  0.0027 

 W169F 6.2 7.0 16 69 2.3 x 105  0.0045 

A interface       

 T77I 7.2 7.0 16.5 55.2 3.0 x 105  0.0059 

 T77V 6.0 7.0 54.2 1.2 4.5 x 107  0.88 

aThe pH dependence for the AhpC reaction with H2O2 was determined as described in 

Methods by monitoring the ability of AhpC to compete with HRP across a range of pH values.  
akcat(app) and Km(app)HOOH values were measured at either pH 7.0 or pH 8.5 as described in 

Methods. Assays monitored the initial fluorescence decrease as 10 μM NTDS128W becomes 

oxidized in the presence of each AhpC variant (0.05-1 μM) and various concentrations of 

peroxide. 
cRelative rates compared to wild-type AhpC at the same pH. 
dStandard deviation of the lowest significant digit. 
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Table 5.2. Data collection and refinement statistics 

Data Collection 

Structure 

Space group 

Unit cell a, b, c (Å) 

Resolution (Å) 

Completeness (%) 

Unique reflections 

Multiplicity 

Rmerge (%) 

<I/σ> 

<I/σ> ~2.0 (Å)b 

CC1/2 

 

Refinement 

Resolution range (Å) 

R-factor (%) 

R-free (%) 

Chains in AU 

Protein residues 

Water molecules 

Non-H atoms 

RMSD lengths (Å) 

RMSD angles (°) 

Ramachandran plotc 

   φ, ψ-Preferred (%) 

   φ, ψ-Allowed (%) 

   φ, ψ-Outliers (%) 

B factorse 

   <Main chain> (Å2) 

   <Waters> (Å2) 

Conformationf 

PDB code:4xra 

T43SDTT 

C2221 

127.1, 171.9, 135.3 

36.7-1.75 (1.84-)a 

99.9 (91.1) 

148354 (21514) 

13.2 (11.5) 

12 (359) 

11.8 (0.6) 

1.91 

0.999 (0.25) 

 

 

36.7-1.75 

17.5 

20.1 

5 

913 

822 

8306 

0.012 

1.3 

 

97.6 

2.4 

0.0 
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47 

FF 

PDB code: 4xts 

T43ADTT 

P1 

107.7, 109.5, 119.0 

89.5-2.70 (2.85-) 

96.3 (92.9) 

118972 (16735) 

3.6 (3.3) 

25 (230) 

5.2 (1.0) 

2.90 

0.954 (0.20) 

 

 

89.5-2.70 

19.2 

22.1 

20 

3216 

322 

25731 

0.014 

1.9 

 

96.6 

3.0 

0.4d 

 

49 

42 

LUSH 

PDB code: 4xs1 

T43VDTT 

C2221 

127.0, 171.9, 135.9 

31.8-2.10 (2.12-) 

100.0 (100.0) 

86645 (12545) 

16.7 (14.8) 

16 (297) 

14.8 (1.2) 

2.17 

0.999 (0.34) 

 

 

31.8-2.10 

18.2 

21.9 

5 

822 

464 

7001 

0.007 

0.9 

 

97.9 

1.8 

0.2d 

 

53 

56 

LUSH 

PDB code: 4xs8 

E49QDTT 

C2221 

126.9, 172.0, 135.8 

28.1-1.90 (2.00-) 

100.0 (100.0) 

116394 (16837) 

19.6 (16.7) 

15 (298) 

13.2 (1.1) 

2.05 

0.999 (0.32) 

 

 

28.1-1.90 

17.2 

20.1 

5 

818 

559 

7179 

0.013 

1.3 

 

98.3 

1.6 

0.1d 

 

53 

58 

FFalt 

PDB code: 4xs6 

W81F 

C2221 

125.5, 169.9, 134.9 

71.9-3.35 (3.53-) 

100.0 (100.0) 

21119 (3041) 

6.8 (6.5) 

46 (220) 

5.1 (0.8) 

3.83 

0.954 (0.26) 

 

 

71.9-3.35 

21.5 

28.4 

5 

812 

0 

6410 

0.011 

1.4 

 

91.3 

6.6 

2.1d 

 

75 

̶ 

LUSS 

PDB code: 4xs4 

C165SDTT 

C2221 

127.0, 172.1, 136.2 

72.7-2.65 (2.79-) 

100.0 (100.0) 

43671 (6309) 

12.1 (11.5) 

46 (543) 

6.1 (0.9) 

2.83 

0.969 (0.22) 

 

 

72.7-2.65 

19.6 

25.1 

5 

911 

456 

7784 

0.014 

2.1 

 

97.2 

2.4 

0.4d 

 

62 

55 

FF↔LU 

PDB code: 4xrd 

W169FDTT 

C2221 

125.9, 171.2, 135.6 

24.9-2.30 (2.42-) 

96.4 (98.2) 

62493 (9259) 

3.7 (3.4) 

16 (246) 

6.5 (0.5) 

2.70 

0.994 (0.20) 

 

 

24.9-2.30 

19.1 

24.0 

5 

835 

351 

7107 

0.008 

1.0 

 

97.6 

2.1 

0.2d 

 

58 

56 

FF↔LU 

  

a Values in parenthesis are for the highest resolution shell and preceding values are for all data. 

b For reference to traditional resolution cutoffs, the point where <I/σ> falls to ~2.0 is provided.  

c Preferred, allowed, and outlier angles as assigned by Molprobity.258 
d Outliers were generally in areas of weak density, such as the C-terminal region. 
e One TLS group per monomer used for all refinements. 
f The dominant conformation observed in the structure: FF – fully folded; FFalt – perturbed FF; FF↔LU – mixed FF and LU; LUSH – locally unfolded thiol; LUSS – locally unfolded disulfide form.
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Oligomerization 

For each variant studied here, the concentration dependence of its oligomeric 

state in both its oxidized (disulfide) and reduced forms was measured by analytical 

ultracentrifugation (Fig. 5.2B, SI Fig. 5.2). The oligomeric states ranged from fully 

dimeric to fully decameric, with many samples exhibiting a mixture of the two species 

(Fig. 5.2B and SI Table 5.4). Compared to the wild type enzyme, many of the AhpC 

variants had destabilized reduced decamers with the most destabilized being T77I, 

which was designed specifically for this purpose52. Substantial destabilization of the 

reduced decamer was also seen for some mutations within both the active site and C-

terminal tail. While oxidized and reduced wild type AhpC are fully decameric at ≥20 

μM and ≥1 μM, respectively, T43V, W81F, and W169F all show some dimer form 

even at the much higher concentrations of 100 μM oxidized and 10 μM reduced 

protein (Fig. 5.2B). An unusual aspect of the destabilized active site variant R119A 

was that in the disulfide form at 100 μM, it did not exhibit a typical decamer but rather 

migrated as an intermediate oligomer, though could apparently form decamers when 

reduced at a concentration of 10 μM (Fig. 5.2B). The T43S and T43A variants were 

distinct in another way, in that in the disulfide form the decamer was stabilized, but in 

the reduced form it was destabilized. 

 

Crystal structures of the variants 

Although we have not been able to crystallize wild type StAhpC in its reduced, 

FF substrate-ready form, we have recently shown that it can be crystallized in its LU 

disulfide form and that upon soaking these crystals with dithiothreitol (DTT) the 

protein is reduced and four of the five active sites in the asymmetric unit change 

conformation to adopt the FF conformation59. This means that for these four active 

sites the crystal form can accommodate both the FF and LU conformation, so that the 

ratio of the two conformations seen in the crystal provides information about the 
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FF↔LU equilibrium in solution. Using this approach, we have been here able to solve 

structures of the reduced forms of T43S, T43V, T43A, E49Q, C165S, and W169F and 

an oxidized (disulfide) structure of W81F (PDB codes and crystallographic statistics 

are reported in Table 5.2). For each StAhpC mutant structure the site of the mutation is 

clearly visible in the electron density and the equivalent active sites unperturbed by 

crystal contacts in each structure exhibit a consensus conformation (Fig. 5.3).  Despite 

multiple attempts, crystals suitable for diffraction for the R119A mutant were not 

obtained. This may well be because, as seen in the analytical ultracentrifugation 

analysis (Fig. 5.2B), this variant does not appear to form the typical oxidized decamer, 

yet the oxidized decamer is the form that is conducive to growing the crystals59. 

Fortunately, the structure of E49Q may provide insight into how disruption of R119 

affects the active site structure, as R119 is incorrectly positioned in E49Q and the two 

mutants show similar levels of inhibition and similarly raised pKa values (Fig. 5.3 and 

Table 5.1). Thus, these seven structures provide us the ability to correlate structural 

changes with the observed changes in activity (Fig. 5.3). 

One striking trend seen for the T43A, T43V, C165S, and W169F structures 

was evidence of a shift in the FF↔LU equilibrium toward LU, as the reduced enzyme 

structures exhibited little, if any, of the active FF form. Both the T43V and T43A 

mutants adopt a fully LU conformation (Fig. 5.3 B and C). The structure for T43A is 

lower resolution (~2.7 Å) and exhibits sparse electron density for the CP loop, but an 

NCS-averaged map for the 20 chains in the asymmetric unit provides a refined view of 

the structural details, clearly showing that Cys46 is reduced. In contrast, the T43S 

mutant adopts two ~50%-occupied conformations: one that is similar to wild type with 

the Ser43 side chain interacting with Cys46 and hydrogen bonding to the Ala40 

carbonyl, and an alternate conformation in which the Ser43 hydroxyl points away 

from Cys46 and hydrogen bonds to its own backbone NH (Fig. 5.3B). Phe76′ at the 

decamer-building interface, that normally packs against and properly orients the Thr, 

also adopts two ~50%-occupied conformations. The C165S mutant possesses weak C-

terminal density, indicating that some of the protein (estimated by refinement to be 
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~25%) is in the LU conformation (Fig. 5.3H). Similarly, the W169F mutant exhibits 

even weaker density for the C-terminal region. Also, the fraction of W169F that 

adopts the FF conformation shows a slightly altered chain path beyond Glu163 and a 

perturbed location for Phe169 relative to the Trp in wild-type AhpC (Fig. 5.3G).  

Although a reduced W81F structure was not obtained, the oxidized disulfide 

structure shows that the mutation adopts a similar conformation to wild type. Since 

this region of the protein hardly changes in the FF to LU transition, we were able to 

gain further insight into the impact of the W81F mutation, by evaluating the wild type 

FF structure. In particular, there is a well-ordered water that hydrogen bonds to the 

Trp81 side chain NH and also to the C-terminal Ile186′ residue (Fig. 5.3F). As the FF 

C-terminus has few stabilizing interactions, perturbing this bound water would be 

expected destabilize the FF C-terminus promoting its unfolding59. 
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Figure 5.3.  Structures of StAhpC mutants.  

(A) A single StAhpC monomer in the FF conformation is shown, with the mutation sites 

highlighted in pink. The structures for T43SDTT (B), T43VDTT (C), T43ADTT (D), E49QDTT (E), 

oxidized W81F (F), W169FDTT (G), and C165SDTT (H) are shown in white overlaid with the 

structure of wild type AhpC in the LU disulfide (yellow) and/or FF (purple) conformation. (B) 

The T43S mutant adopts two conformations at ~50% occupancy. Hydrogen bond interactions 

for the conformation similar to wild type is shown in black dashes. (E) The E49Q mutant is 

shown with perturbations to the wild-type FF active site highlighted with yellow arrows. 

Mutant interactions are highlighted with black dashes and wild type with pink dashes. As 

Glu49 swings around, it clashes with residue Ala167′ (noted with *) and promotes unfolding 

of the C-terminus. Extra density near the Cys46 Sγ has been modeled as a ~0.5 occupied Cys-

SOH. No other residues of the active site exhibit any sign of alternate conformations. The 

2FO-FC electron density (dark blue mesh) for each structure is contoured at 2.0 σ (B, T43S), 

1.0 σ (C, T43V), 1.5 σ (D, T43A), 1.0 σ.(E, E49Q), 1.0 σ (F, W81F), 0.3 σ (G, W169F) and 

0.7 σ (H, C165S). The T43A mutant (D) is shown with an NCS-averaged map (cyan mesh, 

contoured at 2.0 σ) for the 20 chains in the asymmetric unit. 

 

Discussion 

Roles of Thr43.  

In the FF conformation, the Thr43 side chain forms two key hydrogen bonds: 

one to incoming substrate, and another to the carbonyl backbone of Ala40, as well as 

packing with Phe76′ across the decamer-building interface (Fig. 5.3). Interestingly, 

Thr43 represents the only position studied here for which natural variation is common, 
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with approximately five-percent of Prx1s having a serine. We found that T43S is the 

least-perturbed of the variants, with KM unchanged and kcat reduced by a factor of ~2.5 

(Table 5.1). Still, of interest is to understand why the absence of the side chain methyl 

reduces enzymatic efficiency by ~80%. A plausible reason for this can be inferred 

from the crystal structure, which shows that in the FF conformation, the Ser side chain 

is improperly oriented about half the time, hydrogen-bonding to its own backbone 

instead of to Ala40 where it is pre-oriented in position to receive a hydrogen bond 

from the substrate (Fig. 5.3). Importantly, the Thr is prevented from adopting this 

improper conformation because it would clash with Phe76′ across the decamer-

building interface and also Cγ would collide with the CP thiolate.  

The importance of the side chain hydroxyl for catalysis was revealed by the 

T43A mutant, which exhibited an increase in the CP pKa from 5.99 to 6.25 (Table 

5.1). However, even when analyzed at pH 8.5, where the CP would be deprotonated, 

the mutant had increased KM (~50-fold) and decreased kcat (~10-fold), showing the 

role of the hydroxyl in binding the substrate and facilitating the reaction. The crystal 

structure of the reduced protein shows it to be predominantly LU, seemingly due to the 

loss of the hydrogen bond to the Ala40 carbonyl backbone, thus providing some 

explanation for the reduced catalytic rate. T43V was among the most debilitating 

mutations, with the pKa raised to 7.2, its conformation shifted to nearly ~100 percent 

LU,  and the efficiency only ~0.0003 percent that of wild type (Fig. 5.3, Table 5.1), 

which is only ~100-fold rate enhancement over free thiol280. The extremely low 

activity indicates that the T43V variant only rarely occupies the FF conformation, if at 

all. Thus, for the naturally-prevalent Thr, the following roles can be assigned to the 

components of the side chain. First, the hydroxyl stabilizes the active site as FF, 

lowers the CP pKa by ~0.25 units, and hydrogen bonds to substrate, effectively 

lowering KM for the reaction by ~50-fold. Second, the side chain methyl serves to pre-

organize the residue for these interactions. 
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Roles of W81F.  

Trp81 is positioned at the back of the active site pocket and, although does not make 

contact with the substrate, the side chain packs against CP and Pro47, and forms a 

stacking interaction between the side chain π orbitals and the Phe42 backbone NH 

(Fig. 5.3). The W81F mutant showed a ~6.4-fold increase in KM with modest changes 

to pKa and kcat, indicating that the packing of the Trp is necessary for the active site to 

be properly arranged (Table 5.1). Although we did not obtain a structure of reduced 

W81F to verify this hypothesis, the disulfide structure nevertheless offers some clues 

about the alterations in activity. The Trp position is the same in FF and LU 

conformations, and the W81F structure reveals that the Phe side chain overlays 

approximately with the Trp five-membered ring. For wild type AhpC, in both FF and 

LU, the Trp side chain NH forms a hydrogen bond to a well-ordered water, that in FF 

in turn hydrogen bonds to the C-terminal Ile186′. Lacking this interaction, Ile186′ is 

less stabilized and the conformational equilibrium shifted toward LU, contributing to 

the lower activity of W81F. Interestingly, the W81F mutant is a poorer substrate for 

AhpF, suggesting that the Trp may also be conserved because it stabilizes the AhpC-

AhpF complex (Fig. 5.2A). 

 

Roles of Arg119 and Glu49.  

Arg119 is absolutely conserved across all Prx subfamilies and crystallographic 

analysis of StAhpC and other Prx1 subfamily members has shown that Arg119 takes 

part in a hydrogen bonding network that includes a highly conserved Glu residue77. 

Additionally, structural and biochemical data supports the Arg’s proposed role in 

stabilizing the CP-thiolate and orienting and activating the peroxide for reaction with 

the CP
77. Here, the R119A variant exhibits a substantially increased pKa of CP and a 

concomitant 6,000-fold decrease in the kcat/KM for peroxide compared to wild-type 

(Table 5.1). This agrees well with work on equivalent mutations of other Prxs which 
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showed kcat/KM values to decrease by ~5-orders of magnitude82. This analysis adds to 

previous work by providing the first separate parameters for kcat and KM and reveals 

that the decreased activity of the R119A mutant involves only a 3-fold decrease in kcat 

and a much more drastic 2,000-fold increase in the KM for peroxide (Table 5.1).  

Though we were unable to obtain a structure for R119A, insight into the 

highly-conserved Arg’s role comes from the structure of the E49Q variant. The E49Q 

variant in StAhpC is highly impaired, with a shift in pKa of 1 pH unit, a 55-fold 

decrease in kcat, and a 1,100-fold increase in KM compared to wild-type AhpC (Table 

5.1). In E49Q, the simple exchange of an oxygen for a nitrogen in the side chain 

causes a series of rearrangements within the active site, with the protein adopting an 

unusual, perturbed FF conformation, in which the CP loop is essentially FF but the C-

terminal region is LU (Fig. 5.3). The Gln adopts an altered position, flipping to 

hydrogen bond with the backbone NH of Gly141. Without the stabilizing Glu 

hydrogen bonds, Arg119 swings away and no longer coordinates with the CP, 

providing an explanation for the observed rise in the pKa and alterations in the 

expected mode of substrate binding. Additionally, the new position of the Gln clashes 

with the normal packing of Ala167′, causing the C-terminal region to be LU (Fig. 5.3). 

This is further reflected in impaired decamerization of the reduced E49Q, as without 

the FF C-terminus, the decamer-building interface is substantially reduced59.  

Of note is that mutating the Glu to Ala in Saccharomyces cerevisiae Tsa1 was 

reported to cause only a 10-fold decrease in activity with peroxide, as assessed by 

HRP competition83. Additionally, it was reported the mutant has an inhibited reductive 

half reaction based on turnover assays with Trx, TrxR, NADPH, and 200 uM 

peroxide, but showed activity similar to wild type using 2 mM peroxide and DTT as 

reductant83. Since our results have revealed the significant impact of KM, it may be 

that in fact these measurements were highly influenced by the 10-fold difference in 

peroxide concentrations. Additionally, that variant was quite readily inactivated by 

hyperoxidation83 and so activity might be underestimated using 2 mM peroxide, 
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though further analysis would be needed to confirm these hypotheses. The structural 

rearrangements observed with the StAhpC E49Q mutation provide some explanation 

of the different degrees of impairment seen in the Glu→Ala and Glue→Gln variants, 

as the small Ala side chain might not require the significant active site rearrangements 

induced by the Gln mutation. 

 

Roles of C-terminal residues (Cys165 and Trp169).  

As the resolving Cys, Cys165 plays an obvious role in catalysis, forming a 

disulfide bond with CP. When FF, it packs against W169 where it is sheltered from 

solvent. Notably, C165S is the only variant to exhibit a large decrease in k2AhpF (1 % 

of WT, Fig. 5.1A); this is explained by previous data indicating that the C129 in the 

N-terminal domain of AhpF preferentially forms a disulfide with C165 during 

catalytic turnover70. Similarly to the previously-studied C165A variant59, both C165S 

and W169F structures had extremely weak C-terminal density, providing further 

evidence that the folding of that region is very sensitive to even small perturbations to 

the packing (Fig. 5.3). It might be assumed that mutations far from the active site 

would have little impact on peroxidase activity, yet these C-terminal mutants cause 

notable changes in KM, kcat, and pKa (Table 5.1), showing that the packing of the C-

terminal region in fact necessary for the full integrity of the FF active site59. Indeed, 

the small differences in active site structure that occur may influence catalysis, such as 

that the W169F CP-Sɣ is displaced ~0.55 Å relative to wild type. Additionally, as 

would be expected given that the FF C-terminus is part of the decamer-building 

interface, the LU-promoting C165S and W169F variants both exhibit impaired 

decamerization (Fig. 5.2). 

These results emphasize how Prxs can be regulated by C-terminal post-

translational modifications, such as the phosphorylation and acetylation seen for 

eukaryotic PrxI and PrxII proteins59, and supports the implications for disease 
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proposed in a recent study that discovered Prx1 enzymes in Alzheimer’s patients to 

have an abnormally nitrated C-terminal tyrosine107. Many groups, including our own, 

have used CR mutants as useful tools for investigating peroxide reactivity (and or 

hyperoxidation sensitivity) in the absence of disulfide formation, to obtain crystal 

structures of the FF active site, and to decrease the background signal in assays that 

depend on measuring thiol reactivity. These results show that (at least for the Prx1 

subfamily) the activity and structure of a C-terminal mutant can be vastly different 

than the wild type. 

 

Roles of decamer-building interface (Thr77).  

Previous studies have shown that Thr77, which is close to a two-fold at the 

decamer-building interface, is an important site for modulating the formation of 

decamers; mutation to Val (T77V) stabilizes the decamer, and mutation to Ile (T77I) 

substantially destabilizes the decamer (Fig. 5.2)52. Here, we find that these two 

mutants exhibit opposite shifts in activity: T77V shows a 1.5-fold rate enhancement 

with no change in KM, whereas T77I has ~2-fold slower kcat, an ~80-fold higher KM, 

and a higher pKa (Table 5.1). These results reinforce that decamer formation enhances 

activity through a series of long-range interactions, including stabilizing the C-

terminal packing that buttresses the active site. A common theme we observe is the 

high degree of coordination between the active site, the C-terminal tail, and decamer 

stabilization; in all cases, disruption of any one of these regions appears to disrupt the 

other two. A specific structural interaction that allows for this coordination was 

reported by Perkins et al. 201459, which showed that the conformation of the active 

site is linked to the partner C-terminal conformation (and thus, the oligomeric 

interfaces) by an intermediary flexible segment, residues 139-141, that adopts discrete 

conformations for FF and LU. The 139-141 segment provides interactions that 

encourage the active site and partner C-terminal tail to both be either FF or LU59.   



136 

 

Interestingly, T77V also showed a 3.8-fold increase in activity with AhpF, the 

highest of all the variants studied here, whereas T77I was lower by ~3-fold. A similar 

trend is observed with T43S and T43A, which also exhibit stabilized oxidized 

decamers compared to WT and show a ~4-fold increase in the kcat/KM of AhpC for 

AhpF (Table 5.1, Figure 5.2). The oxidized T43S and T43A variants were, if anything, 

more decameric at low concentrations than WT AhpC (Fig. 5.2). Therefore, this data 

indicates that AhpF actually preferentially reduces the oxidized decamer. While this 

initially appears counterintuitive given that dimer is only observed in the oxidized 

state for WT AhpC, this property is advantageous because the decamer need not 

dissociate for the enzyme to be recycled to its active state. Further, even if the decamer 

does dissociate, AhpF can still readily reduce the dimeric form, as shown by T77I 

(Fig. 5.2A)   

 

Conclusion 

Interpretation of the kinetic and thermodynamic properties of Prx1 variants must take 

into account reactant concentrations as well as the potential to alter the oligomeric 

state and/or FF↔LU equilibrium and indirectly affect catalytic competency55,52. The 

results presented here provide a significant advance over the previous data by 

detangling the individual roles of conserved residues as they pertain to KM, kcat, the 

oligomeric state, the reductive half reaction, and structure of the reduced enzyme. One 

of the key findings is that the significant changes for the Arg and Thr mutations are 

predominantly a result of a four order of magnitude increase in KM.  While there is 

unquestioning evidence these residues stabilize the CP as a thiolate, our results show 

that even at high pH, where >95% of the CP thiols are expected to be deprotonated, 

there is still a 4-5-order of magnitude inhibition of activity. Thus, we can see that the 

function of the Arg and Thr in binding peroxide substrate and stabilizing the transition 

state in fact eclipses their role in stabilizing the thiolate77. 
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     Overall, the high conservation of these residues makes it clear that even 

relatively minor losses in activity are unacceptable during evolutionary selection. We 

find that this conservation is multifaceted, with each of the conserved residues 

important to several aspects of activity, and nearly all the mutants causing a decreased 

kcat/KM for peroxide and impaired decamerization of the reduced form. However, 

interesting to note is that for most mutants the reduction by AhpF was not significantly 

impaired, and several variants—T43A, T43S, T77V—actually had higher rates of 

reduction by AhpF, suggesting that unlike peroxidase activity, the AhpC-AhpF 

complex is rather accommodating to small structural changes, and may not be a 

crucial point of selective pressure for these Prxs.    

·          

Materials and Methods 

Protein Mutagenesis, Expression, and Purification.   

AhpF and the AhpF N-terminal domain S128W (NTDS128W) were 

expressed and purified as previously described52 and were quantified using an 

ε280 = 21,250 M-1 cm-1 for NTDS128W and . Individual, un-tagged AhpC variants 

were created by site-directed mutagenesis and expressed in either TA4315 or 

E. coli cells lines, both of which lack endogenous AhpC. AhpC variants were 

purified as previously described52 to >98% purity. For the C165S and W169F 

mutations, reducing agent (5 mM DTT or 5 mM β-mercaptoethanol) was 

included throughout the purification process and in the storage buffer to 

prevent peroxide-mediated inactivation due to sulfenic acid formation. The 

concentration of AhpC (in terms of monomers) was determined by absorbance 

at 280 nm. Extinction coefficients for each variant were calculated as described 

in Supplemental Information and SI Table 5.1).  
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Determination of Functional pKa By pH-Dependence of Competition With HRP For 

Hydrogen Peroxide.   

The pH dependence of the AhpC reaction with H2O2 was determined as 

described previously94 by monitoring the ability of AhpC to compete with 

HRP.  Briefly, As HRP reacts with H2O2 to form compound I, it exhibits a 

decrease in absorbance at 403 nm with a second order rate constant of 1.8 x 

107 M-1 s-1. As increasing concentrations of reduced AhpC are included in the 

assay, AhpC competes for peroxide resulting in decreased oxidation of HRP 

and a smaller change in absorbance. By comparing the ratio of oxidized HRP 

at each concentration of AhpC to that in the absence of AhpC, a second order 

rate constant for AhpC with hydrogen peroxide can be calculated. Because the 

assay involves a single turnover and the CP must be deprotonated to attach the 

peroxide substrate, the change in activity as the pH of the reaction is varied is a 

direct readout of the pKa of the CP.  

The concentration of the HRP stock in 5 mM potassium phosphate 

buffer with 0.1 mM DTPA, pH 7.0 was determined by measuring the 

absorbance at 403 nm (ε 403 = 1.02 × 105 M-1 cm-1) and mixed with pre-reduced 

AhpC in the same buffer.  HRP and AhpC solutions were then mixed with 1 

volume of buffer at various pH values between 4 and 9.5 to give a final 

concentration of 10 mM phosphate, 10 mM boric acid, 10 mM sodium citrate, 

100 mM sodium chloride, 0.1 mM DTPA, 7.5 μM HRP, and 0, 2, 4, 8, 12, or 

16 μM AhpC in a final volume of 150 μL. The starting HRP absorbance for 

each sample was determined at 403 nm in a Tecan Safire 2 microplate reader.  

The reaction was started by the addition of 10 μL of 45 μM H2O2 in deionized 

H2O (final concentration of H2O2 = 3 μM).  The extent of HRP oxidation by 

H2O2 was determined by monitoring the change in absorbance at 403 nm 

within 90 s of peroxide addition.  The actual pH in each was measured.  The 

percentage of inhibition of HRP oxidation (F/1–F) at each AhpC concentration 
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was plotted against AhpC concentration in order to obtain the second-order 

rate constant for AhpC (kAhpC); kAhpC was plotted versus pH and the pKa was 

calculated as previously described52.  

   

Steady-state turnover with full length AhpF.  

The reductive half reaction was measured using steady state assays with full-length 

S. typhimurium AhpF. These assays utilized various concentrations of each AhpC 

variant in the presence of a single AhpF concentration. Under these conditions, AhpF 

reduction of AhpC is rate limiting52. The reductive half reaction was measured using 

steady state assays with full-length S. typhimurium AhpF. These assays utilized 

various concentrations of each AhpC variant in the presence of a single AhpF 

concentration. Under these conditions, AhpF reduction of AhpC is rate limiting52. The 

KM of AhpC for AhpF has previously been reported as 15 mM and the concentrations 

used in these assays are effectively below the KM for each variant and the resulting k2 

reflects a combination of both protein association and Vmax
52. Initial studies using 50 

μM H2O2 indicated that the k2AhpF was significantly lower for the E49Q and T43V 

variants with p-values of 0.025 and 0.026, respectively, however this peroxide 

concentration was far below the KM for peroxide with these mutants (Table 5.1) and in 

separate assays using 1 mM peroxide, the rates for these two mutants approached the 

k2AhpF for wild-type AhpC indicating that the decreased activity for these mutants 

reflected perturbations to the activity with peroxide for these mutants and not 

reduction by AhpF.    

Steady state assays were set up with various concentrations of each AhpC variant 

(0.1-20 μM), in the presence of 0.025 μM AhpF,  150 μM NADPH, 50 μM hydrogen 

peroxide in 25 mM potassium phosphate, 1 mM EDTA, 100 mM ammonium sulfate, 

pH 7.0 at 30 oC. For mutants with significantly increased peroxide KM values (R119A, 

T43V, E49Q) a second set of assays were also performed in the presence of 1 mM 
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H2O2. The absorption at 340 nm was monitored as NADPH becomes oxidized on a 

Tecan Safire 2 microplate reader. Under these conditions, the AhpC concentration was 

effectively below the KM and the k2 of AhpC for AhpF (k2AhpF) was determined by a 

linear fit of the rate versus the AhpC concentration. Protein concentrations for each 

variant were adjusted to obtain reasonable rates of peroxide turnover (SI Table 5.2). 

The k2 of AhpC for AhpF (k2AhpF) was determined by a linear fit of the rate versus the 

AhpC concentration. This assay was also consistent with our previously determined 

true kcat/Km values for  a single wild-type, T77V, and T77I concentration with various 

concentrations of NTDS128W
52. The values for k2AhpF with WT, T77I, and T77V differ 

by less than 4-fold from the kcat/Km values with NTDS128W. More importantly, the 

relative activity of each variant to WT AhpC are highly similar between the two 

assays (SI Table 5.3).  

Steady state turnover with NTDS128W.  

To measure the kcat and KM for AhpC with hydrogen peroxide, we utilized our 

previously published assay which directly monitors the loss in fluorescence as a 

mutated form of the N-terminal domain of AhpF (NTDS128W) becomes oxidized in the 

presence of AhpC and peroxide52. Briefly, NTDS128W was pre-reduced with 10 mM 

dithiothreitol (DTT) for 1 hour and excess DTT was removed using a PD10 gel 

filtration column equilibrated with the appropriate reaction buffer. Standard reaction 

buffer, pH 7.0 (50 mM potassium phosphate at pH 7.0, 0.5 mM EDTA, and 100 mM 

ammonium sulfate) was used for the WT and W81F proteins while reaction buffer, pH 

8.5 (50 mM Tris, 0.5 mM EDTA, 100 mM ammonium sulfate, pH 8.5) was used for 

WT and mutations with a perturbed pKa (R119A, E49Q, T43V, T43S, T43A) to 

maximize the amount of deprotonated CP thiol present during the analyses. In all cases 

the pH was selected which allowed for >94% of each variant to be deprotonated based 

on the measured pKa value and the Henderson-Hasselbach equation. Pre-reduced 

NTDS128W (10 μM) and AhpC (0.05 – 1 μM) in one syringe were mixed with various 

peroxide concentrations in the second syringe of an Applied Photophysics SX.18MV 
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stopped-flow spectrophotometer at a constant temperature of 25°C. Fluorescence 

changes were monitored (λex= 280 nm, λem >320 nm) using an emission filter. All 

rates reported here are averages of at least three measurements in at least two 

independent assays. The initial rate of fluorescence decrease was determined by linear 

regression of the data from about the first 0.2–2 s of the reaction. The total change in 

fluorescence upon full oxidation in the presence of AhpC and excess peroxide was 

measured and used to convert the fluorescence change into the concentration of 

oxidized NTDS128W. The values for kcat(app) and Km(app)H2O2 at 10 μM NTDS128W for 

each AhpC variant was determined by direct fit to the Michaelis-Menton equation. 

 

Analytical Ultracentrifugation  

Sedimentation data at 230 or 280 nm were collected every 4 min at rotor speeds of 

40,000 or 42,000 rpm and a radial step size of 0.003 cm using an Optima XL-A 

analytical ultracentrifuge outfitted with absorbance optics (Beckman Instruments, Palo 

Alto, CA). Samples were measured in 25 mM potassium phosphate buffer, 1mM 

EDTA, 0.15 M NaCl, pH 7 at 20 °C. To maintain the redox state of the protein 

throughout the run, oxidized protein was analyzed in the presence of 1 equivalent of 

H2O2 and pre-reduced protein was analyzed with 100 μM DTT present in both the 

sample and the reference cell. Partial specific volumes were calculated for each mutant 

on the basis of the amino acid compositions and the buffer density of 1.00773 g/cm3 

was determined using a DA-310M precision density meter (Mettler Toledo, 

Hightstown, NJ) at 20 °C. Data was analyzed using DCDTplus (version 2.4.3) from J. 

S. Philo (Thousand Oaks, CA).   

 

Protein Crystallography  

Crystallization. The StAhpC mutant enzymes were expressed and purified as 

described above, and concentrated to ~10 mg/ml in 25 mM potassium phosphate, 1 
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mM EDTA, pH 7.0. Initial crystallization hits for some mutants were obtained through 

hanging drop optimizations of the 1.4 M MgSO4, 0.1 M MES, pH 6.5 reservoir used to 

grow wild type wild type crystals1,2. As this crystal form grows from the LU disulfide 

form, we did not add reducing agent to the buffer. Mutants T43V, E49Q, and W169F 

grew crystals in two weeks at 26 °C in drops of 4 μL protein and 1 μL reservoir. As 

previously reported2, crystal growth was enhanced by seeding, using 0.5 μL of serially 

diluted crushed crystals added to fresh drops. This yielded single crystals of ~1-2 mm3 

after a few days. W81F grew small and poorly-diffracting crystals in only a single 

drop of 2 μL protein and 1 μL of the WT condition, and unfortunately many attempts 

to replicate these crystals were unsuccessful. 

       Additional sitting drop trials for the T43S, T43A, W81F, R119A, and C165S 

mutants using a Phenix Crystallization Robot (Art Robbins Instruments) and the 

commercially-available Hampton Crystal I & II and Hampton Index I & II screens 

(Hampton Research) yielded hits for T43S and T43A. For T43S, the best among 

multiple leads led to optimized conditions of 4 μL protein and 2 μL of a reservoir of 

1.2 M ammonium sulfate, 24% glycerol, and 0.1 M Tris pH 7.3 at 26° C. For the 

T43A mutant, the best crystals grew at 4 °C mixing 4 μL protein with 1 μL of a 

reservoir of 0.2 M ammonium acetate, 25% polyethylene glycol 3350, and 0.1 M BIS-

TRIS pH 6.5. 

       As we reported earlier2, AhpC CR mutants in the presence of β-mercaptoethanol 

(BME) can form a CP-BME mixed disulfide adduct that stabilizes the LU 

conformation. Therefore, to crystallize C165S AhpC, we added 2 mM BME and 10 

mM hydrogen peroxide in an attempt to form locally unfolded CP-BME adducts; this 

dramatically improved crystal growth and generated well-diffracting crystals. Adding 

peroxide to the W81F and R119A samples did not improve their crystallization 

behavior and no further W81F crystals and no R119A crystals were obtained. 

       As previously described for wild type AhpC2, the crystals grown in the LU 

disulfide form were soaked with DTT to generate the thiol/thiolate form, designated 
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here with a subscript DTT (i.e. WTDTT). For harvesting, crystals were equilibrated for 

3 min in a fresh ~10 μL drop of their respective mother liquor with DTT added to a 

concentration of ~0.1 M. Subsequently, ~20% glycerol was added to the drop as a 

cryoprotectant and after another 3 min the crystals were scooped and flash-frozen by 

plunging into liquid nitrogen. Unfortunately, the few small W81F crystals grown did 

not survive the DTT treatment. 

 

Data Collection. Frozen crystals were sent to the Advanced Light Source (ALS) 

Lawrence Berkeley National Laboratory, and data were collected on beam-lines 5.0.1, 

5.0.2, 5.0.3, and 8.2.2. The resolution to which the crystals diffracted varied widely, 

and approximately 30-60 crystals were screened for each mutant to identify those that 

were best diffracting. For W169F, the highest resolution dataset for a DTT-soaked 

crystal was actually obtained using our in-house R-AxisIV X-ray generator and Cu-

3. The T43A crystal, which 

crystallized with PEG as a precipitant, was in space group P1, whereas the T43S, 

T43V, W81F, E49Q, C165S, and W169F mutants crystallized from sulfate solutions 

in the space group C2221 as seen for previous StAhpC structures (Table 1)2. The 

resolution cutoff criterion used here was a CC1/2 > 0.24, with the resolutions at which 

<I/σ>~2 also reported for reference. Rfree flags for five percent of the data were 

imported from the WTDTT dataset (PDB code 4ma9)2. 

 

Refinement. Initial refinements for the C2221 StAhpC structures utilized the WTDTT 

model (pdb code 4ma9)2 with active site residues 40-50 and 161-186 removed for the 

five chains in the asymmetric unit. This model was also used as a molecular 

replacement search model for the P1 T43A structure using Phaser-MR281, which 

determined a solution with two decamers in the asymmetric unit. A half decamer was 

present in the C2221 asymmetric unit. As was seen previously2, the DTT soaks indeed 
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reduced the disulfides. An initial rigid body refinement was done with 

Refmac5.8.00735, manual model building and adjustments were performed in Coot6, 

and subsequent refinements were performed with Phenix 1.9-16927. 

 Each chain was modeled as FF, LU, or mixed FF/LU conformations as 

determined by the initial omit map density. It was found that T43SDTT was 

predominantly FF, E49QDTT adopted a perturbed FF, C165SDTT and W169FDTT were a 

mix of FF/LUSH, T43VDTT and T43ADTT were predominantly LUSH, and W81F (not 

treated with DTT) was LUSS, though the resolution was not good enough to model the 

disulfides (Table 1). For chains that exhibited active sites with substantial electron 

density for both conformations, the ratio of FF to LUSH occupancy was refined. 

Refinements with riding hydrogens were tested and yielded better Rfree values for 

T43SDTT and E49QDTT. In late stages of refinement, adding one TLS group per 

monomer improved Rfree by 1-3% in all cases. Positions modeled as ions in the WTDTT 

structure59 and with suitable electron density and environment were similarly modeled. 

Generally, a Cl- was placed at the N-terminus of each protein chain, and a K+ was 

placed between the Thr72 and Thr72′ carbonyl oxygens at each decamer-building 

interface. Finally, as was noted for the WTDTT structure2, a series of peaks with strong 

difference density were commonly seen at the decamer-building interfaces near the 

Arg105 and Arg105′ side chains. With the slightly higher resolution provided by the 

T43SDTT structure, we speculate that these peaks are disordered solvent molecules and 

ions that adopt symmetric alternate conformations, and have modeled a Cl- ion in the 

higher resolutions structures and left the site unmodeled in the lower resolution 

structures.  

        A few notable features were observed for this set of structures. First, for 

structures in the C2221 crystals, chain A maintains an LU C-terminus due to crystal 

packing interactions. For the WTDTT structure the lack of the Chain A C-terminal 

packing resulted in the BA′ active site to be ~50/50 FF↔LUSH. We expected this to be 

similar for mutants that were mostly FF, but in fact we saw that T43SDTT had a ~100% 
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LUSH BA′ active site, which we think may be due to that the crystals for this mutant 

were grown in the presence of 20% glycerol and density for disordered solvent, 

possibly a glycerol, may bind and stabilize the LUSH active site. Second, as was seen 

for the C165ADTT structure2, the C165SDTT structure exhibited weak FF C-terminal 

density and we have therefore modeled the residues beyond Val164 as having 0.75 

occupancy based on trials with several occupancies. Because of the weak density for 

the C-terminal region, we utilized the WTDTT model for reference restraints in Phenix, 

which resulted in improved geometry and Rfree. Also, residual electron density was 

observed off the chain B CP, and mass spectroscopy analysis of CR mutant crystals 

treated with millimolar levels of peroxide has shown that some SO2
- or SO3

- can be 

formed59, so we have modeled this chain as the SO3- form and allowed the occupancy 

of the oxygens to refine, which was close to ~0.5 for all three oxygens. Extra electron 

density is also seen near the CP Sγ for all chains in the E49QDTT structure, that we 

have modeled as a partially occupied (~0.5) CP-SOH, however the density is quite 

weak and does not form a favorable bond angle and may actually be from a solvent 

molecule that occupies the site when the enzyme is LU. The final statistics for data 

collection and refinement are reported in Table 5.2. 

       

Supplemental Information 

Materials: Horseradish peroxidase, type VI (HRP), NADH, iodoacetamide, 

trichloroacetic acid, calcium chloride, ammonium sulfate, sodium citrate, boric 

acid, and sodium phosphate were purchased from Sigma.  5-

Iodoacetamidofluorescein was purchased from Molecular Probes (Invitrogen). 

TPCK-treated trypsin was from Worthington Biochemicals, and 1,4-

dithiothreitol (DTT) was from Anatrace.  Diethylenetriamine pentaacetic acid 

(DTPA) and 2,5-dihydroxybenzoic acid were purchased from Acros Organics.  

Guanidine hydrochloride (GuHCl) was from Lancaster Synthesis (Ward Hill, 

MA).  Ethylenediamine tetraacetic acid (EDTA), 2-mercaptoethanol, 
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ammonium bicarbonate, and 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) were 

purchased from Research Organics.  Sodium citrate, HCl, acetonitrile, and 

hydrogen peroxide were from Fisher, and PD-10 desalting columns were from 

GE Healthcare.   

 

Determination of extinction coefficients for AhpC variants.  

Absorbance values at 280 nm were measured for 4 concentrations of 

each protein at absorbance values between 0.09-0.55 in dH2O. A 100 μl sample 

of each dilution was then removed from the cuvette and the protein 

concentration in each solution was measured in mg/ml with the BCA Protein 

Assay Reagent (Pierce-Thermo Scientific) using BSA as a standard.  (This is a 

modification of the biuret assay which uses bicinchoninic acid as a detection 

reagent for the reduction of Cu1+ to Cu2+) and the concentration in M was 

calculated using the average molecular weight of the mutant protein without 

the N-terminal Met. The absorbance was plotted versus concentration (in mM) 

and the extinction coefficient was calculated by direct fit to a linear equation. 

The measured extinction coefficients for the WT (24,100 + 1,200) and T43S 

variants agreed with the previously determined values of 24,300 M-1 cm-1  for 

WT AhpC248. For the other mutants, the measured values were used to 

calculate concentrations and were: 27,000 + 600 for T43V, 27,000 + 1,000 for 

E49Q, 27,800 + 1,200 for R119A,  19,400 M-1 cm-1 for W169F, and 23,100 M-1 

cm-1 for W81F95. 

 

Circular Dichroism Spectroscopy.  

To evaluate the degree of alpha helix present in selected mutant proteins, pre-

reduced protein was exchanged into 25 mM potassium phosphate, pH 7.0.  The 

CD spectra for 10-20 μM reduced protein in 25 mM potassium phosphate, pH 
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7.0, 100 μM DTT was measured at 20 oC from 200-260 nm on a using a Jasco 

circular dichroism spectrophotometer. For stability studies, the CD spectra of 

20 μM reduced wild-type AhpC was monitored at 220 nm as the temperature 

was increased from 20 oC to 85 oC using a Peltier device. All spectra were 

corrected for the absorbance from buffer alone and normalized to the 

absorbance value of the measured sample at 280 nm. 

 

Stability of AhpC Toward Denaturation By GuHCl.  

The intrinsic tryptophan fluorescence of AhpC decreases by ~70% as the 

protein becomes denatured94. The change in reduced, wild-type AhpC tryptophan 

fluorescence at increasing temperatures from 20-80 oC occurs at the same 

temperatures where a decrease in alpha-helical content is observed by circular 

dichroism spectroscopy (SI Fig. 5.1), confirming that this assay reflects global protein 

stability and not local unfolding or alterations to the oligomeric structure. To measure 

the relative stability of AhpC mutants, wild-type and mutant AhpC was reduced with 

10 mM DTT for at least 30 min and then exchanged into 10 mM sodium phosphate, 1 

mM EDTA, pH 7.0 using Bio-Gel P6 resin. 10 μl of 0.013 mg/ml AhpC was mixed 

with an equal volume of GuHCl to provide final concentrations of 0-4 M GuHCl. 

Intrinsic tryptophan fluorescence was measured at λex = 280 nm and λem = 350 nm 

using Tecan Safire 2 monochromator-based microplate reader at 25 oC. The 

photomultiplier tube voltage was set so that a fresh sample without GuHCl gave a 

fluorescence intensity that was 80% of the maximal fluorescence value. The 

concentration of GuHCl at which AhpC was 50% denatured was determined by fitting 

to the following equation: 

𝐹𝐹 + 𝑚3 × [𝐺𝑢𝐻𝐶𝑙]  + (𝐹𝑈 + 𝑚4 × 𝑥) 𝑒𝑥𝑝𝑚2([𝐺𝑢𝐻𝐶𝑙]−𝐷50%)

1 +  𝑒𝑥𝑝
𝑚2([𝐺𝑢𝐻𝐶𝑙]−𝑚1)

𝑅𝑇
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Where [GuHCl] is the concentration of GuHCl, FF is the fluorescence of the 

folded protein, FU is the fluorescence of the unfolded protein, R is the gas 

constant, T is temperature, and D50% is the GuHCl concentration at which the 

protein is 50% unfolded 

 

Hyperoxidation assay.  

The activity of each AhpC variant (2 μM) was measured in the presence of 1 

μM EcTrxA, 0.05 μM EcTrxR, 150 μM NADPH, and 5 mM H2O2 in 25 mM 

potassium phosphate, pH 7.0 1 mM EDTA, 100 mM ammonium sulfate at 25 oC on a 

Varian Cary 50 UV-Vis spectrophotometer by monitoring absorbance at 340 nm as 

NADPH becomes oxidized. Linear slopes were fit to data from the first 2 minutes of 

the experiment. During the course of multiple turnovers, WT AhpC becomes 

increasingly inactivated and the slopes deviate from linear.   

 

Perturbed rate constants with HRP assay compared to steady-state turnover. 

 It must be noted that while second order rate constants with wild-type AhpC and 

peroxide at pH 7.0 are comparable utilizing the HRP assay (3.0 x 107 M-1s-1) and our 

NTDS128W assay (5.1 x 107 M-1s-1) we observed that the HRP assay provided 

significantly faster rates (as much as two orders of magnitude) for some of the most 

inhibited AhpC mutants. In order to determine whether this discrepancy reflected 

technical problems with one of the assays or fundamental differences between the 

underlying rates being measured (i.e. the NTDS128W assay measures steady-state 

enzymatic turnover that could be limited by other steps during the catalytic cycle and 

the HRP assay measures under single turnover conditions only the first reaction of 

thiolate with peroxide), an alternative method was used to measure the reaction of the 

R119A thiolate with peroxide.  Peroxide disappearance was measured under single 

turnover conditions using a modified version of the FOX assay. This assay, which 
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should measure the exact same catalytic step as the HRP assay, provided a rate of 8.5 

x 103 M-1s-1, which agreed much more closely with our kcat/Km values obtained with 

10 μM NTDS128W  (8.5 x 103 M-1s-1)  than with the HRP competition value (2.5 x 105 

M-1s-1) for the same mutant. 

 It is not clear why the HRP assay would provide such unexpectedly high 

values for mutant activity. To obtain reasonable activity with the highly inhibited 

mutants, the AhpC protein concentration was increased (SI Table 5.2). It is possible 

that high protein concentrations (up to 0.4 mM for T43V and R119A) lead to a 

decrease in the compound I signal though mechanisms that are not dependent on the 

catalytic interaction of the CP with peroxide including the direct quenching of 

compound I by the thiol groups in the two AhpC cysteines. Alternatively, H2O2 is able 

to react with other amino acids, including methionine, lysine, histidine, and glycine, 

albeit at much lower rates than Cys, and it is possible that at high protein 

concentrations and low catalytic efficiency for the CP, the sum total for all of these 

residues may provide a significant contribution to the observed rate.   
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SI Table 5.1.  Extinction Coefficients at 280 nm for AhpC variants 

Protein  (M-1cm-1) Molecular Weight 

WT 
24,300a  

24,100b 
20,616 

R119A 27,800 20,531 

E49Q 27,000 20,615 

T43V 27,000 20,614 

T43A 23,700 20,586 

T43S 24,600 20,602 

W81F 23,100c 20,577 

W169F 19,400c 20,577 
 

aPoole 1996248 
bMeasured for this publication 
cParsonage 201595 
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SI Table 5.2.  AhpC concentrations within each kinetic assay 

 

HRP competition 

(single turnover 

with reduced 

AhpC) 

Steady-state 

turnover with 

AhpF 

Steady-state 

turnover with 

NTDS128W 

GuHCl  

Denaturation 

Wild-

type 
2-16 μM 0.1-0.7 μM  0.05 μM  0.6 μM 

     

R119A 40-250 μM 0.2-2 μM  1 μM 0.6 μM 

E49Q 40-175 μM 0.2-2 μM  1 μM 0.6 μM 

T43V 50-300 μM 0.2-2 μM  1 μM 0.6 μM 

T43A 2-40 μM 0.1-0.7 μM  0.2 μM 0.6 μM 

T43S 1-8 μM 0.1-0.7 μM  0.05 μM 0.6 μM 

W81F 2-14 μM 0.2-2 μM   0.6 μM 

     

T77I 2-20 μM 0.2-2 μM  0.04-0.1 μM 0.6 μM 

T77V 1-10 μM 0.1-1 μM 0.04-0.1 μM 0.6 μM 

     

C165S 5-40 μM 2-20 μM  ND 0.6 μM 

W169F 2-16 μM 0.1-0.7 μM  ND 0.6 μM 

Shown is the concentration range of each variant used for each assays in this 

manuscript. For all variants except T77I and W169F, the protein is expected to be 

predominantly decamer at all concentrations utilized to determine the pKa. W81F 

exhibited ~2/3 decamer at the lowest concentration tested in the HRP assay (2 μM). 

For all other assays, the proteins are likely to convert between reduced decamer and 

oxidized dimer. ND indicates ND. 
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SI Table 5.3. Comparison of k2 (AhpF) and kcat/Km (NTD) values of wild-type and 

T77 mutants of AhpC 

 
k2 (AhpF) 

(x 106 M-1s-1) 

pH 7.01 

kcat (NTD) 2
 

(s-1) 

 

Km (NTD) 2
 

(μM) 

kcat/Km (NTD) 2
 

(x 106 M-1s-1) 

pH 7.0 

Wild-type 2.5 + 1.3 55.1 5.4 10 

T77I 
0.88 + 0.25  

(35%) 
25.0 12 

    2.1  

(21%) 

T77V 
9.3 + 3.8  

(372%) 
75.8 3.6 

21  

(210%) 
1From this work 
2From Parsonage 2005 

 

SI Table 5.4.  Comparison of second order rate constants with peroxide with 

NTDS128W  and HRP assays 

 HRP 

k2HOOH  

(x 106 M-1s-1)  

pH 8.7a 

NTDS128W 

kcat/Km(HOOH)  
(x 106 M-1s-1)  

pH 7a or 8.7b 

Rel k2HOOH 

pH 8.7 

Rel k2HOOH 

pH 8.7 

Wild-type 28.5 + 6.2 47 b  1.0  1.0 

Active site mutants     

R119A 0.24 + 0.13 0.0080 b  0.0085  0.00017 

E49Q 0.99 + 0.15 0.00099 b  0.035  0.000019 

T43V 0.25 + 0.03 0.0018 b   0.0088   0.000035 

T43A 3.0 + 0.8 0.11 b  0.11  0.0023 

T43S 24 + 3 24 a  0.85  0.47 

W81F 17 + 5 4.4 a*  0.61  0.08 

C-terminal residues     

C165S 6.8 + 0.9 1.4 a*  0.24  0.0027 

W169F 4.1 + 1.1 0.23 a  0.15  0.0045 

A-interface mutants     

T77I 21 + 4 0.30 a*  0.77  0.0059 

T77V 21+ 3 45 a  0.73  0.88 
a Indicated mutants are measured at pH 7.0 

*will be measured at 8.7 prior to paper submission 
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SI Figure 

5.1. 

Global 

stability of 

AhpC 

variants in the 

presence of 

increasing concentrations of GuHCl.  

Shown top is the unfolding of 20 μM reduced, WT AhpC  in 25 mM potassium phosphate, pH 

7.0 was monitored at increasing temperatures as the relative intrinsic tryptophan fluorescence 

as a function of temperature is shown (closed circles). The loss in alpha helical content was 

also measured as a function of increased molar ellipticity at 220 nm by circular dichroism 

spectrophotometry (open circles) under identical conditions. The correlation between the two 

sets of data indicates that the change in fluorescence reflects global changes in AhpC 

secondary structure.  Shown bottom is the relative stability of each AhpC mutant as assessed 

by the GuHCl concentration at which reduced AhpC was 50% denatured, measured by 

monitoring changes in intrinsic tryptophan fluorescence. * p-value <0.005, ** p-value < 

0.0001 by two-tailed student’s t-test. 
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SI Figure 5.2.  Active site AhpC mutants do not exhibit increased sensitivity to 

peroxide mediated inactivation.  

The activity of each AhpC variant (2 μM) was measured in the presence of 1 μM EcTrxA, 

0.05 μM EcTrxR, 150 μM NADPH, and 5 mM H2O2 in 25 mM potassium phosphate, pH 7.0 1 

mM EDTA, 100 mM ammonium sulfate at 25 oC on a Varian Cary 50 UV-Vis 

spectrophotometer by monitoring absorbance at 340 nm as NADPH becomes oxidized. For 

WT AhpC, a slight deviation from linear can be observed with 5 mM peroxide which is 

indicative of peroxide-mediated inactivation. T43S, T43A, T43V, R119A, and E49Q do not 

exhibit a significant increase in sensitivity to hyperoxidation. 
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SI Figure 5.3.  Comparison between HRP and FOX assays.  

A. Second order rate constants obtained with the HRP assay for multiple AhpC variants are 

significantly faster than the kcat/Km values obtained with steady-state turnover assays using 

NTDS128W as reductant, although similar trends are observed in the relative activity.  B. The 

second order rate constant for peroxide disappearance in the presence of 40 M H2O2 and 20 

M R119A was determined using the FOX assay to directly monitor peroxide disappearance. 

This value is compared to the second order rate constants obtained for the R119A variant 

using the HRP assay and the kcat/Km value from the NTDS128W assay. All assays were 

performed at pH 8.5. The FOX assay, which measures the exact same catalytic step as the 

HRP assay agrees with the values obtained for the NTDS128W assay. C&D. pKa values for 

R119A were determined using the HRP assay (C) and the FOX assay (D) as described in 

Methods and the resulting values were identical within the experimental error. 

  

B 
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SI Figure 5.4.  Analytical ultracentrifugation.  

Results for 100 μM oxidized (A) WT AhpC (fully decameric), (B) T77I (fully dimeric), 

R119A (intermediate species), and T43V (mixture). Data was analyzed using DCDTplus 

(version 2.4.3) from J. S. Philo (Thousand Oaks, CA) to give the g*(s) distributions (y-axis) 

that are shown. 
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Abbreviations 

1Abbreviations: Prx - peroxiredoxin, CP - peroxidatic cysteine, CR - resolving cysteine, 

FF - fully folded, LU - locally unfolded, BCP - Bacterioferritin Comigratory Protein, 

CR
α2 - PrxQ enzymes with CR located in α2, CR

α3 - PrxQ enzymes with CR located in 

α3, CR
0 - PrxQ enzymes lacking CR, SsPrxQ1 - Sulfolobus solfataricus PrxQ1, 

SsPrxQ4 - Sulfolobus solfataricus PrxQ4, ScPrxQ - Saccharomyces cerevisiae PrxQ, 

XfPrxQ - Xylella fastidiosa PrxQ XcPrxQ, - Xanthomonas campestris PrxQ, AtPrxQ - 

Arabidopsis thaliana PrxQ, ApPrxQ - Aeropyrum pernix PrxQ,  StPrxQ - Sulfolobus 

tokodaii PrxQ, PDB - Protein Data Bank, DTT - 1,4-dithiothreitol, NMR - nuclear 

magnetic resonance. 
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Abstract 

Peroxiredoxins (Prx) are a family of enzymes which reduce peroxides using a 

peroxidatic cysteine residue; among these, the PrxQ subfamily members are proposed 

to be the most ancestral-like yet are among the least characterized. In many PrxQ 

enzymes, a second “resolving” cysteine is located six residues downstream from the 

peroxidatic Cys, and these residues form a disulfide during the catalytic cycle. Here, 

we describe three hyperthermophilic PrxQ crystal structures originally solved by the 

RIKEN structural genomics group. We reprocessed the diffraction data and carried out 

further refinement to yield models with Rfree lowered by 2.3-7.2% and resolution 

extended by 0.2-0.3 Å, making one, at 1.4 Å, one of the best resolved peroxiredoxin to 

date. Comparisons of two matched thiol and disulfide forms reveal that the active site 

conformational change required for disulfide formation involves a transition of about 

20 residues from a pair of α-helices to a β-hairpin and 310-helix. Each conformation 

has about 10 residues with high disorder providing slack that enables the dramatic 

shift, and the two conformations are anchored to the protein core by distinct non-polar 

side chains that fill three hydrophobic pockets. Sequence conservation patterns 

confirm the importance of these and a few additional residues for function. From a 

broader perspective, this study raises the provocative question of how to make use of 

the valuable information in the protein data bank generated by structural genomics 

projects but not described in the literature, perhaps remaining unrecognized and 

certainly underutilized.  
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Introduction 

 Aerobic organisms must cope with reactive oxygen species (ROS) which can 

damage DNA, proteins, and lipids, potentially causing loss of membrane integrity and 

cell death26,41,282,80. Meeting this challenge are a variety of antioxidant defenses, 

including enzymes of the ubiquitous and highly expressed peroxiredoxin (Prx) family, 

which specialize in reducing hydrogen peroxide and organic peroxides, and can also 

reduce peroxynitrite283,284,285,85. Studies of Prxs have given insight into their catalytic 

mechanism77 and their critical functions within the cell, including possible roles in 

eukaryotes in cell signaling and tumor suppression45,68.  Prxs are also potential drug 

targets283, as for instance, it has been demonstrated that Prx knockout strains of the 

causative agent of malaria, Plasmodium falciparum, cope poorly with oxidative 

stress249,286.   

 
Figure 6.1. The Prx catalytic cycle and structural knowledge of PrxQ enzymes.  

(A) The catalytic cycle of 2-Cys Prxs indicating the protein conformation (FF or LU) 

dominant at each redox state. (B) Listed for each PrxQ subtype are the number of 

sequences67,287 and the crystal structures solved and conformations seen. Grey denotes the 

structures in this study, with “SG” standing for structural genomics. The structures include: 

ApPrxQ - Aeropyrum pernix PrxQ, StPrxQ - Sulfolobus tokodaii PrxQ, ScPrxQ - 

Saccharomyces cerevisiae PrxQ, SsPrxQ4 - Sulfolobus solfataricus PrxQ4, SsPrxQ1 - 

Sulfolobus solfataricus PrxQ1, XfPrxQ - Xylella fastidiosa PrxQ, and XcPrxQ - Xanthomonas 

campestris PrxQ.  
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 Prxs are divided by sequence similarity into six subfamilies: Prx1, Prx6, Prx5, 

Tpx, AhpE, and BCP-PrxQ26,67, all of which share a globular tertiary structure, with a 

conserved core of five α-helices and seven β-strands26,285. Their enzymatic activity 

requires an active site peroxidatic Cys residue (designated as CP or SPH for the thiol ), 

located within a strictly conserved PXXX(T/S)XXCP motif67. The catalytic cycle 

involves three chemical steps (Fig 1a). First, the SP¯ thiolate attacks a peroxide 

substrate in an SN2 reaction to form sulfenic acid (R-SPOH)77.  Second, to recycle the 

CP, and to prevent over-oxidation from a second peroxide substrate, the subset called 

2-Cys Prxs possess a second Cys residue (designated CR for resolving) which reacts 

with the sulfenic acid to form a disulfide bond140. The disulfide is then reduced by an 

external agent, such as thioredoxin, to regenerate the substrate-ready form26,283,77,140.  

 Importantly, disulfide formation in all Prxs requires a local unfolding of the 

active site. The substrate-ready conformation with the CP thiolate at the bottom of an 

active site pocket is called fully folded (FF) and the disulfide form is called locally 

unfolded (LU)26.  As reviewed by Hall et al26, each type of 2-Cys Prx has unique 

structural features that effectively stabilize discrete FF and LU conformations and 

these have been described for the Prx, Tpx, and PrxV subfamilies as well as the BCP-

PrxQ subgroup that has the CR residue in helix α3. The one 2-Cys Prx subgroup not 

yet characterized in this way is the BCP-PrxQ subgroup that has CR in helix α2, with 

just four residues separating it and the CP. It is this common but little 

characterized26,283,89 subgroup that is the subject of this work.  

 Because the name BCP (Bacterioferritin Commigratory Protein) is a historical 

holdover based on gel migration, we favor simply using the more informative PrxQ 

name for this subfamily and its members. This both clearly identifies them as Prxs, 

and matches our recently proposed nomenclature for Prxs from parasites51. Here, we 

will use PrxQ, even for proteins that have been previously referred to as ‘BCP’. For 

instance, Escherichia coli BCP will be referred to as E. coli PrxQ. 
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 The PrxQ group includes monomers and dimers268 and has been proposed to 

represent the subfamily most like the ancestral Prx26. Among PrxQs, the CR position 

may vary, being absent (~38%) or being located either in α2 (~55%) or α3 (~7%)26. 

These subtypes are here designated as CR
0, CR

α2, and CR
α3. E. coli PrxQ (a CR

α2 

enzyme) is the founding and best studied member of the subfamily89 but has yet to be 

crystallized. To date, seven PrxQ structures have been reported in the literature (Fig 

1b), which include both FF and LU conformations of a CR
α3 type PrxQ, but only the 

FF conformation of a CR
α2 PrxQ. Among these structures only one, Sulfolobus 

solfataricus PrxQ4 (SsPrxQ4), is a dimer268. 

 Fortuitously, although the CR
α2 LU conformation is missing among the 

described structures, it actually has been solved in three crystal structures of dimeric 

PrxQs from the hyperthermophilic aerobes Sulfolobus tokodaii (StPrxQ), and 

Aeropyrum pernix (ApPrxQ). StPrxQ has 54% sequence identity with ApPrxQ and 

78% identity with SsPrxQ4, the previously described CR
α2 PrxQ in the FF 

conformation. The three structures, one of StPrxQ and two of ApPrxQ, were deposited 

over five years ago by the RIKEN Structural Genomics Group and have been referred 

to in a few papers26,80, 89,268,267,266, but have never been carefully interpreted and 

described in a primary publication. 

 Here, we report such an analysis of the StPrxQ and ApPrxQ structures. With 

support from scientists at RIKEN, we have reprocessed the diffraction data and 

improved the previously deposited structures by additional rounds of polishing 

refinement. We provide a description of these structures and a detailed analysis of the 

conformational changes associated with local unfolding in the CR
α2 PrxQ enzymes. 
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Experimental Procedures 

Polishing refinements of 2YWN, 2CX3, and 2CX4 

Original diffraction data for the structures of StPrxQ (Protein Data Bank code 

2YWN), ApPrxQ-LU (PDB code 2CX3) and ApPrxQ-FF/LU (PDB code 2CX4) were 

obtained from the RIKEN Structural Genomics/Proteomics Initiative and processed 

and scaled using XDS288.  The resolution cutoffs were based on the new criteria of 

CC1/2 > 0 with P-value < 0.001252, except that for the StPrxQ dataset the high 

resolution cutoff of 1.4 Å was limited by completeness (dropping below 50%) rather 

than signal strength (Table 6.1). We found using Pointless289 that the data for 2CX4 

could be processed in space group P4122 and showed no evidence of twinning, 

contrasting with the previous assignment (according to the PDB file header) of space 

group P41 with a twinning fraction of 0.5, and twin operator K, H, -L. Similarly, the 

2CX3 data, previously handled as space group P64, processed well in P6422. No 

change was made to the space group of the 2YWN data. To generate initial electron 

density maps for the structures with new space groups, molecular replacement was 

carried out with Phaser281 using as search models four and two chains from the 

deposited 2CX4 and 2CX3 models, respectively. 
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Table 6.1. Data collection and refinement statistics. 

Data Collection 

Structure 

Space group 

Unit cell a, b, c (Å) 
Resolution (Å) 

Completeness 

Unique reflections 

Multiplicity 

<I/σ> 

CC1/2 
 

 

StPrxQ-LUa 
C 2 2 21 

69.34, 78.65, 61.96 

50.00-1.40 (1.42-1.40)d 
99.6 (42.0) 

29551 

5.8 (2.2) 

29.4 (1.8) 

0.999 (0.809) 

 

ApPrxQ-FF/LUb 
P 41 2 2 

132.39, 132.39, 106.53 

50.00-2.00 (2.05-2.00)e 
95.5 (93.5) 

63966 

12.1 (6.7)  

38.0 (0.6) 

0.999 (0.236) 

 

 

ApPrxQ-LUc 
P 64 2 2 

127.00, 127.00, 104.87 

50.00-2.30 (2.34-2.30)f 
99.8 (99.5) 

22182 

13.0 (8.1) 

20.7 (0.4) 

1.000 (0.162) 

 

Refinement 

Resolution range 

R-factor (%) 

R-free (%) 

Molecules in AU 

Protein residues 

Water molecules 

Total non-H atoms 

RMSD lengths (Å) 

RMSD angles (°) 

Ramachandran plot 

   φ, ψ-Preferred (%) 
   φ, ψ-Allowed (%) 
   φ, ψ-Outliers (%) 
<B factors> (Å2)k 
   Main chain 

   Side chains & waters 

New PDB Code 

2YWN  

1.6 Å 
20.0 

22.1 

1 

150 

155 

1361 

0.005 

1.2 

 

98.6 

1.4 

0.0 

iso 

14 

19 

-- 

Polished  

1.4 Å 
12.0 

14.9 

1 

151 

305 

1573 

0.008 

1.1 

 

99.3 

0.7 

0.0 

aniso 

15 

21 

4G2E 

 2CX4  

2.3 Å 
20.3 

26.3 

8 

1284 

386 

10743 

0.007 

1.1 

 

84.7 

11.7 

3.6 

iso 

49 

49 

-- 

Polishedg  
2.0 Å 
19.5 

23.4 

4 

642 

272 

5694 

0.01 

1.1 

 

96.7 

3.1 

0.2i 
TLS 

55 

66 

4GQC 

 2CX3  

2.6 Å 
20.6 

24.7 

4 

641 

196 

5364 

0.009 

1.2 

 

89.1 

9.5 

1.4 

iso 

65 

65 

-- 

 Polishedh  
2.3 Å 
18.6 

22.4 

2 

321 

69 

2714 

0.010 

1.15 

 

94.3 

4.8 

1.0j  
TLS 

77 

84 

4GQF 
a Crystallization conditions as reported in the PDB header: 0.2M Ammonium Acetate, 0.1M HEPES, 

25% PEG 3350, pH7.5, Vapor diffusion, Sitting drop, Temperature 293K. 
b Crystallization conditions as reported in the PDB header: Ammonium Sulfate, MES, TRIS, Sodium 

Chloride, Dithiothreitol, pH 7, Vapor diffusion, Sitting drop, Temperature 285K. 
c Crystallization conditions as reported in the PDB header: Ammonium Sulfate, 2-Propanol, TRIS 

Sodium Chloride, Dithiothreitol, pH 8, Vapor diffusion, Hanging drop, Temperature 293K. 
d Resolution cut-off previously 1.6 Å with R-meas in the highest resolution bin 12%; R-meas at 1.4 Å is 

51%. 
e Resolution cut-off was previously 2.30 Å with R-meas ~120%; R-meas at 2.0 Å is 350%. 
f Resolution cut-off was previously 2.60 Å with R-meas ~160%; R-meas at 2.3 Å is 480%.  
g The polished version also contained 30 sulfate molecules. 
h The polished version also contained nine sulfate molecules.  
i Gly3, Thr50, and Glu52 in chain A which all have weak density. 
j Ala 91 in chain D with φ, ψ = -73.4, 26.7 is very close to an allowed region. 
k Individual atomic B-factors were refined anisotropically (aniso), isotropically (iso), or isotropically 

plus using TLS with one group per monomer (TLS). 
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Refinements were carried out using BUSTER255 and/or PHENIX290 without the 

use of non-crystallographic symmetry restraints, and with manual rebuilding done in 

Coot256. Ordered waters were added manually and automatically to difference map 

peaks >3.3 ρrms also having >1.0 ρrms density in the 2Fo-Fc map and at least one 

hydrogen bonding neighbor within 2.4-3.5 Å. In the final models, waters were sorted 

and renumbered in order of decreasing electron density in the final 2Fo-Fc maps. 

During the final refinement rounds, geometry restraint weights were adjusted to 

minimize Rfree, and  Molprobity258 was used to find steric problems. Each refinement 

is briefly described below; the refinement statistics, as well as those of the original 

PDB entries, are listed in Table 6.1. 

For StPrxQ, minimization of the 2YWN coordinates at 1.6 Å resolution by 

BUSTER led to R/Rfree values of 19.0/22.5%, and an initial difference map with most 

peaks being un-modeled water sites. Little density was present for the backbones of 

residues 44-49, so these were left un-modeled as in the original PDB entry, even 

though there was weak density at the expected position of the CP-CR disulfide 

(inferred from a structural overlay of deposited 2CX4/3). A few rounds of refinement 

brought R/Rfree to 15.7/18.2%, and the resolution was extended to 1.5 Å and then to 

1.4 Å. The higher resolution revealed an alternate conformation of the catalytic 

Arg118. At this stage, refinement with PHENIX with riding hydrogens and individual 

anisotropic B-factors dropped R/Rfree to 12.7/15.8%. Electron density near Arg118, 

modeled as waters 17, 45, and 52, has some continuity and may be an acetate. The 

highest remaining difference peak, at 6.1 ρrms, is the un-modeled CP-CR disulfide and 

the final R/Rfree values are 12.0/14.9% (Table 6.1). 

ApPrxQ-LU (originally PDB entry 2CX3) contains two half-dimers in the 

asymmetric unit, both in the LU conformation with a CP-CR disulfide. Initial BUSTER 

minimization at 2.6 Å of the molecular replacement solution (with no waters) resulted 

in R/Rfree values of 21.1/24.4%. Manual changes included mostly adjustments of some 

side chain rotamers and the addition of many waters. TLS refinement using one group 

per monomer lowered the Rfree by 3.3%. Extension of the resolution to 2.3 Å allowed 
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the modeling of nine sulfate molecules as well as two glycerol molecules. The final 

R/Rfree values were 18.6/22.4% (Table 6.1). 

ApPrxQ-FF/LU (originally PDB entry 2CX4), has two dimers in the 

asymmetric unit, each containing one subunit in the FF conformation and one in the 

LU conformation with a CP-CR disulfide. Initial BUSTER minimization at 2.3 Å 

resolution of the molecular replacement solution led to R/Rfree values of 21.3/24.5%. 

Main manual changes included removal of a Cys80-Cys80′ (prime denotes the second 

chain of a dimer) intermolecular disulfide bond, and the addition of many waters. As 

refinement progressed, 31 sulfates were added with occupancies ranging from 0.3 to 

0.9. TLS refinement using one group per monomer dropped the Rfree ~1.0%. 

Extending the resolution to 2.0 Å allowed identification of three glycerol molecules 

and further water sites. During the final stages, an oxidized dithiothreitol was modeled 

into a large oblate electron density peak in the active sites of the FF chains. During 

refinement, residual negative difference density at the DTT sulfur atoms occurred, 

which we attributed as due to restraints tethering their B-factors to be close to those of 

the much better ordered hydroxyls; this was addressed by setting the occupancy for the 

sulfur atoms to 0.7 which led to a clean difference map in the area. Also, compared to 

2CX4, the chains were renamed so that the two asymmetric dimers are composed of 

chains AC and BD with chains A and B adopting the LU conformation and the chains 

C and D adopting the FF conformation. The final R/Rfree values were 19.5/23.4% 

(Table 6.1). 

 

Results and Discussion 

As expected, the PrxQ chains are all compact domains with the Prx fold and associate 

to form A-type dimers (further discussed below). In the combined asymmetric units of 

the three crystal structures, a total of seven chains were modeled, including five with 

LU conformations and two with FF conformations. StPrxQ (PDB code 4G2E), at 1.4 

Å resolution, is the highest resolution structure—actually the highest resolution of any 
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Prx structure26—and its single chain (a half-dimer) in the asymmetric unit adopts the 

LU conformation. In this structure, the active site loop (residues 44-49) has little 

density and has not been modeled. The better diffracting of the ApPrxQ crystal forms, 

at 2.0 Å resolution, has two dual-conformation (FF/LU paired) dimers in the 

asymmetric unit and thus we refer to it as ApPrxQ-FF/LU (PDB code 4GQC). The 

terminal residues 1-3 and 164 are not modeled in the LU chains and 1-2 and 164 are 

not modeled in the FF chains. The other ApPrxQ crystal form, at 2.3 Å, has two LU 

half-dimers in the asymmetric unit and will be referred to as ApPrxQ-LU (PDB code 

4GQF). These chains are missing residues 1 (chain A) and 1-2 (chain B). The non-

crystallographic symmetry-related chains overlay within ~0.2-0.3 Å and between the 

two ApPrxQ crystal forms, the LU chains excluding residues 45-55 (see below) agree 

within ~0.4 Å. Comparisons of the StPrxQ (LU) with the ApPrxQ LU structures give 

Cα rmsd of ~1.2-1.6 Å, depending on the chain compared. A DALI291 search of the 

PDB shows that SsPrxQ4 (PDB entry 3HJP) is the closest other structure to both 

ApPrxQ and StPrxQ; the sequence identities are 46% and 78%, respectively.  

 Compared with the previously deposited structures, the reprocessing of the 

diffraction data and individualized refinements has led to improved models for all 

three PrxQ crystal structures. The resolutions were extended 0.2-0.3 Å, and refinement 

lowered the overall Rfree values by 2 to 7%, even using the higher resolution limit 

(Table 6.1). The further refinement changed some key aspects of the structure, 

including removing interchain Cys80-Cys80′ disulfides from the ApPrxQ-FF/LU 

structure, adding a dithiothreitol (DTT) ligand into the active sites of the FF chains, 

identifying alternate conformations for residues important in catalysis, and identifying 

many sulfate ions. Additional major changes were correcting the space groups of the 

two ApPrxQ crystal forms (see Experimental Procedures). In our subsequent 

discussion of PrxQ structures, ApPrxQ numbering will be used unless otherwise 

specified. 
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Overall structures of ApPrxQ and StPrxQ 

Fully folded ApPrxQ 

 The FF structures (ApPrxQ chains C and D) have the standard Prx secondary 

structures of five α-helices and seven β-strands (Fig. 6.2a), with the CP-containing 

helix α2 sitting in a cradle with β-strands β4, β3, β6, and β7 providing a base, and 

helices α3 and α5 on the two sides26,140. Notable variations on the standard Prx fold are 

that helix α2 has a short bent extension we designate α2B, and both the ApPrxQ and 

StPrxQ structures have an additional β-hairpin between α4 and β6, also present in 

SsPrxQ4268. Also, StPrxQ substitutes a 310 helix in place of α1, as was observed in 

SsPrxQ4268 (Fig. 6.2b and c).  

 In terms of the active site, the FF conformation tends to be well-conserved 

among Prxs26,77, and ApPrxQ is no exception with the CP (Cys49 in the initial turn of 

α2) along with Arg122 and Ser46 at the bottom of the active site pocket (Fig. 6.3). As 

was seen for Tpx140 and Prx5 subfamily enzymes, the upper part of the ApPrxQ active 

site pocket is lined with a collar of non-polar side chains (Fig. 6.3) and seems well-

suited to preferentially reduce organic peroxides, with Trp79′ from the other subunit of 

the dimer contributing to this collar, suggesting it is part of the complete active site. 

Indeed, persistent pancake-like electron density was observed (SI Fig. 1a) that we 

eventually modeled as an oxidized dithiothreitol (DTT). Although the density was not 

definitive on its own, the interpretation was made because DTT was present in the 

crystallization buffer and the density was a good match for how DTT was seen bound 

to the FF conformation of Human PrxV (PDB code 3MNG)77 with its two hydroxyls 

mimicking a peroxide substrate (SI Fig. 1b). We rationalize that the rather weak 

density for the disulfide of DTT occurs because it has much more variation in position 

than the much better localized hydroxyls.  
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Figure 6.2.  Overall structures of ApPrxQ and StPrxQ.  
(A) The FF subunit of the ApPrxQ-FF/LU structure is shown with the main segment involved 

in the conformational transition (residues 46-67) highlighted in red. The universally conserved 

Prx secondary structures are labeled (except α4 which is behind β5). (B) Representative LU 

chains are superimposed for ApPrxQ-FF/LU (violet), ApPrxQ-LU (cyan), and StPrxQ (green). 

The un-modeled part of the StPrxQ β-hairpin is shown as a dashed line. The area of transition 

highlighted in panel A becomes a β-hairpin and 310 helix (both labeled). For perspective, here 

and in panel A the second subunit of the dimer is shown for ApPrxQ-LU (ghost gray). (C) 

Structure-based sequence alignment of ApPrxQ and StPrxQ indicating placements of α-helices 

(cyan cylinders), β-strands (red arrows and pale red arrows for the inferred StPrxQ β-hairpin), 

310 helices (blue triangular rods), and PII spirals (black tildes). Ellipsoids mark residues with 

surface area buried at the dimer interface of >100 Å2 (dark yellow), 25 to 100 Å2 (medium 

yellow) and <25 Å2 (white). ApPrxQ residues having surface area buried by the modeled DTT 

inhibitor are noted with A for Active-Site.  

 

 

 DTT is the first substrate-mimicking ligand to be identified in a FF CR
α2 

subtype, (FF SsPrxQ4 was modeled with a chloride ion in the active site)268 and also 

represents the only such ligand for a dimeric PrxQ.  Examples of ligands in 

monomeric PrxQs include a formate in FF XcPrxQ (3GKM)139 and a citrate molecule 

in SsPrxQ1267, though their exact positions overlay only loosely with the expected 
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H2O2 binding site.77 None of the monomeric PrxQs have as pronounced a hydrophobic 

collar as the dimeric forms, but have active sites that are much shallower and more 

polar. Whereas it was proposed for the Tpx enzymes that the active site hydrophobic 

collar lends specificity for organic peroxides26, no PrxQ enzymes have yet been shown 

to have such a preference89,292,293,88. Indeed, the monomeric E. coli PrxQ has 

essentially equivalent kcat/Km values for both hydrogen peroxide and the bulky organic 

cumene hydroperoxide, although it is less active with t-butyl hydroperoxide.89 

Nevertheless, because Trp79′ makes a substantial contribution of non-polar surface 

area to the CR
α2 active site, it could allow dimer formation to influence substrate 

specificity and catalytic activity.  

 

The locally unfolded conformation of CR
α2 PrxQ enzymes  

The CR
α2 LU conformation is seen in four ApPrxQ chains (two from each crystal form) 

and the single StPrxQ chain. Compared with the FF conformation, the only substantive 

backbone changes involve residues 46-68, with residues 46-56 forming a β-hairpin 

extending out from the protein core, and residues 59-65 forming a 310 helix (Fig. 6.2). 

A striking feature is that the direction at which the hairpin extends varies among the 

independent LU chains (Fig. 6.2b), even between the ApPrxQ chains, in which case 

the variation cannot be due to sequence differences.  At their tips, the hairpins span a 

range of ~15 Å, though this is an estimate, because density was so weak for the 

terminal residues of the StPrxQ hairpin that they were not modeled.  
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Figure 6.3.  The ApPrxQ FF active site hydrophobic collar.  
Shown is the active site molecular surface annotated with residue numbers and showing the 

bound DTT (sticks). The surface is colored by element, distinguishing carbons from the main 

monomer (dark gray) or the other subunit (light gray), nitrogens (blue), oxygens (red), and 

sulfurs (yellow). The peroxidatic Cys thiolate surface is marked by a white asterix (*). The 

catalytic Arg122 contributes the blue nitrogen surface left of the asterix, and barely visible red 

surface right of the asterix is from the Ser46 hydroxyl. 

 

 Despite the variation in position, the internal conformations of the hairpin are 

nearly identical (Fig. 6.4). The β-hairpin is internally stabilized by three β-strand 

hydrogen bonds and the disulfide bridge, as well as hydrogen bonds at the tip of the 

hairpin between the Thr50 side chain hydroxyl and the backbone nitrogens of Glu52 

and Leu53. Additionally, the CP backbone nitrogen exhibits a transient hydrogen bond 

with the carbonyl of Leu143 that is only present in the ApPrxQ-FF/LU, providing the 

single external stabilizing interaction for the hairpin position. Because the turn is 

highly mobile, with B-factors over 80 Å2 in the ApPrxQ-FF/LU structure (see Fig. 

6.6a), the conformational details must be considered tentative.  
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Figure 6.4. Consistent internal conformation of the ApPrxQ and StPrxQ β-hairpins. 

 The overlaid β-hairpins of all five LU chains are shown: two from ApPrxQ-FF/LU (cyan), 

two from ApPrxQ-LU (violet), and one from StPrxQ (green). Residues are labeled and H-

bonds (dashed lines) internal to the hairpin and to the carbonyl of residue 142 are shown. As 

modeled, the conformation is a type I-like turn with φ,ψ (Lys51) ≈ -70, -35 and φ,ψ (Glu52) ≈ 

-130, -30. 

 

Sulfate binding 

An additional noteworthy feature of the ApPrxQ structures, which were crystallized 

using ammonium sulfate as a precipitant, is the presence of many ordered sulfate 

molecules. Although ammonium sulfate is a common crystallizing agent, such 

extensive localization of sulfates does not generally occur. Interestingly, only one 

sulfate site, found near His110, was present in both crystal forms and both 

conformations, however, implying that most are not discrete well-defined sulfate 

binding sites. It has been suggested in studies of halophiles that their proteins have 

evolved to be stable in the high concentrations of sodium partly through an increase in 

surface acidic residues which coordinate the positively-charged sodium ions294. 

Similarly, because the environment of the hyperthermophile A. pernix contains high 
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concentrations of sulfate species, especially thiosulfate295,  the organism’s proteins 

may have evolved to take advantage of interactions with these solutes to achieve 

thermostability. 

 

Transition between FF and LU conformations of CR
α2 PrxQs 

 A naïve prediction might be that disulfide bond formation between Cys 

residues separated by just four amino acids might involve only modest structural 

changes, as is true, for example, in the active site of glutathione reductase296.  

However, an overlay of the FF and LU ApPrxQ structures shows that the transition 

between FF and LU conformations involves very large (4-17 Å) backbone shifts of 

residues 47-67 and smaller (0.5-2 Å) shifts of residues 80-90 and 140-160 (Fig 5a). 

The substantial rearrangement of residues 47-67 involves the unfolding of helix α2 to 

make a β-hairpin and the extension of helix α2B to become a 310 helix (Fig 5b); the 

smaller shifts are adaptations that accommodate the changes in residues 47-67. In this 

striking transition, in order to allow the eleven residues in the β-hairpin to stick out 

like a tongue from the protein surface, it can be seen that helix α2B plays the role of 

excess slack that can be spooled out in the form of a 310 helix that is more tightly 

associated with the protein core to cover about 8.5 Å of the gap that would otherwise 

have been opened (Fig. 6.5b). 

 The ability of α2B to transition to a 310 helix is made possible by key non-polar 

side chains that can interact with three hydrophobic pockets in the protein core (Fig. 

6.5b and c). In FF ApPrxQ, the anchoring side chains are Leu53, Phe56, and Leu63, 

and are replaced in the LU form by Met60, Leu63, and Ala66. Because the side chain 

positions do not match perfectly, the core residues lining the pocket (such as Ile39 of 

β3, Phe84 of α3, and Tyr148 of α5) adjust, explaining the smaller backbone shifts in 

residues 80-90 and 140-160.  Also, the side chains of Glu145 and Asp58 aid the 

transition by making N-cap hydrogen bonds with the backbone NH of residues 59 and 
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60 in the first turn of the 310 helix. The movements near residue 140 also reflect shifts 

in the backbone carbonyl interactions with Arg122 and the gain of the Leu143 

carbonyl H-bond with the β-hairpin (Fig 4). The small shifts in α3 are partly related to 

the movement of Arg57, which in the FF form links α2 with the α3-β5 loop by H-

bonding with the Asn88 carbonyl. The transition is also helped by the relatively 

smooth, non-polar faces of the β-strands 3, 4, and 5, with few “sticky” polar 

interactions, as was similarly described for Tpx subfamily enzymes140. 
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Figure 6.5. Essential structural features of the PrxQ CRα2 FF↔LU transition.  

(A) Cα shifts between the FF and LU conformations are given for the ApPrxQ pair (purple) 

and the StPrxQ/SsPrxQ4 pair (green). ApPrxQ numbering is used and shifts <4 Å are shown in 

the inset. Black bars indicate the regions undergoing intermediate exchange in the AtPrxQ 

NMR study56. Peaks near residues 25 and 110 in the StPrxQ/SsPrxQ4 pair are not related to 

the FF/LU transition, but due, respectively, to a one residue insertion in StPrxQ4 and the 

influence of crystal contacts. (B) Orthogonal views of the backbone ribbon for residues 46 – 

68 in the FF (purple) and LU (salmon) conformations. Side chains for the hydrophobic 

anchors are shown as sticks (labeled in the lower view) and regions in each conformation not 

well anchored and providing slack that extends as part of the conformational change are 

indicated in the upper view. (C) Schematic model for how the hydrophobic anchors shift 

interactions with the protein core during the conformation change. 
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 Because of the high sequence similarity between FF SsPrxQ4 and LU StPrxQ 

(with only two differences in the 21-residue transition segment: StPrxQ Gln42Ser 

and Gln60Glu), this pair provides a second view of the FF↔LU conformation 

transition. Other than differences near residues 25 and 110 that are not correlated to 

the transition, this comparison also shows large backbone shifts of residues 47-67 and 

smaller shifts near residues 85-90 and 140-150 (Fig 5a, green line). For this pair, all of 

the features described above are present, including the two 310 helix N-capping 

interactions and the existence of three key hydrophobic anchor positions, which in this 

case involve FF Met53, Phe56, and Phe63 being replaced by LU Met60, Phe63, and 

Val66.    

 Equally dramatic are changes in chain disorder that are associated with the FF-

LU transition of residues 47-67 (Fig 6). In the FF active site, residues 47-57, 

corresponding to helix α2, are as ordered as the protein core, but are much less ordered 

when adopting the LU β-hairpin. In contrast, the α2B residues 58-67 are rather 

disordered in the FF form but become much more ordered in LU as the single weak 

anchoring provided by residue 63 is replaced by strong anchoring of residues 60, 63, 

and 66 (Fig. 6.5c). The high B-factors of α2B in the FF form can be understood in that 

the whole helix is only tethered to the protein core by one non-polar side chain 

(position 63) and that tethering involves a larger side chain (Leu in ApPrxQ and Phe in 

StPrxQ) sticking only its tip into a small pocket that is sized more optimally for an Ala 

(as in ApPrxQ) or a Val (as in StPrxQ). 
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Figure 6.6 Changes in disorder associated with the FF – LU transition.  
(A) B-factors of the FF (purple) and LU (salmon) chains from the ApPrxQ-FF/LU crystal 

form. Secondary structure along the chain is indicated. (B) Same as panel A, but for the 

SsPrxQ4 FF chain (orange) and the StPrxQ LU chain (green) using StPrxQ numbering. The 

left y-axis is the StPrxQ B-factor and the right y-axis is the SsPrxQ4 B-factor. In StPrxQ α1 is 

a 310-helix (as shown), but in SsPrxQ4 it is an α-helix as for most other Prxs. This change is 

not FF/LU related, but due to a one residue insertion in SsPrxQ4.  
 

 An interesting question for understanding the Prx FF↔LU transition is 

whether there is always an ongoing rapid interchange between the two conformations, 

or whether the transition only occurs when triggered by a redox change in the active 

site CP residue. Protein crystallography cannot provide data to answer this question, 

but NMR can. Fortuitously, an extensive NMR study of a monomeric CR
α2 PrxQ, 

Arabidopsis thaliana PrxQ (AtPrxQ)56 with ~40-50% sequence identity to ApPrxQ and 

StPrxQ, gives further insight. The dynamics of both the reduced (dithiol) and oxidized 

(disulfide) forms were studied. Of the 140 non-Proline residues in the protein, 132 

could be assigned in the disulfide form, but only 63 for the reduced form. The 

unassigned residues suffered from extensive line-broadening due to conformational 

exchange dynamics, meaning that by this measure the FF conformation is more 

disordered than the LU. The regions involved were in four segments that correlate 
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reasonably well with the regions that undergo conformational/environmental change in 

the FF↔LU transition (Fig. 6.5a). Among the residues without large Cα shifts, 

residues 35-45 pack against α2B and residues 110-125 form part of the active site 

collar, so in both cases their environment becomes much more solvent-exposed in the 

LU conformation. 

 These data indicate that even though fully reduced PrxQ molecules are largely 

populating the FF conformations, they are also constantly sampling the LU 

conformation—according to model-free analysis at a rate of ~1650 times per second56. 

For Prx1 subfamily enzymes55, proteins with a disrupted A-type interface had a less 

stabilized and less restricted FF conformation52, implying that dimeric PrxQ proteins 

may have a slightly more restricted conformational dynamics than the monomer of the 

NMR study. That the disulfide form is on the whole less dynamic, despite the floppy 

β-hairpin (which in fact are the main unassigned residues in this form), can be 

understood in that the formation of the disulfide “locks” the protein into the LU 

conformation by removing its ability to sample the FF conformation until the disulfide 

is reduced. These studies support the view that local unfolding of even the reduced 

form of the protein occurs sufficiently frequently to support catalysis, and that 

formation of SPOH does not trigger the conformational change but simply allows the 

chemistry of disulfide formation to trap the protein in the LU conformation.   

 The facile local unfolding of the reduced protein implies that the energy barrier 

between conformations is small, with neither state being highly stabilized. We 

speculate that whereas the FF conformation has many interactions stabilizing it (e.g. 

much buried surface and salt bridges spanning from Lys59-Asp149 and Lys51-Glu45), 

α2B is relatively poorly stabilized. In contrast, in the LU conformation the α2B residues 

are interacting well with the protein, but the α2 residues (in the β-hairpin) are poorly 

stabilized. Together, this leads to neither state being highly stable and levels the 

energy landscape, aiding the process of constant transition between conformations.  
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Dimer Interface 

 As previously mentioned, all chains we have analyzed are A-type dimers, with 

interfaces involving about 30 residues from strands β1 and β2, and the loops prior to 

α2, α3, and α4 (Fig. 6.7a)249,55. 

These interacting regions group well into the defined sequence regions 

numbered 0 through 4 that were used for other Prxs249,55. As was noted in the SsPrxQ4 

description268, the ApPrxQ and StPrxQ interfaces involve residues from a ββ insertion 

(here designated as Region 4) absent in the monomeric AtPrxQ56, and ScPrxQ266. 

However, the monomeric XcPrxQ and XfPrxQ have such an insertion (though it is 

extended and contains a higher portion of residues with polar side chains), meaning 

this insertion cannot be strictly used as a marker for dimeric PrxQs. 
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Figure 7.7 The PrxQ dimer interface is unperturbed during the catalytic cycle.  
(A) ApPrxQ-LU/LU (cyan/cyan), ApPrxQ-FF/LU (purple/pink), StPrxQ-LU/LU (green/green), 

and SsPrxQ4-FF/FF (gold/gold) dimers overlaid based on the top subunit. (B) Residues with > 

3 Å2 surface buried at the ApPrxQ-LU/LU dimer interface grouped into sequence regions 0 

through 455 and colored to correspond with C. (C) Close up of interactions of the ApPrxQ-

FF/LU interface two-fold. The coordination of conserved buried Water81 is shown, as well the 

primary conformation and 2Fo-Fc electron density at 2.0 rms for Cys80 and Cys80′, which do 

not form a disulfide.  

 

 Despite the dramatic shift between FF and LU conformations, we find that the 

dimer interface remains virtually identical between the FF/LU, LU/LU, and FF/FF 

(from SsPrxQ4) dimers (Fig. 6.7a). As all are essentially equivalent, we focus our 

description on the ApPrxQ interface, noting differences where needed. The 

dimerization interface buries about 2000 Å2 of surface (1050 and 915 Å2 per chain in 
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ApPrxQ, and StPrxQ, respectively). Most of the buried area is non-polar with the four 

most buried positions being Phe45 (70-75 Å2), Trp79 (150 Å2), Tyr98 (120 Å2), and 

Leu116 (105-110 Å2) one each from Regions 1 to 4 (Fig. 6.7b). Leu116 of Region 4 is 

part of the ββ insertion and its role is conserved between the PrxQ dimers as a tight 

packing interaction into a non-polar pocket formed by the side chains of Tyr98′, 

Trp79′, Pro78′, and Phe21′.  The insertion is also stabilized by variable hydrogen 

bonds depending on sequence differences. An important point is that the close Cys80–

Cys80′ pair (unique to ApPrxQ) pack together but do not form a disulfide (Fig. 6.7c). 

 In terms of well-buried polar interactions, there is one water site (Water 81) at 

the dimer interface conserved between ApPrxQ, StPrxQ, and SsPrxQ4. It is among the 

more highly ordered water sites in the structures (the waters are ordered based on 

decreasing electron density). Water 81 makes bridging H-bonds between the Ser77 

hydroxyl, the Asp76′ carboxylate and the Ala41′ backbone oxygen (Fig. 6.7c). 

Additional polar interactions that are not in common occur near the periphery of the 

interfaces, such as the symmetric intermolecular salt bridges in ApPrxQ between 

Lys83-Glu87′, and Glu87-Lys83′. 

 As was noted above, the interfaces of ApPrxQ and StPrxQ contribute to the 

active site (Fig. 6.2a and Fig. 6.3). In fact, in addition to Trp79′, six other residues 

interacting with the DTT ligand (Fig. 6.2c) are also involved in the dimer interface. An 

interesting question is how the FF/LU mixed dimers came to be stabilized in the 

crystal form. The systematic heterogeneity seems related to crystal packing 

interactions: in the FF/LU crystal form it is impossible for the FF chains to be LU 

because the LU disulfide loop would collide with Lys31 of the adjacent FF chain. We 

hypothesize that crystals are nucleated by the FF/LU heterodimers that form as the 

DTT present becomes oxidized, and then the crystal can grow as more protein 

oxidizes. Once an FF/LU dimer is incorporated into the crystal lattice, the crystal 

packing interactions and the DTT binding hinder the LU transition of the FF subunit, 

so it cannot be oxidized via disulfide exchange. As long as some reduced DTT 
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remains, disulfide exchange can occur to allow remaining soluble dimers to adopt the 

crystallizable FF/LU form. We emphasize that the existence of the FF/LU dimers 

should not be taken as evidence for half-of-the-sites reactivity or another more general 

allosteric relationship. 

 As a final thought on the relevance of the dimer interface, a characterization of 

SsPrxQs292 found that the dimeric SsPrxQ4 was substantially more heat stable, 

displayed optimal activity levels at higher temperatures, and retained  a higher relative 

activity when incubated at 95° C, compared to the monomeric SsPrxQ1 and SsPrxQ3. 

SsPrxQ4 was also found to be exceptionally resistant to chemical denaturation, 

retaining 50% activity after 30 min in 6 M urea292. The authors proposed that the 

dimeric forms of PrxQs would allow these hyperthermophiles to temporarily endure a 

larger range of temperature fluctuation by providing protection from reactive oxygen 

species at temperatures that would denature the organism’s other PrxQ enzymes. 

 

Sequence Conservation among CR
α2, CR

α3, and CR
0 PrxQs  

The PrxQ subfamily contains a surprising diversity in the mechanism by which 

the sulfenic acid form is resolved, containing CR
α2, CR

α3, and CR
0 Prxs. Whereas the 

CR
α2 PrxQs undergo the drastic unraveling of α2 documented here, CR

α3 PrxQ 

conformations change little between redox states, requiring only the inward-bending 

of the α2-α3 loop and the flipping of the CP and CR side chains to form the 

disulfide139. To see what sequence features are conserved with the CR
α2 subtype, 

conservation patterns were assessed for 511 CR
α2, 74 CR

α3, and 387 CR
0 PrxQ 

sequences, and the roles of each highly conserved position was identified (Table 6.2 

and Fig. 6.8). By also assessing conservation at these positions among the other 

subtypes we are able to comment on which patterns appear to be unique to the CR
α2 

subtype and which are conserved in PrxQs in general. We consider three tiers of 
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highly conserved residues: ≥98% identical, ≥90% identical, or ≥90% identical 

between two residue types, all for residues present in at least 95% of the sequences. 

  
Figure 6.8. Positions highly conserved in CRα2 PrxQ enzymes.   

Stereo-view backbone ribbon of the FF subunit from the ApPrxQ-FF/LU structure colored to 

highlight conservation, distinguishing positions with ≥98% identity (red), ≥90% identity 

(green), and ≥90% identity between two amino acids (blue). The remaining residues are grey.  

 

 The highly conserved residues are mostly centered around the FF active site, 

especially positions 38-58, which encompasses the end of β3, the loop before helix α2 

(the CP loop), and most of α2. This can be interpreted as a conservation of redox 

function, given that these proteins have an identical mode and site for catalysis, 

making the structure and stability of the α2 region paramount. Closely related to this 

are the side chains that line the cradle in which helices α2/α2B sit and this accounts for 

most of the other residues that have similar conservation across all three PrxQ 

subtypes. In contrast to what was seen for the Tpx subfamily of Prxs140, residues at the 

dimer interface are not well-conserved. This is not surprising given that the CR
α2 

subtype includes both dimers and monomers. In fact, only five dimer interface 

positions are highly conserved (Pro42, Ser46, Asp76, Pro47, Phe56) and none of these 

have more than 25 Å2 surface buried at the interface in (Fig. 6.7b), consistent with the 
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conservation of these positions being related to functions distinct from dimerization. 

The ββ insertion (positions 113-117) common to all known PrxQ dimers is present in 

only ~30 of the 511 sequences, suggesting CR
α2 PrxQs are predominantly monomers 

(or form dimers of a different type) and even that number may be an over-estimate, 

because as mentioned above, some monomers contain this insertion. 

 Particularly interesting are positions with conservation patterns unique to the 

CR
α2 subtype. These include the completely unique Cys54 (CR), Arg57, and Asp58, 

and the somewhat unique Leu53, Phe56, and Leu63. Each of these positions has been 

mentioned above as having specific roles in the FF-LU transition (Table 6.2). The 

conservation of these positions provides further evidence that their specific roles are 

rather important for facilitating the transition. That there are no further residues with a 

distinct CR
α2-specific conservation pattern supports the idea that we have a handle on 

the important structure-function features of the CR
α2 PrxQs. 
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Table 6.2. Conservation of PrxQ CRα2 Positionsa 

 

 
 

a The sequence relative to ApPrxQ is given, with conservation of positions among subgroups expressed 

as a standard SeqLogo of 511 CR
α2 sequences, 74 CR

α3 sequences, and 387 CR
0 sequences. Those 

positions that exhibited conservation patterns of ≥90% or ≥90% between two residues are shown, with 

blanks indicating a lack of conservation for that subtype. The overall size of the SeqLogo image 

corresponds to the number of total sequences that aligned at this position and the relative height of the 

single letter residue abbreviation corresponds to the percentage of conservation, with a minimum 

sequence alignment cutoff of 95%. For example, position Cys49 represents 100% of sequences aligning 

and 100% conservation of a Cys. 
b The conformation(s) in which the function occurs: fully folded (FF), locally unfolded (LU) or both 

(FF-LU). 
c General function and important interactions are defined as: Catalysis; involved in catalysis and/or 

substrate positioning, Collar; part of the hydrophobic collar of the active site, Anchor; one of the 

hydrophobic anchors involved in conformation change, Cradle; packs against α2, α2B , or the active 

site,  Hbond; makes important structural interactions through hydrogen bonding, with the residue 

specified if the bond is to another side chain, or “bb” if to a backbone atom, Structure; maintains 

general protein structure.  
d The distance between Asp58 and Arg122 is variable, and in some chains is too great to form a salt-

bridge. 
e Forms a type I turn with  Ф,ψ  Gly-specific at 90, 0.  
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Challenge and opportunity of unpublished structural genomics results 

 Structural genomics groups have contributed greatly to our knowledge of 

protein structures. Already by 2006 their work accounted for ~20% of the total 

number of structures added to the PDB297. However, less well-documented is what 

fraction of these structures have never received the individual attention and detail-

oriented analyses needed for a primary literature report. Our analyses here of the three 

PrxQ structures illustrates that such unpublished structures can contain a wealth of 

information useful to a fielde.g. 298, but also that they can have real shortcomings—

errors and incomplete interpretations—that detract from their reliability. This is of 

course a significant problem when, as for the previously deposited ApPrxQ and 

StPrxQ entries, the un-vetted structures get used “as is” by others for structure-based 

sequence alignments26,268,267,139,67, assigning residue functionality67, threading56, 

protein-protein docking studies268, homology modeling268, overlays139, and other 

structure-based comparisons26,139. For unpublished structural genomics structures to 

provide maximal benefit, they must be carefully analyzed and described, and how this 

will be done is an important unresolved issue that raises novel ethical and policy 

questions that need to be explicitly addressed by the structural biology community.  
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Supplemental Information 

 
 

SI Figure 6.1.  Evidence for DTT binding to the FF subunits of ApPrxQ.  

(A) Orthogonal views of the pancake-like 2Fo-Fc electron density (contoured at 1.5 rms) fit 

by DTT. The B-factors of the ligand are ~65 Å2 for the carbons and hydroxyls (modeled at full 

occupancy) and ~70 Å2 for the sulfurs (modeled at 0.6 occupancy), whereas the surrounding 

residues have B-factors of ~45 Å2. (B) An overlay of the ApPrxQ-DTT complex onto the very 

well-defined human PrxV-DTT complex (PDB entry 3MNG; semi-transparent grey protein 

atoms and green DTT atoms) shows that the binding modes seen are highly similar. 
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Impacts 

 The two reviews and four original research articles presented here have 

addressed key questions related to protein function, and led to a novel concept for 

designing selective inhibitors of peroxiredoxins. This thesis work, together with my 

published analysis of agonists and antagonists of the aryl hydrocarbon receptor29, 

while focused largely on protein structure, has included the application of a variety of 

techniques including protein crystallography, mass spectrometry, NMR, molecular 

biology, bioinformatics, computer programming, molecular dynamics, homology 

modeling, and virtual ligand screening. These results have provided the foundation for 

future structure-based drug design (SBDD) on peroxiredoxins. Importantly, each 

chapter has a few key points worth reiterating that filled gaps in knowledge and 

advanced the field, and these are summarized below. Following these brief summaries, 

in the remainder of this chapter I will outline some ongoing work and suggest 

directions for future studies. 

Highlights of reported work  

The first review (Chapter 2) contributes to increasing the awareness of the expanding 

Prx field, as compared with the historically better known catalase and glutathione 

peroxidases Prxs continue to get less attention despite their dominant role in peroxide 

reduction. Dispelling this misconception is important because it continues to be a 

problem that impairs the understanding of the roles of peroxide in the cell and redox 

metabolism. For instance, a 2014 review on peroxide signaling in the Journal of 

Biological Chemistry16 used data from spectroscopic detection of catalase Compound I 

(produced by reaction of catalase with H2O2) to conclude that the steady state H2O2 

production in the liver is 50 nmol/min/g, despite that this is surely a gross 

underestimate as the vast majority of peroxide (>90%) will react with Prxs26.  The 

second review (Chapter 3) was the first paper to pull together data from the many 

knockout and knockdown studies that have been conducted over the last ~20 years and 

summarized the results in a simple tabular form for easy reference. This should be a 

valuable tool for the community that helps workers define the physiological roles of 
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Prxs throughout the kingdoms of life and aid in the design of future studies. 

Additionally, this article reported an updated relatedness tree for sulfiredoxin and 

made the important discovery that many of the most virulent pathogens seem to lack 

the enzyme, and therefore are incapable of rescuing hyperoxidized Prxs. Thus, as the 

drug design concept put forth in this thesis is to inhibit Prx conformation change, this 

finding reinforces that if the fully folded conformation were stabilized and enhanced 

hyperoxidative inactivation, these pathogens would have their Prxs permanently 

inactivated and their oxidative stress defenses compromised. 

 The novel structural and functional studies of wild type StAhpC and a set of 

StAhpC mutants (Chapters 4-5) contributed several important advances to our 

understanding of Prxs. Though StAhpC was one of the first discovered Prxs and had 

already been the subject of ca. 55 studies, the structure of the wild type, substrate-

ready conformation had never been determined. With this structure in hand, it became 

clear that some important aspects had been overlooked. First, mutants that had been 

studied with the assumption that they would behave conformationally like the wild 

type enzyme showed significant differences in structure and dynamics, meaning that 

caution should be exercised in interpretating such studies. This work also provided 

very clear evidence that Prx conformational thermodynamics is delicately balanced 

and thus can be easily perturbed by any modification, especially in the C-terminal 

region, and inspired the conclusion that this could be how many post-translational 

modifications modulate Prx activity. We proposed a simple model in Chapter 4 for 

understanding this modulation, whereby shifting the stability of the FF or LU 

conformations by just a few kcal/mol could alter activity by orders of magnitude, and 

it is this key finding that led to the proposed idea for incapacitating pathogen redox 

defenses by designing inhibitors that stabilize specific Prx conformations. The follow-

up study (Chapter 5) sought to explicitly define the roles of conserved residues in the 

Prx1 subfamily, in particular looking at how they contribute to the high catalytic 

efficiency as well as to their folding and oligomerization thermodynamics. Previous 

studies had examined the effects of mutations on activity, but they did not assess KM 
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and kcat individually and did not determine structures of the mutants to find structural 

explanations for the observed changes. Two major findings from the mutational 

analysis were that: (1) the predominant role of the conserved Arg and Thr, despite 

being important for lowering the pKa of the catalytic Cys, is also to decrease KM of 

the reaction with peroxide by >1000-fold, showing their essentiality in enzyme-

substrate interactions, and (2) that nearly all the mutants shifted the conformational 

equilibrium toward the inactive, locally unfolded form, reinforcing the evidence from 

Chapter 4 that showed how easily Prx conformation can be modulated. 

 Chapter 6 provided three important advances. First, as Prxs have become better 

studied, the nomenclature has become increasingly confusing. Peroxiredoxins have 

been called peroxins, thiol peroxidases, and tryparadoxins, as well as being segregated 

by less-than-helpful terms such as “typical-2-Cys,” and “atypical 2-Cys.26” The 

subgroup studied in Chapter 6 had long been referred to by the non-informative 

acronym “BCP” which stands for bacterioferritin comigratory protein. As some plant 

members of this subgroup had been previously called “PrxQ” enzymes, we proposed 

that this name be adopted for all subgroup members, as it at least specified them as 

Prxs. Second, this paper was the first to describe the conformation change for the Prxs 

with a CPxxxxCR motif, which includes ~1,300 Prxs (Chapter 2). We found that key 

residues involved in the FF↔LU shift are highly conserved and involved a 

fascinating-helix to-hairpin transformation enabled by a nearby-helix to 310-

helix transition. Finally, this study demonstrated to the structural community how the 

~9,300 ‘orphan’ structures in the PDB (i.e. deposited structures with no publication) 

mostly solved by structural genomics (SG) groups can be utilized to contribute 

valuable information to a field. In fact, this study received specific mention in a recent 

teaching article about protein crystallography299:  

“It is clear that the availability of SG-determined structures leaves open opportunities 

for their further refinement and/or deeper and more detailed analysis of their 

biological significance. An example of such reinterpretation of a series of SG 
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structures involved mapping the active site helix-to-strand conversion of CxxxxC 

peroxiredoxin Q enzymes. In that rather unusual case, the RIKEN SG group provided 

Perkins et al. with the original diffraction images that were then independently 

reprocessed. Reprocessing yielded significantly improved resolution (1.4 versus 1.6 Å, 

2.0 versus 2.3 Å and 2.3 versus 2.6 Å for the three data sets in question), as well as 

improved scaling statistics. Utilization of better refinement protocols led to very 

significant decrease in the final R factors (e.g. R decreased from 20.0% to 12.0% 

and Rfree decreased from 22.1% to 14.9% for the 1.4 Å structure) and it became 

possible to trace more residues, as well as water molecules. Most importantly, 

Perkins et al. could provide a penetrating interpretation of the improved structures, 

adding significant value to the coordinates deposited in the PDB.” 299 

Also, the same authors mention the work in a book chapter about structural 

genomics300:  

“As shown recently, the possibility of reprocessing diffraction data that may not have 

been processed optimally (for example, by extending resolution limits and improving 

data quality) will lead to vastly improved models and their better interpretation.” 

 

Ongoing Work 

Outstanding questions.  

Given that a wealth of data has shown that the hyperoxidation pathway of Prxs is 

physiologically relevant, studying the dynamics of Prx conformation change will 

provide a window into how this modification occurs and how it might be possible to 

harness the reaction to inhibit pathogenic Prxs. As stated above, all prokaryotes, 

except for some cyanobacterial examples, lack Srx and are therefore incapable of 

rescuing the hyperoxidized form. Interestingly, many pathogenic eukaryotes—

including Schistosoma, Entamoeba, Plasmodium, Cryptosporidium, Toxoplasma, 

Trypanosoma, Leishmania, Trichomonas, and Giardia species—also do not possess 



193 

 

Srx. We have proposed59, therefore, that a small molecule capable of stabilizing the FF 

conformation could have a similar effect as the YF and GGLG motifs of sensitive Prx 

isoforms to promote hyperoxidation, and thereby irreversibly inactivate the Prxs of 

these organisms.  

 However, it is not known precisely how the FF conformation might be 

stabilized, and the in-solution conformational dynamics have never before been 

characterized for a pathogenic Prx, or any bacterial isoform. The objective of my 

future work is to establish for the first time for a pathogen Prx the rates of exchange 

kex for the FF↔LU shift. This would serve as a baseline for assessing the effects of 

modulation of dynamics by mutations or inhibitors, and would include 

characterizations for each physiologically relevant redox state—CP-S-, CP-SOH, CP-

SO2
-, and CP-SS-CR. In addition, we have hypothesized that mutations commonly used 

as experimental probes in the Prx field, such as CP/CR→Ser, can alter the structural 

and dynamic and thermodynamic properties of the enzyme so as to make results 

unrepresentative of the wild type59. Measuring the in-solution dynamics of such 

variants will allow us to test the extent to which this is true.  

 Much insight has come from studying StAhpC as a model system for the Prx1 

subgroup; it has been instrumental in some major discoveries in the Prx field, such as 

the role of Prxs in peroxide signaling45 and their redox-dependent oligomerization55. 

Although studies of StAhpC in Chapters 4-5 of this thesis unequivocally demonstrated 

the importance of the FF↔LU conformation change for activity, for two reasons 

StAhpC is not ideal for further investigating dynamics and the idea of conformation-

targeting inhibitors. First, the large size of the decamer (186 residues/monomer x 10) 

impairs measurements of in-solution dynamics by NMR as well as making 

computations for molecular dynamics simulations burdensome. Further, we know 

from the mutational analyses in Chapter 5 that using molecular probes or mutants to 

perturb the decamer is a factor that complicates interpretation of the results. Second, 

the high-solvent content crystals (~65%) with minimal packing interactions make it 
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unlikely that future StAhpC crystal structures will diffract better than the ~1.7 Å 

resolution reported here. For defining details of hydrogen bonding or the presence or 

absence of a partially occupied single oxygen atom (as occurs in the catalytic cycle 

and hyperoxidation shunt), a resolution on the order of 1 Å would be preferred. Thus it 

seems that we have largely exhausted the insights StAhpC can provide into questions 

related to Prx dynamics. 

XcPrxQ as a new model Prx.  

Fortuitously, the study of the PrxQ subgroup in Chapter 6 uncovered another Prx 

enzyme that has more amenable properties. Xanthomonas campestris is a bacterial 

plant pathogen that infects various species, including cabbage, pepper plants, broccoli, 

kale, and even conifers. Infection can result in up to 95% crop loss, and a recent 

analysis of the organism’s economical toll in Uganda reported annual losses of 10 

million USD301. Important for our work, Xanthomonas campestris possesses a PrxQ 

(XcPrxQ) that is a monomer (rare among Prxs) and is only 160 amino acid residues 

long. This enzyme has its resolving Cys in helix α3, a subtype for which dynamics 

have never before been studied, and it shows relatively high sequence identity to 

homologues from bacterial pathogens—Helicobacter (46%), Mycobacterium (40%), 

and Burkholderia (63%)—as well as eukaryotic pathogens—Acanthamoeba (38%), 

Cryptosporidium (42%), and Toxoplasma (41%). Described in a single study 

published in 2009, crystal structures of the affinity-tagged protein were reported of an 

inactive mutant (at 1.53 Å resolution) and for the locally unfolded wild type (at 1.83 Å 

resolution)139. Importantly, the small size of this enzyme suggested to us that it could 

become an ideal system for studying Prx dynamics and the relatively high resolution 

structures would provide excellent starting models for molecular simulations. In 

addition, the active site is accessible in the crystal form, so further crystallographic 

studies could potentially obtain substrate- or inhibitor-bound structures. Preliminary 

studies with this enzyme have not disappointed. The following sections present brief 
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descriptions of the promising results of preliminary experiments with XcPrxQ on 

which future studies will be built.  

Protein crystallography.  

Constructs of the untagged wild type and CP→Ser (C48S), CR→Ser (C84S), and 

CR→Ala (C84A) were generated with the idea that the mutants would allow us to 

explore the questions related to structural perturbations raised in Chapters 4-5. Using 

the protocol defined in the 2009 study139, crystals of the LU wild type disulfide form 

were readily reproduced. Optimization of the crystal growth conditions and using 

seeding resulted in an improvement in resolution over the published 1.8 Å to 1.3 Å. 

 A missing structure for this system was that of a catalytically active enzyme in 

the FF conformation—the wild type enzyme was crystallized only in the LU, and the 

FF structures were of inactive mutants. This limitation meant that the true wild type 

structure might differ in conformation and/or dynamics from the mutants (the take-

home message of Chapter 4), and that crystal structures of the CP-SOH and CP-SO2
- 

states may not be obtainable. Whereas the StAhpC crystals could be grown as LU and 

then reduced to generate the FF conformation, this was not permitted by the crystal 

packing of the XcPrxQ LU crystal form. Thus, a different approach was necessary to 

obtain the wild type FF. Fortuitously, optimization of the conditions used to crystallize 

the FF-form of inactive mutants was, with the addition of 10 mM DTT, able to 

produce crystals of the wild type enzyme in the FF conformation. Moreover, the 

crystals diffracted to ~1.0 Å, by far the highest resolution for any Prx (Fig. 7.1) and 

had an accessible active site that could react with peroxide. With these atomic 

resolution and catalytically-active crystals in hand, carrying out substrate soaks and 

watching catalysis take place became a possibility. 
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Figure 7.1. X-ray diffraction of XcPrxQ FF wild type crystals. 

The conformation change required for XcPrxQ to form a disulfide is an unraveling of 

the α3 helix to bring together the CP and CR, and this conformation change is inhibited 

by tight crystal packing interactions of the wild type FF crystals (Fig. 7.2). This led us 

to a novel realization:  although crystal contacts are generally thought of as a negative 

influence potentially resulting in non-physiologically relevant artifacts, in this case, 

the crystal contacts are fortuitously doing the exact thing we were hoping to design a 

small molecule inhibitor to do—non-covalently holding the protein in the FF 

conformation! The crystal packing can therefore be seen as an inhibitor analog, 

allowing us to test the efficacy of the idea of conformation-stabilizing inhibitors. 
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Figure 7.2. The FF crystal form of XcPrxQ cannot accommodate the LU 

conformation.   

Shown on the left is XcPrxQ in the FF conformation (white) with a crystallographic symmetry 

mate highlighted in purple. The CP and CR residues are highlighted as sticks. On the right, an 

LU conformation molecule placed in the position of the FF molecule is seen to be 

incompatible with this crystal form because the locally unfolded α3 helix clashes with a well-

ordered helix of the symmetry mate (red circle).  

   

 As is typical of bacterial Prx enzymes195, XcPrxQ is very robust against CP-

SO2
- formation, and an analysis by mass spectrometry showed that in-solution 

treatment of the reduced enzyme with 10 mM peroxide converted it 100% to the 

disulfide form with no formation of CP-SO2
- (Fig. 7.3). 
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Figure 7.3. Time course of XcPrxQ single-turnover reaction with 10 mM peroxide.  

Shown is the FT-mass spectra of 4 μM XcPrxQ (reduced, dithiol FF protein in pink, oxidized 

LU disulfide form in green) treated with 10 mM peroxide in 25 mM PBS pH 7.0, at time 

points 0 (top), 1 minute (middle), and 4 minutes (bottom). Protein was pretreated with DTT 

for 30 minutes and then buffer exchanged with a filter to remove the DTT. 

 

 A dramatic difference was seen upon peroxide treatment of the catalytically-

active XcPrxQ crystals, in which the protein’s local unfolding was blocked. An 

equivalent time course reveals a small blip of electron density sprouting off the CP by 

30 s, suggesting the formation of CP-SOH, and then rapid conversion to ~50% CP-SO2
- 

by 1 min, and to ~100% CP-SO2
- by 3 min (Fig. 7.4). Furthermore, the structures show 

that these oxidation states are characterized by discrete conformational changes: the 

CP-SOH causes the active site Pro side chain to shift to a different rotamer, and the CP-

SO2
- causes the Arg to flip away from CP. 
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Figure 7.4. Time course of peroxide reaction in crystalline XcPrxQ.  

Shown are the ~1.0 Å resolution structures of XcPrxQ after treatment with 10 mM peroxide at 

5 s (A), 30 s (B), 1 min (C), and 3 min (D), with 2Fo-Fc density shown in blue (at 1.5 σ) and 

Fo-Fc density (at 3.0 σ) near the Cys shown in green, with the sulfenic and sulfonic oxygens 

omitted from the map calculations. 

 

 Thus, though XcPrxQ is intrinsically highly robust against hyperoxidation, this 

experiment proves that stabilizing the FF conformation can strongly promote 

inactivation, and provides an exciting proof-of-principle for the idea of conformation-

stabilizing inhibitors. Further, when this experiment was repeated with the organic 

peroxides cumene hydroperoxide and t-butyl hydroperoxide, equivalent results were 

obtained, showing that this effect is also induced by other peroxide substrates. Besides 

reinforcing the hypothesis for drug design proposed in the previous chapters, these 

structures also show that XcPrxQ can be captured in a crystal in every relevant redox 
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state, CP-S-, CP-SOH, CP-SO2
-, and CP-SS-CR, as well as both fully folded and locally 

unfolded conformations. This has never been done for any Prx, meaning XcPrxQ can 

become the best structurally-characterized Prx in terms of redox states represented, 

and moreover, since these snapshots are at ~1.0 Å, the details of catalysis seen will be 

revealed with unprecedented detail. 

 As a next step to explore the results of structural perturbations in this new 

model system, crystallization trials have also produced 1.0 Å structures for the C48S 

and C84S mutants. Like StAhpC, the structures of the mutants show clear shifts 

relative to the wild type. Unexpectedly, the C48S mutant crystal structure was found 

to have a sulfate bound in the active site, with the oxygen atoms appearing to mimick 

those of a peroxide substrate (Fig. 7.5). A ligand bound in the active site has never 

been seen in such high resolution, and may provide more insight into active site 

interactions and coordination.  

 
Figure 7.5. Sulfate bound at the active site of C48S XcPrxQ mutant. 
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Virtual ligand screening.  

The hyperoxidation of crystalline XcPrxQ provides strong support for the potential 

practical value of conformation-stabilizing inhibitors. The ultimate proof of concept, 

however, will be to actually identify a small molecule that modulates a Prx in this 

way, and given the similarity of XcPrxQ to other Prxs from human parasites, 

especially those possessing CR in α3 (>1,000 known sequences, Chapter 2), such a 

molecule may even be capable of inhibiting homologues from human pathogens. To 

take some first steps in this process, I used the high resolution XcPrxQ crystal 

structures for virtual ligand screening using the program Autodock439. Briefly, this 

docking program calculates a predicted binding energy for ligands based on hydrogen 

bonds, non-polar and steric interactions, and this can be used to rank potential ligands. 

This program is freely available, but required a fair number of scripts to be written to 

customize it for this application. An initial test of the program’s accuracy (and the 

validity of my procedure) was to dock the sulfate into the C48S structure, as this was a 

known ligand. As can be seen from Fig. 7.6, the top four docking poses were very 

close to the true conformation seen in the crystal structure.   

 

 

 

 

Figure 7.6. Docking of sulfate into the C48S 

active site.  

The true position of the sulfate is shown in bold red, 

with the 1st-8th best conformations shown in orange, 

yellow, green, cyan, blue, dark blue, magenta, and 

violet, respectively.  
 

 



202 

 

 Examining the crystal structures of XcPrxQ revealed a pocket that only existed 

in the FF conformation near the CR in α3 that could potentially be a site for designing 

an FF-stabilizing inhibitor (Fig. 7.7). VLS success is greatly helped when there are 

known ligands to include as controls. In this case, no large ligands are bound but a 

disordered PEG molecule is seen in the pocket and several well-ordered waters can 

provide some guidance for assessing the binding poses for docked ligands. Following 

a similar protocol as I used in a collaboration with Dr. William Bisson to identify 

novel ligands of the aryl hydrocarbon receptor29, I performed 20 rounds of rigid 

receptor/flexible ligand docking into the FF-specific pocket with a library of 6,000 

chemically diverse, drug-like compounds from the commercially available 

Chembridge Diversity set to find compounds that generally were the correct size and 

shape (Fig. 7.8). Following the docking of the diverse chemical set, I analyzed the top 

fifty scoring compounds and selected high scorers (> 2 σ from the mean) that also 

made substantial contact with the α3 helix and performed chemical similarity searches 

(retrieved from the ZINC database302) to construct a new library of 27,000 drug-like 

compounds that had between 50-70% similarity (Fig. 7.9 and Fig. 7.10). The purpose 

of this step is to take the information gained in the initial docking of diverse 

compounds—the correct size and shape—and then build a database of close 

derivatives for a second round of VLS.  

 Subsequently, I docked the 27,000 compound library and did indeed find better 

scorers than in the first round of screening (Fig. 7.11). The next step in this work will 

be to visually check these compounds and order promising ones for testing (all 

compounds I docked are available for ~$48/mg). If none of these compounds are 

experimentally validated to be hits, docking into another pocket or incorporating 

flexible receptor docking would be logical alternatives. In the end, this approach’s true 

utility will be defined by whether it has correctly identified any ligands.  
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Figure 7.7. Docking of drug-like compounds into XcPrxQ.  

Shown is the pocket targeted for the docking analysis, which is only present in the FF 

conformation. Stabilizing this region with a small molecule should inhibit local unfolding and 

permanently inactivate the enzyme, as seen for the crystalline XcPrxQ. 
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Figure 7.8. Results of docking of the chemically-diverse library. 
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Figure 7.9. Docking poses for the ten best-scoring compounds, and lowest scorer, 

from the diversity screen.  
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Figure 7.10. Chemical structures of the top ten compounds, and lowest scorer, from 

the diversity screen. 
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Figure 7.11. Results of second in silico screening of 27,000 compounds with high 

structural similarity to the original top compounds. 

 

NMR.  

As mentioned earlier, a major advantage of using XcPrxQ for study is its small size 

that makes it amenable to NMR analysis. It is our hope that this will provide a 

penetrating look at that property so key to the conformation changes studied in this 

thesis but beyond the reach of protein crystallography—in solution protein dynamics. 

Based on evidence from Chapters 4 to 6 and an NMR analysis of CR
α2 subtype 

enzymes56, I expect that the wild type protein undergoes ongoing and fast transitions 

between the FF and LU conformations when in the thiol/thiolate form, and that the 

conformation is still dynamic, though less so, for the CP-SOH form. We hypothesized 

in Chapter 4 that CP→Ser mutations generally stabilize the FF conformation, and these 

analyses will allow us to prove or disprove that hypothesis. In addition, we plan to use 

NMR to determine the pKa of the catalytic Cys, map out the interface (for the first 
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time) with its physiological reductant, and test compounds identified by VLS for 

binding. For these studies I grew and purified isotopically-labeled 13C/15N wild type 

XcPrxQ and C48S, C84S, and C84A mutants, and have established a collaboration 

with Dr. Garry Buchko of Pacific Northwest National Laboratories in Richland, WA, 

who is an expert in protein NMR. Initial spectra show that the protein is well-behaved 

and ideal for NMR experimentation. An intriguing first look at the protein’s in-

solution behavior reveals that while the reduced (FF) form shows roughly the expected 

number of cross peaks in an HSQC spectra, the oxidized (LU disulfide) form is 

missing nearly half of the expected peaks, potentially indicating that form is 

substantially more dynamic (Fig. 7.12). 

 
Figure 7.12. HSQC spectra of wild type XcPrxQ. Taken on a 700 MHz instrument, the 

reduced form peaks are shown in black and the oxidized form peaks are shown in red. 
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 We have recently assigned peaks for the reduced and oxidized forms, and have 

submitted a manuscript to Biological NMR Assignments, included in the appendix 

(Fig. 7.13 and 7.14). Exciting is that the CP, Cys48, exhibits a clear peak in the 

reduced form that will allow us to detect oxidation state and measure its pKa (Fig. 

7.13). The assignment of the reduced active site has also been done and residues near 

Cys48 exhibit weaker peaks consistent with that portion having greater mobility. 

Included among further studies will be hydrogen-deuterium exchange experiments as 

an additional assessment of the enzyme’s dynamics. We specifically expect that 

backbone NHs near the active site will exhibit a high exchange when FF, even if 

shown to be buried in the crystal structure, due to the dynamic unfolding of the active 

site. We will also conduct 15N relaxation dispersion experiments to directly measure 

kex for the FF↔LU transitions in the reduced and disulfide states. 



210 

 

 
Figure 7.13. The 1H-15N HSQC spectrum for reduced XcPrxQ (~1.5 mM) collected at 

a proton resonance frequency of 750 MHz, 293 K, in 100 mM NaCl, 20 mM Tris, 1 

mM DTT, pH 7.0. 

The assigned amide cross peaks are labeled in purple, the tryptophan ring amides are labeled 

with an “r”, a single cross peak below the contour limit is labeled with an “x” (D3), and the 

side chain resonances are identified with a dashed red horizontal line. The amide resonances 

for D96 (9.08 and 133.4 ppm) and R123 (9.06 and 134.1 ppm) are not shown.  Out of the 152 

expected amide resonances (160 – (7 Pro + M1), 148 were assigned to cross peaks in the 1H-
15N HSQC spectrum with only three cross peaks unassigned.  
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Fig. 7.14. The 1H-15N HSQC spectrum for oxidized XcPerQ (~1.5 mM) collected at a 

proton resonance frequency of 800 MHz, 293 K, in 100 mM NaCl, 20 mM Tris, pH 

7.0. 

The assigned amide cross peaks are labeled in purple, the tryptophan ring amides are labeled 

with an “r”, the two folded cross peaks are underlined (G66 and G115), and the side chain 

resonances are identified with a dashed red horizontal line.  Duplicate minor cross peaks, 

labeled with a (2), are observed for residues A4 – E7.  Out of the 152 expected amide 

resonances (160 – (7 Pro + M1), 66 were observed and assigned to cross peaks in the 1H-15N 

HSQC spectrum. 
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Molecular dynamics.  

In parallel to experimental work, we will perform molecular dynamics (MD) 

simulations using the program AMBER12303 and the parm99SB force field will be 

applied. Using the best-resolved crystal structures of XcPrxQ as starting models, we 

will conduct four sets of experiments, with the first two also serving as controls for 

subsequent experiments: (1) A FF model simulated to equilibrium, (2) an LU disulfide 

model simulated to equilibrium, (3) a FF model with CP modified to CP-SOH, and (4) 

an LU model with the disulfide reduced. These simulations will be conducted in 

triplicate to assess reproducibility. We expect that the results of these experiments will 

be: (1) A stable FF is observed, with some tendency to unfold at the active site, (2) A 

stable LU is observed, with the disulfide-containing region being highly dynamic, (3) 

the CP-SOH will destabilize the active site and promote unfolding compared with the 

control in experiment 1, and (4) the LU will partially refold toward the FF state.    

 Thus, between the crystallographic, NMR, and MD analyses we will be able 

characterize an extensive range of the PrxQ properties governing its structure and 

function. If successful, these studies will advance the Prx field by informing some of 

the most important open questions about Prxs, including the rate at which 

conformation changes occur, how these rates and equilibria are modulated, further 

details of how catalysis works, and whether some of the mutations used to study these 

factors are perturbing the results so as to make them misleading. The work will also 

serve to establish XcPrxQ as a robust model system that may be of special value for 

inhibitor design and the testing of related strategies for modulating Prx dynamics and 

activity. 

  

Concluding Statements 

In this thesis, I have presented the results of my research into protein structure and 

function, which has resulted in six first-authored papers (published or soon to be 
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submitted) and 12 protein data bank depositions, and an advancing of the 

understanding of Prxs, including a promising idea for drug design that I see as a 

particularly valuable contribution with the potential to practically impact human 

health. Also, the exciting preliminary work with XcPrxQ has already led to the 

highest-resolved structures of Prxs to date that capture all physiological redox states, 

and has shown that XcPrxQ is indeed a model system that will prove extremely useful 

for further investigations of Prx structure, function, dynamics, and conformation-

targeting inhibitors. This XcPrxQ project has been included as the primary direction 

for future structural studies in our recent NIH grant renewal. Personally exciting to me 

is that this project investigated both basic functional questions as well as translational 

approaches beyond basic research aimed at designing new strategies for antibiotic 

design and pursuing, rather than postulating, identification of leads. I believe that Prxs 

and redox biology in general has many important secrets yet to be revealed that we 

will find are critical to human health and fighting disease, and it has been a priviledge 

to contribute to this cause.  



214 

 

References 

 

1. Anbar, A. D., Duan, Y., Lyons, T. W., Arnold, G. L., Kendall, B., Creaser, R. A., 

Kaufman, A. J., Gordon, G. W., Scott, C., Garvin, J. & Buick, R. A Whiff of 

Oxygen Before the Great Oxidation Event? Science 317, 1903–1906 (2007). 

2. Moorbath, S. Palaeobiology: Dating earliest life. Nature 434, 155–155 (2005). 

3. Dutkiewicz, A., Volk, H., George, S. C., Ridley, J. & Buick, R. Biomarkers from 

Huronian oil-bearing fluid inclusions: An uncontaminated record of life before 

the Great Oxidation Event. Geology 34, 437–440 (2006). 

4. Campbell, N. A., Reece, J. B., Taylor, M. R., Simon, E. J. & Dickey, J. Biology: 

concepts & connections. 3, (Pearson/Benjamin Cummings, 2009). 

5. Liu, Y., Beer, L. L. & Whitman, W. B. Methanogens: a window into ancient 

sulfur metabolism. Trends in Microbiology 20, 251–258 (2012). 

6. Spreitzer, R. J. & Salvucci, M. E. RUBISCO: Structure, Regulatory Interactions, 

and Possibilities for a Better Enzyme. Annual Review of Plant Biology 53, 449–

475 (2002). 

7. Veal, E. A., Day, A. M. & Morgan, B. A. Hydrogen Peroxide Sensing and 

Signaling. Molecular Cell 26, 1–14 (2007). 

8. Schröder, E. & Eaton, P. Hydrogen peroxide as an endogenous mediator and 

exogenous tool in cardiovascular research: issues and considerations. Current 

Opinion in Pharmacology 8, 153–159 (2008). 

9. Finkel, T. & Holbrook, N. J. Oxidants, oxidative stress and the biology of ageing. 

Nature 408, 239–247 (2000). 

10. Tak, P. P., Zvaifler, N. J., Green, D. R., Firestein, G. S., Tak, P. P., Zvaifler, N. 

J., Green, D. R., Firestein, G. S., Tak, P. P., Zvaifler, N. J., Green, D. R. & 



215 

 

Firestein, G. S. Rheumatoid arthritis and p53: how oxidative stress might alter 

the course of inflammatory diseases. Immunology Today 21, 78–82 (2000). 

11. Thannickal, V. J. & Fanburg, B. L. Reactive oxygen species in cell signaling. 

American Journal of Physiology - Lung Cellular and Molecular Physiology 279, 

L1005–L1028 (2000). 

12. Giorgio, M., Trinei, M., Migliaccio, E. & Pelicci, P. G. Hydrogen peroxide: a 

metabolic by-product or a common mediator of ageing signals? Nature Reviews 

Molecular Cell Biology 8, 722–728 (2007). 

13. Zheng, M., Åslund, F. & Storz, G. Activation of the OxyR Transcription Factor 

by Reversible Disulfide Bond Formation. Science 279, 1718–1722 (1998). 

14. Sundaresan, M., Yu, Z.-X., Ferrans, V. J., Irani, K. & Finkel, T. Requirement for 

Generation of H2O2 for Platelet-Derived Growth Factor Signal Transduction. 

Science 270, 296–299 (1995). 

15. Frijhoff, J., Dagnell, M., Godfrey, R. & Östman, A. Regulation of Protein 

Tyrosine Phosphatase Oxidation in Cell Adhesion and Migration. Antioxidants & 

redox signaling (2013). at 

<http://online.liebertpub.com/doi/abs/10.1089/ars.2013.5643> 

16. Sies, H. Role of Metabolic H2O2 Generation: Redox Signalling and Oxidative 

Stress. J. Biol. Chem. jbc.R113.544635 (2014). doi:10.1074/jbc.R113.544635 

17. Davies, J. & Davies, D. Origins and Evolution of Antibiotic Resistance. 

Microbiol. Mol. Biol. Rev. 74, 417–433 (2010). 

18. WHO | Tuberculosis. WHO at 

<http://www.who.int/mediacentre/factsheets/fs104/en/> 



216 

 

19. Gillespie, S. H. Evolution of Drug Resistance in Mycobacterium tuberculosis: 

Clinical and Molecular Perspective. Antimicrob. Agents Chemother. 46, 267–274 

(2002). 

20. Schatz, A. & Waksman, S. A. Effect of Streptomycin and Other Antibiotic 

Substances upon Mycobacterium tuberculosis and Related Organisms. Exp Biol 

Med (Maywood) 57, 244–248 (1944). 

21. CDC | TB | Basic TB Facts - TB Personal Stories | Santos’s Story. at 

<http://www.cdc.gov/tb/topic/basics/santosstory.htm> 

22. Bush, K., Courvalin, P., Dantas, G., Davies, J., Eisenstein, B., Huovinen, P., 

Jacoby, G. A., Kishony, R., Kreiswirth, B. N., Kutter, E., Lerner, S. A., Levy, S., 

Lewis, K., Lomovskaya, O., Miller, J. H., Mobashery, S., Piddock, L. J. V., 

Projan, S., Thomas, C. M., Tomasz, A., Tulkens, P. M., Walsh, T. R., Watson, J. 

D., Witkowski, J., Witte, W., Wright, G., Yeh, P. & Zgurskaya, H. I. Tackling 

antibiotic resistance. Nat Rev Micro 9, 894–896 (2011). 

23. Pal, C. & Bandyopadhyay, U. Redox-Active Antiparasitic Drugs. Antioxidants & 

Redox Signaling 17, 555–582 (2012). 

24. Prast-Nielsen, S., Huang, H.-H. & Williams, D. L. Thioredoxin glutathione 

reductase: Its role in redox biology and potential as a target for drugs against 

neglected diseases. Biochimica et Biophysica Acta (BBA) - General Subjects 

1810, 1262–1271 (2011). 

25. Perkins, A., Poole, L. B. & Karplus, P. A. Tuning of Peroxiredoxin Catalysis for 

Various Physiological Roles. Biochemistry 53, 7693–7705 (2014). 

26. Hall, A., Nelson, K., Poole, L. B. & Karplus, P. A. Structure-based Insights into 

the Catalytic Power and Conformational Dexterity of Peroxiredoxins. 

Antioxidants & Redox Signaling 15, 795–815 (2011). 



217 

 

27. Neumann, C. A., Krause, D. S., Carman, C. V., Das, S., Dubey, D. P., Abraham, 

J. L., Bronson, R. T., Fujiwara, Y., Orkin, S. H. & Van Etten, R. A. Essential role 

for the peroxiredoxin Prdx1 in erythrocyte antioxidant defence and tumour 

suppression. Nature 424, 561–565 (2003). 

28. Anderson, A. C. The Process of Structure-Based Drug Design. Chemistry & 

Biology 10, 787–797 (2003). 

29. Perkins, A., Phillips, J. L., Kerkvliet, N. I., Tanguay, R. L., Perdew, G. H., 

Kolluri, S. K. & Bisson, W. H. A Structural Switch between Agonist and 

Antagonist Bound Conformations for a Ligand-Optimized Model of the Human 

Aryl Hydrocarbon Receptor Ligand Binding Domain. Biology (Basel) 3, 645–

669 (2014). 

30. Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. & Walter, P. The Shape 

and Structure of Proteins. (2002). at 

<http://www.ncbi.nlm.nih.gov/books/NBK26830/> 

31. Richardson, J. S. & Richardson, D. C. Amino acid preferences for specific 

locations at the ends of alpha helices. Science 240, 1648–1652 (1988). 

32. Huang, P.-S., Oberdorfer, G., Xu, C., Pei, X. Y., Nannenga, B. L., Rogers, J. M., 

DiMaio, F., Gonen, T., Luisi, B. & Baker, D. High thermodynamic stability of 

parametrically designed helical bundles. Science 346, 481–485 (2014). 

33. Baker, D. A surprising simplicity to protein folding. Nature 405, 39–42 (2000). 

34. Eiben, C. B., Siegel, J. B., Bale, J. B., Cooper, S., Khatib, F., Shen, B. W., 

Players, F., Stoddard, B. L., Popovic, Z. & Baker, D. Increased Diels-Alderase 

activity through backbone remodeling guided by Foldit players. Nat Biotech 30, 

190–192 (2012). 



218 

 

35. Thaisrivongs, S. & Strohbach, J. W. Structure-based discovery of Tipranavir 

disodium (PNU-140690E): a potent, orally bioavailable, nonpeptidic HIV 

protease inhibitor. Biopolymers 51, 51–58 (1999). 

36. Bartesaghi, A., Matthies, D., Banerjee, S., Merk, A. & Subramaniam, S. 

Structure of β-galactosidase at 3.2-Å resolution obtained by cryo-electron 

microscopy. PNAS 111, 11709–11714 (2014). 

37. Bowling, M., Burch, N., Johanson, M. & Tammelin, O. Heads-up limit hold’em 

poker is solved. Science 347, 145–149 (2015). 

38. Fischer, M., Coleman, R. G., Fraser, J. S. & Shoichet, B. K. Incorporation of 

protein flexibility and conformational energy penalties in docking screens to 

improve ligand discovery. Nat Chem 6, 575–583 (2014). 

39. Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, 

D. S. & Olson, A. J. AutoDock4 and AutoDockTools4: Automated docking with 

selective receptor flexibility. J. Comput. Chem. 30, 2785–2791 (2009). 

40. Karplus, P. A. A primer on peroxiredoxin biochemistry. Free Radical Biology 

and Medicine doi:10.1016/j.freeradbiomed.2014.10.009 

41. Winterbourn, C. C. Reconciling the chemistry and biology of reactive oxygen 

species. Nature Chemical Biology 4, 278–286 (2008). 

42. Chae, H. Z., Robison, K., Poole, L. B., Church, G., Storz, G. & Rhee, S. G. 

Cloning and sequencing of thiol-specific antioxidant from mammalian brain: 

alkyl hydroperoxide reductase and thiol-specific antioxidant define a large family 

of antioxidant enzymes. PNAS 91, 7017–7021 (1994). 

43. Adimora, N. J., Jones, D. P. & Kemp, M. L. A Model of Redox Kinetics 

Implicates the Thiol Proteome in Cellular Hydrogen Peroxide Responses. 

Antioxidants & Redox Signaling 13, 731–743 (2010). 



219 

 

44. Yang, K.-S., Kang, S. W., Woo, H. A., Hwang, S. C., Chae, H. Z., Kim, K. & 

Rhee, S. G. Inactivation of Human Peroxiredoxin I during Catalysis as the Result 

of the Oxidation of the Catalytic Site Cysteine to Cysteine-sulfinic Acid. J. Biol. 

Chem. 277, 38029–38036 (2002). 

45. Wood, Z. A., Poole, L. B. & Karplus, P. A. Peroxiredoxin Evolution and the 

Regulation of Hydrogen Peroxide Signaling. Science 300, 650–653 (2003). 

46. Woo, H. A., Chae, H. Z., Hwang, S. C., Yang, K.-S., Kang, S. W., Kim, K. & 

Rhee, S. G. Reversing the Inactivation of Peroxiredoxins Caused by Cysteine 

Sulfinic Acid Formation. Science 300, 653–656 (2003). 

47. Biteau, B., Labarre, J. & Toledano, M. B. ATP-dependent reduction of cysteine-

sulphinic acid by S. cerevisiae sulphiredoxin. Nature 425, 980–984 (2003). 

48. Ishii, T., Warabi, E. & Yanagawa, T. Novel roles of peroxiredoxins in 

inflammation, cancer and innate immunity. J Clin Biochem Nutr 50, 91–105 

(2012). 

49. Shichita, T., Hasegawa, E., Kimura, A., Morita, R., Sakaguchi, R., Takada, I., 

Sekiya, T., Ooboshi, H., Kitazono, T., Yanagawa, T., Ishii, T., Takahashi, H., 

Mori, S., Nishibori, M., Kuroda, K., Akira, S., Miyake, K. & Yoshimura, A. 

Peroxiredoxin family proteins are key initiators of post-ischemic inflammation in 

the brain. Nat Med 18, 911–917 (2012). 

50. Reed, T. T., Pierce Jr, W. M., Turner, D. M., Markesbery, W. R. & Allan 

Butterfield, D. Proteomic identification of nitrated brain proteins in early 

Alzheimer’s disease inferior parietal lobule. Journal of cellular and molecular 

medicine 13, 2019–2029 (2009). 

51. Gretes, M. C., Poole, L. B. & Karplus, P. A. Peroxiredoxins in Parasites. 

Antioxidants & Redox Signaling 17, 608–633 (2012). 



220 

 

52. Parsonage, D., Youngblood, D. S., Sarma, G. N., Wood, Z. A., Karplus, P. A. & 

Poole, L. B. Analysis of the Link between Enzymatic Activity and Oligomeric 

State in AhpC, a Bacterial Peroxiredoxin†,‡. Biochemistry 44, 10583–10592 

(2005). 

53. Peskin, A. V., Low, F. M., Paton, L. N., Maghzal, G. J., Hampton, M. B. & 

Winterbourn, C. C. The High Reactivity of Peroxiredoxin 2 with H2O2 Is Not 

Reflected in Its Reaction with Other Oxidants and Thiol Reagents. J. Biol. Chem. 

282, 11885–11892 (2007). 

54. Manta, B., Hugo, M., Ortiz, C., Ferrer-Sueta, G., Trujillo, M. & Denicola, A. The 

peroxidase and peroxynitrite reductase activity of human erythrocyte 

peroxiredoxin 2. Archives of Biochemistry and Biophysics 484, 146–154 (2009). 

55. Wood, Z. A., Poole, L. B., Hantgan, R. R. & Karplus, P. A. Dimers to doughnuts: 

redox-sensitive oligomerization of 2-cysteine peroxiredoxins. Biochemistry 41, 

5493–5504 (2002). 

56. Ådén, J., Wallgren, M., Storm, P., Weise, C. F., Christiansen, A., Schröder, W. 

P., Funk, C. & Wolf-Watz, M. Extraordinary μs–ms backbone dynamics in 

Arabidopsis thaliana peroxiredoxin Q. Biochimica et Biophysica Acta (BBA) - 

Proteins and Proteomics 1814, 1880–1890 (2011). 

57. Perkins, A., Gretes, M. C., Nelson, K. J., Poole, L. B. & Karplus, P. A. Mapping 

the Active Site Helix-to-Strand Conversion of CxxxxC Peroxiredoxin Q 

Enzymes. Biochemistry 51, 7638–7650 (2012). 

58. Cao, Z., Tavender, T. J., Roszak, A. W., Cogdell, R. J. & Bulleid, N. J. Crystal 

structure of reduced and of oxidized peroxiredoxin IV enzyme reveals a stable 

oxidized decamer and a non-disulfide-bonded intermediate in the catalytic cycle. 

J. Biol. Chem. 286, 42257–42266 (2011). 



221 

 

59. Perkins, A., Nelson, K. J., Williams, J. R., Parsonage, D., Poole, L. B. & 

Karplus, P. A. The Sensitive Balance between the Fully Folded and Locally 

Unfolded Conformations of a Model Peroxiredoxin. Biochemistry 52, 8708–8721 

(2013). 

60. Fiorillo, A., Colotti, G., Boffi, A., Baiocco, P. & Ilari, A. The Crystal Structures 

of the Tryparedoxin-Tryparedoxin Peroxidase Couple Unveil the Structural 

Determinants of Leishmania Detoxification Pathway. PLoS Negl Trop Dis 6, 

e1781 (2012). 

61. Wood, Z. A., Schröder, E., Robin Harris, J. & Poole, L. B. Structure, mechanism 

and regulation of peroxiredoxins. Trends in Biochemical Sciences 28, 32–40 

(2003). 

62. Day, A. M., Brown, J. D., Taylor, S. R., Rand, J. D., Morgan, B. A. & Veal, E. 

A. Inactivation of a Peroxiredoxin by Hydrogen Peroxide Is Critical for 

Thioredoxin-Mediated Repair of Oxidized Proteins and Cell Survival. Molecular 

Cell 45, 398–408 (2012). 

63. Karplus, P. A. & Poole, L. B. Peroxiredoxins as Molecular Triage Agents, 

Sacrificing Themselves to Enhance Cell Survival During a Peroxide Attack. 

Molecular Cell 45, 275–278 (2012). 

64. Rhee, S. G. & Woo, H. A. Multiple Functions of Peroxiredoxins: Peroxidases, 

Sensors and Regulators of the Intracellular Messenger H2O2, and Protein 

Chaperones. Antioxidants & Redox Signaling 15, 781–794 (2011). 

65. Flohé, L. in Methods in Enzymology (ed. Packer, E. C. and L.) 473, 1–39 

(Academic Press, 2010). 

66. Hydrogen Peroxide and Cell Signaling. (Academic Press, 2013). 



222 

 

67. Nelson, K. J., Knutson, S. T., Soito, L., Klomsiri, C., Poole, L. B. & Fetrow, J. S. 

Analysis of the peroxiredoxin family: Using active‐site structure and sequence 

information for global classification and residue analysis. Proteins: Structure, 

Function, and Bioinformatics 79, 947–964 (2010). 

68. Hall, A., Karplus, P. A. & Poole, L. B. Typical 2‐Cys peroxiredoxins – 

structures, mechanisms and functions. FEBS Journal 276, 2469–2477 (2009). 

69. Rhee, S. G., Woo, H. A., Kil, I. S. & Bae, S. H. Peroxiredoxin Functions as a 

Peroxidase and a Regulator and Sensor of Local Peroxides. J. Biol. Chem. 287, 

4403–4410 (2012). 

70. Jönsson, T. J., Ellis, H. R. & Poole, L. B. Cysteine Reactivity and 

Thiol−Disulfide Interchange Pathways in AhpF and AhpC of the Bacterial Alkyl 

Hydroperoxide Reductase System†. Biochemistry 46, 5709–5721 (2007). 

71. Lian, F.-M., Yu, J., Ma, X.-X., Yu, X.-J., Chen, Y. & Zhou, C.-Z. Structural 

Snapshots of Yeast Alkyl Hydroperoxide Reductase Ahp1 Peroxiredoxin Reveal 

a Novel Two-cysteine Mechanism of Electron Transfer to Eliminate Reactive 

Oxygen Species. J. Biol. Chem. 287, 17077–17087 (2012). 

72. Trujillo, M., Mauri, P., Benazzi, L., Comini, M., Palma, A. D., Flohé, L., Radi, 

R., Stehr, M., Singh, M., Ursini, F. & Jaeger, T. The Mycobacterial Thioredoxin 

Peroxidase Can Act as a One-cysteine Peroxiredoxin. J. Biol. Chem. 281, 20555–

20566 (2006). 

73. Kyte, J. Structure in Protein Chemistry. (Garland Science, 2006). 

74. Marino, S. M. & Gladyshev, V. N. Cysteine function governs its conservation 

and degeneration and restricts its utilization on protein surfaces. Journal of 

molecular biology 404, 902–916 (2010). 



223 

 

75. Ferrer-Sueta, G., Manta, B., Botti, H., Radi, R., Trujillo, M. & Denicola, A. 

Factors affecting protein thiol reactivity and specificity in peroxide reduction. 

Chemical research in toxicology 24, 434–450 (2011). 

76. Whitesides, G. M., Lilburn, J. E. & Szajewski, R. P. Rates of thiol-disulfide 

interchange reactions between mono- and dithiols and Ellman’s reagent. J. Org. 

Chem. 42, 332–338 (1977). 

77. Hall, A., Parsonage, D., Poole, L. B. & Karplus, P. A. Structural Evidence that 

Peroxiredoxin Catalytic Power Is Based on Transition-State Stabilization. 

Journal of Molecular Biology 402, 194–209 (2010). 

78. Portillo-Ledesma, S., Sardi, F., Manta, B., Tourn, M. V., Clippe, A., Knoops, B., 

Alvarez, B., Coitino, E. L. & Ferrer-Sueta, G. Deconstructing the catalytic 

efficiency of peroxiredoxin-5 peroxidatic cysteine. Biochemistry (2014). 

doi:10.1021/bi500389m 

79. Zeida, A., Reyes, A. M., Lebrero, M. C. G., Radi, R., Trujillo, M. & Estrin, D. A. 

The extraordinary catalytic ability of peroxiredoxins: a combined experimental 

and QM/MM study on the fast thiol oxidation step. Chem. Commun. 50, 10070–

10073 (2014). 

80. Nakamura, T., Kado, Y., Yamaguchi, T., Matsumura, H., Ishikawa, K. & Inoue, 

T. Crystal Structure of Peroxiredoxin from Aeropyrum Pernix K1 Complexed 

with Its Substrate, Hydrogen Peroxide. J Biochem 147, 109–115 (2010). 

81. Yuan, Y., Knaggs, M. H., Poole, L. B., Fetrow, J. S. & Salsbury, F. R. 

Conformational and Oligomeric Effects on the Cysteine pKa of Tryparedoxin 

Peroxidase. Journal of Biomolecular Structure and Dynamics 28, 51–70 (2010). 

82. Nagy, P., Karton, A., Betz, A., Peskin, A. V., Pace, P., O’Reilly, R. J., Hampton, 

M. B., Radom, L. & Winterbourn, C. C. Model for the Exceptional Reactivity of 



224 

 

Peroxiredoxins 2 and 3 with Hydrogen Peroxide a Kinetic and Computational 

Study. J. Biol. Chem. 286, 18048–18055 (2011). 

83. Tairum Jr., C. A., de Oliveira, M. A., Horta, B. B., Zara, F. J. & Netto, L. E. S. 

Disulfide Biochemistry in 2-Cys Peroxiredoxin: Requirement of Glu50 and 

Arg146 for the Reduction of Yeast Tsa1 by Thioredoxin. Journal of Molecular 

Biology 424, 28–41 (2012). 

84. Trujillo, M., Ferrer-Sueta, G., Thomson, L., Flohé, L. & Radi, R. in 

Peroxiredoxin Systems (eds. Flohé, L. & Harris, J. R.) 83–113 (Springer 

Netherlands, 2007). at <http://link.springer.com/chapter/10.1007/978-1-4020-

6051-9_5> 

85. Trujillo, M., Ferrer-Sueta, G., Thomson, L., Flohé, L. & Radi, R. in 

Peroxiredoxin Systems (eds. Flohé, L. & Harris, J. R.) 44, 83–113 (Springer 

Netherlands, 2007). 

86. Dietz, K.-J. Peroxiredoxins in Plants and Cyanobacteria. Antioxidants & Redox 

Signaling 15, 1129–1159 (2011). 

87. Bang, Y.-J., Oh, M. H. & Choi, S. H. Distinct Characteristics of Two 2-Cys 

Peroxiredoxins of Vibrio vulnificus Suggesting Differential Roles in Detoxifying 

Oxidative Stress. J. Biol. Chem. 287, 42516–42524 (2012). 

88. Horta, B. B., Oliveira, M. A. D., Discola, K. F., Cussiol, J. R. R. & Netto, L. E. 

S. Structural and Biochemical Characterization of Peroxiredoxin Qβ from 

Xylella Fastidiosa Catalytic Mechanism and High Reactivity. J. Biol. Chem. 285, 

16051–16065 (2010). 

89. Reeves, S. A., Parsonage, D., Nelson, K. J. & Poole, L. B. Kinetic and 

Thermodynamic Features Reveal That Escherichia coli BCP Is an Unusually 

Versatile Peroxiredoxin. Biochemistry 50, 8970–8981 (2011). 



225 

 

90. Verification of the Interaction of a Tryparedoxin Peroxidase with Tryparedoxin 

by ESI-MS/MS : Biological Chemistry. at 

<http://www.degruyter.com/view/j/bchm.2003.384.issue-

9/bc.2003.146/bc.2003.146.xml> 

91. A Unique Cascade of Oxidoreductases Catalyses Trypanothione-Mediated 

Peroxide Metabolism in Crithidia fasciculata : Biological Chemistry. at 

<http://www.degruyter.com/dg/viewarticle/j$002fbchm.1997.378.issue-

8$002fbchm.1997.378.8.827$002fbchm.1997.378.8.827.xml> 

92. Ogusucu, R., Rettori, D., Netto, L. E. S. & Augusto, O. Superoxide Dismutase 1-

mediated Production of Ethanol- and DNA-derived Radicals in Yeasts 

Challenged with Hydrogen Peroxide Molecular Insights into the Genome 

Instability of Peroxiredoxin-Null Strains. J. Biol. Chem. 284, 5546–5556 (2009). 

93. Cox, A. G., Winterbourn, C. C. & Hampton, M. B. Mitochondrial peroxiredoxin 

involvement in antioxidant defence and redox signalling. Biochemical Journal 

425, 313–325 (2010). 

94. Nelson, K. J., Parsonage, D., Hall, A., Karplus, P. A. & Poole, L. B. Cysteine 

pKa Values for the Bacterial Peroxiredoxin AhpC†‡. Biochemistry 47, 12860–

12868 (2008). 

95. Parsonage, D., Nelson, K. J., Ferrer-Sueta, G., Alley, S., Karplus, P. A., Furdui, 

C. M. & Poole, L. B. Dissecting Peroxiredoxin Catalysis: Separating Binding, 

Peroxidation, and Resolution for a Bacterial AhpC. Biochemistry (2015). 

doi:10.1021/bi501515w 

96. Loumaye, E., Ferrer-Sueta, G., Alvarez, B., Rees, J.-F., Clippe, A., Knoops, B., 

Radi, R. & Trujillo, M. Kinetic studies of peroxiredoxin 6 from Arenicola 

marina: Rapid oxidation by hydrogen peroxide and peroxynitrite but lack of 

reduction by hydrogen sulfide. Archives of Biochemistry and Biophysics 514, 1–7 

(2011). 



226 

 

97. Trujillo, M., Clippe, A., Manta, B., Ferrer-Sueta, G., Smeets, A., Declercq, J.-P., 

Knoops, B. & Radi, R. Pre-steady state kinetic characterization of human 

peroxiredoxin 5: Taking advantage of Trp84 fluorescence increase upon 

oxidation. Archives of Biochemistry and Biophysics 467, 95–106 (2007). 

98. Hugo, M., Turell, L., Manta, B., Botti, H., Monteiro, G., Netto, L. E., Alvarez, 

B., Radi, R. & Trujillo, M. Thiol and sulfenic acid oxidation of AhpE, the one-

cysteine peroxiredoxin from Mycobacterium tuberculosis: kinetics, acidity 

constants, and conformational dynamics. Biochemistry 48, 9416–9426 (2009). 

99. Reyes, A. M., Hugo, M., Trostchansky, A., Capece, L., Radi, R. & Trujillo, M. 

Oxidizing substrate specificity of Mycobacterium tuberculosis alkyl 

hydroperoxide reductase E: kinetics and mechanisms of oxidation and 

overoxidation. Free Radical Biology and Medicine 51, 464–473 (2011). 

100. Bryk, R., Griffin, P. & Nathan, C. Peroxynitrite reductase activity of bacterial 

peroxiredoxins. Nature 407, 211–215 (2000). 

101. Burgoyne, J. R., Oka, S., Ale-Agha, N. & Eaton, P. Hydrogen Peroxide Sensing 

and Signaling by Protein Kinases in the Cardiovascular System. Antioxidants & 

Redox Signaling 18, 1042–1052 (2013). 

102. Nisimoto, Y., Diebold, B. A., Cosentino-Gomes, D. & Lambeth, J. D. Nox4: A 

hydrogen peroxide-generating oxygen sensor. Biochemistry 53, 5111–5120 

(2014). 

103. Ushio-Fukai, M. Compartmentalization of redox signaling through NADPH 

oxidase–derived ROS. Antioxidants & redox signaling 11, 1289–1299 (2009). 

104. Chen, C.-H., Cheng, T.-H., Lin, H., Shih, N.-L., Chen, Y.-L., Chen, Y.-S., 

Cheng, C.-F., Lian, W.-S., Meng, T.-C., Chiu, W.-T. & others. Reactive oxygen 

species generation is involved in epidermal growth factor receptor transactivation 

through the transient oxidization of Src homology 2-containing tyrosine 



227 

 

phosphatase in endothelin-1 signaling pathway in rat cardiac fibroblasts. 

Molecular pharmacology 69, 1347–1355 (2006). 

105. Mishina, N. M., Tyurin-Kuzmin, P. A., Markvicheva, K. N., Vorotnikov, A. V., 

Tkachuk, V. A., Laketa, V., Schultz, C., Lukyanov, S. & Belousov, V. V. Does 

Cellular Hydrogen Peroxide Diffuse or Act Locally? Antioxidants & Redox 

Signaling 14, 1–7 (2011). 

106. Klomsiri, C., Rogers, L. C., Soito, L., McCauley, A. K., King, S. B., Nelson, K. 

J., Poole, L. B. & Daniel, L. W. Endosomal H2O2 production leads to localized 

cysteine sulfenic acid formation on proteins during lysophosphatidic acid-

mediated cell signaling. Free Radical Biology and Medicine 71, 49–60 (2014). 

107. Randall, L. M., Manta, B., Hugo, M., Gil, M., Batthyany, C., Trujillo, M., Poole, 

L. B. & Denicola, A. Nitration transforms a sensitive peroxiredoxin 2 into a more 

active and robust peroxidase. J. Biol. Chem. jbc.M113.539213 (2014). 

doi:10.1074/jbc.M113.539213 

108. Kil, I. S., Lee, S. K., Ryu, K. W., Woo, H. A., Hu, M.-C., Bae, S. H. & Rhee, S. 

G. Feedback Control of Adrenal Steroidogenesis via H2O2-Dependent, 

Reversible Inactivation of Peroxiredoxin III in Mitochondria. Molecular Cell 46, 

584–594 (2012). 

109. O’Neill, J. S. & Reddy, A. B. Circadian clocks in human red blood cells. Nature 

469, 498–503 (2011). 

110. Edgar, R. S., Green, E. W., Zhao, Y., van Ooijen, G., Olmedo, M., Qin, X., Xu, 

Y., Pan, M., Valekunja, U. K., Feeney, K. A., Maywood, E. S., Hastings, M. H., 

Baliga, N. S., Merrow, M., Millar, A. J., Johnson, C. H., Kyriacou, C. P., 

O’Neill, J. S. & Reddy, A. B. Peroxiredoxins are conserved markers of circadian 

rhythms. Nature 485, 459–464 (2012). 



228 

 

111. Hoyle, N. P. & O’Neill, J. S. Oxidation-reduction cycles of peroxiredoxin 

proteins and non-transcriptional aspects of timekeeping. Biochemistry (2014). at 

<http://pubs.acs.org/doi/abs/10.1021/bi5008386> 

112. Woo, H. A., Yim, S. H., Shin, D. H., Kang, D., Yu, D.-Y. & Rhee, S. G. 

Inactivation of Peroxiredoxin I by Phosphorylation Allows Localized H2O2 

Accumulation for Cell Signaling. Cell 140, 517–528 (2010). 

113. Jang, H. H., Lee, K. O., Chi, Y. H., Jung, B. G., Park, S. K., Park, J. H., Lee, J. 

R., Lee, S. S., Moon, J. C., Yun, J. W., Choi, Y. O., Kim, W. Y., Kang, J. S., 

Cheong, G.-W., Yun, D.-J., Rhee, S. G., Cho, M. J. & Lee, S. Y. Two Enzymes 

in One: Two Yeast Peroxiredoxins Display Oxidative Stress-Dependent 

Switching from a Peroxidase to a Molecular Chaperone Function. Cell 117, 625–

635 (2004). 

114. Nyström, T., Yang, J. & Molin, M. Peroxiredoxins, gerontogenes linking aging 

to genome instability and cancer. Genes & development 26, 2001–2008 (2012). 

115. Phalen, T. J., Weirather, K., Deming, P. B., Anathy, V., Howe, A. K., Vliet, A. 

van der, Jönsson, T. J., Poole, L. B. & Heintz, N. H. Oxidation state governs 

structural transitions in peroxiredoxin II that correlate with cell cycle arrest and 

recovery. J Cell Biol 175, 779–789 (2006). 

116. Delaunay, A., Pflieger, D., Barrault, M.-B., Vinh, J. & Toledano, M. B. A Thiol 

Peroxidase Is an H2O2 Receptor and Redox-Transducer in Gene Activation. Cell 

111, 471–481 (2002). 

117. Fomenko, D. E., Koc, A., Agisheva, N., Jacobsen, M., Kaya, A., Malinouski, M., 

Rutherford, J. C., Siu, K.-L., Jin, D.-Y., Winge, D. R. & Gladyshev, V. N. Thiol 

peroxidases mediate specific genome-wide regulation of gene expression in 

response to hydrogen peroxide. PNAS 108, 2729–2734 (2011). 



229 

 

118. Calvo, I. A., Boronat, S., Domènech, A., García-Santamarina, S., Ayté, J. & 

Hidalgo, E. Dissection of a Redox Relay: H2O2-Dependent Activation of the 

Transcription Factor Pap1 through the Peroxidatic Tpx1-Thioredoxin Cycle. Cell 

Reports 5, 1413–1424 (2013). 

119. Sobotta, M. C., Liou, W., Stöcker, S., Talwar, D., Oehler, M., Ruppert, T., 

Scharf, A. N. D. & Dick, T. P. Peroxiredoxin-2 and STAT3 form a redox relay 

for H2O2 signaling. Nat Chem Biol 11, 64–70 (2015). 

120. Jarvis, R. M., Hughes, S. M. & Ledgerwood, E. C. Peroxiredoxin 1 functions as a 

signal peroxidase to receive, transduce, and transmit peroxide signals in 

mammalian cells. Free Radical Biology and Medicine 53, 1522–1530 (2012). 

121. Winterbourn, C. C. & Hampton, M. B. Redox biology: Signaling via a 

peroxiredoxin sensor. Nat Chem Biol 11, 5–6 (2015). 

122. Park, J. W., Piszczek, G., Rhee, S. G. & Chock, P. B. Glutathionylation of 

Peroxiredoxin I Induces Decamer to Dimers Dissociation with Concomitant Loss 

of Chaperone Activity. Biochemistry 50, 3204–3210 (2011). 

123. Copley, S. D., Novak, W. R. P. & Babbitt, P. C. Divergence of Function in the 

Thioredoxin Fold Suprafamily:  Evidence for Evolution of Peroxiredoxins from a 

Thioredoxin-like Ancestor†. Biochemistry 43, 13981–13995 (2004). 

124. Frey, R. S., Ushio-Fukai, M. & Malik, A. B. NADPH Oxidase-Dependent 

Signaling in Endothelial Cells: Role in Physiology and Pathophysiology. 

Antioxid Redox Signal 11, 791–810 (2009). 

125. Antico Arciuch, V. G., Elguero, M. E., Poderoso, J. J. & Carreras, M. C. 

Mitochondrial Regulation of Cell Cycle and Proliferation. Antioxidants & Redox 

Signaling 16, 1150–1180 (2011). 

126. Dy, N., Sj, A., Ra, L., Sw, K., Ia, P. & Hz, C. Overexpression of peroxiredoxin in 

human breast cancer. Anticancer Res 21, 2085–2090 (2000). 



230 

 

127. Chang, J. W., Jeon, H. B., Lee, J. H., Yoo, J. S., Chun, J. S., Kim, J. H. & Yoo, 

Y. J. Augmented Expression of Peroxiredoxin I in Lung Cancer. Biochemical 

and Biophysical Research Communications 289, 507–512 (2001). 

128. Nonn, L., Berggren, M. & Powis, G. Increased Expression of Mitochondrial 

Peroxiredoxin-3 (Thioredoxin Peroxidase-2) Protects Cancer Cells Against 

Hypoxia and Drug-Induced Hydrogen Peroxide-Dependent 

Apoptosis11CA52995 and CA772049. Mol Cancer Res 1, 682–689 (2003). 

129. Rhee, S. G., Chae, H. Z. & Kim, K. Peroxiredoxins: A historical overview and 

speculative preview of novel mechanisms and emerging concepts in cell 

signaling. Free Radical Biology and Medicine 38, 1543–1552 (2005). 

130. Barranco-Medina, S., Lázaro, J.-J. & Dietz, K.-J. The oligomeric conformation 

of peroxiredoxins links redox state to function. FEBS Letters 583, 1809–1816 

(2009). 

131. Rhee, S. G., Yang, K.-S., Kang, S. W., Woo, H. A. & Chang, T.-S. Controlled 

Elimination of Intracellular H2O2: Regulation of Peroxiredoxin, Catalase, and 

Glutathione Peroxidase via Post-translational Modification. Antioxidants & 

Redox Signaling 7, 619–626 (2005). 

132. Rhee, S. G., Jeong, W., Chang, T.-S. & Woo, H. A. Sulfiredoxin, the cysteine 

sulfinic acid reductase specific to 2-Cys peroxiredoxin: its discovery, mechanism 

of action, and biological significance. Kidney International 72, S3–S8 (2007). 

133. Cioli, D., Valle, C., Angelucci, F. & Miele, A. E. Will new antischistosomal 

drugs finally emerge? Trends in Parasitology 24, 379–382 (2008). 

134. Piñeyro, M. D., Parodi-Talice, A., Arcari, T. & Robello, C. Peroxiredoxins from 

Trypanosoma cruzi: Virulence factors and drug targets for treatment of Chagas 

disease? Gene 408, 45–50 (2008). 



231 

 

135. Maglott, D., Ostell, J., Pruitt, K. D. & Tatusova, T. Entrez Gene: gene-centered 

information at NCBI. Nucl. Acids Res. 33, D54–D58 (2005). 

136. Jeong, W., Park, S. J., Chang, T.-S., Lee, D.-Y. & Rhee, S. G. Molecular 

Mechanism of the Reduction of Cysteine Sulfinic Acid of Peroxiredoxin to 

Cysteine by Mammalian Sulfiredoxin. J. Biol. Chem. 281, 14400–14407 (2006). 

137. Monteiro, G., Horta, B. B., Pimenta, D. C., Augusto, O. & Netto, L. E. S. 

Reduction of 1-Cys peroxiredoxins by ascorbate changes the thiol-specific 

antioxidant paradigm, revealing another function of vitamin C. PNAS 104, 4886–

4891 (2007). 

138. Evrard, C., Capron, A., Marchand, C., Clippe, A., Wattiez, R., Soumillion, P., 

Knoops, B. & Declercq, J.-P. Crystal Structure of a Dimeric Oxidized form of 

Human Peroxiredoxin 5. Journal of Molecular Biology 337, 1079–1090 (2004). 

139. Liao, S.-J., Yang, C.-Y., Chin, K.-H., Wang, A. H.-J. & Chou, S.-H. Insights into 

the Alkyl Peroxide Reduction Pathway of Xanthomonas campestris 

Bacterioferritin Comigratory Protein from the Trapped Intermediate–Ligand 

Complex Structures. Journal of Molecular Biology 390, 951–966 (2009). 

140. Hall, A., Sankaran, B., Poole, L. B. & Karplus, P. A. Structural Changes 

Common to Catalysis in the Tpx Peroxiredoxin Subfamily. Journal of Molecular 

Biology 393, 867–881 (2009). 

141. Parsonage, D., Karplus, P. A. & Poole, L. B. Substrate specificity and redox 

potential of AhpC, a bacterial peroxiredoxin. PNAS 105, 8209–8214 (2008). 

142. Piacenza, L., Peluffo, G., Alvarez, M. N., Kelly, J. M., Wilkinson, S. R. & Radi, 

R. Peroxiredoxins play a major role in protecting Trypanosoma cruzi against 

macrophage- and endogenously-derived peroxynitrite. Biochemical Journal 410, 

359 (2008). 



232 

 

143. Dubuisson, M., Vander Stricht, D., Clippe, A., Etienne, F., Nauser, T., Kissner, 

R., Koppenol, W. H., Rees, J.-F. & Knoops, B. Human peroxiredoxin 5 is a 

peroxynitrite reductase. FEBS Letters 571, 161–165 (2004). 

144. Trujillo, M. & Radi, R. Peroxynitrite Reaction with the Reduced and the 

Oxidized Forms of Lipoic Acid: New Insights into the Reaction of Peroxynitrite 

with Thiols. Archives of Biochemistry and Biophysics 397, 91–98 (2002). 

145. Beckman, J. S., Beckman, T. W., Chen, J., Marshall, P. A. & Freeman, B. A. 

Apparent hydroxyl radical production by peroxynitrite: implications for 

endothelial injury from nitric oxide and superoxide. Proc. Natl. Acad. Sci. U.S.A. 

87, 1620–1624 (1990). 

146. Hampton, M. B., Kettle, A. J. & Winterbourn, C. C. Inside the Neutrophil 

Phagosome: Oxidants, Myeloperoxidase, and Bacterial Killing. Blood 92, 3007–

3017 (1998). 

147. Stacey, M. M., Peskin, A. V., Vissers, M. C. & Winterbourn, C. C. Chloramines 

and hypochlorous acid oxidize erythrocyte peroxiredoxin 2. Free Radical 

Biology and Medicine 47, 1468–1476 (2009). 

148. Stacey, M. M., Vissers, M. C. & Winterbourn, C. C. Oxidation of 2-Cys 

Peroxiredoxins in Human Endothelial Cells by Hydrogen Peroxide, 

Hypochlorous Acid, and Chloramines. Antioxidants & Redox Signaling 17, 411–

421 (2012). 

149. Neumann, C. A., Krause, D. S., Carman, C. V., Das, S., Dubey, D. P., Abraham, 

J. L., Bronson, R. T., Fujiwara, Y., Orkin, S. H. & Van Etten, R. A. Essential role 

for the peroxiredoxin Prdx1 in erythrocyte antioxidant defence and tumour 

suppression. Nature 424, 561–565 (2003). 

150. Egler, R. A., Fernandes, E., Rothermund, K., Sereika, S., de Souza-Pinto, N., 

Jaruga, P., Dizdaroglu, M. & Prochownik, E. V. Regulation of reactive oxygen 



233 

 

species, DNA damage, and c-Myc function by peroxiredoxin 1. Oncogene 24, 

8038–8050 (2005). 

151. Cao, J., Schulte, J., Knight, A., Leslie, N. R., Zagozdzon, A., Bronson, R., 

Manevich, Y., Beeson, C. & Neumann, C. A. Prdx1 inhibits tumorigenesis via 

regulating PTEN/AKT activity. The EMBO Journal 28, 1505–1517 (2009). 

152. Lee, T.-H., Kim, S.-U., Yu, S.-L., Kim, S. H., Park, D. S., Moon, H.-B., Dho, S. 

H., Kwon, K.-S., Kwon, H. J., Han, Y.-H., Jeong, S., Kang, S. W., Shin, H.-S., 

Lee, K.-K., Rhee, S. G. & Yu, D.-Y. Peroxiredoxin II is essential for sustaining 

life span of erythrocytes in mice. Blood 101, 5033–5038 (2003). 

153. Park, J.-G., Yoo, J.-Y., Jeong, S.-J., Choi, J.-H., Lee, M.-R., Lee, M.-N., Lee, J. 

H., Kim, H. C., Jo, H., Yu, D.-Y., Kang, S. W., Rhee, S. G., Lee, M.-H. & Oh, G. 

T. Peroxiredoxin 2 Deficiency Exacerbates Atherosclerosis in Apolipoprotein E–

Deficient Mice. Circulation Research 109, 739–749 (2011). 

154. Moon, E.-Y., Han, Y. H., Lee, D.-S., Han, Y.-M. & Yu, D.-Y. Reactive oxygen 

species induced by the deletion of peroxiredoxin II (PrxII) increases the number 

of thymocytes resulting in the enlargement of PrxII-null thymus. European 

Journal of Immunology 34, 2119–2128 (2004). 

155. Moon, E.-Y., Noh, Y.-W., Han, Y.-H., Kim, S.-U., Kim, J.-M., Yu, D.-Y. & Lim, 

J.-S. T lymphocytes and dendritic cells are activated by the deletion of 

peroxiredoxin II (Prx II) gene. Immunology Letters 102, 184–190 (2006). 

156. Han, Y.-H., Kim, H.-S., Kim, J.-M., Kim, S.-K., Yu, D.-Y. & Moon, E.-Y. 

Inhibitory role of peroxiredoxin II (Prx II) on cellular senescence. FEBS Letters 

579, 4897–4902 (2005). 

157. Yang, H.-Y., Kwon, J., Choi, H.-I., Park, S. H., Yang, U., Park, H.-R., Ren, L., 

Chung, K.-J., U. Kim, Y., Park, B.-J., Jeong, S.-H. & Lee, T.-H. In-depth 



234 

 

analysis of cysteine oxidation by the RBC proteome: Advantage of peroxiredoxin 

II knockout mice. PROTEOMICS 12, 101–112 (2012). 

158. Li, L., Shoji, W., Takano, H., Nishimura, N., Aoki, Y., Takahashi, R., Goto, S., 

Kaifu, T., Takai, T. & Obinata, M. Increased susceptibility of MER5 

(peroxiredoxin III) knockout mice to LPS-induced oxidative stress. Biochemical 

and Biophysical Research Communications 355, 715–721 (2007). 

159. Huh, J. Y., Kim, Y., Jeong, J., Park, J., Kim, I., Huh, K. H., Kim, Y. S., Woo, H. 

A., Rhee, S. G., Lee, K.-J. & Ha, H. Peroxiredoxin 3 Is a Key Molecule 

Regulating Adipocyte Oxidative Stress, Mitochondrial Biogenesis, and 

Adipokine Expression. Antioxidants & Redox Signaling 16, 229–243 (2012). 

160. Li, L., Shoji, W., Oshima, H., Obinata, M., Fukumoto, M. & Kanno, N. Crucial 

role of peroxiredoxin III in placental antioxidant defense of mice. FEBS Letters 

582, 2431–2434 (2008). 

161. Li, L., Kaifu, T., Obinata, M. & Takai, T. Peroxiredoxin III-deficiency Sensitizes 

Macrophages to Oxidative Stress. J Biochem 145, 425–427 (2009). 

162. Iuchi, Y., Okada, F., Tsunoda, S., Kibe, N., Shirasawa, N., Ikawa, M., Okabe, 

M., Ikeda, Y. & Fujii, J. Peroxiredoxin 4 knockout results in elevated 

spermatogenic cell death via oxidative stress. Biochemical Journal 419, 149 

(2009). 

163. Wang, Y., Feinstein, S. I., Manevich, Y., Ho, Y.-S. & Fisher, A. B. Lung injury 

and mortality with hyperoxia are increased in Peroxiredoxin 6 gene-targeted 

mice. Free Radical Biology and Medicine 37, 1736–1743 (2004). 

164. Nagy, N., Malik, G., Fisher, A. B. & Das, D. K. Targeted disruption of 

peroxiredoxin 6 gene renders the heart vulnerable to ischemia-reperfusion injury. 

American Journal of Physiology - Heart and Circulatory Physiology 291, 

H2636–H2640 (2006). 



235 

 

165. Fisher, A. B., Dodia, C., Feinstein, S. I. & Ho, Y.-S. Altered lung phospholipid 

metabolism in mice with targeted deletion of lysosomal-type phospholipase A2. 

J. Lipid Res. 46, 1248–1256 (2005). 

166. Wang, X., Phelan, S. A., Petros, C., Taylor, E. F., Ledinski, G., Jürgens, G., 

Forsman-Semb, K. & Paigen, B. Peroxiredoxin 6 deficiency and atherosclerosis 

susceptibility in mice: significance of genetic background for assessing 

atherosclerosis. Atherosclerosis 177, 61–70 (2004). 

167. Fatma, N., Singh, P., Chhunchha, B., Kubo, E., Shinohara, T., Bhargavan, B. & 

Singh, D. P. Deficiency of Prdx6 in lens epithelial cells induces ER stress 

response-mediated impaired homeostasis and apoptosis. American Journal of 

Physiology - Cell Physiology 301, C954–C967 (2011). 

168. De Simoni, S., Goemaere, J. & Knoops, B. Silencing of peroxiredoxin 3 and 

peroxiredoxin 5 reveals the role of mitochondrial peroxiredoxins in the 

protection of human neuroblastoma SH-SY5Y cells toward MPP+. Neuroscience 

Letters 433, 219–224 (2008). 

169. Kropotov, A., Serikov, V., Suh, J., Smirnova, A., Bashkirov, V., Zhivotovsky, B. 

& Tomilin, N. Constitutive expression of the human peroxiredoxin V gene 

contributes to protection of the genome from oxidative DNA lesions and to 

suppression of transcription of noncoding DNA. FEBS J. 273, 2607–2617 

(2006). 

170. Stresing, V., Baltziskueta, E., Rubio, N., Blanco, J., Arriba, M., Valls, J., Janier, 

M., Clézardin, P., Sanz-Pamplona, R., Nieva, C., Marro, M., Dmitri, P. & Sierra, 

A. Peroxiredoxin 2 specifically regulates the oxidative and metabolic stress 

response of human metastatic breast cancer cells in lungs. Oncogene 32, 724–735 

(2013). 



236 

 

171. Mukhopadhyay, S. S., Leung, K. S., Hicks, M. J., Hastings, P. J., Youssoufian, 

H. & Plon, S. E. Defective mitochondrial peroxiredoxin-3 results in sensitivity to 

oxidative stress in Fanconi anemia. J Cell Biol 175, 225–235 (2006). 

172. Tavender, T. J. & Bulleid, N. J. Peroxiredoxin IV protects cells from oxidative 

stress by removing H2O2 produced during disulphide formation. J Cell Sci 123, 

2672–2679 (2010). 

173. Tavender, T. J., Sheppard, A. M. & Bulleid, N. J. Peroxiredoxin IV is an 

endoplasmic reticulum-localized enzyme forming oligomeric complexes in 

human cells. Biochemical Journal 411, 191 (2008). 

174. Chang, X.-Z., Li, D.-Q., Hou, Y.-F., Wu, J., Lu, J.-S., Di, G.-H., Jin, W., Ou, Z.-

L., Shen, Z.-Z. & Shao, Z.-M. Identification of the functional role of 

peroxiredoxin 6 in the progression of breast cancer. Breast Cancer Res. 9, R76 

(2007). 

175. Kim, S. Y., Chun, E. & Lee, K.-Y. Phospholipase A2 of peroxiredoxin 6 has a 

critical role in tumor necrosis factor-induced apoptosis. Cell Death Differ 18, 

1573–1583 (2011). 

176. Hoshino, I., Matsubara, H., Hanari, N., Mori, M., Nishimori, T., Yoneyama, Y., 

Akutsu, Y., Sakata, H., Matsushita, K., Seki, N. & Ochiai, T. Histone 

Deacetylase Inhibitor FK228 Activates Tumor Suppressor Prdx1 with Apoptosis 

Induction in Esophageal Cancer Cells. Clin Cancer Res 11, 7945–7952 (2005). 

177. Manevich, Y. & Fisher, A. B. Peroxiredoxin 6, a 1-Cys peroxiredoxin, functions 

in antioxidant defense and lung phospholipid metabolism. Free Radical Biology 

and Medicine 38, 1422–1432 (2005). 

178. Michalek, R. D., Crump, K. E., Weant, A. E., Hiltbold, E. M., Juneau, D. G., 

Moon, E.-Y., Yu, D.-Y., Poole, L. B. & Grayson, J. M. Peroxiredoxin II 



237 

 

Regulates Effector and Secondary Memory CD8+ T Cell Responses. J. Virol. 86, 

13629–13641 (2012). 

179. Isermann, K., Liebau, E., Roeder, T. & Bruchhaus, I. A Peroxiredoxin 

Specifically Expressed in Two Types of Pharyngeal Neurons is Required for 

Normal Growth and Egg Production in Caenorhabditis elegans. Journal of 

Molecular Biology 338, 745–755 (2004). 

180. Ranjan, M., Gruber, J., Ng, L. F. & Halliwell, B. Repression of the mitochondrial 

peroxiredoxin antioxidant system does not shorten life span but causes reduced 

fitness in Caenorhabditis elegans. Free Radical Biology and Medicine 63, 381–

389 (2013). 

181. Sayed, A. A., Cook, S. K. & Williams, D. L. Redox Balance Mechanisms in 

Schistosoma mansoni Rely on Peroxiredoxins and Albumin and Implicate 

Peroxiredoxins as Novel Drug Targets. J. Biol. Chem. 281, 17001–17010 (2006). 

182. de Moraes Mourão, M., Dinguirard, N., Franco, G. R. & Yoshino, T. P. 

Phenotypic Screen of Early-Developing Larvae of the Blood Fluke, Schistosoma 

mansoni, using RNA Interference. PLoS Negl Trop Dis 3, e502 (2009). 

183. Kumagai, T., Osada, Y., Ohta, N. & Kanazawa, T. Peroxiredoxin-1 from 

Schistosoma japonicum functions as a scavenger against hydrogen peroxide but 

not nitric oxide. Molecular and Biochemical Parasitology 164, 26–31 (2009). 

184. Wilkinson, S. R., Horn, D., Prathalingam, S. R. & Kelly, J. M. RNA Interference 

Identifies Two Hydroperoxide Metabolizing Enzymes That Are Essential to the 

Bloodstream Form of the African Trypanosome. J. Biol. Chem. 278, 31640–

31646 (2003). 

185. Castro, H., Teixeira, F., Romao, S., Santos, M., Cruz, T., Flórido, M., Appelberg, 

R., Oliveira, P., Ferreira-da-Silva, F. & Tomás, A. M. Leishmania Mitochondrial 



238 

 

Peroxiredoxin Plays a Crucial Peroxidase-Unrelated Role during Infection: 

Insight into Its Novel Chaperone Activity. PLoS Pathog 7, e1002325 (2011). 

186. Komaki-Yasuda, K., Kawazu, S. & Kano, S. Disruption of the Plasmodium 

falciparum 2-Cys peroxiredoxin gene renders parasites hypersensitive to reactive 

oxygen and nitrogen species. FEBS Letters 547, 140–144 (2003). 

187. Yano, K., Komaki-Yasuda, K., Tsuboi, T., Torii, M., Kano, S. & Kawazu, S. 2-

Cys Peroxiredoxin TPx-1 is involved in gametocyte development in Plasmodium 

berghei. Molecular and Biochemical Parasitology 148, 44–51 (2006). 

188. Yano, K., Otsuki, H., Arai, M., Komaki-Yasuda, K., Tsuboi, T., Torii, M., Kano, 

S. & Kawazu, S.-I. Disruption of the Plasmodium berghei 2-Cys peroxiredoxin 

TPx-1 gene hinders the sporozoite development in the vector mosquito. 

Molecular and Biochemical Parasitology 159, 142–145 (2008). 

189. Wong, C.-M., Siu, K.-L. & Jin, D.-Y. Peroxiredoxin-null yeast cells are 

hypersensitive to oxidative stress and are genomically unstable. J. Biol. Chem. 

279, 23207–23213 (2004). 

190. Baier, M., Noctor, G., Foyer, C. H. & Dietz, K.-J. Antisense Suppression of 2-

Cysteine Peroxiredoxin in Arabidopsis Specifically Enhances the Activities and 

Expression of Enzymes Associated with Ascorbate Metabolism But Not 

Glutathione Metabolism. Plant Physiol. 124, 823–832 (2000). 

191. Lamkemeyer, P., Laxa, M., Collin, V., Li, W., Finkemeier, I., Schöttler, M. A., 

Holtkamp, V., Tognetti, V. B., Issakidis-Bourguet, E., Kandlbinder, A., Weis, E., 

Miginiac-Maslow, M. & Dietz, K.-J. Peroxiredoxin Q of Arabidopsis thaliana is 

attached to the thylakoids and functions in context of photosynthesis†. The Plant 

Journal 45, 968–981 (2006). 



239 

 

192. Schafer, F. Q. & Buettner, G. R. Redox environment of the cell as viewed 

through the redox state of the glutathione disulfide/glutathione couple. Free 

Radical Biology and Medicine 30, 1191–1212 (2001). 

193. Go, Y.-M. & Jones, D. P. Redox compartmentalization in eukaryotic cells. 

Biochimica et Biophysica Acta (BBA) - General Subjects 1780, 1273–1290 

(2008). 

194. Banach-Latapy, A., He, T., Dardalhon, M., Vernis, L., Chanet, R. & Huang, M.-

E. Redox-sensitive YFP sensors for monitoring dynamic compartment-specific 

glutathione redox state. Free Radical Biology and Medicine 65, 436–445 (2013). 

195. Nelson, K. J., Parsonage, D., Karplus, P. A. & Poole, L. B. Evaluating 

peroxiredoxin sensitivity toward inactivation by peroxide substrates. Meth. 

Enzymol. 527, 21–40 (2013). 

196. Steele, K. H., Baumgartner, J. E., Valderas, M. W. & Roop, R. M. Comparative 

Study of the Roles of AhpC and KatE as Respiratory Antioxidants in Brucella 

abortus 2308. J. Bacteriol. 192, 4912–4922 (2010). 

197. Baker, L. M. S., Raudonikiene, A., Hoffman, P. S. & Poole, L. B. Essential 

Thioredoxin-Dependent Peroxiredoxin System from Helicobacter pylori: Genetic 

and Kinetic Characterization. J. Bacteriol. 183, 1961–1973 (2001). 

198. Olczak, A. A., Richard W. Seyler, J., Olson, J. W. & Maier, R. J. Association of 

Helicobacter pylori Antioxidant Activities with Host Colonization Proficiency. 

Infect. Immun. 71, 580–583 (2003). 

199. Cosgrove, K., Coutts, G., Jonsson, I.-M., Tarkowski, A., Kokai-Kun, J. F., Mond, 

J. J. & Foster, S. J. Catalase (KatA) and Alkyl Hydroperoxide Reductase (AhpC) 

Have Compensatory Roles in Peroxide Stress Resistance and Are Required for 

Survival, Persistence, and Nasal Colonization in Staphylococcus aureus. J. 

Bacteriol. 189, 1025–1035 (2007). 



240 

 

200. Wilson, T., Lisle, G. W. de, Marcinkeviciene, J. A., Blanchardand, J. S. & 

Collins, D. M. Antisense RNA to ahpC, an oxidative stress defence gene 

involved in isoniazid resistance, indicates that AhpC of Mycobacterium bovis has 

virulence properties. Microbiology 144, 2687–2695 (1998). 

201. Wang, H.-W., Chung, C.-H., Ma, T.-Y. & Wong, H. Roles of Alkyl 

Hydroperoxide Reductase Subunit C (AhpC) in Viable but Nonculturable Vibrio 

parahaemolyticus. Appl. Environ. Microbiol. 79, 3734–3743 (2013). 

202. Haynes, A. C., Qian, J., Reisz, J. A., Furdui, C. M. & Lowther, W. T. Molecular 

Basis for the Resistance of Human Mitochondrial 2-Cys Peroxiredoxin 3 to 

Hyperoxidation. J. Biol. Chem. 288, 29714–29723 (2013). 

203. Peskin, A. V., Dickerhof, N., Poynton, R. A., Paton, L. N., Pace, P. E., Hampton, 

M. B. & Winterbourn, C. C. Hyperoxidation of Peroxiredoxins 2 and 3. J Biol 

Chem 288, 14170–14177 (2013). 

204. Haque, A., Andersen, J. N., Salmeen, A., Barford, D. & Tonks, N. K. 

Conformation-Sensing Antibodies Stabilize the Oxidized Form of PTP1B and 

Inhibit Its Phosphatase Activity. Cell 147, 185–198 (2011). 

205. Angelucci, F., Saccoccia, F., Ardini, M., Boumis, G., Brunori, M., Di Leandro, 

L., Ippoliti, R., Miele, A. E., Natoli, G., Scotti, S. & Bellelli, A. Switching 

between the Alternative Structures and Functions of a 2-Cys Peroxiredoxin, by 

Site-Directed Mutagenesis. Journal of Molecular Biology 425, 4556–4568 

(2013). 

206. Chuang, M.-H., Wu, M.-S., Lo, W.-L., Lin, J.-T., Wong, C.-H. & Chiou, S.-H. 

The antioxidant protein alkylhydroperoxide reductase of Helicobacter pylori 

switches from a peroxide reductase to a molecular chaperone function. PNAS 

103, 2552–2557 (2006). 



241 

 

207. Turner-Ivey, B., Manevich, Y., Schulte, J., Kistner-Griffin, E., Jezierska-Drutel, 

A., Liu, Y. & Neumann, C. A. Role for Prdx1 as a specific sensor in redox-

regulated senescence in breast cancer. Oncogene 32, 5302–5314 (2013). 

208. Sayed, A. A. & Williams, D. L. Biochemical Characterization of 2-Cys 

Peroxiredoxins from Schistosoma mansoni. J. Biol. Chem. 279, 26159–26166 

(2004). 

209. Wang, X., Wang, L., Wang, X., Sun, F. & Wang, C. Structural insights into the 

peroxidase activity and inactivation of human peroxiredoxin 4. Biochem. J. 441, 

113–118 (2012). 

210. Pascual, M. B., Mata-Cabana, A., Florencio, F. J., Lindahl, M. & Cejudo, F. J. 

Overoxidation of 2-Cys Peroxiredoxin in Prokaryotes Cyanobacterial 2-Cys 

Peroxiredoxins Sensitive to Oxidative Stress. J. Biol. Chem. 285, 34485–34492 

(2010). 

211. Parmigiani, R. B., Xu, W. S., Venta-Perez, G., Erdjument-Bromage, H., Yaneva, 

M., Tempst, P. & Marks, P. A. HDAC6 is a specific deacetylase of 

peroxiredoxins and is involved in redox regulation. PNAS 105, 9633–9638 

(2008). 

212. Seo, J. H., Lim, J. C., Lee, D.-Y., Kim, K. S., Piszczek, G., Nam, H. W., Kim, Y. 

S., Ahn, T., Yun, C.-H., Kim, K., Chock, P. B. & Chae, H. Z. Novel Protective 

Mechanism against Irreversible Hyperoxidation of Peroxiredoxin Nα-

TERMINAL ACETYLATION OF HUMAN PEROXIREDOXIN II. J. Biol. 

Chem. 284, 13455–13465 (2009). 

213. Liu, X. P., Liu, X. Y., Zhang, J., Xia, Z. L., Liu, X., Qin, H. J. & Wang, D. W. 

Molecular and functional characterization of sulfiredoxin homologs from higher 

plants. Cell Res 16, 287–296 (2006). 



242 

 

214. Baek, J. Y., Han, S. H., Sung, S. H., Lee, H. E., Kim, Y., Noh, Y. H., Bae, S. H., 

Rhee, S. G. & Chang, T.-S. Sulfiredoxin Protein Is Critical for Redox Balance 

and Survival of Cells Exposed to Low Steady-state Levels of H2O2. J. Biol. 

Chem. 287, 81–89 (2012). 

215. Lei, K., Townsend, D. M. & Tew, K. D. Protein cysteine sulfinic acid reductase 

(sulfiredoxin) as a regulator of cell proliferation and drug response. Oncogene 

27, 4877–4887 (2008). 

216. Molin, M., Yang, J., Hanzén, S., Toledano, M. B., Labarre, J. & Nyström, T. Life 

Span Extension and H2O2 Resistance Elicited by Caloric Restriction Require the 

Peroxiredoxin Tsa1 in Saccharomyces cerevisiae. Molecular Cell 43, 823–833 

(2011). 

217. Lowther, W. T. & Haynes, A. C. Reduction of Cysteine Sulfinic Acid in 

Eukaryotic, Typical 2-Cys Peroxiredoxins by Sulfiredoxin. Antioxidants & 

Redox Signaling 15, 99–109 (2010). 

218. Jeong, W., Bae, S. H., Toledano, M. B. & Rhee, S. G. Role of sulfiredoxin as a 

regulator of peroxiredoxin function and regulation of its expression. Free Radical 

Biology and Medicine 53, 447–456 (2012). 

219. Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W. 

& Lipman, D. J. Gapped BLAST and PSI-BLAST: a new generation of protein 

database search programs. Nucl. Acids Res. 25, 3389–3402 (1997). 

220. Basu, M. K. & Koonin, E. V. Evolution of Eukaryotic Cysteine Sulfinic Acid 

Reductase, Sulfiredoxin (Srx), from Bacterial Chromosome Partitioning Protein 

ParB. Cell Cycle 4, 947–952 

221. Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and 

high throughput. Nucl. Acids Res. 32, 1792–1797 (2004). 



243 

 

222. Guindon, S., Lethiec, F., Duroux, P. & Gascuel, O. PHYML Online—a web 

server for fast maximum likelihood-based phylogenetic inference. Nucl. Acids 

Res. 33, W557–W559 (2005). 

223. Cao, Z., Subramaniam, S. & Bulleid, N. J. Lack of an Efficient Endoplasmic 

Reticulum-localized Recycling System Protects Peroxiredoxin IV from 

Hyperoxidation. J. Biol. Chem. jbc.M113.529305 (2014). 

doi:10.1074/jbc.M113.529305 

224. Agrawal-Singh, S., Isken, F., Agelopoulos, K., Klein, H.-U., Thoennissen, N. H., 

Koehler, G., Hascher, A., Bäumer, N., Berdel, W. E., Thiede, C., Ehninger, G., 

Becker, A., Schlenke, P., Wang, Y., McClelland, M., Krug, U., Koschmieder, S., 

Büchner, T., Yu, D.-Y., Singh, S. V., Hansen, K., Serve, H., Dugas, M. & 

Müller-Tidow, C. Genome-wide analysis of histone H3 acetylation patterns in 

AML identifies PRDX2 as an epigenetically silenced tumor suppressor gene. 

Blood 119, 2346–2357 (2012). 

225. Romero-Puertas, M. C., Laxa, M., Mattè, A., Zaninotto, F., Finkemeier, I., Jones, 

A. M. E., Perazzolli, M., Vandelle, E., Dietz, K.-J. & Delledonne, M. S-

Nitrosylation of Peroxiredoxin II E Promotes Peroxynitrite-Mediated Tyrosine 

Nitration. Plant Cell 19, 4120–4130 (2007). 

226. Jara, M., Vivancos, A. P., Calvo, I. A., Moldón, A., Sansó, M. & Hidalgo, E. The 

Peroxiredoxin Tpx1 Is Essential as a H2O2 Scavenger during Aerobic Growth in 

Fission Yeast. Mol. Biol. Cell 18, 2288–2295 (2007). 

227. Charoenlap, N., Shen, Z., McBee, M. E., Muthupalani, S., Wogan, G. N., Fox, J. 

G. & Schauer, D. B. Alkyl Hydroperoxide Reductase Is Required for 

Helicobacter cinaedi Intestinal Colonization and Survival under Oxidative Stress 

in BALB/c and BALB/c Interleukin-10−/− Mice. Infect. Immun. 80, 921–928 

(2012). 



244 

 

228. Rankin, S., Li, Z. & Isberg, R. R. Macrophage-Induced Genes of Legionella 

pneumophila: Protection from Reactive Intermediates and Solute Imbalance 

during Intracellular Growth. Infect. Immun. 70, 3637–3648 (2002). 

229. LeBlanc, J. J., Davidson, R. J. & Hoffman, P. S. Compensatory Functions of 

Two Alkyl Hydroperoxide Reductases in the Oxidative Defense System of 

Legionella pneumophila. J. Bacteriol. 188, 6235–6244 (2006). 

230. Springer, B., Master, S., Sander, P., Zahrt, T., McFalone, M., Song, J., 

Papavinasasundaram, K. G., Colston, M. J., Boettger, E. & Deretic, V. Silencing 

of Oxidative Stress Response in Mycobacterium tuberculosis: Expression 

Patterns of ahpC in Virulent and Avirulent Strains and Effect ofahpC 

Inactivation. Infect. Immun. 69, 5967–5973 (2001). 

231. Johnson, N. A., Liu, Y. & Fletcher, H. M. Alkyl hydroperoxide peroxidase 

subunit C (ahpC) protects against organic peroxides but does not affect the 

virulence of Porphyromonas gingivalis W83. Oral Microbiology and 

Immunology 19, 233–239 (2004). 

232. Rocha, E. R. & Smith, C. J. Role of the Alkyl Hydroperoxide Reductase (ahpCF) 

Gene in Oxidative Stress Defense of the Obligate Anaerobe Bacteroides fragilis. 

J. Bacteriol. 181, 5701–5710 (1999). 

233. Chen, L., Xie, Q. & Nathan, C. Alkyl Hydroperoxide Reductase Subunit C 

(AhpC) Protects Bacterial and Human Cells against Reactive Nitrogen 

Intermediates. Molecular Cell 1, 795–805 (1998). 

234. Storz, G., Jacobson, F. S., Tartaglia, L. A., Morgan, R. W., Silveira, L. A. & 

Ames, B. N. An alkyl hydroperoxide reductase induced by oxidative stress in 

Salmonella typhimurium and Escherichia coli: genetic characterization and 

cloning of ahp. J. Bacteriol. 171, 2049–2055 (1989). 



245 

 

235. Jeong, W., Cha, M.-K. & Kim, I.-H. Thioredoxin-dependent Hydroperoxide 

Peroxidase Activity of Bacterioferritin Comigratory Protein (BCP) as a New 

Member of the Thiol-specific Antioxidant Protein (TSA)/Alkyl Hydroperoxide 

Peroxidase C (AhpC) Family. J. Biol. Chem. 275, 2924–2930 (2000). 

236. Mongkolsuk, S., Whangsuk, W., Vattanaviboon, P., Loprasert, S. & Fuangthong, 

M. A Xanthomonas Alkyl Hydroperoxide Reductase Subunit C (ahpC) Mutant 

Showed an Altered Peroxide Stress Response and Complex Regulation of the 

Compensatory Response of Peroxide Detoxification Enzymes. J. Bacteriol. 182, 

6845–6849 (2000). 

237. Vattanaviboon, P., Whangsuk, W. & Mongkolsuk, S. A Suppressor of the 

Menadione-Hypersensitive Phenotype of a Xanthomonas campestris pv. phaseoli 

oxyR Mutant Reveals a Novel Mechanism of Toxicity and the Protective Role of 

Alkyl Hydroperoxide Reductase. J. Bacteriol. 185, 1734–1738 (2003). 

238. Atack, J. M., Harvey, P., Jones, M. A. & Kelly, D. J. The Campylobacter jejuni 

Thiol Peroxidases Tpx and Bcp Both Contribute to Aerotolerance and Peroxide-

Mediated Stress Resistance but Have Distinct Substrate Specificities. J. 

Bacteriol. 190, 5279–5290 (2008). 

239. Latifi, A., Ruiz, M., Jeanjean, R. & Zhang, C.-C. PrxQ-A, a member of the 

peroxiredoxin Q family, plays a major role in defense against oxidative stress in 

the cyanobacterium Anabaena sp. strain PCC7120. Free Radical Biology and 

Medicine 42, 424–431 (2007). 

240. Fang, F. C. Perspectives series: host/pathogen interactions. Mechanisms of nitric 

oxide-related antimicrobial activity. J Clin Invest 99, 2818–2825 (1997). 

241. Seaver, L. C. & Imlay, J. A. Alkyl Hydroperoxide Reductase Is the Primary 

Scavenger of Endogenous Hydrogen Peroxide in Escherichia coli. J. Bacteriol. 

183, 7173–7181 (2001). 



246 

 

242. Mehta, N. S., Benoit, S. L., Mysore, J. & Maier, R. J. In vitro and in vivo 

characterization of alkyl hydroperoxide reductase mutant strains of Helicobacter 

hepaticus. Biochim. Biophys. Acta 1770, 257–265 (2007). 

243. Zykova, T. A., Zhu, F., Vakorina, T. I., Zhang, J., Higgins, L. A., Urusova, D. 

V., Bode, A. M. & Dong, Z. T-LAK Cell-originated Protein Kinase (TOPK) 

Phosphorylation of Prx1 at Ser-32 Prevents UVB-induced Apoptosis in 

RPMI7951 Melanoma Cells through the Regulation of Prx1 Peroxidase Activity. 

J. Biol. Chem. 285, 29138–29146 (2010). 

244. Chang, T.-S., Jeong, W., Choi, S. Y., Yu, S., Kang, S. W. & Rhee, S. G. 

Regulation of Peroxiredoxin I Activity by Cdc2-mediated Phosphorylation. J. 

Biol. Chem. 277, 25370–25376 (2002). 

245. Schröder, E., Willis, A. C. & Ponting, C. P. Porcine natural-killer-enhancing 

factor-B: oligomerisation and identification as a calpain substrate in vitro. 

Biochim. Biophys. Acta 1383, 279–291 (1998). 

246. Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., Datsenko, 

K. A., Tomita, M., Wanner, B. L. & Mori, H. Construction of Escherichia coli K-

12 in-frame, single-gene knockout mutants: the Keio collection. Mol Syst Biol 2, 

2006.0008 (2006). 

247. Studier, F. W. Protein production by auto-induction in high-density shaking 

cultures. Protein Expression and Purification 41, 207–234 (2005). 

248. Poole, L. B. Flavin-Dependent Alkyl Hydroperoxide Reductase from Salmonella 

typhimurium. 2. Cystine Disulfides Involved in Catalysis of Peroxide 

Reduction†. Biochemistry 35, 65–75 (1996). 

249. Sarma, G. N., Nickel, C., Rahlfs, S., Fischer, M., Becker, K. & Karplus, P. A. 

Crystal Structure of a Novel Plasmodium falciparum 1-Cys Peroxiredoxin. 

Journal of Molecular Biology 346, 1021–1034 (2005). 



247 

 

250. Mizohata, E., Sakai, H., Fusatomi, E., Terada, T., Murayama, K., Shirouzu, M. & 

Yokoyama, S. Crystal structure of an archaeal peroxiredoxin from the aerobic 

hyperthermophilic crenarchaeon Aeropyrum pernix K1. J. Mol. Biol. 354, 317–

329 (2005). 

251. Battye, T. G. G., Kontogiannis, L., Johnson, O., Powell, H. R. & Leslie, A. G. W. 

iMOSFLM: a new graphical interface for diffraction-image processing with               

MOSFLM. Acta Crystallographica Section D Biological Crystallography 67, 

271–281 (2011). 

252. Karplus, P. A. & Diederichs, K. Linking Crystallographic Model and Data 

Quality. Science 336, 1030–1033 (2012). 

253. Driggers, C. M., Cooley, R. B., Sankaran, B., Hirschberger, L. L., Stipanuk, M. 

H. & Karplus, P. A. Cysteine Dioxygenase Structures from pH 4 to 9: Consistent 

Cys-Persulfenate Formation at Intermediate pH and a Cys-Bound Enzyme at 

Higher pH. Journal of Molecular Biology 425, 3121–3136 (2013). 

254. Evans, P. R. & Murshudov, G. N. How good are my data and what is the 

resolution? Acta Crystallographica Section D Biological Crystallography 69, 

1204–1214 (2013). 

255. Smart, O. S., Womack, T. O., Flensburg, C., Keller, P., Paciorek, W., Sharff, A., 

Vonrhein, C. & Bricogne, G. Exploiting structure similarity in refinement: 

automated NCS and target-structure restraints in BUSTER. Acta 

Crystallographica Section D Biological Crystallography 68, 368–380 (2012). 

256. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. 

Acta Crystallographica Section D Biological Crystallography 60, 2126–2132 

(2004). 

257. Afonine, P. V., Grosse-Kunstleve, R. W., Echols, N., Headd, J. J., Moriarty, N. 

W., Mustyakimov, M., Terwilliger, T. C., Urzhumtsev, A., Zwart, P. H. & 



248 

 

Adams, P. D. Towards automated crystallographic structure refinement with               

phenix.refine. Acta Crystallographica Section D Biological Crystallography 68, 

352–367 (2012). 

258. Davis, I. W., Murray, L. W., Richardson, J. S. & Richardson, D. C. 

MOLPROBITY: structure validation and all-atom contact analysis for nucleic 

acids and their complexes. Nucleic Acids Research 32, W615–W619 (2004). 

259. Rhoads, T. W., Lopez, N. I., Zollinger, D. R., Morré, J. T., Arbogast, B. L., 

Maier, C. S., DeNoyer, L. & Beckman, J. S. Measuring copper and zinc 

superoxide dismutase from spinal cord tissue using electrospray mass 

spectrometry. Analytical Biochemistry 415, 52–58 (2011). 

260. Using Theoretical Protein Isotopic Distributions to Parse Small-Mass-Difference 

Post-Translational Modifications via Mass Spectrometry - Springer. at 

<http://link.springer.com/article/10.1007%2Fs13361-012-0500-1/fulltext.html> 

261. Kitano, K., Niimura, Y., Nishiyama, Y. & Miki, K. Stimulation of Peroxidase 

Activity by Decamerization Related to Ionic Strength: AhpC Protein from 

Amphibacillus xylanus. J Biochem 126, 313–319 (1999). 

262. Harding, M. M., Nowicki, M. W. & Walkinshaw, M. D. Metals in protein 

structures: a review of their principal features. Crystallography Reviews 16, 247–

302 (2010). 

263. Matsumura, T., Okamoto, K., Iwahara, S., Hori, H., Takahashi, Y., Nishino, T. & 

Abe, Y. Dimer-Oligomer Interconversion of Wild-type and Mutant Rat 2-Cys 

Peroxiredoxin Disulfide Formation at Dimer-Dimer Interfaces is not Essential 

For Decamerization. J. Biol. Chem. 283, 284–293 (2008). 

264. Smeets, A., Loumaye, E., Clippe, A., Rees, J.-F., Knoops, B. & Declercq, J.-P. 

The crystal structure of the C45S mutant of annelid Arenicola marina 

peroxiredoxin 6 supports its assignment to the mechanistically typical 2-Cys 



249 

 

subfamily without any formation of toroid-shaped decamers. Protein Science 17, 

700–710 (2008). 

265. Stehr, M., Hecht, H. J., Jäger, T., Flohé, L. & Singh, M. Structure of the inactive 

variant C60S of Mycobacterium tuberculosis thiol peroxidase. Acta 

Crystallographica Section D Biological Crystallography 62, 563–567 (2006). 

266. Choi, J., Choi, S., Chon, J. K., Choi, J., Cha, M.-K., Kim, I.-H. & Shin, W. 

Crystal structure of the C107S/C112S mutant of yeast nuclear 2‐Cys 

peroxiredoxin. Proteins: Structure, Function, and Bioinformatics 61, 1146–1149 

(2005). 

267. D’Ambrosio, K., Limauro, D., Pedone, E., Galdi, I., Pedone, C., Bartolucci, S. & 

De Simone, G. Insights into the catalytic mechanism of the Bcp family: 

Functional and structural analysis of Bcp1 from Sulfolobus solfataricus. 

Proteins: Structure, Function, and Bioinformatics 76, 995–1006 (2009). 

268. Limauro, D., D’Ambrosio, K., Langella, E., De Simone, G., Galdi, I., Pedone, C., 

Pedone, E. & Bartolucci, S. Exploring the catalytic mechanism of the first 

dimeric Bcp: Functional, structural and docking analyses of Bcp4 from 

Sulfolobus solfataricus. Biochimie 92, 1435–1444 (2010). 

269. Melchers, J., Diechtierow, M., Fehér, K., Sinning, I., Tews, I., Krauth-Siegel, R. 

L. & Muhle-Goll, C. Structural Basis for a Distinct Catalytic Mechanism in 

Trypanosoma brucei Tryparedoxin Peroxidase. J. Biol. Chem. 283, 30401–30411 

(2008). 

270. Muhle-Goll, C., Füller, F., Ulrich, A. S. & Krauth-Siegel, R. L. The conserved 

Cys76 plays a crucial role for the conformation of reduced glutathione 

peroxidase-type tryparedoxin peroxidase. FEBS Lett. 584, 1027–1032 (2010). 

271. Vaguine, A. A., Richelle, J. & Wodak, S. J. SFCHECK: a unified set of 

procedures for evaluating the quality of macromolecular structure-factor data and 



250 

 

their agreement with the atomic model. Acta Crystallographica Section D 

Biological Crystallography 55, 191–205 (1999). 

272. Zhou, P., Tian, F., Lv, F. & Shang, Z. Geometric characteristics of hydrogen 

bonds involving sulfur atoms in proteins. Proteins: Structure, Function, and 

Bioinformatics 76, 151–163 (2009). 

273. Platts, J. A., Howard, S. T. & Bracke, B. R. F. Directionality of Hydrogen Bonds 

to Sulfur and Oxygen. J. Am. Chem. Soc. 118, 2726–2733 (1996). 

274. Baker, E. N. & Hubbard, R. E. Hydrogen bonding in globular proteins. Progress 

in Biophysics and Molecular Biology 44, 97–179 (1984). 

275. Nirudodhi, S., Parsonage, D., Karplus, P. A., Poole, L. B. & Maier, C. S. 

Conformational studies of the robust 2-Cys peroxiredoxin Salmonella 

typhimurium AhpC by solution phase hydrogen/deuterium (H/D) exchange 

monitored by electrospray ionization mass spectrometry. International Journal of 

Mass Spectrometry 302, 93–100 (2011). 

276. González-Mondragón, E., Zubillaga, R. A., Saavedra, E., Chánez-Cárdenas, M. 

E., Pérez-Montfort, R. & Hernández-Arana, A. Conserved Cysteine 126 in 

Triosephosphate Isomerase Is Required Not for Enzymatic Activity but for 

Proper Folding and Stability†. Biochemistry 43, 3255–3263 (2004). 

277. Koo, K. H., Lee, S., Jeong, S. Y., Kim, E. T., Kim, H. J., Kim, K., Song, K. & 

Chae, H. Z. Regulation of Thioredoxin Peroxidase Activity by C-terminal 

Truncation. Archives of Biochemistry and Biophysics 397, 312–318 (2002). 

278. Wang, F., Travins, J., DeLaBarre, B., Penard-Lacronique, V., Schalm, S., 

Hansen, E., Straley, K., Kernytsky, A., Liu, W., Gliser, C., Yang, H., Gross, S., 

Artin, E., Saada, V., Mylonas, E., Quivoron, C., Popovici-Muller, J., Saunders, J. 

O., Salituro, F. G., Yan, S., Murray, S., Wei, W., Gao, Y., Dang, L., Dorsch, M., 

Agresta, S., Schenkein, D. P., Biller, S. A., Su, S. M., Botton, S. de & Yen, K. E. 



251 

 

Targeted Inhibition of Mutant IDH2 in Leukemia Cells Induces Cellular 

Differentiation. Science 340, 622–626 (2013). 

279. Morais, M. A. B., Giuseppe, P. O., Souza, T. A. C. B., Alegria, T. G. P., Oliveira, 

M. A., Netto, L. E. S. & Murakami, M. T. How pH Modulates the Dimer-

Decamer Interconversion of 2-Cys peroxiredoxins from the Prx1 subfamily. J. 

Biol. Chem. jbc.M114.619205 (2015). doi:10.1074/jbc.M114.619205 

280. Winterbourn, C. C. & Metodiewa, D. Reactivity of biologically important thiol 

compounds with superoxide and hydrogen peroxide. Free Radical Biology and 

Medicine 27, 322–328 (1999). 

281. McCoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D., Storoni, L. 

C. & Read, R. J. Phaser               crystallographic software. Journal of Applied 

Crystallography 40, 658–674 (2007). 

282. Niki, E., Yamamoto, Y., Komuro, E. & Sato, K. Membrane Damage Due to 

Lipid Oxidation. Am J Clin Nutr 53, 201S–205S (1991). 

283. Karplus, P. A. & Hall, A. in Peroxiredoxin Systems (eds. Flohé, L. & Harris, J. 

R.) 44, 41–60 (Springer Netherlands, 2007). 

284. Hofmann, B., Hecht, H.-J. & Flohé, L. Peroxiredoxins. Biological Chemistry 

383, 347–364 (2002). 

285. Knoops, B., Loumaye, E. & Eecken, V. in Peroxiredoxin Systems (eds. Flohé, L. 

& Harris, J. R.) 44, 27–40 (Springer Netherlands, 2007). 

286. Krnajski, Z., Gilberger, T.-W., Walter, R. D., Cowman, A. F. & Müller, S. 

Thioredoxin Reductase Is Essential for the Survival ofPlasmodium Falciparum 

Erythrocytic Stages. J. Biol. Chem. 277, 25970–25975 (2002). 

287. Soito, L., Williamson, C., Knutson, S. T., Fetrow, J. S., Poole, L. B. & Nelson, 

K. J. PREX: PeroxiRedoxin classification indEX, a database of subfamily 



252 

 

assignments across the diverse peroxiredoxin family. Nucleic Acids Research 39, 

D332–D337 (2010). 

288. Kabsch, W. XDS. Acta Crystallographica Section D Biological Crystallography 

66, 125–132 (2010). 

289. Evans, P. Scaling and assessment of data quality. Acta Crystallographica Section 

D Biological Crystallography 62, 72–82 (2005). 

290. Afonine, P. V., Grosse-Kunstleve, R. W., Adams, P. D., Lunin, V. Y. & 

Urzhumtsev, A. On macromolecular refinement at subatomic resolution with 

interatomic scatterers. Acta Crystallographica Section D Biological 

Crystallography 63, 1194–1197 (2007). 

291. Holm, L. & Rosenstrom, P. Dali server: conservation mapping in 3D. Nucleic 

Acids Research 38, W545–W549 (2010). 

292. Limauro, D., Pedone, E., Galdi, I. & Bartolucci, S. Peroxiredoxins as cellular 

guardians in Sulfolobus solfataricus– characterization of Bcp1, Bcp3 and Bcp4. 

FEBS Journal 275, 2067–2077 (2008). 

293. Wakita, M., Masuda, S., Motohashi, K., Hisabori, T., Ohta, H. & Takamiya, K. 

The Significance of Type II and PrxQ Peroxiredoxins for Antioxidative Stress 

Response in the Purple Bacterium Rhodobacter sphaeroides. J. Biol. Chem. 282, 

27792–27801 (2007). 

294. Madern, D., Ebel, C. & Zaccai, G. Halophilic adaptation of enzymes. 

Extremophiles 4, 91–98 (2000). 

295. Sako, Y., Nomura, N., Uchida, A., Ishida, Y., Morii, H., Koga, Y., Hoaki, T. & 

Maruyama, T. Aeropyrum pernix gen. nov., sp. nov., a Novel Aerobic 

Hyperthermophilic Archaeon Growing at Temperatures up to 100°C. Int J Syst 

Bacteriol 46, 1070–1077 (1996). 



253 

 

296. Berkholz, D. S., Faber, H. R., Savvides, S. N. & Karplus, P. A. Catalytic Cycle 

of Human Glutathione Reductase Near 1 Å Resolution. Journal of Molecular 

Biology 382, 371–384 (2008). 

297. Chandonia, J.-M. & Brenner, S. E. The Impact of Structural Genomics: 

Expectations and Outcomes. Science 311, 347–351 (2006). 

298. Knaus, T., Eger, E., Koop, J., Stipsits, S., Kinsland, C. L., Ealick, S. E. & 

Macheroux, P. Reverse structural genomics: An unsual flavin binding site in a 

putative protease from Bacteroides thetaiotaomicron. J. Biol. Chem. (2012). 

doi:10.1074/jbc.M112.355388 

299. Wlodawer, A., Minor, W., Dauter, Z. & Jaskolski, M. Protein crystallography for 

aspiring crystallographers or how to avoid pitfalls and traps in macromolecular 

structure determination. FEBS J 280, 5705–5736 (2013). 

300. Domagalski, M. J., Zheng, H., Zimmerman, M. D., Dauter, Z., Wlodawer, A. & 

Minor, W. in Structural Genomics (ed. Chen, Y. W.) 297–314 (Humana Press, 

2014). at <http://link.springer.com/protocol/10.1007/978-1-62703-691-7_21> 

301. Smith, J. J., Jones, D. R., Karamura, E., Blomme, G. & Turyagyenda, F. L. An 

analysis of the risk from Xanthomonas campestris pv. musacearum to banana 

cultivation in Eastern, Central and Southern Africa. Bioversity International, 

Montpellier, France. ISBN 978–2 (2008). 

302. Irwin, J. J. & Shoichet, B. K. ZINC − A Free Database of Commercially 

Available Compounds for Virtual Screening. J. Chem. Inf. Model. 45, 177–182 

(2005). 

303. Case, D. A., Darden, T. A., Cheatham III, T. E., Simmerling, C. L., Wang, J., 

Duke, R. E., Luo, R., Walker, R. C., Zhang, W. & Merz, K. M. AMBER 12. 

University of California, San Francisco (2012). 

 



254 

 

 

 

 

Appendix 

 

  



255 

 

Backbone chemical shift assignments for Xanthomonas campestris peroxiredoxin 

Q in the reduced and oxidized states:  a dramatic change in backbone dynamics. 

 

Garry W. Buchko, Arden Perkins, Derek Parsonage, Leslie B. Poole, P. Andrew 

Karplus. 

 

 

 

 

 

 

 

 

 

 

 

 

Submitted to Biomolecular NMR Assignments (March 2015) 



256 

 

Abstract  

Peroxiredoxins (Prx) are ubiquitous enzymes that reduce peroxides as part of 

antioxidant defenses and redox signaling.  While Prx catalytic activity and sensitivity 

to hyperoxidative inactivation depend on their dynamic properties, there are few 

examples where their dynamics has been characterized by NMR spectroscopy.  Here, 

we provide a foundation for studies of the solution properties of peroxiredoxin Q from 

the plant pathogen Xanthomonas campestris (XcPrxQ) by assigning the observable 

1HN, 15N, 13Cα, 13Cβ, and 13C´ chemical shifts for both the reduced (dithiol) and 

oxidized (disulfide) states.  In the reduced state, most of the backbone amide 

resonances (149/152, 98%) can be assigned in the XcPrxQ 1H-15N HSQC spectrum.  In 

contrast, a remarkable 51% (77) of these amide resonances are not visible in the 1H-

15N HSQC spectrum of the disulfide state of the enzyme, indicating a substantial 

change in backbone dynamics associated with the formation of an intramolecular C48-

C84 disulfide bond. 
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Biological context 

Under aerobic conditions cells are constantly exposed to reactive oxygen species, such 

as H2O2, organic peroxides, and hydroxyl radicals, which can damage cellular DNA, 

proteins, and lipids (Winterbourn, 2008).  Aerobic organisms counter with an arsenal 

of antioxidant proteins including peroxiredoxins (Prxs), a family of ubiquitous, 

cysteine-based peroxidases that play influential roles in the turnover of peroxides 

including peroxynitrite (recently reviewed in Perkins et al. 2014).  In eukaryotes Prxs 

also appear to regulate “non-oxidative-stress-related” signaling events (Rhee et al. 

2012).  All six known Prx subgroups – Prx1, Prx5, Prx6, Tpx, AhpE, and PrxQ (also 

called BCP) – require for catalysis a “peroxidatic” Cys (CP) in a “fully folded” (FF) 

conformation that binds and reacts with the peroxide substrate to form Cys-sulfenic 

acid (CP-SOH) and H2O.  For most Prxs, the protein then undergoes substantial 

rearrangement to some type of a “locally unfolded” (LU) conformation allowing the 

CP-SOH to form a disulfide bond with a “resolving” Cys (CR) that can be located in 

various parts of the protein.  Despite the importance of this FF/LU conformational 

change, little is still known about its thermodynamics or dynamics.  Among Prxs, only 

the PrxQ subgroup includes members that, as monomers of ~20 kD, are amenable to 

facile study by NMR spectroscopy; and Arabidopsis thaliana PrxQ (AtPrxQ), with its 

CR in helix-2, is the only PrxQ so far characterized by NMR.  This latter study 

revealed a substantial dynamical disorder on the μs-ms timescale especially for the 

reduced (dithiol) form (Ådén et al. 2011).  

We are initiating NMR studies of another monomeric PrxQ that undergoes a 

different conformational change, because it has its CR residue in helix-3.  

Xanthomonas campestris PrxQ (XcPrxQ), from an economically important plant 

pathogen (Leyns et al. 1984), is 160-residues long and has relevance for drug design 

(Myler et al 2009) as it is representative of PrxQs from various genera of human 

pathogens such as Burkholderia (63% sequence identity), Helicobacter (46%), 

Cryptosporidium (42%), Toxoplasma (41%), Mycobacterium (40%), and 

Acanthamoeba (38%).  Also, high resolution crystal structures for the disulfide (LU) 
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conformation and a dithiol mimic (FF) conformation (CysSer double variant) show 

that the transition from FF to LU involves a substantial unfolding of helix-3 (Liao et 

al. 2009).  With plans to directly measure how redox state, mutations, and post-

translational modifications modulate the enzyme’s structure and dynamics, and to 

enable chemical shift perturbation studies of ligand binding (e.g. Buchko et al. 1999), 

we have fully assigned the observable 1HN, 15N, 13Cα, 13Cβ, and 13C´ chemical shifts of 

native XcPrxQ in both the disulfide (LU) and dithiol (FF) states.  

 

Methods and Experiments 

 

Cloning, expression, and purification 

 The full length X. campestris strain 17 prxQ gene (GI:499347373) was 

synthesized by GenScript (Cambridge, MA) and cloned into the NcoI and HindIII 

restriction sites of the expression vector pTHCm (Nelson et al. 2008) such that the 

expressed protein used in our studies contained no non-native residues.   The 

expression vector was then transformed into Escherichia coli BL21(DE3) cells.  

Uniformly 15N-, 13C-labeled XcPrxQ was obtained by growing the transformed cells 

(310 K) in 750 mL of minimal medium (Miller) containing 15NH4Cl (1 mg/mL) and 

D-[13C6]glucose (2.0 mg/mL), NaCl (50 μg/mL), MgSO4 (120 μg/mL), CaCl2 (11 

μg/mL), Fe2Cl3 (10 ng/mL) and the antibiotics chloramphenicol (35 μg/mL) and 

ampicillin (100 μg/mL).  When the cell culture reached an OD600 reading of ~0.8, it 

was transferred to a 298 K incubator and protein expression induced with isopropyl β-

D-1-thiogalactopyranoside (0.026 μg/mL).  Cells were harvested approximately four 

hours later by mild centrifugation, and frozen at 193 K.  After thawing the frozen 

pellet, the cells were resuspended in 40 mL of 20 mM TrisHCl, pH 7.5 and lysed by 

three passes through a French Press (SLM Instruments, Valencia, CA) followed by 

sonication for 1 min.  Insoluble cell debris was removed by centrifugation at 25,000g 

for 1 h with the supernatant dialyzed overnight (278 K) in 5 L of 20 mM TrisHCl, pH 
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7.5.  XcPrxQ was purified from this solution using two chromatography steps: High Q 

ion exchange (5 mL Bio-Rad Econo-Pac cartridge (Bio-Rad, Hercules, CA)) and 

Superdex75 gel-filtration (HiLoad 16/60 column).  In the first chromatography step, 

approximately 5 – 10 mg of total protein was applied to the High Q column pre-

equilibrated with 25 mM TrisHCl, pH 7.5 (flow rate = 5 mL/min).  Oxidized XcPrxQ 

did not bind to the column and eluted in the flow-through, which was concentrated to 

~10 mg/mL before application to a size exclusion column pre-equilibrated with 100 

mM NaCl, 20 mM Tris-HCl, pH 7.1 (flow rate = 1 mL/min).  To obtain XcPrxQ in the 

reduced state, the size exclusion buffer was made 1.0 mM in dithiothreitiol (DTT) 

prior to the addition of the High Q fraction (which was also made 1.0 mM in DTT 

before loading onto the column).  The major fractions contained XcPrxQ and these 

were pooled and concentrated to approximately 25 mg/mL for the NMR studies.   

 

Nuclear magnetic resonance spectroscopy 

  The NMR data were all collected at 298 K on a double-labeled (13C, 15N) 

sample (~1.1 mM) of XcPrxQ in the oxidized and reduced states using four-channel 

Varian Inova-600, -750, and -800 spectrometers equipped with triple resonance probes 

and pulse field gradients.  For the reduced state, assignment of the 1HN, 13C, and 15N 

backbone and some of the 13C side chain resonances were made from a standard two-

dimensional 1H-15N HSQC experiment and three-dimensional HNCACB, HNCA, 

HNCACO, HNCO, CC-TOCSY-NNH and 15N-edited NOESY experiments using the 

Varian Biopack suite of pulse programs.  A mixing time of 80 ms was used in the 15N-

edited NOESY experiment and the HNCACB experiment was optimized for the 

detection of β-carbons using a tauCC value of 7 ms.  For the oxidized state, 

assignment of the 1HN, 13C, and 15N backbone and some of the 13C side chain 

resonances were made from a standard two-dimensional 1H-15N HSQC experiment 

and three-dimensional HNCACB (13C β-optimized), HNCO, and HNN experiments.  

An overall rotational correlation time (τc) for XcPrxQ in both states was estimated 
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from backbone amide 15N T1/ T1ρ ratios.  Felix2007 (MSI, San Diego, CA) and Sparky 

(v3.115) were used to process and analyze, respectively, all the NMR data.  Indirect 

methods (DSS = 0 ppm) were used to reference the 1H, 13C, and 15N chemical shifts 

that were deposited into the Biological Magnetic Resonance Bank database 

(www.bmrb.wisc.edu) under the BMRB accession numbers 25557 (reduced) and 

25566 (oxidized).   

  

Assignments and data deposition 

 

The expectation that XcPrxQ is monomeric in solution (Liao et al. 2009) is 

corroborated by the elution of both the disulfide and dithiol forms of the enzyme from 

the gel filtration column with an identical retention time of ~89 min characteristic of a 

~17 kDa protein under our conditions (data not shown).  Also, the isotropic overall 

rotational correlation times (τc) inferred from 15N spin relaxation times were the same 

for XcPrxQ in the oxidized and reduced states, 10.6 ± 0.1 ns at 293 K, a value 

consistent with an ~17 kDa protein.  Finally, the reasonably efficient magnetization 

transfer through the side chain carbons in the three-dimensional NMR experiments 

used to make chemical shift assignments in both the reduced and oxidized states 

would be unlikely with a protonated protein if XcPrxQ formed ~35 kDa dimers (Yee 

et al., 2002). 

The features in the 1H-15N HSQC spectrum for reduced (dithiol) XcPrxQ (Fig. 

A.1A) are characteristic of a folded protein (Yee et al. 2002):  cross peaks of near 

uniform intensity that are dispersed in both the proton and nitrogen dimensions.  Out 

of the 152 expected backbone amide resonances (160 – (7 Pro + Met1), 149 were 

assigned (98%) to cross peaks in the 1H-15N HSQC spectrum.  The three unassigned 

residues, Y40, S44, and G47, could not be unambiguously assigned to the three 

remaining unassigned amide cross peaks due to poor magnetization transfer to carbon 

resonances in the three-dimensional backbone assignment experiments.  The chemical 

http://www.bmrb.wisc.edu/
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shifts for the β-carbons of the two catalytic cysteine residues CP (C48) and CR (C84) 

are 32.2 and 26.9 ppm, respectively.  Such chemical shifts are consistent with cysteine 

residues in the Cys-thiol/thiolate state (Sharma and Rajarsthnam, 2000) expected in 

the presence of the reducing agent DTT.    

For oxidized XcPrxQ, the wide chemical shift dispersion of the cross peaks in 

both the proton and nitrogen dimensions in the 1H-15N HSQC spectrum (Fig. A.1B), is 

similarly characteristic of a folded protein (Yee et al. 2002).  However, relative to the 

1H-15N HSQC spectrum for reduced XcPrxQ (Fig. A.1A), the intensity of the cross 

peaks are not as uniform and approximately half (51%, 77/152) of the expected amide 

resonances are missing under conditions that are identical except for the absence of the 

reducing agent DTT.  Of the remaining amide cross peaks observed for disulfide 

XcPrxQ, many overlay with amide cross peaks for reduced XcPrxQ, allowing a rapid 

tentative assignment based on the assignments made for the dithiol form.  The analysis 

of the HNCACB (β-optimized) and HNN data collected on oxidized XcPrxQ 

confirmed the tentative assignments and also allowed the assignment of the remaining 

amide cross peaks (Fig. A.1B).  In the disulfide XcPrxQ spectrum, a second set of less 

intense cross peaks were observed for residues A4 – L6 (blue in Fig. A.1B) reflecting 

a second minor orientation at the N-terminus, a region that is disordered in both crystal 

structures (Laio et al. 2009).  The amides of C48 and C84 are not observed in the 1H-

15N HSQC spectrum for oxidized XcPrxQ, and therefore, the presence of the disulfide 

bond cannot be confirmed from cysteine β-carbon chemical shifts.   

While there are some intensity differences in corresponding amide resonances 

in the reduced and oxidized forms of XcPrxQ, most of the chemical shift differences 

are small, less than 0.1 ppm (Fig. A.2A).  This suggests that in the regions of the 

protein where amide resonances are observed in both states, the structure is rather 

similar.  To see which parts of the protein correspond to the amide resonances missing 

in the 1H-15N HSQC spectrum of oxidized XcPrxQ, we have mapped them onto the 

primary amino acid sequence of XcPrxQ (Fig. A.2B).  Interestingly, all five amide 
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resonances with average chemical shift perturbations greater than 0.1 ppm – S20, G22, 

A57, F91, and L119 (Fig. A.2A) – are adjacent to or just one residue away from a 

segment with missing amide resonances suggesting that a structural change is 

associated with at least some of the missing amide resonances.  Such a structural 

difference is indeed seen in comparing the XcPrxQ LU disulfide (3GKK) and FF 

dithiol mimic (3GKM) crystal structures (Fig. A.2C).  Though much of the structure 

changes minimally, substantial rearrangements occur in the length and orientation of 

helix-3 (circled in Fig. A.2C), which contains the resolving cysteine, CR, and extends 

from V77 – Q87 in the dithiol mimic structure (blue), but only from C84 – Q87 in the 

disulfide structure (gold), with electron density absent from K78 – D81 consistent with 

that region being disordered (Laio et al. 2009).       

Missing amide cross peaks in 1H-15N HSQC spectra of proteins typically 

identify regions undergoing motion or chemical exchange in the intermediate 

timescale (ms to μs) (e.g. Buchko et al. 1999; Ådén et al. 2011) and are often 

associated with regions involved in binding and catalysis (e.g. Müller et al. 1992).  A 

mapping of the amide resonances missing in the 1H-15N HSQC spectrum of oxidized 

XcPrxQ onto the crystal structure of pseudo-dithiol XcPrxQ (Fig. A.2D) reveals that 

the extensive set of missing resonances (red) are all surrounding the region (helix-3) 

that is the focal point of the FF/LU conformation change.  The disappearance of ~50% 

of the amide resonances in the 1H-15N HSQC spectrum of reduced XcPrxQ upon the 

formation of a single intramolecular CP-CR disulfide bond indicates the protein has 

undergone a drastic change in backbone dynamics even for the nearby residues that do 

not apparently change much in their average conformation.  This is fascinatingly 

reminiscent of, but opposite to, the large changes in dynamics observed for AtPrxQ.  

For AtPrxQ nearly 50% of the backbone amide peaks in the 1H-15N HSQC spectrum 

were absent when in the reduced state (Ådén et al. 2011).  As noted in the 

introduction, the AtPrxQ CR is located in helix-2 rather than helix-3, and so it is 

plausible that these enzymes truly do experience very different structural and 

dynamics changes in their FF/LU transitions.  Although further analysis is beyond the 
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scope of this assignments report, these results make clear that different Prxs can 

behave very differently and that the chemical shift assignments presented here for 

XcPrxQ in the dithiol and disulfide states provide a basis for what will be very 

informative studies that provide residue-level insights into the interplay of Prx 

function, structure, and dynamics. 
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Fig. A.1 1H-15N HSQC spectra of dithiol 

and disulfide forms of XcPrxQ.  (A)  1H-
15N HSQC spectrum for dithiol XcPrxQ 

(~1.5 mM) collected at a proton resonance 

frequency of 750 MHz, 293 K, in 100 mM 

NaCl, 20 mM Tris, 1 mM DTT, pH 7.0, 

with labels for assigned amide cross peaks 

(purple), unassigned amide cross peaks 

(“?”), tryptophan NH groups (cyan and 

with an “r”), and amide side chain 

resonances (dashed red horizontal lines).  

An “x” marks the D3 cross peak that is 

below the contour limit, and resonances 

for D96 (9.08 and 133.4 ppm) and R123 

(9.06 and 134.1 ppm) are not shown.  (B)  

Same as A but for oxidized XcPrxQ (~1.5 

mM) collected at a proton resonance 

frequency of 800 MHz, 293 K, in 100 mM 

NaCl, 20 mM Tris, pH 7.0.  A second set 

of minor cross peaks, labeled with a (2) 

and colored blue, are observed for 

residues A4, V5, and L6.  
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Fig. A.2 Mapping dithiol versus disulfide XcPrxQ chemical shift changes onto the sequence 

and structure.  (A)  Plot of the root-mean-square combined chemical shift perturbation in the 
1H and 15N resonance between dithiol and disulfide states of XcPrxQ. (B)  Amino acid 

sequence of XcPrxQ highlighting in red residues having missing amide cross peaks in the 1H-
15N HSQC spectrum of disulfide XcPrxQ.  Five residues missing resonances not colored red 

are the CP and CR residues forming an intramolecular disulfide bond (black) and the three 

residues not assigned in the dithiol spectrum (grey).  Shown above the sequence are the α-

helices (gold eclipses) and β-strands (cyan rectangles) identified in the crystal structure of 

disulfide XcPrxQ (3GKK) following the authors’ labeling scheme (Liao et al. 2009).  The pink 

a-helix, a3, corresponds the extended helix observed in the crystal structure of XcPrxQ 

containing two CysSer substitutions (dithiol mimic, 3GKM)  (C)  Superposition of the 

XcPrxQ dithiol mimic (3GKM, blue) and disulfide (3GKK, gold) crystal structures using the 

program Superpose (Maiti et al., 2004).  The CP and CR disulfide is shown (sticks) and the 

residues are labeled.  The region most altered during FF/LU conformation change, α3, is 

highlighted (dashed cyan ellipse).  (D)  The missing amide resonances in the 1H-15N HSQC 

spectrum of disulfide XcPrxQ mapped, in red, onto a cartoon representation of the crystal 

structure of the XcPrxQ dithiol mimic (3GKM).  
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