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Abstract 
Prxs are a family of antioxidant proteins that are the predominant peroxidase 

within the cell. This thesis research focuses on the structure and biochemistry of 

peroxiredoxins (Prx) and their sensitivity to inactivation by their own substrate, in a 

process called hyperoxidation. Hyperoxidation sensitivity is important to study because 

Prxs are implicated in many different diseases. For example, Prxs contribute to chemo- 

and radioresistance in cancers, so by sensitizing a Prx to inactivation, it may be possible 

to resensitize cancer cells to therapy.  

Utilizing kinetics methods, structural analysis, and sequence alignments, 

hyperoxidation resistance-conferring motifs were discovered that are predominant across 

Prxs. Disruption of these motifs in the most hyperoxidation-resistant Prx, the bacterial 

AhpC, resulted in a ~800-fold increase in hyperoxidation sensitivity. AhpC has never 

been made more sensitive before, suggesting that these motifs play a bigger role in 

determining hyperoxidation sensitivity than previously known sensitivity-conferring 

motifs. 

Furthermore, in this project the structures of human Prx1 in the reduced (Cys-

SPH) and Cys sulfenic acid (Cys-SPOH) forms were solved, and a unique partially 

locally-unfolded (PLU) active site conformation was observed. Overlays of these new 

structures with previously solved structures of human Prx2 show how key residues 

influence active site geometry and function and how those residues rearrange over the 

course of catalysis. Specifically, the conserved ArgII was determined to act as a lever 

switch that controls active site configuration and function. In FF or PLU conformation, 

ArgII is in the “on” position allowing the active site to properly orient itself for catalytic 
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function. In LU conformation, ArgII is in the “off” position and the active site cannot 

orient for catalytic function. Moreover, it was determined that in the Cys-SPOH PLU 

conformation, ArgII is still “on” allowing the hydrogen-bonding network necessary for 

catalytic function to be partially intact. This suggests PLU conformation can flip back 

down into FF conformation to allow hyperoxidation to occur.  

The discoveries reported in this thesis offer fundamental knowledge regarding the 

molecular basis of Prx hyperoxidation. Overall, manipulation of Prx hyperoxidation is an 

attractive drug target because Prx activity could be increased or decreased depending on 

the desired therapeutic effect.  
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Chapter 1: Introduction 
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1.1 Reactive Oxygen Species: Production, Function, and Implication in Disease  
 Reactive oxygen species (ROS) are highly reactive small molecules, and the most 

physiologically relevant ROS are superoxide anion (O2
-), hydrogen peroxide (H2O2), and 

hydroxyl radical (•OH).1 ROS are generated by normal cellular metabolism, but can also 

be produced by exogenous sources like cigarette smoke, ultraviolet (UV) light, and 

ionizing radiation. For an endogenous example, in the mitochondrial electron transport 

chain, electrons are transferred for the reduction of oxygen, but about 1 to 3% of the 

electrons leak out allowing them to react with molecular oxygen and form the superoxide 

anion.2 Another way superoxide is produced is by reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase (NOX) activation, which can be stimulated by 

endogenous and exogenous sources. More specifically, when neutrophils phagocytose 

microbes, NOX2 creates a superoxide burst to kill off the invader.3  

 Once superoxide is generated, it can be converted to H2O2 by both non-enzymatic 

antioxidant systems and by superoxide dismutase (SOD) as well.4 However, H2O2 is 

actually not very harmful to the cell on its own, and despite previous notions, it is not just 

involved in stress signaling. For example, it was previously shown that in bacteria H2O2 

can participate in stress signals that result in activation of the bacterial transcription 

regulator OxyR. OxyR activation results in upregulation of antioxidant gene expression 

to aid in self-preservation.5 Recently, H2O2 at low concentrations was shown to 

participate in nonstress signaling.6 In fact, in eukaryotes, H2O2 serves as a second 

messenger signaling molecule in pathways for normal growth and metabolism, such as 

the nuclear factor κβ (NF-κβ) and mitogen-activated protein (MAP) kinase pathways.4,7,8 

H2O2 can also react with proteins that contain redox-active cysteine residues as a means 

to regulate their activity. Some of these proteins include Ca2+/calmodulin-dependent 
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kinase II (CaMKII), protein kinase A (PKA), and protein kinase G (PKG), all of which 

are important in cardiovascular health.6 However, a problem arises when H2O2 is in the 

presence of redox-active metals, like copper and iron. In this situation, H2O2 can undergo 

Haber-Weiss and Fenton reactions which cause H2O2 to breakdown into the hydroxyl 

radical.1 The hydroxyl radical can damage all macromolecules: proteins, lipids, 

carbohydrates, and nucleic acids.9–12 Thus, if H2O2 concentrations become too high (≈ 

>100 µM) whether it is from excessive production or inadequate antioxidant activity to 

balance ROS production, it can not only cause aberrant signaling and dysregulation of 

proteins, but hydroxyl levels rise, too, causing further macromolecular damage. If this 

happens and the ROS concentrations overwhelm the antioxidant defense systems, the cell 

enters a state known as oxidative stress. 1,9,13,14  

 Several cellular antioxidant systems (both non-enzymatic and enzymatic) are in 

place to prevent oxidative stress, promote ROS turnover, and regulate H2O2 levels.1,13 

Maintaining the proper balance between H2O2 production and antioxidant-mediated 

removal is essential because the macromolecular damage that occurs during oxidative 

stress is associated with a variety of different pathological conditions. A few of the 

diseases that have been directly linked to oxidative stress are cancer, cardiovascular 

disease, and neurodegenerative diseases. 11,12,15 Some of the non-enzymatic antioxidants, 

which work by simply donating electrons, are vitamin C, vitamin E, and glutathione.1 

Some major enzymatic antioxidant systems are catalase (CAT), SOD, glutathione 

peroxidase (GPx), and perhaps the most important, a family of enzymes called 

peroxiredoxins (Prxs).13  
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1.2 Peroxiredoxins: Characteristics and Importance of this Family of Peroxidase 

Enzymes 

 The Prxs are a family of redox-sensitive, peroxidase enzymes that are key players 

in modulating H2O2 levels.8,16 Some Prxs are able to reduce organic hydroperoxides 

(ROOH) and peroxynitrate (OONO-) as well.17 These enzymes are ubiquitously 

expressed among all organisms (with the exception of Borrelia burgdorferi) and are 

highly abundant in cells (0.1-1% of total soluble protein).16,18 Furthermore, when 

compared through competitive kinetic analysis to another highly abundant peroxidase 

enzyme, GPx, it was estimated that Prxs were 10,000 times more likely to react with a 

molecule of H2O2. 2 Another study predicted that Prxs are responsible for 90 and 100% of 

the H2O2 reduction occurring in the mitochondria and cytoplasm, respectively, meaning 

they outcompete other peroxidases like CAT.19  

 Based off of functional site profiles, Prx proteins are categorized into six different 

subfamilies: BCP/PrxQ, AhpE, AhpC/Prx1 (which actually has four additional 

subgroups: Prx1, AhpC, Group 3, and Group 4), Prx6, Prx5, and Tpx.17 For the purposes 

of this thesis, I will focus on the AhpC/Prx1 subfamily, which is one that has a wide 

distribution across organisms.17,20 In humans, there are six Prx proteins with four of them 

belonging to the AhpC/Prx1 subfamily, Prx1 subgroup classification. These are Prx1, 

Prx2, Prx3, and Prx4. The other two human Prxs, Prx5 and Prx6, each belong to the 

subfamily their name suggests.17,21,22  

 Prxs can also be divided into three classes based on their number of cysteine 

(Cys) residues and whether they form inter- or intramolecular disulfide bonds during 

catalysis. The typical, 2-Cys Prxs are human Prx1-4; the atypical 2-Cys Prx is Prx5, and 
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the 1-Cys Prx is Prx6.18 All Prxs share a conserved active-site cysteine called the 

peroxidatic cysteine (Cys-SP or CP), an active-site sequence motif (PXXXTXXCP) also 

referred to as the CP loop, and a highly conserved Arg residue that through interactions 

with several surrounding residues helps orient and activate the CP for H2O2 reduction.20 

The typical 2-Cys Prxs contain an additional, catalytic cysteine residue besides the Cys-

SP, the resolving cysteine (Cys-SR or CR), almost always located near the C-terminus. 

Reduction of H2O2 by the typical 2-Cys class results in the formation of an intersubunit 

disulfide bond between CP residue and the CR residue of the adjacent monomeric 

subunit.16 The CR of atypical 2-Cys Prxs has a different position which allows for 

reduction of H2O2 to happen through formation of an intersubunit disulfide bond.22 For 

the 1-Cys Prxs which lack a CR altogether, a thiol-containing reductant stands in for the 

CR allowing for the reduction of H2O2.23 Regardless of where the CR comes from, all the 

classes of Prxs progress through the catalytic cycle the same way.18  

 The research described within this dissertation primarily focuses on the typical 2-

Cys Prxs, Prxs 1-4. Their cellular compartmentalization in humans is as follows: Prx1 

and Prx2 are in the cytosol, Prx3 is in the mitochondria, and Prx4 is in the endoplasmic 

reticulum.24 Members of the typical 2-Cys subclass reduce H2O2 using the catalytic cycle 

shown in Fig. 1. The reduced, peroxidatic Cys residue (Cys-SPH) of a Prx molecule 

becomes oxidized to the sulfenic acid (Cys-SPOH) form.14 At this point, two competing 

events can occur depending on how much H2O2 is present. At normal levels of H2O2, the 

resolving cysteine (Cys-SRH) rapidly condenses with the Cys-SPOH species resulting in 

an intramolecular disulfide formation (SP-SR). This requires the active site to shift from   
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Figure 1.1. Typical 2-Cys peroxiredoxin catalytic cycle and hyperoxidation. 
Oxidation of the Cys-SP allows for H2O2 reduction, but also influences the oligomeric 
state of the protein. 
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fully-folded (FF) conformation to a locally unfolded (LU) conformation, and once the 

disulfide is formed, the active site is locked in that LU conformation. From there, the SP-

SR is reduced back to the Cys-SPH form by the thioredoxin-thioredoxin reductase-

NADPH system (Trx-TrxR-NADPH), thus completing the normal reaction cycle.24 

However, if H2O2 levels are excessive, like in the instance of oxidative stress or a 

localized ROS burst generated by NADPH oxidase activation, the Cys-SPOH moiety can 

attack another H2O2 molecule and become the hyperoxidized sulfinic acid species (Cys-

SPO2H), which is stabilized as a decamer and locked in the FF conformation.25 The Cys-

SO2H species is inactive as a peroxidase and can only be repaired and returned to the 

catalytically active forms by the ATP-dependent enzyme, sulfiredoxin (Srx). 16,26,27 

Notably, most prokaryotes lack Srx.20 

When it comes to hyperoxidation, there is an important distinction between 

prokaryotic and eukaryotic peroxiredoxins. Most prokaryotic Prxs, like alkyl 

hydroperoxide reductase subunit C (AhpC) in Salmonella typhimurium, are categorized 

as “robust” or “resistant” to hyperoxidation/inactivation whereas many mammalian, 

plant, and yeast Prxs are considered “sensitive” to hyperoxidation.16. Structural-based 

sequence alignments identified two conserved, C-terminal motifs, “GGLG” and “YF” 

motifs. Sensitive Prxs contain either one or both motifs but robust Prxs lack them 

altogether.8 Further mutational and truncation studies demonstrated that hyperoxidation 

sensitivity did rely on the presence of a C-terminus where at least the YF motif is 

located.28–31 For example, a study of Tpx1, which is the only 2-Cys Prx in 

Schizosaccharomyces pombe and contains both GGLG and YF motifs, showed that 

removing the YF motif by C-terminal truncation resulted in increased resistance to 
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hyperoxidation.32,33 This was also demonstrated in the case of Schistosoma mansoni Prxs. 

It was shown that smPrx1, 2, and 3 all had the GGLG motif, but smPrx1 lacked the YF 

because it did not have the 22 amino acid extension that smPrx2 and smPrx3 had. When 

that extension was truncated in smPrx2 and 3, they became more resistant to 

hyperoxidation, and if the C-terminal extension was added to smPrx1, the protein became 

more sensitive to hyperoxidation.34 However, even amongst the sensitive mammalian 

family members, some Prxs are more susceptible to hyperoxidation than others. For 

example, the cytosolic Prx1 and Prx2 are much more sensitive to hyperoxidation than 

their mitochondrial equivalent, Prx3, despite the “GGLG” and “YF” motif being 

conserved among these proteins.35 More specifically, a study where the C-termini were 

swapped between hPrx2 and hPrx3 showed that the switch was not enough to completely 

exchange the characteristic of sensitivity/resistance. These observations suggest that 

when it comes to the “fine-tuning” of sensitivity/resistance in the canonically sensitive 

class, there are other structural components involved in regulation besides just the 

“GGLG” and “YF” motifs and the C terminus.20  

 
1.3 Peroxiredoxin Structure-Function Relationships and Influences on 

Hyperoxidation 

The proposed mechanism by which the YF motif confers sensitivity is that it 

forms a helix just above the active site in the FF conformation.8,16,18 Because of its 

packing against the GGLG motif and proximity to the Cys-SP residue, the YF motif limits 

the mobility of the active site, inhibits the CP loop unfolding and rearrangement of the C-

terminus, and subsequently slows down SP-SR formation. This means that the Cys-SPOH 

lifetime is longer, giving the protein a higher probability of reacting with a second H2O2 
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molecule (Fig.1). 16 Yet, it has been demonstrated that making chimeras with mutations 

targeting the C-termini of hPrx2 (sensitive) and hPrx3 (more robust) is not sufficient to 

get a complete switch of hyperoxidation susceptibility.29 This means that there are more 

residues or structural features involved in determining hyperoxidation susceptibility 

besides just the YF motif and C-terminal amino acids nearby.  

The Prxs have the Trx core fold which is a structural motif comprised of a four-

stranded β-sheet and three flanking α-helices.36,37 Prx tertiary structure contains elements 

that are highly spatially conserved, including: seven β-strands (β1 through β7) and five α-

helices, (α1 through α5). A central twisted β-sheet formed by β5- β4- β3- β6- β7 is roofed 

on one side by β, β2, and α1, and on the other side is covered by α2, α3, and α5. The CP is 

located within the first turn of the α2 helix making α2 very important in the structural 

rearrangements necessary for catalysis; i.e., transition between the FF and LU states.25   

Prxs are structurally interesting in that they exist as obligate homodimers (α2) that 

can further oligomerize into toroid-shaped decamers (α2)5 and dodecamers (α2)6 (Fig. 2). 

The dimeric and decameric forms exist in dynamic equilibrium.17,38,39 The oligomeric 

state influences active-site conformation, which in turn influences Prx oxidation states. 

The converse is also true; oxidation state affects oligomeric state.40,41 For example, the 

reduced decamer is the most catalytically active form because within the (α2)5 assembly. 

There is a buttressing effect at the dimer-dimer interface that stabilizes the active site in 

the FF conformation.39,40 Another example of this linked relationship between oligomeric 

and oxidation state occurs during SP-SR formation when local unfolding of the CP loop 

and rearrangement of the C-terminus destabilize the decamer causing it to dissociate back 

into dimeric subunits, and each SP-SR dimer has active sites present in the LU 
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conformation.8 On the other hand, hyperoxidized Prxs have stabilized decamers with FF 

active sites and tend to oligomerize further into high molecular weight forms (HMW). 

These HMW forms resemble filamentous and Buckyball-like structures and have 

proposed alternative functions, such as signaling for cell-cycle arrest or operating as 

ATP-independent molecular chaperones.42–45 

In summary, there is a complex interplay between the structure and the chemistry 

of Prxs. There are many different aspects that can influence Prx susceptibility to 

hyperoxidation. For example, structural elements at the dimer-dimer interface could 

potentially stabilize the decameric oligomeric state, which in turn would increase 

hyperoxidation sensitivity because the decameric state causes the active site to favor the 

FF conformation. The converse could also be true. Structural elements at the dimer-dimer 

interface could cause the decamer to be less stable thus allowing the active site to favor 

LU conformation and protection from hyperoxidation. Moreover, the FF/LU equilibrium 

and dynamics influence disulfide formation because the active site has to be LU in order 

for the CR to be close enough to the Cys-SPOH. In addition, the active site has to be FF in 

order to react with a second molecule of H2O2 and become hyperoxidized. This means 

that the rates of rearrangement in these intermediate states are paramount in determining 

the Cys-SPOH lifetime and by proxy, hyperoxidation sensitivity. It is all connected, and 

hyperoxidation sensitivity/resistance ultimately comes down to a collection of 

interactions outside of the active site across the global structure that influences the 

rearrangements within the active site and C-terminus.  
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Figure 1.2 Hyperoxidized human Prx2 structure. a) Decameric structure of 
hyperoxidized hPrx2 (1QMV). (b) Chains A (green) and B (blue) comprise dimeric 
structure. (c) Active site conformation in hyperoxidized state. Sensitivity-conferring YF 
and GGLG motifs are indicated. 

 

 

 

Figure 1. Typical 2-Cys peroxiredoxin catalytic cycle and hyperoxidation. 

Oxidation of the Cys-SP allows for H2O2 reduction, but also influences  oligomeric 

state of the protein.  
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1.4 Peroxiredoxins and Peroxiredoxin Hyperoxidation in Oxidative Stress-

Associated Disease 

Prx hyperoxidation and inactivation is physiologically relevant because it 

provides a way for H2O2 to accumulate and oxidize target proteins necessary for signal 

transduction.8 More specifically however, the variability and stratification in 

hyperoxidation sensitivity across the Prx family could be a way for the cell to distinguish 

nonstress from stress signals and carefully control which signaling pathways get 

activated. In this dissertation, it was determined that hPrx1 is more resistant to 

hyperoxidation than hPrx2, and hPrx3 was twice as resistant as hPrx1.  

Perhaps the differences in compartmentalization between hPrx1, 2, and 3 can 

offer one explanation for why such differences in sensitivity are necessary. However, it is 

still surprising that there are such differences between the two cytosolic Prxs, hPrx1 and 

hPrx2, which share 77% sequence identity and are equal in terms of peroxidase function 

(~107 M-1 s-1).35,46,44–49 Moreover, Prx1-/- mice develop several cancers and Prx2-/- mice 

have abnormal erythropoiesis.10,52 Prx3 dysregulation has been specifically linked to 

oxidative stress and damage in the diseased human myocardium.53,54 A recent study 

showed that mammalian Ste20-like kinase-1 (MST1), a protein that triggers ROS-

induced cell death, selectively interacts with hyperoxidized HMW Prx1 oligomers and 

not Prx2 HMW oligomers.55 Our data support this model in that under stressful 

conditions (i.e., higher H2O2 levels), Prx1 would form the HMW oligomers that associate 

with the cell-death inducing MST1, and killing the cell under those stressful conditions is 

what would keep it from mutating and perhaps becoming oncogenic. Overall, it seems the 

key difference that defines the role an individual Prx plays is hyperoxidation sensitivity. 
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The stratification of hyperoxidation sensitivity within the enzyme family underscores 

their differentiated cellular roles and nonredundancy.  

In many different diseases contexts, Prx dysregulation is an established issue. For 

example, general Prx overexpression in head and neck cancer can contribute to chemo- 

and radioresistance.56 The Prxs maintain their peroxidase activity long enough to turnover 

ROS generated from the chemo/radio treatment thus, allowing the cancer cell to persist. 

This makes the Prxs an attractive therapeutic target because if they can be sensitized to 

hyperoxidation or inactivated with an inhibitor (as opposed to just downregulated or 

knocked out with gene therapy) that would allow ROS to accumulate and kill the 

cancerous cell. Prx1 expression was found to be upregulated in breast cancer also.57 

Moreover, in atherosclerosis it has been demonstrated that Prx2, through its regulation of 

platelet-derived growth factor (PDGF) signaling, is proinflammatory. These studies 

suggest that in some contexts Prxs are pro-disease. In other situations though, Prxs are 

protective against disease. In Type-1 diabetes, Prx1 reduces cytokine-induced 

inflammation in pancreatic β-cells, and downregulation of Prx1 in healthy β-cells has 

negative effects on β-cell survival.58 Accordingly, it would be beneficial in this disease to 

increase the Prx resistance to hyperoxidation, so that protective activity of the enzyme 

continues. Thus, a thorough understanding of what controls Prx hyperoxidation and 

inactivation would be an invaluable tool for therapeutic development regarding many 

diseases that plague our society.  

Regarding the robust Prxs, understanding what makes them so resistant to 

hyperoxidation is essential as well. Many prokaryotic bacteria and even some eukaryotic 

parasites contain robust Prxs to help them survive environmental and host immunity ROS 
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onslaught.59–63 This is similar to the way that Prx overexpression in mammalian cancer 

cells contribute to chemo- and radioresistance.56,57 For example, disinfecting a 

Staphylococcus-contaminated surface will kill off the majority of pathogen, but the Prxs 

within many strains are robust and help the bacteria persist. Indeed, robust Prxs help the 

dangerous pathogen fight to survive disinfection, even with heavy-duty cleaners that 

often rely on ROS generation to kill off harmful microorganisms. However, infectious 

bacteria and other organisms containing robust Prxs could be weakened and made more 

susceptible to elimination if their resistant Prxs could be made sensitive. Thus, 

determining the molecular basis for Prx resistance is a crucial first step in figuring out 

how to resensitize robust Prxs as a target for either preventing or treating a variety of 

bacterial and parasitic infections. 

 

1.5 Statement of Purpose 

Hyperoxidation variability amongst Prxs is well established, but despite extensive 

studies, there is limited information regarding the actual molecular basis for the observed 

differences. We hypothesize that some Prxs are more susceptible to hyperoxidation than 

others because of unique structural and sequence features that cause the FF active site 

and/or the decameric oligomeric state to be favored. We further rationalize that the active 

site favoring either of those would result in a LU delay allowing for increased 

hyperoxidation. 

 

• To date, the only known regulators of hyperoxidation sensitivity/resistance are the 

sensitivity-conferring YF- and GGLG motifs. Yet, even within the sensitive class 
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where members contain these motifs, differences in hyperoxidation susceptibility 

are evident. The overarching question of this project was do additional structural 

and sequence components exist and contribute to determining overall 

hyperoxidation sensitivity? 

• A few other questions posed for this project related to the overarching theme 

were: what are all the structural rearrangements that occur during catalysis and 

hyperoxidation? Do individual members of the enzyme family progress through 

those rearrangements differently? We hypothesized that the structural elements 

influencing hyperoxidation sensitivity would affect the conformations at each 

step, thus resulting in unique spatial arrangements for each individual Prx 

enzyme.  

 

By focusing on hPrx1 and hPrx2, we were able to do an initial comparison and to 

determine what was responsible for the observed hyperoxidation differences between 

those two proteins. In this way, we discovered motifs A and B (Chapter 2). We further 

determined that these motifs are important not just for mammalian or sensitive Prxs but 

also for many different Prxs across classes and subfamilies. 

• We started by confirming a difference in hyperoxidation susceptibility to begin 

with between these two because there were conflicting data in the literature. One 

study suggested Prx1 was much more sensitive than Prx2.46 Another study 

reported that there was not that much of a difference between the two family 

members, especially when compared to Prx3 which was found to be much more 

robust than the two cytosolic enzymes.35 We confirmed that there is a ten-fold 
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difference in hyperoxidation susceptibility between hPrx1 and hPrx2 with hPrx1 

being the more resistant enzyme.  

• Because of the high sequence identity between hPrx1 and hPrx2, we were able to 

narrow in quickly to amino acids that were different, and thus presumably 

responsible for the observed differences in hyperoxidation. WebLogo analysis of 

a group of robust Prxs and a group of sensitive Prxs, based off whether or not the 

protein contained the known sensitivity-conferring motifs, highlighted residues 

that were also different between the two classes. Again, we proposed that these 

were also responsible for controlling hyperoxidation, and there was overlap 

between the group of amino acids most dissimilar between Prx1 and 2 and the 

ones highlighted from the WebLogo plots. This gave us our putative motifs.  

• We tested the validity of our putative motifs and determined if they conferred 

sensitivity or resistance. We did this with a mutagenesis strategy wherein the 

motifs were either disrupted or inserted based on what was already present in the 

wild-type protein. The hyperoxidation sensitivity of the variant, engineered 

proteins was tested and cross-validated using the Chyp1% kinetics assay, single-

turnover gel experiments followed by SDS-PAGE gels analysis, and mass 

spectrometry analysis. From this, we concluded motif A and B were resistance-

conferring, and we found that, when the motifs were disrupted in the ultra-robust 

S. typhimurium AhpC, it became as sensitive as mammalian Prxs. S. typhimurium 

AhpC lacks the YF and GGLG motif which suggests that our newly discovered 

resistance motifs are more influential than the sensitivity-conferring motifs in 

determining overall hyperoxidation susceptibility. Of interest, the residues 
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comprising the resistance motifs are quite sprawling in their location, meaning 

that there is large-scale, long-range communication across the global protein 

structure.  

 

Addressing the second set of questions, to date, a complete collection of structures for 

any individual Prx in all of its oxidation states has not been published. However, we were 

able to solve the structure of hPrx1 (Chapter 3) in the Cys-SPH state (1.90 Å) and the 

Cys-SPOH state (1.95 Å). Structural information for hPrx1 was limited with only two 

published structures available: one of which was only at 3.5Å resolution and the other, 

which was a dimeric Prx1 in complex with Srx. Thus, our newly solved structures 

provide significant, detailed insights. Importantly, the Cys-SPOH Prx state has only been 

captured in a structure twice, both of which were bacterial Prxs, so this was the first time 

it was determined for a mammalian. This was exciting because it revealed what a 

catalytically engaged Prx looks like. It also provided clarity regarding the role of a 

conserved Arg residue previously investigated, as well as offered up new insight into the 

active-site landscape during catalysis. 

• We were also able to solve the structure of hPrx2 in the SP-SR state, and the 

structure of hyperoxidized hPrx2 was available from the PDB. So while we were 

unable to get all of the oxidation states for hPrx1, we were able to combine all 

these structures to provide snapshots of each oxidation state for typical, 2-Cys 

Prxs in general. Comparing the structures of the different oxidation states 

highlighted which regions of the protein undergo conformational rearrangements 

for catalysis and hyperoxidation. Additionally, comparing the structures between 
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hPrx1 and hPrx2 emphasized how amino acid differences between these two 

correspond with changes in configuration, which could presumably result in 

distinctive dynamics for the conformational rearrangements that occur. In short, 

the different Prxs may progress the same way through the cycle but the rates of 

transition may vary due to interactions occurring around the protein that affect the 

mobility of the rearranging regions.  
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2.1 ABSTRACT   

Prxs are redox-sensitive peroxidases. However, at high H2O2 levels Prxs can be 

inactivated by hyperoxidation, exacerbating oxidative stress. Prokaryotic Prxs are 

categorized as more “robust” against hyperoxidation and inactivation whereas 

mammalian Prxs are considered “sensitive” to hyperoxidation. Sensitive Prxs contain YF 

and/or GGLG motifs, but robust Prxs lack these motifs. Still, there is variability in 

susceptibility to hyperoxidation even amongst the sensitive Prxs, suggesting there are 

additional components that regulate hyperoxidation sensitivity and resistance.  

In this study, two new resistance-conferring motifs were discovered in mammalian Prxs 

and shown to control hyperoxidation sensitivity by systematic mutagenesis experiments. 

We have also disrupted these motifs in AhpC, a robust bacterial Prx with known 

resistance to hyperoxidation, and found that it gained sensitivity to hyperoxidation at a 

level matching the sensitive mammalian Prxs. Cumulatively, the results demonstrate that 

the new motifs play a more important role in overall hyperoxidation sensitivity than 

previously known motifs. This represents a significant advancement in understanding the 

evolutionary mechanisms that control oxidative stress in bacterial and mammalian 

systems. 
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2.2 INTRODUCTION 

In contrast to the buildup of reactive oxygen species that cause random damage to 

biomolecules and disease, hydrogen peroxide (H2O2) can be produced in a controlled 

manner to function as an intracellular signaling molecule.1–4 Peroxiredoxins (Prxs) are a 

family of highly-expressed, antioxidant enzymes that directly regulate the levels of H2O2 

and enable the cell to respond to different stimuli and oxidative stress.3,5–7 Prxs also 

function within a redox relay to regulate the activity of transcription factors through 

transferring oxidizing equivalents of H2O2 to disulfide bond formation.8 Consistent with 

their signaling and protective roles, Prx dysregulation has been directly linked to a variety 

of cancers, cardiovascular disease, neurodegenerative diseases, and diabetes.9–13  

In the catalytic cycle of the Prx1 or typical 2-Cys subclass of Prxs (Prx1-4 in 

humans) (Fig. 2.1), the reduced peroxidatic cysteine residue (Cys-SPH) from one 

monomer of the obligate dimer attacks a H2O2 molecule. The dimers of most members of 

this Prx subclass assemble into a decameric toroid, which is the most active form.14–16 

The reaction with H2O2 results in the formation of the reactive Cys sulfenic acid (Cys-

SPOH) species and the release of water. At this point, two competing events can occur 

depending on how much H2O2 is present. At low H2O2 levels, the resolving cysteine 

(Cys-SRH), near the C-terminus of the adjacent monomer, can react with the Cys-SPOH 

moiety to form an intersubunit disulfide bond (SP-SR) outcompeting the reaction with 

H2O2. This process requires the structural rearrangement of the active site CP-loop from a 

fully-folded (FF) to a locally-unfolded (LU) conformation and shifts the equilibrium of 

the oligomeric state toward the dimer.17 The reaction cycle is completed by the reduction 
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of the SP-SR disulfide bond by the thioredoxin-thioredoxin reductase-NADPH system 

(Trx-TrxR-NADPH).3,18  

At high H2O2 levels, the Cys-SPOH intermediate (Fig. 2.1) can react with another 

molecule of H2O2 and become sulfinylated (Cys-SPO2H) or hyperoxidized. This 

chemically-induced inactivation can switch the activity from a peroxidase to a chaperone 

holdase for some Prxs.19,20 The loss in activity can allow for the local buildup of H2O2 

and the cellular signaling to be potentiated through the direct modification of other 

proteins with reactive Cys thiols (e.g., PTP1b, Nrf2). 3,21,22 The hyperoxidized form of the 

Prx can also function as a cell stress signal that can be resolved by the ATP-dependent 

reduction of the Cys-SPO2H moiety by sulfiredoxin.23–26  

 The susceptibility to hyperoxidation and inactivation is remarkably variable 

among Prxs, despite having similar rates for Cys-SPOH formation (k = 105-108 M-1s-

1).18,27–31 For example, bacterial Prxs, such as Salmonella typhimurium AhpC, are 

significantly more resistant to inactivation and represent a category of Prxs known as 

“robust”. This categorization is consistent with the need to protect microbes against the 

respiratory burst of the host immune response.6, 18, 19 Mammalian Prxs, in contrast, have 

been classified as “sensitive” to inactivation and contain Tyr-Phe (YF) and Gly-Gly-Leu-

Gly (GGLG) motifs near the active site.3,18,28,34–36 However, even amongst the sensitive 

Prxs, there is a stratification of hyperoxidation sensitivity and differential consequences 

of gene knockout, supporting the involvement in unique sets of signaling processes and 

non-redundancy of function. 27,28,37 For example, human, mitochondrial Prx3 (hPrx3) is  
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Figure 2.1. Catalytic cycle and hyperoxidation of typical, 2-Cys Prxs. These 
peroxiredoxins (Prx) exist as obligate homodimers with each monomer (blue or purple) 
containing peroxidatic (Cys-SP) and resolving cysteine (Cys-SR) residues. For most 
members of this family, including human Prx1, Prx2 and AhpC, the dimers assemble into 
a decameric toroid. Reaction of the Cys-SP residue with H2O2 creates the Cys sulfenic 
acid intermediate (Cys-SPOH). During normal catalysis and low H2O2 levels, the 
resolving cysteine (Cys-SR) from the adjacent monomer condenses with the Cys-SPOH to 
form and intermolecular disulfide (Cys-SP-SR-Cys). In order for this bond to occur, the 
active site helix, near the GGLG and YF motifs, and the C-terminus of the adjacent 
monomer must transition from the fully folded to the locally-unfolded state. This 
disulfide can then be reduced by the NADPH-dependent thioredoxin (Trx)-thioredoxin 
reductase (TrxR) system. If, however, the H2O2 levels are high, the Cys-SPOH moiety 
can react with a second H2O2 molecule to form a Cys sulfinic acid (Cys-SPO2H). This 
modification or hyperoxidation can occur on one or both Cys-SP residues of the dimer. 
The inactivated Prx can be repaired in an ATP-dependent manner by the enzyme 
sulfiredoxin (Srx). 
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significantly more resistant than the cytoplasmic isozymes Prx1 and Prx2, even though 

they exhibit high sequence identity and contain the YF and GGLG motifs.38  

Detailed kinetic- and mass spectrometry-based studies using chimeras have 

demonstrated that part of the difference in the resistance to hyperoxidation between 

hPrx3 and hPrx2 can be attributed to changes in the intersubunit disulfide bond formation 

rate and the lifetime of the Cys-SPOH.28,39 Importantly, these studies focused on regions 

near the GGLG and YF motifs and were unable to fully transfer resistance or sensitivity 

from one protein to another.28 These observations support the need to understand the 

structural changes that occur in the human Prxs upon SP-SR disulfide bond formation. 

Moreover, there must be additional motifs and structural elements that contribute to the 

molecular basis for fine-tuning the resistance to hyperoxidation of Prxs.40 This control of 

Prx inactivation has broad implications for how cells distinguish non-stress from stress 

signals and which signaling pathway is activated. 

In this study, our goal was to identify new amino acids involved in determining 

hyperoxidation sensitivity/resistance. Using a combined approach of structural studies, 

sequence alignments, and kinetic analysis, we solved the structure of hPrx2 in the SP-SR 

form, determined wildtype hPrx1 is ~10-fold more resistant to hyperoxidation than 

wildtype hPrx2, and identified two novel resistance-conferring motifs, Motif A and Motif 

B, that explain the observed difference between the two Prxs. We demonstrate that if 

these motifs are inserted or disrupted hyperoxidation resistance/sensitivity can be 

modulated, even in the case of the robust AhpC. This suggests that Motifs A and B 

perhaps play an even bigger role in determining the overall hyperoxidation susceptibility 

of a Prx than the previously known YF and GGLG motifs. 
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2.3 RESULTS 

2.3.1 hPrx1 is more resistant to hyperoxidation than hPrx2. 

Given the same cytosolic localization and high sequence identity for human Prx1 

and Prx2 (78%, Supplementary Results, Supplementary Fig. 2.1) but differential 

interactions with other proteins, we first sought to establish the relative sensitivity to 

hyperoxidation.37,40 Hyperoxidation of Prxs has been monitored historically through 1D- 

and 2D-SDS-PAGE and Western blotting using antibodies raised to detect Cys-

SO2H/SO3H.37,38 In our hands, the latter preferentially react with Cys-SO3H moiety and 

can cloud the interpretation of the species present following the addition of H2O2. 

Therefore, we compared hPrx1 and hPrx2 to hPrx3 using kinetic methods and high-

resolution mass spectrometry. These proteins were produced in Escherichia coli without 

any extra residues (e.g., enrichment tags) using established protocols.28,42 The use of the 

mature protein is crucial, as extra residues and affinity tags can influence the oligomeric 

state and activity28,37.  

In order to measure hyperoxidation sensitivity differences between the Prx 

variants in this study, the Chyp1% parameter was determined by monitoring the reaction 

using the Trx-TrxR-NAPDH system.30,31 The Chyp1% parameter is the concentration of 

H2O2 where 1% of the Prx molecules are inactivated per catalytic turnover. Thus, a 

higher Chyp1% value indicates a greater resistance to hyperoxidation.30 Prx1 was 10-fold 

more resistant that Prx2 (Chyp1% of 50 versus 5 µM) (Supplementary Fig. 2.2). In 

contrast, Prx3 was 25-fold more resistant than Prx2 (Chyp1% of 127 versus 5 µM). The 

resistance of Prx3 relative to the other Prxs are consistent with recent studies from our lab 

and others using orthogonal methods.31, 38 The increased resistance of Prx1 over Prx2, 
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however, contrasts with a previous study that used the antibody-based approach37. These 

data demonstrate that each Prx has an intrinsic susceptibility to hyperoxidation on a much 

finer scale than the robust versus sensitive classification scheme would indicate. 

Moreover, since we know for Prx2 and Prx3 that the disulfide bond formation rate greatly 

influences hyperoxidation, we hypothesized that delineating the structural changes 

between the reduced and disulfide-bonded forms of the cytosolic Prxs could be used to 

identify amino acid changes that could account for the differences in hyperoxidation 

sensitivity. 

 

2.3.2 Structure of oxidized hPrx2 highlights regions of interest involved in 

hyperoxidation. 

Prior to this study, the only crystal structure available for human Prx2 contained 

the Cys-SP residue in the hyperoxidized state and the CP-loop in the FF conformation, 

consistent with the many structures of the reduced form of other Prxs.43 In order to 

visualize the structural changes that occur during catalysis and to identify residue 

differences between Prx1 and Prx2 in these regions, we solved the crystal structure of 

wild-type (WT) Prx2 in the oxidized, disulfide form (SP-SR, Prx2-SS), the state in which 

the protein was purified and stored. The electron density for the 2.15 Å resolution 

structure clearly showed a decameric toroid and the intermolecular disulfide bond 

between Cys51-SP and Cys172-SR, from the adjacent monomer (Fig. 2.2a and 

Supplementary Table 2.1), for 6 out of 10 possible disulfide bonds. Importantly, for 5 of 

these monomers, we were also able to see electron density extending out to residue 180,  
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Figure 2.2 Crystal 
structure of 
oxidized Prx2 
identifies regions 
implicated in 
hyperoxidation. (a) 
Stereo view of the 
2Fo-Fc electron 
density map (gray 
mesh contoured at 1 
σ) near the Cys-SP-
SR-Cys disulfide 
bond 
(Supplementary 
Table 2.1). (b) 
Prx2-SS active site 
highlighting the 
proximity of the 
GGLG motif and 
conserved residues, 
Phe49, Arg127 and 
Trp176. In this 
locally unfolded 
conformation, the 
C-terminus is 
present as a coil that 
positions Trp176 
(purple monomer) 
so that it packs into 
a crevice generated 
by the disulfide bond and the GGLG motif (blue monomer). (c) Crystal structure of 
hyperoxidized Prx2. In this fully-folded conformation (cyan), the Cys-SPO2H moiety has 
an electrostatic interaction with Arg127 (PDB code 1QMV).42 The C-terminus of the 
adjacent monomer (pink) places the Cys51-SR residue ~14 Å away from the Cys-SP 
residue. The YF motif (residues 193-194) is present in a helix that packs against the 
GGLG motif. Trp176 is >20 Å away from its position in the Prx2-SS structure, and 
Phe49 is much closer to Cys51. (d) Superposition of human Prx2 and human Prx1 
structures. Prx2-SS and Prx2-SO2H colored the same as in panels a-c. The Prx1 from the 
Prx1-Srx complex is shown in green; Srx has been omitted for clarity (PDB code 2RII).26 
The adjacent dimers of the toroid are shown in white. A close-up view shows numerous 
positional changes of the loops at the dimer interface, the GGLG motif, and the loops that 
contain the Cys-SP and Cys-SR residues. The hyperoxidized Cys51 is located in the center 
of the view for reference. 
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possible disulfide bonds. Importantly, for 5 of these monomers, we were also able to see 

with Trp176 packing into a pocket adjacent the GGLG motif (Fig. 2.2b). This latter 

observation contrasts with the majority of oxidized Prx structures, prokaryotic and 

eukaryotic, where only the SP-SR linkage is visible and the remaining residues of the C-

terminus are disordered.14,17,44,45  

The Prx2-SS structure represents the LU conformation of the CP-loop. In contrast, 

the hyperoxidized structure (Fig. 2.2c) shows the CP-loop in the FF conformation with a 

conserved interaction between Cys51-SPO2H and Arg127. The YF-motif region of the 

adjacent monomer is folded into an alpha helix and packed against the GGLG motif. 

Therefore, the transition from the FF to the LU conformation involves the unwinding of 

the helix adjacent to Cys51-SP and the repositioning of Phe49. The complete unfolding 

and rearrangement of the C-terminus that includes Trp176 also allows the Cys172-SR 

residue to approach Cys51-SP and to form the disulfide bond. Closer examination of the 

Prx2 structures and comparison to the Prx1-sulfiredoxin complex (Fig. 2.2d) illustrates 

the proximity of the active site to the dimer-dimer interface, loop changes at this 

interface, differences in the position of the CP-loop and the loop containing the Cys-SR 

residue, and changes in the conformation of the GGLG motif.26 We focused on these 

regions to identify key sequence dissimilarities between Prx1 and Prx2 in order to design 

chimeras that would test the ability to modify the resistance to hyperoxidation.  

 

2.3.3 Sequence comparisons lead to resistance motif identification. 

 The regions most dissimilar in structure and sequence between the reduced and 

oxidized forms of Prx2 and Prx1 can be subdivided into three regions (Fig. 2.3a). Region 
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1 is present in the β-strand and turn that immediately precedes the helix (known as α2) 

that contains the Cys-SP residue. Region 2 is composed of a surface loop and α-helix. 

Importantly, in the decameric context, this helix associates with itself at the dimer-dimer 

interface and is adjacent to the active site. Region 3 is a linker region that also associated 

with its counterpart at the dimer-dimer interface. The juxtaposition of regions 2 and 3 and 

their potential role in hyperoxidation is consistent with the ability of mutations at the 

dimer-dimer interface to alter the oligomeric state and to affect activity.14–16 In particular, 

the dimer-dimer interface can function to prop the active site toward stabilizing the FF 

conformation for catalysis. Since it has been proposed that the active site must also be in 

the FF conformation for the Cys-SPOH moiety to be hyperoxidized, it is logical that the 

same region or regions may play a key role.14,18,40 

An amino acid sequence alignment comparing human Prx1 and Prx2 in the 

regions of interest was completed and revealed key amino acid differences (Fig. 2.3b). 

Comparisons were also made for nine sensitive Prxs and nine resistant Prxs using 

WebLogo plots (Supplementary Fig. 2.3 and Supplementary Table 2.2) using the 

criterion of the presence or absence of the GGLG and YF motifs.46 The amino acids 

conserved across both sensitive and robust were subtracted from the plot of the robust 

Prxs, as it was assumed that these would not be contributing to hyperoxidation resistance. 

In order to narrow the list of potential residues further, the patterns were analyzed in the 

context of a sequence alignment for just hPrx1-4 when compared to the AhpC, the model 

robust enzyme. Using this approach, we discovered two putative resistance-conferring 

motifs, motif A and motif B (Fig. 2.3b) that spanned the three regions identified from the   



37 

 

 

 
Figure 2.3. Structure and sequence comparisons identify resistance motifs. (a) 
Location of regions that have the potential to influence the resistance to hyperoxidation. 
One monomer of the dimer, described in Fig. 2.2b (blue), is shown in reference to the 
adjacent monomer (white) at the dimer-dimer interface of the toroid. Regions 1-3 are 
shown in green, magenta, and yellow, respectively. Region 1 is located in the b-strand 
and turn that precedes the helix on which the Cys51-SP residue is located. Regions 2 and 
3 interact with the same regions on the adjacent monomer. The residues denoted by 
spheres are those that differ in sequence between Prx1 and Prx2, also highlighted as 
circles in panel b. (b) Summary of the structural and sequence information that led to the 
identification of resistance motifs A and B. The circles above the alignment of human 
Prx1-4 and S. typhimurium AhpC indicate the residue differences in regions 1-3 for Prx1 
and Prx2 (Supplementary Fig. 2.1). The triangles below the alignment highlight the 
residues identified by WebLogo analysis for sensitive versus robust Prxs 
(Supplementary Fig. 2.3 and Supplementary Table 2.2). The putative resistance motifs 
A and B are summarized above the alignment. 
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structural analysis. Motif A is D-X8-N/G-X10-H-X27-S/G. Motif B is T-X3-S/T. AhpC has 

both of these motifs, but in motif A, there is a Gly in the second and last position 

(Supplementary Table 2.2). Human Prx1 has a slightly different version of Motif A: 

Asn in the second position and a Ser in the last position. Human Prx2, even though it is 

the most sensitive in relative terms, only possesses motif B. Interestingly, hPrx3 has both 

motifs similar to AhpC, but Prx3 has the YF and GGLG sensitivity-conferring motifs that 

AhpC lacks.  

 

2.3.4 Alterations in Motif A and Motif B change resistance to hyperoxidation. 

To test the putative resistance motifs, we developed a library of mutant constructs 

for Prx1, Prx2, and AhpC where the motifs were altered. The motifs were either 

completed, inserted or disrupted depending on which motifs were already present in the 

wild-type (WT) protein. All constructs were successfully expressed and purified using the 

standard protocols. All variant proteins were confirmed to be folded and thermally stable 

by circular dichroism (Supplementary Fig. 2.4). In order to assess whether or not the 

rate of Cys-SPOH formation was affected, the standard horseradish peroxidase 

competition (HRP) assay was used. All mutants possessed kSOH rates directly comparable 

to their respective wild-type protein (~106-107 M-1s-1, Supplementary Table 2.3). The 

Chyp1% values were determined, using the method outlined in Supplementary Fig. 2.2, 

and a variety of mass spectrometry approaches were used to cross-validate the oxidation 

state of each variant. 

In an effort to make hPrx1 more resistant, we made construct P1.R1 (Fig. 2.4b). 

In this construct two amino acids in region 1 where changed to the corresponding amino 
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acids in Prx2, one of which was the G in the second position of motif A. By making this 

substitution, motif A in P1.R1 would be similar to motif A in the robust enzyme AhpC 

(Supplementary Table 2.2). Remarkably, the P1.R1 is unable to be hyperoxidized 

within our experimental setup, meaning that it is significantly more resistant to 

hyperoxidation than WT Prx1 and on par with AhpC (Fig. 2.4a). For enzymes that are 

this resistant to hyperoxidation, the Chyp1% value can only be estimated to be greater than 

the highest concentration of peroxide tested (>5 mM H2O2), as concentrations of peroxide 

above this result in a spurious consumption of NADPH via TrxR-dependent oxidase 

activity. In order to confirm resistance to hyperoxidation for P1.R1, the WT and variant 

protein were treated with H2O2 and analyzed by ESI-TOF MS (Fig. 2.4b and 

Supplementary Table 2.4). WT Prx1 was readily hyperoxidized to the Cys-SPO2H and 

Cys-SPO3H. In contrast, the same treatment yielded little of the sulfinic acid moiety for 

P1.R1. In an effort to make Prx1 more sensitive, we tested construct P1.R2, which 

swapped the residues in region 2 to those present in Prx2. This meant there was a Gln 

instead of a His in the third position of motif A, causing the motif to be disrupted. These 

sequence changes resulted in a 25-fold decrease in the Chyp1% value decrease to 2 µM, a 

value similar to WT Prx2.  

To make Prx2 more sensitive, we made the P2.R3 variant, wherein motif B was 

mutated to KA, which are the amino acids Prx1 has in those positions. Disruption of 

motif B resulted in this variant becoming 25-fold more sensitive than WT Prx2 and 

exhibiting a Chyp1% value of 0.2 µM (Fig. 2.4c). Interestingly, Prx2 does possess a Gly in 

the second position of the motif A region, but it does not have the other residues that 

complete the motif. Therefore, it appears that this is the reason Prx2 does not have the  
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Figure 2.4.  Changes in Motifs A and B alter resistance to hyperoxidation. (a) 
Assessment of sensitivity to hyperoxidation for Prx1 variants. The Chyp1% value was 
obtained by generating the plot of the fraction of inactivated Prx molecules per catalytic 
cycle (finact) versus the H2O2 concentration (see Supplementary Fig. 2.2 and associated 
methods descriptions). Changes in sequence for motif A and B residues can either 
sensitize (P1.R2 variant) or prevent hyperoxidation (P1.R1 variant) relative to the WT 
protein. (b) Cross-validation of Prx1 variants using ESI-TOF MS. Spectra for samples 
with no peroxide treatment in black. Spectra for treated samples in red. Treatment of WT 
Prx1 with 1 mM H2O2 for 3 hr, in the presence of dithiothrietol to enable catalytic 
cycling, lead to Cys-SPO2H and Cys-SPO3H formation (Supplementary Table 2.4). In 
contrast, the P1.R1 variant was significantly protected shows little of the Cys-SPO2H 
species. (c) Chyp1% value determination for Prx2 variants. (d) ESI-TOF MS analysis of the 
Prx2 variants with H2O2 treatment as in panel b. (e) Chyp1% value determination for S. 
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typhimurium AhpC variants. (f) Relative abundance of Cys-SP-SO2/SO3 before and after 
treatment with 3 mM H2O2 was higher in AB- than AhpC WT. (g) E. coli AhpC knockout 
strain was transformed with either AhpC WT or AhpC.AB-. After normalization, cells 
were challenged with two different concentrations of cumene hydrogen peroxide (CHP), 
either 0.1 mM (light red) or 0.2 mM (red). Black bar represents no peroxide treatment. 
Post peroxide treatment, cells were plated and grown overnight. Percent survival was 
calculated. AhpC.AB- transformed cells were less able to survive peroxide treatment than 
AhpC WT transformed cells, which were not significantly affected. For statistical 
significance, a indicates p <0.002, and b indicates p <0.003. 
 
 

associated resistance, even though the presence of a Gly in this position does result in 

increased resistance for the Prx1 variant P1.R1. In an effort to make Prx2 more resistant, 

we made a construct P2.AB+, where the Prx1 version of motif A in Prx1 was inserted into 

WT Prx2, which normally only has motif B. The Chyp1% value of the P2.AB+ variant 

increased to 27 µM, which is close to value for WT Prx1. ESI-TOF analysis of WT Prx2 

and the P2.AB+ variant treated with H2O2 (Fig. 2.4d) showed that the proportion of Cys-

SPO2H species decreased for the P2.AB+ variant. Since this variant is still in the sensitive 

regime, this observation is not surprising. These results, however, do support that the 

installation of motif A into Prx2 can modulate the protein to be more resistant to 

hyperoxidation. 

Since AhpC is the archetypical, robust Prx, we did not attempt to make it more 

resistant to hyperoxidation. In an effort to make it more sensitive, we generated a 

construct (AhpC.AB-) where both motifs A and B were disrupted. The differential effects 

of the Gly residue in motif A in Prx2 strongly suggested that this residue was important 

to mutate. The final sequences for motif A and motif B in AhpC.AB- were NNQA and 

KA, respectively. These six substitutions resulted in a dramatic sensitization of AhpC to 
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hyperoxidation, bringing the Chyp1% value down from > 5 mM to 6 µM (Fig. 2.4e), a level 

directly comparable to the values for Prx1 and Prx2. 

 

2.4 DISCUSSION 

The hyperoxidation and inactivation of typical 2-Cys Prxs by their own substrate 

(Fig. 2.1) was at first perplexing. Why would an organism want to produce an antioxidant 

enzyme that could readily lose it peroxidase function, precisely when it might be needed 

most to prevent cellular damage? The literature is now replete with support for Prx 

hyperoxidation as a common phenomenon that enables signal transduction through direct 

modification of other proteins by H2O2.1-3,8-13,21,40 Importantly, the restoration of 

peroxidase activity by sulfiredoxin provides a way to turn off signaling events.23-25 It is 

also clear that eukaryotic and prokaryotic cells need to be able to respond to a wide range 

of peroxide levels and other reactive oxygen species (ROS). For example, homeostatic 

receptor-mediated signaling requires low levels of H2O2.1,3,4 Microorganisms, in contrast, 

must be able to resist much higher levels of environmental- and host-derived reactive 

oxidants.32-36,42 Thus, the susceptibility to hyperoxidation must be stratified. An 

understanding of the molecular basis for this phenomenon is greatly needed to develop 

modulators of Prx activity in a variety of diseases.1-4,9-13 

 In this study, we report the identification of two resistance motifs that modulate 

Prx hyperoxidation. These motifs were identified by comparing the amino acid sequences 

in the regions that changed the most in the crystal structures of human Prx 1 and Prx2 in 

different oxidation states (Fig. 2.2 and 2.3). The alteration or installation of these motifs 

within Prx1, Prx2 and S. typhimurium AhpC resulted in a dramatic increase or decrease in 
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resistance to hyperoxidation, as validated by kinetic- and MS-based methods. For 

example, Prx1 was made as resistant to hyperoxidation as AhpC (~100-fold change) by 

modifying its motif A to be more similar to the motif A in AhpC (Fig. 2.4). Removal of 

motif A and B from AhpC made this variant ~800-fold more sensitive to hyperoxidation. 

Both Prx1 and Prx2 could also be made ~25-fold more sensitive to hyperoxidation by 

removing motifs A or B. This lower level of response is consistent with these Prxs 

already being quite sensitive to hyperoxidation.  

Previous comparisons of eukaryotic and prokaryotic Prxs identified the GGLG 

and YF motifs as being conserved in sensitive Prxs.33-35 Robust enzymes like AhpC lack 

these motifs. The packing of these motifs in the vicinity of the Cys-SP residue (Fig. 2.3c) 

has been postulated to slow down the rate of intersubunit disulfide bond formation (Cys-

SP-SR-Cys). This kinetic pause would lengthen the lifetime of the Cys-SPOH intermediate 

and increase the probability that a reaction with a second molecule of H2O2 could occur. 

Recent studies comparing Prx2 and Prx3 demonstrated that Prx3 has a 10-fold faster 

disulfide bond formation rate and decreased Cys-SPOH lifetime, consistent with the 25-

fold higher Chyp1% value we determined.27,28 Chimeras of Prx2 and Prx3 in regions near 

the GGLG and YF motifs in these studies were only able to switch the sensitivity to 

hyperoxidation by ~50% in either direction. Other mutation and truncation studies of the 

residues near the YF motif also alter hyperoxidation.35,36 For example, the addition or 

deletion of the C-terminal helix that contains the YF motif to Schistosoma mansoni Prx1 

and Prx2, respectively, did alter the sensitivity to hyperoxidation by ~20-fold. However, 

since there were no comparisons to mammalian Prxs, it is unclear how the magnitude of 

these changes in sensitivity relates to those in the present study. To our knowledge, the 
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complete reversal in hyperoxidation sensitivity for the motif A and B variants of Prx1 and 

AhpC are the first for any Prx. 

Motifs A and B are located (Fig. 2.5a,b) within or in close proximity to all of the 

key structural features of 2-Cys Prxs. The first half of motif A (D-X8-N/G) is associated 

with the α-helix that leads to the Cys-SP residue and partially unfolds during the 

transition from the FF to LU state (Fig. 2.1). The GGLG motif is proximal to these 

features and the Cys-SR residue. The second half of motif A (H-X27-S/G) is adjacent to 

the motif B (T-X3-S/T) at the dimer-dimer interface. Since Prx1-3 all contain the YF and 

GGLG motifs (Fig. 2.5c), it appears that these sequence and structural features play a 

role in the fine tuning of H2O2 reactivity within this group of eukaryotic Prxs. 

Interestingly, the presence of a modified motif A in the Prx1 variant (Fig. 2.4, P1.R1) 

resulted in a dramatic increase in resistance to AhpC levels. Moreover, the extensive loss 

in resistance for the AhpC when motifs A and B were disrupted (AhpC.AB-) supports 

that these motifs play a predominant role in determining the “sensitive” and “robust” Prx 

characteristic. 

We propose that the fine-tuning of the sensitivity to hyperoxidation for Prxs (Fig. 

2.5c) is one mechanism by which the cell differentiates between non-stress and stressful 

levels of H2O2 that lead to the activation of specific signaling pathways. For example, 

since Prx2 is the most sensitive to inactivation, it most likely influences or controls 

pathways at the lower end of the H2O2 concentration spectrum. Prx1 would function at 

the next level and so on for Prx3. Many observations support this notion and the non-

redundancy of Prxs within cells: (i) phenotypic differences in Prx1-4 knockout mice, (ii) 

specificity of interactions with protein binding partners (e.g., Prx1 and Ste20 like kinase   
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Figure 2.5. Location of motifs A and B and generalized model for the hierarchy of 
Prx resistance. (a) Location of motifs A and B in the Prx toroid context. The orthogonal 
views highlight motifs A and B in red and blue, respectively. Both the Cys-SP and Cys-SR 
residues and their disulfide bonds are colored yellow for the central Prx dimer. One 
monomer for each of the two adjacent dimers is shown in white. Motif A is 
predominantly located on the exterior of the toroid. Motif B lines the interior of the 
toroid. (b) Proximity of resistance motifs A and B to the Cys-SP residue, the GGLG motif 
and the dimer-dimer interface. (c) Stratification of Prx susceptibility to hyperoxidation. 
Low levels of H2O2 are associated with non-stress cell signaling, and high levels can lead 
to oxidative stress-induced signaling. The most sensitive Prxs to hyperoxidation in this 
study each contain only one resistance motif (Prx1 motif A; Prx2 motif B). Prx3 contains 
both motif A and B and is more resistant that Prx1 and Prx2 but is not as resistant as 
AhpC. AhpC also contains both motif A and B but lacks the YF and GGLG motifs. 
Based on the proposed grading of resistance, each eukaryotic Prx will be inactivated at a 
different threshold of H2O2 concentration, enabling a diversity of cellular responses. 
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(MST1), Prx2 and STAT3, protein disulfide-isomerase ERp46), and (iii) differential 

upregulation in a variety of cancer cell types.1-3,8,11,20,22,37,40,41  

It is tempting to speculate that drugs that target motifs A or B could be used to 

either increase or decrease Prx activity to achieve a desired therapeutic effect. Perhaps 

increasing the sensitivity to hyperoxidation of Prxs in cancer cells will make current 

chemotherapeutics that generate ROS more efficacious. Making parasitic and bacterial 

Prx more sensitive could also be new avenue for therapy. In summary, motifs A and B 

appear to be the predominant modulators for controlling the sensitivity to hyperoxidation 

for the typical 2-Cys Prxs and the stratification between robust and sensitive enzymes. 

The GGLG and YF motifs also play a key role by enabling additional fine-tuning of the 

response, particularly within the sensitive Prx group 

 

2.5 METHODS 

2.5.1 Protein preparation and purification. The human Prx1 and Prx2 constructs were 

expressed without a His-tag using the pET17b vector (Novagen) and BL21(DE3)-gold 

Escherichia coli cells (New England Biolabs) and purified using a combination of of 

hydrophobic interaction, ion-exchange, and size-exclusion chromatography columns, as 

previously described.28,37,42 Human Prx3 was also produced in the mature form within E. 

coli but relied upon the use the pTYB21 intein system (New England Biolabs).28 The 

genes for the chimeras of Prx1/Prx2 and the Salmonella typhimurium AhpC.AB- variant 

were synthesized and codon-optimized by GenScript. The Prx1/2 chimeras were purified 

using the same protocols as the wild-type (WT) proteins. S. typhimurium AhpC was 

expressed and purified as reported.42 The AhpC.AB- variant was expressed from the 
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pTrcHisA vector using the AhpC knockout E. coli strain JW5098-2 as host. Importantly, 

all Prx proteins were purified in the oxidized state (disulfide-bond between Cys-SP and 

Cys-SR residues; SS) to prevent further oxidation during storage at -80°C. E. coli 

thioredoxin and thioredoxin reductase were expressed and purified as reported.47 The 

purity and oxidation state of all proteins were verified by SDS-PAGE and mass 

spectrometry.  

2.5.2 Circular dichroism analysis. All proteins were pre-reduced with 10 mM 

dithiothreitol (DTT; Fisher Scientific) for 30 minutes, and Bio-Spin disposable 

chromatography columns containing Bio-Gel P-6 Gel resin (Bio-Rad) were used for 

desalting. Post-desalting, the proteins were diluted to final concentrations of 

approximately 20 µM, with the actual final concentration being determined by measuring 

absorbance at 280 nm (minus the background absorbance). CD spectra were scanned and 

collected three times over wavelengths from 250-180 nm and averaged. Molar 

ellipticities and helical content were calculated from the averaged data. Melting points of 

proteins were determined by monitoring the molar ellipticity at 220 nm as the 

temperature was increased from 20°C to 75-85°C. Each CD experiment was repeated 2-3 

times, with each repeat being on separate days, and averaged. 

2.5.3 Determination of kSOH using horseradish peroxidase (HRP) competition assay. 

Following a previously established protocol, the second-order rate constant for Prx 

oxidation (kSOH) for each Prx variant was determined by monitoring the ability of the 

enzyme to compete with HRP in the reduction of H2O2.31 Briefly, in the wells of a 96 

well UV half area plate (Corning), 6-8 different concentrations (2 µM-16 µM) of purified 

Prx protein were combined with 15 µM HRP (Sigma), and 10 µL of 45 µM of H2O2 was 
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added to start the reaction. Within 60 seconds of peroxide addition, the plate was put in a 

plate reader and absorbance was monitored at a fixed wavelength of 403 nm. 

Experiments were done in triplicate on three or more days. HRP reacts with H2O2 to form 

compound I, which can be measured as a decrease in absorbance at that wavelength. 

When the Prx outcompetes HRP for the H2O2 (which must be at a lower concentration 

than HRP), there is less compound I formed. Thus, there is a decreased change in 

absorbance. To transform the raw data into the kSOH, the decrease in HRP oxidation at 

each Prx concentration was plotted against Prx concentration. The slope of the line gives 

the second-order rate constant. The decrease in HRP oxidation can be calculated by the 

following equation and the rate of reaction of H2O2 with HRP (kHRP is 1.7 x 107 M-1 s-1).31 

∆!!"#!∆!!"#
∆!!"#

=    !!"#   !"#
!!"# !"#

      

2.5.4 Crystallographic analysis of human Prx2 (SS). Crystallization conditions for 

Prx2-SS were initially identified from the JCSG+ Suite (Qiagen). Several rounds of 

optimization included protein concentration, drop size, temperature, buffer concentration 

and pH, and the precipitant concentration. The condition that yielded the best diffracting 

crystals was: drop size of 14 µL (7 µL protein and 7 µL well solution), 6.1% PEG 3350, 

0.1 M sodium acetate pH 4.1, 0.2 M zinc acetate at 25º C. The crystals were transferred 

to synthetic mother liquor containing 10% PEG 3350, 0.2 M zinc acetate, 0.1 M sodium 

acetate pH 4.1, and 5% glycerol. The amount of glycerol was slowly increased to 25% as 

a cryoprotectant. Data was collected at the Brookhaven National Synchrotron Light 

Source (NSLS) on the X25 beamline (wavelength = 1.1 Å), and merged and scaled using 

HKL3000.48 Data collection and refinement statistics are given in Supplementary Table 
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2.1. Phasing was performed by molecular replacement using PHASER within the 

PHENIX suite.49 A dimer from the Prx2-SO2H decamer crystal structure was used as the 

search model (1QMV).42 This search model was significantly modified, however, by the 

removal of the active site helix region (residues 42-68), the GGLG motif region (residues 

88-100), and the C-terminus (residues 150-198), in order to prevent model bias during 

structure solution and rebuilding. A toroid of five dimers was found within the 

asymmetric unit. All omitted regions were iteratively rebuilt using COOT and refined 

with PHENIX (31,32). The final model contained 1683/1970 (85.4%) residues, 4 zinc 

ions and 95 water molecules. The following residues were not observed in the electron 

density: chain A, 2-3, 166-198; chain B, 2-3, 165-170, 180-198; chain C, 2, 146-150, 

165-198; chain D 2-3, 148-150, 165-198; chain E, 2-3, 181-198; chain F, 2-3, 181-198; 

chain G, 2-3, 168-198; chain H, 2-3, 149-150, 173-198; chain I, 2-3, 148-150, 180-198; 

chain J, 2-3, 180-198. The model was refined with individual B-values and validated 

using MolProbity.50 The Rhamachandran plot indicated that the residues where present in 

the following regions: 94.5% most favored, 4.5% additionally allowed, 1% disallowed. 

Additional statistics supporting the quality of the model are: 1.4% rotamer outliers and 6 

clashscore. Structural comparisons were done using the PyMol Molecular Graphics 

System, Version 1.8 Schrödinger, LLC. 

2.5.5 Amino acid sequence alignments and identification of putative motifs. Protein 

sequences of wild-type proteins were retrieved from UniProt. The alignments of the 

amino acids sequences were performed with Clustal Omega, visualized using 

ESPript3.51–54 The extinction coefficients and molecular weight values for each protein 

were determined using ProtParam on the ExPASy Bioinformatics Resource Portal.55 
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WebLogo plots were generated using WebLogo3, using the alignments produced by 

Clustal Omega.46,51–53 

2.5.6 Hyperoxidation assay. All proteins were pre-reduced with 10 mM dithiothreitol 

(DTT; Fisher Scientific) for 30 minutes on ice, and Bio-Spin disposable chromatography 

columns containing Bio-Gel P-6 Gel resin (Bio-Rad) were used to remove the DTT just 

prior to kinetic experiments. The Chyp1% value, the concentration of peroxide at which 1% 

of the Prx molecules are inactived per catalytic cycle, was determined by the following 

method, described in detail by Nelson et al.30,31  NADPH oxidation was monitored at 340 

nm, where a decrease in absorbance occurs upon NADPH oxidation.30 Initially, the 

concentrations of the E. coli Trx, E. coli TrxR, the Prxs tested, and H2O2 concentration 

were varied to optimize for minimal background H2O2 oxidation and a reaction time 40 

minutes. The final concentrations within the reaction were: Prx at 0.25-2.5 µM; Trx at 5 

or 10 µM; TrxR at 0.2 or 0.5 µM; NADPH (Roche) 150 µM, H2O2 (Fisher 

Chemical/Fisher Scientific) 50 -5000 µM. H2O2 was added last to start the reaction. This 

setup was also analyzed without Prx at each peroxide concentration to monitor 

background NADPH oxidation. This mix is incubated at 25°C for the duration of the 

reaction. 

The kinetic relationships governing the reactions and inactivation are represented by the 

following equations for the fraction inactivated, finact.  

finact=
!!"!!   !""! [!!!]  

!!"!!   !""! [!!!]!!!![!!"]
      (1) 

The rates of the reaction are as follows: kSS, rate of disulfide bond formation; kSO2H, rate 

of inactivation and Cys-SPO2H formation. It is assumed that the locally unfolded (LU) 
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and fully folded (FF) populations of the enzyme are in rapid equilibrium, so the 

concentration of LU enzyme ([ELU]) is considered equal to the concentration of FF 

enzyme ([EFF]). Thus, the numerator and denominator can be divided by [EFF], and these 

terms can be replaced with the equilibrium constant KLU. 

finact=
!!"!!  [!""!]

!!"!!   !""! !!!!!!"
     (2) 

When the fraction inactivated is less than 10%, the first term in the denominator is small 

compared to the second one, so the equation can be simplified further. 

finact≈
!!"!!  [!""!]

!!!!!"
      (3) 

One can obtain the numerator and denominator terms experimentally over a range of 

peroxide concentrations using the following procedure. The initial two minutes of the 

reaction are used to determine the linear portion of the data, which estimates the kSSKLU. 

The exponential decay of the rate plot approximates the kSO2H and is determined by using 

a direct fit to an equation containing both linear and exponential decay terms. This 

equation is 

𝑦 = 𝑎   ∙ 𝑒!!" + 𝑏   ∙ 𝑡 + 𝑐     (4) 

Absorbance at time t is y, k is the exponential rate of decay in activity, and a, b, and c are 

all floating terms to allow for the best direct fit. According to Nelson et al., k can only 

accurately be obtained if there is “sufficient curvature in line so that a simple linear fit of 

the data gives R<0.995.” All values reported in this study meet this requirement. 

Ultimately, using the acquired experimental approximation for the rates represented in 

equation (3), one can show the relationship as 

finact=
!"#$%!!"#$%  !"#$  

!"!#!$%  !"#$
      (5) 
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To determine the Chyp1% value, the initial linear rate that approximates the rate of 

disulfide formation must be pulled out from the raw data for each peroxide concentration 

(see Supplementary Fig. 2.2a,b). For the most sensitive Prxs, higher H2O2 concentrations 

caused this rate to decrease due to some inactivation occurring even at the shortest time 

points. Thus, for calculations, the rate for the most-reliable, lowest H2O2 concentration 

was used to divide the exponential rates at all H2O2 concentrations. Next, the rate of 

hyperoxidation must be determined by calculating the exponential decay rate of the raw 

data, also at each peroxide concentration (Supplementary Fig. 2.2a,c). For sensitive 

Prxs, this rate would increase with increased H2O2 concentration.  

The finact value was then plotted against peroxide concentration (Fig. 2.2d). The 

reciprocal of the slope of the line produced gives the Chyp100% value, so the Chyp1% is 

obtained by dividing by 100. For robust Prxs tested, the intercept at or near 0 in all cases. 

For sensitive Prxs, there were often nonzero intercepts (<10%), indicating that some of 

the Prx molecules were inactivated during the mixing time and the start of recording. 

Importantly, these intercepts were consistent with the sensitivities of the proteins, 

meaning the most sensitive had the highest intercept and so forth, further validating the 

Chyp1% calculations. Chyp1% was values were determined on two or three separate days 

with 3-4 trials each day for each peroxide concentration. All data were combined to 

generate that plots presented. The individual n values are reported in the figure legends. 

2.5.7 Mass spectrometry hyperoxidation analysis.  

Chemicals and reagents. All solvents for mass spectrometry analysis, 0.1% formic acid 

in water and 0.1% formic acid in acetonitrile (ACN) were of LC-MS grade purchased 
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from J.T.Baker Chemicals (Avantor Performance Materials, Center Valley, PA).  Protein 

was digested using Sequencing Grade Asp-N Protease purchased from Promega 

(Madison, WI, USA) and iodoacetamide was obtained from Sigma-Aldrich (St. Louis, 

MO, USA).  Unless stated otherwise, all other chemicals were extra-pure grade or cell 

culture tested. 

Electrospray ionization time-of-flight mass spectrometry. An Agilent 6120 MSD-TOF 

system was used for positive ESI-TOF MS analysis of AhpC protein.  The analytical 

parameters were as follow; capillary voltage of 3500 V, nebulizer gas pressure of 30 psig, 

drying gas flow of 5 L/min, fragmentor voltage of 200 V, skimmer voltage of 65 V, and 

gas temperature of 325°C.  While samples were infused directly into the source with 

syringe, mass spectra were recorded for average and deconvolution using the Agilent 

MassHunter Workstation software v B.02.00. 

nanoLC-MS/MS analysis. For sample preparation, aqueous AhpC protein was incubated 

with 30mM iodoacetamide in the dark at RT for 30min.  Same volume of 2X digestion 

buffer consisted of 100mM Tris-HCl with 1mM zinc acetate (pH 8.0) was added, and 

then incubated at 37°C overnight with water-reconstituted Asp-N at the ratio of 1:50.  

Digested peptides were subjected to desalting using Pierce C18 Spin Columns (Thermo 

Scientific, Rockford, IL, USA).  The eluent was dried under vacuum and suspended in 

5% (v/v) ACN containing 1% (v/v) formic acid to be analyzed by LC-MS/MS. 

The LC-MS/MS system consisted of a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass 

Spectrometer (Thermo Scientific, Rockford, IL) and a Dionex Ultimate-3000 nano-UPLC 

system (Thermo Scientific, Rockford, IL) employing a Nanospray Flex Ion Source 
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(Thermo Scientific, Rockford, IL).  An Acclaim PepMap 100 (C18, 5 μm, 100 Å, 100 

μm x 2 cm) trap column and an Acclaim PepMap RSLC (C18, 2 μm, 100 Å, 75 μm x 

15 cm) analytical column were used for the stationary phase.  Good chromatographic 

separation was observed with a 90 min linear gradient consisting of mobile phases A (5% 

acetonitrile with 0.1% formic acid) and B (80% acetonitrile with 0.1% formic acid) 

where the gradient was from 4% B at 0 min to 45% B at 75 min.  MS spectra were 

acquired by data dependent scans consisting of MS/MS scans of the twenty most intense 

ions from the full MS scan with dynamic exclusion option which was 10 seconds.  

Spectra were searched using the Sequest HT algorithm within the Proteome Discoverer 

v2.1 (Thermo Scientific, Rockford, IL) in combination with AhpC FASTA database of 

wild-type and mutant.  Search parameters were as follow; FT-trap instrument, parent 

mass error tolerance of 10 ppm, fragment mass error tolerance of 0.02 Da 

(monoisotopic), variable modifications on cysteine with carbamidomethyl of +57.021 Da, 

dioxidation of +31.990 Da and trioxidation of +47.985 Da. 

Cross-validation of the hyperoxidation sensitivity for the Prx1 variants was done using 

ESI-TOF MS. Prereduced protein at 50 µM was treated with 1 mM H2O2 for 3 hours at 

room temperature, in the presence of dithiothrietol (10 mM) to enable catalytic cycling. 

Sample was then put over two Bio-Spin disposable chromatography columns containing 

Bio-Gel P-6 Gel resin (Bio-Rad) equilibrated with 7 mM ammonium bicarbonate pH 6.9. 

Subsequently, the sample was injected and analyzed. The ESI-TOF MS data was 

recorded in positive ion mode on an Agilent MSD TOF system. Deconvolution of the 
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averaged MS spectra was done using the Agilent MassHunter workstation software v. 

B.01.03. 

2.5.8 Transformation of the AhpC knockout E. coli cells. 

Dr. Leslie Poole graciously provided our lab with the JW5098-2 AhpC knockout strain of 

E. coli cells, originally from the Genetic Stock Center at Yale University (CGSC strain 

#8713). Transformation was done using established protocols.42 WT expression vector 

was a modified pTrc-His vector, mutated to have chloramphenicol resistance. AB- was in 

the pTrc-His expression vector and was ampicillin resistant. Post-transformation, 50 µL 

of LB broth was added and cells were incubated for 1 hour at 37°C, after which they were 

plated appropriately according to antibiotic resistance and grown overnight. The next day 

for each transformation, 5 mL starter cultures were grown at 37°C overnight shaking. On 

day three, 50 mL flasks of LB + appropriate antibiotic were prepared and inoculated with 

the starter cultures. Cultures were incubated at 37°C shaking and grown to an OD600 ≈ 

0.8. At that OD, 0.4 mM final concentration of IPTG was added to induce expression. 

Shaking at 37°C was continued for 1 hour. After 1 hour, 1 mL of cells was taken from 

each flask, normalized, and then treated with either cumene hydrogen peroxide 

/DMSO/water or DMSO/water control for 1 minute, after which they were centrifuged 

and washed twice to remove cumene. Cells were then serially diluted, plated on 

antibiotic-appropriate plates, and grown overnight at 37°C. Colonies were manually 

quantified and percent survival calculated based on untreated cells of same dilution, 

transformed with same vector. P values were calculated using the paired t-test. 
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Supplementary Results 

 

 

 

 

 

 

 

Supplementary Figure 2.1. Related to main 
Figure 2 and 3. Sequence differences between 
human Prx1 and Prx2. (a) Sequence alignment 
using ClustalO algorithm. (b) Summary of most 
dissimilar sequences by position. Human Prx1 has 
one extra residue that Prx2. Please see main text 
for details and the rationale for the development 
of Prx1 and Prx2 chimeras. 
 

  

sp|Q06830|PRDX1_HUMANSTANDARD_    1 M SGNA IG PAP FKATAV  DG FK   LSDYKGKYVV FFYPLDFTFVCPTEIIAFS      K  H          M      DI                                S           N       P  Q    S          F                   

sp|P32119|PRDX2_HUMANSTANDARD_    1 M SGNA IG PAP FKATAV  DG FK   LSDYKGKYVV FFYPLDFTFVCPTEIIAFS      R  K          V      EV                                A           D       .  A    K          L                   

sp|Q06830|PRDX1_HUMANSTANDARD_   61  RAE F KL C V G SVDS F HLAW NTP K GGLGP NIPL  D  R    DYGVLK    E K      I A           V   K       M    V      I        D        N Q        H C          Q           S PK T AQ      

sp|P32119|PRDX2_HUMANSTANDARD_   60  RAE F KL C V G SVDS F HLAW NTP K GGLGP NIPL  D  R    DYGVLK    D R      L V           I   R       L    L      L        N        G E        Q T          E           A VT R SE      

sp|Q06830|PRDX1_HUMANSTANDARD_  121  DEGI  RGLFIID KG LRQITVNDLPVGRSVDE LRLVQAFQ TD HGEVCPAGWKPG      F          I                          F               A    S        D                    T           K            

sp|P32119|PRDX2_HUMANSTANDARD_  120  DEGI  RGLFIID KG LRQITVNDLPVGRSVDE LRLVQAFQ TD HGEVCPAGWKPG      Y          V                          Y               T    A        G                    A           E            

sp|Q06830|PRDX1_HUMANSTANDARD_  181 SDTIKP V  SKEYFSK                                                 D QK       QK                                         

sp|P32119|PRDX2_HUMANSTANDARD_  180 SDTIKP V  SKEYFSK                                                 N DD       HN                                         

 
 

Residue # Prx1 Prx2 
70/69 N G 
72/71 Q E 
81/80 H Q 
83/82 C T 
94/93 Q E 
100/99 M L 
106/105 S A 
108/107 P V 
109/108 K T 
111/110 T R 
113/112 A S 
114/113 Q E 

a 

b 
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Supplementary Figure 2.2. Related to main Figure 4. Kinetic analysis of hPrx1-3 
reveals 3-25 fold differences in hyperoxidation sensitivity. (a) Representative plot of 
the loss of Prx1 peroxidase activity. Activity was determined by monitoring the decrease 
in absorbance over time at 340 nm, from the consumption of NADPH by the E. coli Trx-
TrxR-NADPH system. Depending on the enzyme being tested, the reaction mixture was 
optimized and prepared with the following components and final concentrations: 0.25-2.5 
µM Prx, 5-10 µM Trx, 0.2-0.5 µM TrxR, 150 NADPH. H2O2 was added to a final 
concentration of 50-5000 µM to start the reaction. The reactions were performed at 25°C. 
The curvature in the plot at later time points illustrates the inactivation process and how 
the activity of the Prx decreases with increasing peroxide. All Prx proteins and peroxide 
concentrations used within this study were analyzed on 3 or more separate days with 
fresh aliquots of each protein and H2O2, including Trx and TrxR. Each day included 3-4 
technical duplicates. All data were used for finact and Chyp1% calculations. (b) Slope of the 
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initial linear portion used to approximate the kSSKLU rate. The slope of the initial linear 
portion was determined using the readings from the first five timepoints. The peroxide 
concentrations used are indicated in the legend within panel a. Please see the methods 
section for a description of the rationale for this procedure. (c) Exponential decay rate 
used to approximate the rate of inactivation, kSO2H. The raw data was fit to equation (4). 
(d) Plot of fraction inactivated, finact, versus peroxide concentration. The exponential rate 
was divided by the initial linear rate to give the finact at each peroxide concentration. The 
reciprocal of the slope of this plot divided by 100 is the Chyp1% value. The Chyp1% values 
determined for hPrx1, hPrx2, and hPrx3 were as follows: 50 µM, 5 µM, and 127 µM, 
respectively. 
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Supplementary Table 2.1.  Data collection and refinement statistics. 

 Prx2 SS 
Data collection  
Space group P21 
Cell dimensions    
    a, b, c (Å) 50.0, 198.8, 116.5 
  α, β, γ  (°)  90.0, 96.3, 90.0 
Resolution (Å) 44.5−2.2 (2.23−2.15)* 
Rmerge (%) 6.6 (73.7) 
I / σI 19.1 (2.8) 
Completeness (%) 99.6 (97.9) 
Redundancy 6.6 (6.6) 
Wilson B (Å2) 49.7 
Refinement  
Resolution (Å) 44.5−2.15 
No. reflections 122,121 
Rwork / Rfree (%) 20.7/25.7 
No. atoms  
    Protein 13,141 
    Ligand/ion 4 
    Water 95 
B-factors  
    Protein 70.8 
….Zn2+ 108.0 
    Water 51.3 
R.m.s. deviations  
    Bond lengths (Å) 0.016 
    Bond angles (°) 1.33 
*Values in parentheses are for highest-resolution shell. Data is from one crystal.  



61 

 

Supplementary Fig. 2.3. Related to main Figure 2.3 and 2.4. Large-scale sequence 
alignment reveals putative resistance-conferring motifs, Motif A and Motif B. 
(a) WebLogo plot for the regions of interest for a grouping of robust Prxs. We assumed 
that the conserved residues are important for the shared resistance for this group to 
hyperoxidation. Information for the proteins analyzed is given in Supplementary Table 
2.2. (b) WebLogo plot for the regions of interest for a grouping of sensitive Prxs. We 
assumed that that the conserved residues here confer sensitivity to hyperoxidation. (c) 
Subtractive alignment where residues that were strongly conserved in sensitive and 
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robust Prxs were removed from the plot. We assumed that these residues did not play a 
role in hyperoxidation. (d) WebLogo plot for Prxs 1 through 4 and AhpC. (e) Subtractive 
alignment where the residues that were strongly conserved amongst the hPrx1-4 and 
AhpC were removed from the plot, in the same manner as (c). This process left residue 
positions that had roughly 50/50 occurrence between two different residues, which we 
hypothesized was the way to distinguish between two different populations: robust and 
sensitive. (f) Residues selected for comparisons to structure and Prx1/2 alignments (also 
shown in Fig. 2.3b).  Residue positions (solid triangles) that were split 50/50 and 
represented significant changes in character (i.e., charge, hydrophobicity, and size) were 
focused on for motif identification. 
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Supplementary Table 2.2. Proteins used for WebLogo analysis and the amino acids 
present at Motif A and B. 

Protein UniProt Entry 
# 

Residues in 
Motif A 
Positions 

 

Residues in 
Motif B 

Positions 

Robust  D-N/G-H-S/G T-T/S 
Salmonella typhimurium AhpC  

P0A251 
 

DGHG 
 

TT 
Schistosoma mansoni TPx1  

O97161 
 

DNQA 
 

KS 
Schistosoma mansoni Prx3  

G4LXH7 
 

DGHA 
 

QT 
Salmonella typhimurium TsaA  

A0A0K6PMJ5 
 

KGEA 
 

KQ 
Amphibacillus xylanus AhpC  

O87200 
KGHG SS 

Mycobacterium tuberculosis AhpC  
A0A0K0YAZ0 

KDES KS 

Treponeme pallidum AhpC  
O83522 

 
RGES 

 
AA 

Vibrio vulnificus AhpC (185)  
A0A087IM46 DGHG 

 
TT 

Vibrio vulnificus AhpD (177)  
A0A087IH97 ND-- 

 
-- 

Sensitive    
Homo sapiens Prx2  

P32119 
 

NGQA 
 

TS 
Homo sapiens Prx1  

Q06830 
 

DNHS 
 

KA 
Homo sapiens Prx4  

Q13162 
 

DNQS 
 

TS 
Oryza sativa 2-Cys Prx  

Q9FR35 DNVS 
 

TS 
Clostridium pasteurianum 2-Cys Prx  

P23161 
 

KKQS 
 

TS 
Plasmodium falciparum TPx1  

Q9N699 
 

KNKS 
 

TS 
Schistosoma mansoni TPx2  

Q9Y0D3 
 

EGVS 
 

NS 
Plasmodium falciparum TPx2  

Q9BKL4 
 

KNVS 
 

NS 
Synechococcus sp.2-Cys Prx  

A0A0H5PQL7 
 

DNES 
 

KS 
Our Variants    

P1.R1 - DGHS KA 
P1.R2 - DNQS KA 
P2.R3 - NGQS KA 

P2 AB+ - DNHS TS 
AhpC.AB- - NNQA KA 
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Supplementary Figure 2.4. Related to main Figure 2.4.  All protein constructs are 
properly folded and thermally stable. Samples were prereduced with 10mM DTT for a 
minimum of 30 minutes and then desalted. Afterwards, proteins were diluted to 
approximately 20 µM in 7mM phosphate buffer saline (PBS). CD spectra were scanned 
over wavelengths from 250-180 nm with three technical repeats and averaged. Molar 
ellipticities and helical content were calculated from the averaged data. CD spectra were 
repeated 2-3 times on separate days with three technical repeats each day.  
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Supplementary Table 2.3. Related to main Figure 4. CD and HRP Analysis for 

Wildtype Proteins and Variants. 

  

Variant Helical Content 
(%) 

TM 
(°C) 

kSOH 
(M-1 s-1) x 106 

 
Prx1 WT 21 ± 1 57.3 4.8 ± 1 

Prx1 P1.R1 24 ± 5 61.0 21.9 ± 4 

Prx1 P1.R2 21 ± 1 63.1 7.9 ± 1 

Prx2 WT 23 ± 2 57.9 6.1 ± 1 
Prx2 AB+ 33.5±1 67.8 17.5 ± 2 

Prx2 P2.R3 22 ± 1 49.6 18.3 ± 5 

AhpC WT 25 ± 2 42.8 23.3 ± 6 
AhpC AB- 34 53.2 5.5 ± 1 
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Supplementary Table 2.4. Theoretical and experimental mass values for the different 
oxidation states of Prx1 and Prx2 variants. 
 
Mass Values [M+H]+1 (amu) 
 
Oxidation 

State 
Observed Theoretical 

 
Observed Theoretical Observed Theoretical 

 Prx1 WT  Prx1 
P1.R1  

 Prx1 
P1.R2 

 

SH 21979.9 21980.3 21924.3 21924.2 21965.9 21966.2 
SOH 21996 21996.3 21940.6 21940.2 21982.3 21982.2 
SO2H 22012 22012.3 21957.5 21956.2 21997.7 21998.2 
SO3H 22028.2 22028.3 - 21972.2 22014.1 22014.2 

       
 Prx2 WT  Prx2.AB+  Prx2 

P2.R3 
 

SH 21761.7 21761.7 21844.6 21844.6 21716.7 21716.8 
SOH 21779.7 21777.7 21861.5 21860.6 21734.4 21732.8 
SO2H 21793.7 21793.7 21877.3 21876.6 21748.7 21748.8 
SO3H 21811.3 21809.7 21896.3 21892.6 21766.3 21764.8 
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Chapter 3: Structures of Human Peroxiredoxin 1 in an 

Intermediate Conformation Reveal Residue 

Rearrangements Involved with Catalysis 
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3.1 INTRODUCTION 

Peroxiredoxins (Prxs) are a highly-expressed family of antioxidant enzymes that 

utilize a conserved peroxidatic cysteine (Cys-SP or CP) residue to reduce hydrogen 

peroxide (H2O2), alkyl hydroperoxides, and peroxynitrate.1–5 However, the typical Cys 

pKa  is ~8.4 or higher, but the pKa of CP must be significantly lower to ensure peroxidase 

activity.3 Thus, the activation of reduced CP (Cys-SPH) by deprotonation, the activation 

of the peroxide substrate, and the proper alignment of the two reactants are essential in 

order for reduction of H2O2 to occur.6 All of these requisites are orchestrated by 

conserved, surrounding residues.  

In addition to the Cys-SP, the typical 2-Cys Prxs contain an additional cysteine, 

the resolving cysteine (Cys-SRH or CR), almost always located within the C-terminus.7 

Reduction of H2O2 by the typical 2-Cys class requires the Prx active site to be in a fully 

folded (FF) conformation to allow catalytic competency. Reduction of H2O2 by Prxs 

generates a sulfenic acid species (reduced Cys-SPH to Cys-SPOH) of Prx. The Cys-SPOH 

is highly reactive and usually condenses with the CR to form an intersubunit disulfide 

bond (SP-SR) between CP residue and the CR residue of the adjacent monomeric subunit 

(Fig. 3.1A).8 It is possible, however, for the Cys-SPOH to reduce a second molecule of 

H2O2, thus forming the hyperoxidized, sulfinic acid species (Cys-SPO2H). Disulfide 

formation requires local unfolding (LU) events around the active site in order to 

accommodate the incoming CR and, once the disulfide is formed, the active site is 

prevented from returning to the FF conformation. These events, which are all coordinated 

by surrounding amino acids, include unfolding of the CP loop/helix (CP loop described 
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below) and the unwinding of the C-terminus to allow the CR to get in close enough 

proximity for condensation.6, 8–10 Therefore, the active-site landscape is paramount for 

catalytic activity and efficiency. 

A variety of computational and kinetic studies have postulated the roles of a few 

surrounding amino acids important for Prx catalytic power. For example, aside from the 

conserved active site CP, all Prxs share an active-site sequence motif implicating a nearby 

Pro and Thr (PXXXTXXCP, also referred to as the CP loop) and an adjacent, highly 

conserved Arg residue, called ArgI (Arg128 in human Prx1).3, 6, 8, 10–15 These residues 

create a complex hydrogen-bonding network (Fig. 3.1B) that helps to orient and prepare 

the active site and substrate for catalysis. They also prepare the active site for 

nucleophilic attack on the OA atom of H2O2 by lowering the pKa of the Cys-SPH to ~5-

6.16 

Interestingly, it was found that the conserved ArgI is located in two different 

positions depending on the subfamily of Prxs (Prx1, Prx6, AhpE).3 However, it was 

concluded that the difference in the ArgI position did not significantly change the active-

site geometry. Another study, however, made the case for the importance of a second 

highly conserved Arg, ArgII (Arg151 in hPrx1). In this study, point mutation of either 

ArgI or ArgII in human Prx2 and Prx3 resulted in a 5 orders of magnitude loss in 

reactivity, and double mutation caused an additional 2 orders of magnitude loss. Thus, 

ArgII appeared to be working cooperatively with ArgI for catalytic Prx function.17 ArgII 

having a direct effect on catalysis the active site was surprising since it is ~6-7 Å away 

from the active site. Moreover, another interesting facet of this model was the   
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Figure 3.1. Prx catalytic function relies on a signature active site landscape. (a) 
During normal catalysis and low H2O2 levels, the resolving cysteine (Cys-SR) from the 
adjacent monomer condenses with the Cys-SPOH to form an intersubunit disulfide (Cys-
SP-SR-Cys). In order for this bond to occur, the active site helix, near the GGLG and YF 
motifs, and the C-terminus of the adjacent monomer must transition from the fully folded 
to the locally-unfolded state. Surrounding residues that comprise the active site landscape 
also undergo rearrangement during this transition. These residues help to organize the CP 
and substrate into the appropriate orientation for catalysis, so their rearrangement affects 
catalytic function and efficiency. This disulfide can then be reduced by the NADPH-
dependent thioredoxin (Trx)-thioredoxin reductase (TrxR) system. If, however, the H2O2 
levels are high, the Cys-SPOH moiety can react with a second H2O2 molecule to form a 
Cys sulfinic acid (Cys-SPO2H). This modification or hyperoxidation can occur on one or 
both Cys-SP residues of the dimer. The inactivated Prx can be repaired in an ATP-
dependent manner by the enzyme sulfiredoxin (Srx). (b) This is the active site from the A. 
pernix Prx crystal structure (PDB Code: 3A2V).12 It is representing a typical FF active 
site with hydrogen peroxide substrate engaged. Indicated by yellow dashes, an extensive 
hydrogen-bonding network prepares the active site for efficient catalytic function. 
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accompanying ab initio modeling studies where using a simplified representation of the 

active site suggested that ArgII may interact with the OB atom and may function as a 

proton donor to the leaving group. A key difference from this study was the proposed 

location of the H2O2 molecule in the Michaelis complex. Therefore, the binding mode of 

substrate and the proposed roles for ArgI, ArgII, and other residues involved in active site 

activation needed to be further explored.  

In order to address these open questions, we sought to determine structures of 

human Prx1 in different oxidation states and with substrate. Our structural analysis 

captured hPrx1 in the Cys-SPH and the Cys-SPOH oxidation states. We also observed an 

active site intermediate that we are calling the partially-locally unfolded conformation 

(PLU). This conformation is an intermediate between the FF active site observed in Cys-

SPH and the LU active site seen in SP-SR, and it has never been observed or discussed 

before. By comparing these new structures to other Prx structures where (1) the substrate 

was bound, and (2) the active site was in the LU conformation because the CP was in the 

SP-SR oxidation state, we were able to detail all the significant rearrangements that occur 

during transition from FF to PLU to LU. Outlining this process allowed the role of 

Arg151 to become clear. During transition from PLU to LU, Arg151 relocates outside of 

the active site space causing the hydrogen bond network shown in Figure 3.1B to be 

totally lost. Thus, Arg151 is essential in maintaining the hydrogen bond network 

necessary for active site organization, and it acts as a lever switch to control catalytic 

competence.  
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3.2 RESULTS 

3.2.1 General characteristics of C3S hPrx1 structure with and without peroxide-

soaks.  

A hPrx1 variant, C3S, was engineered to contain only the peroxidatic cysteine, 

CP. The other three Cys residues in Prx1 were mutated to Ser in order to eliminate 

unwanted thiol-disulfide exchange. This variant was successfully expressed, purified, and 

crystallized. Diffraction data for the as-purified and H2O2-soaked crystals were collected 

out to 1.90 and 1.95 Å resolution, respectively. The crystals exhibited the P212121 

spacegroup with one dimer in the asymmetric unit. Molecular replacement was 

performed using the PrxI dimer from the Prx1-sulfiredoxin complex (PDB 2RII) as the 

search model. The structures were refined to a final Rwork/Rfree values of 0.180/0.222, and 

0.188/0.245, respectively. Statistics are reported in Table 1. 

The electron density for the crystals derived from the as-purified Prx1-C3S protein show 

both active sites in the Cys-SPH oxidation state (Fig. 3.2A). However, soaking the C3S 

crystals with peroxide changed the structure. There was clear 3σ Fo-Fc electron density 

adjacent to the sulfur atom in both active sites, indicating that both were in the Cys-SPOH 

oxidation state (Fig. 3.2B).  The overall structure of the as-purified Prx1-C3S structure is 

shown in Figure 3.3A. Chain A was in the FF conformation. Chain B was in an 

intermediate conformation between FF and LU that has not been observed for Prxs. This 

partially-locally-unfolded (PLU) state places the CP about a half-turn counterclockwise 

from where it is located in the FF conformation (Fig. 3.3B). Also, the CP in Chain B had  
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Table 3.1.  Data collection and refinement statistics  

*Values in parentheses are for highest-resolution shell. Data from a single crystal. #To be 
submitted to the Protein Data Bank. 

  Prx1 C3S  Prx1 C3S + H2O2  
Data collection      
Space group  P212121  P212121  
Cell dimensions        

a, b, c (Å)  67.7, 79.7, 82.4  67.1, 78.8, 82.8  
α, β, γ (°) 90.0, 90.0, 90.0  90.0, 90.0, 90.0  

Resolution (Å)  67.7−1.9 (1.97−1.90)*  43.5−1.95 (2.02−1.95)*  
Rmeas  0.069 (0.623)  0.086 (0.690)  
CC1/2  0.99 (0.79)  1.00 (0.55)  
I / σI  14.9 (2.0)  12.1 (2.3)  

Total reflections  421038  447184  
Unique reflections  33231  32683  
Completeness (%)  92.8 (60.5)  100 (99.9)  
Redundancy  12.7 (6.3)  13.7 (10.6)  
Wilson B (Å2)  38.7  52.4  
      
Refinement      
Resolution (Å)  36.6−1.9  43.5−1.95  
No. reflections  33089  32617  
Rwork / Rfree  0.180/0.222  0.188/0.245  
No. atoms      

Protein  2675  2639  
Ligand  19  13  
Water  138  42  

B-factors      
Protein  43.8  66.7  
Ligand  78.6  190  
Water  45.3  55.9  

R.m.s. deviations      
Bond lengths (Å)  0.011  0.011  
Bond angles (°) 1.04  1.11  
      
Validation      
Ramachandran (%)      

Most favored  97.9  97.9  
Additionally allowed  2.1  2.1  
Outlier  0  0  

Rotamer outliers (%)  0.68  0  
Clashscore  0.93  1.14  
      
PDB code  XXXX#  XXXX# 
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Figure 3.2. Soaking C3S crystals with peroxide causes a shift in active site 
conformation. (a) Stereo view of the electron density of as-purified C3S crystals indicate 
that both Chains A and B are in the Cys-SPH oxidation state. Chain A is in the FF active 
site conformation. Chain B is in a PLU active site conformation. The CP in Chain B 
shares occupancy between two different positions. (b) Peroxide soaking of C3S crystals 
causes both Chain A and B to shift into the PLU active site conformation. Fo-Fc maps 
indicate electron density (green) adjacent to the sulfur atom signifying that the CP is in 
the Cys-SPOH oxidation state.  
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Figure 3.3. 
Structures of as-
purified and 
peroxide-soaked 
Prx1-C3S crystals 
reveal novel PLU 
intermediate 
conformation. (a) 
Overall structure of 
as-purified C3S 
crystals. Chain A is 
blue. Chain B is 
purple. Peroxidatic 
cysteine is indicated 
by yellow sphere. 
(b) Overlays of 
Chain A and B in 
the as-purified 
structure show that 
Chain B is in the 
PLU conformation 
and the CP in Chain 
B has split 
occupancy. Orange 
arrow represents a 
7.3 Å move from 
FF to PLU position. 
(c) Chains A and B 
of the peroxide-
soaked (gold and 
green, respectively) 
structure are 
superimposed onto 
Chain A of the as-purified structure (blue). This shows that the peroxide soaks caused 
both active sites to shift to the PLU conformation. (d) The chains of the soaked crystals 
(green and gold) compared to the PLU chain of the as-purified crystals (purple) show that 
the gold and green CP are in the PLU position furthest away from the FF CP position. (e) 
The active site landscape of FF (blue) compared to PLU (purple). (f) PLU active site 
landscape in as purified (purple) compared to peroxide soaked (green and gold). 
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split occupancy for two different rotamers. For the peroxide-soaked crystals, both active 

sites were in the PLU conformation (Fig. 3.3C), and both chains had the CP occupying 

the position furthest away from the FF conformation position (Fig. 3.3D) 

 3.2.2 Key rearrangements that occur during FF>PLU transition.  

Notably, the CP in PLU is moved ~7.3 Å from where it is located in FF 

conformation, indicative of the helix unwinding that must occur during FF>LU transition 

(Fig. 3.3B). Some additional significant changes in spatial location occur during FF>PLU 

Cys-SPH transition for Thr49, Phe50, Val51, Thr54, and Arg128 (ArgI) (Fig. 3.3E). Of 

note, the positioning of Arg151 (ArgII) does not change between FF and PLU 

conformation. Also, the Cys-SPH PLU structure and the Cys-SPOH PLU structure are the 

same except in the arrangement of Thr54 in chain B and the Phe50 positioning (Fig. 

3.3F). 

As determined from overlays comparing FF Prx1 with the A. pernix Prx structure 

wherein the substrate is bound, in this conformation, the hydroxyl of Prx1 Thr49 is 

pointed towards the CP (Fig. 3.4)12 As proposed in previous studies and according to the 

Michaelis complex, the Thr49 participates in hydrogen bonding with the OA of the 

substrate.3 Thr49 OH is 3.1 Å away from the CP itself. For Arg128, the NΗ1 atom 

interacts with the CP, and the NH2 atom would be ready to hydrogen bond with the OA of 

the substrate. The NE atom of Arg 128 is within hydrogen bonding distance with the 

oxygen of the Leu147 backbone carbonyl group, so Leu147 helps to arrange Arg128 in 

the proper position so that Arg128 can offer activation to the CP and peroxide. Glu55 may 
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be playing a similar role to Leu147 because it is also within hydrogen bonding distance, 

but to the NH2 atom of Arg128 instead. In turn, Glu55 seems to be oriented through 

hydrogen bond interactions with the NH2 and NE atoms of Arg151. In summary, the 

hydrogen bond network in the FF conformation helps to orient and activate both the CP 

and substrate for catalysis. 

As the CP reacts with the substrate and shifts into the PLU conformation, the helix 

begins to unwind and as a result, the CP moves upwards 3.4 Å (Fig. 3.3E). The Thr54 

rotates so the hydroxyl is facing one of the conformations of the CP, the one furthest 

away from the FF CP location. This may be introducing a new weak hydrogen bonding 

interaction. Figure 3.3F shows that in chain A of the Cys-SPOH structure, the Thr54 

hydroxyl is also rotated and it may be weakly interacting with the CP. In Chain B of Cys-

SPOH PLU, the Thr54 is located at the same position observed in the FF structure. Each 

chain in the structure has a unique placement for Phe50, which correlates with the high B 

factors for the side chain of this residue.  

Moreover, in the PLU structure the hydroxyl of Thr49 rotates around to face the 

opposite direction, which disrupts the front section of the hydrogen bond network (Fig. 

3.4). The shifts and repositioning of Val51 and Phe50 are a consequence of the 

unwinding of the helix (Fig. 3.3E-F; Fig. 3.4). The NE atom of Arg128 is facing the 

opposite direction in PLU than the direction it is facing in FF. In this flipped position, 

Arg128 is 2.5 Å away from the OE2 atom of Glu55, meaning the two residues have 

moved slightly closer together. This is different than the FF arrangement where the OE2 

atom of Glu55 is interacting with the NH2 of Arg128. It is important to note that neither 
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Glu55 nor Arg151 change positions between FF and PLU, so the NE and NH2 atoms of 

Arg151 are still within the appropriate distance to interact with Glu55. In short, in both 

Cys-SPH and Cys-SPOH PLU arrangements, the change in CP location and the Thr49 

rotation cause the front-end hydrogen-bonding interactions to be lost. However, much of 

the bonding network is maintained on the backside, but there are some slight shifts in 

bond exchange to reflect the change in spatial relationships.  

3.2.3 Key rearrangements that occur during PLU>LU transition.   

A comparison of the PLU state in Prx1 to the recently determined hPrx2 SP-SR 

structure (Chapter 2, Fig. 2.2), which is in the LU conformation, reveals additional 

structural rearrangements associated with Prx transitioning to the next step in the catalytic 

pathway (Fig. 3.4). During the PLU>LU transition, the CP rotates another 6.4 Å to form 

the disulfide. Importantly, when the active site changes from PLU to LU conformation, 

the entire loop containing Arg151/ArgII (150 in hPrx2) moves ~14 Å and rotates ~180° 

(Fig. 3.4). Because of the rearrangements that occur during this transition, the remaining 

backside hydrogen-bonding network previously described is totally lost. In the LU 

conformation there appears to be only one new interaction; Arg151 is within hydrogen 

bonding distance of the backbone carbonyl oxygen atom of Arg158 (Arg157 in hPrx2) of 

the adjacent chain (Fig. 3.5).
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Figure 3.4. The hydrogen bond 
network responsible for active site 
orientation changes over the 
course of catalysis. The A. pernix 
Prx (pink) with peroxide substrate 
engaged in the active site (peroxide 
in red) was superimposed onto the 
active site of the newly solved FF 
hPrx1 (blue). This putative 
Michaelis complex shows the 
hydrogen-bonding pattern that 
orients and activates the CP and the 
substrate in the proper alignment for 
catalysis. However, in the PLU 
conformation, most of the hydrogen-
bonding network is lost, except for 
those involving Arg128 (ArgI), 
Arg151 (ArgII) and Glu55. The 
oxygen atom of Thr54 rotates to 
within ~4 Å of CP. Then, as the CP 
rotates around even more (6.4 Å) 
into the LU conformation observed 
for human Prx2 (white), in order to 
form the disulfide, Arg151 moves 
14.1 Å. Thus, Arg151 is no longer 
contributing to the activation of the 
active site via its interaction with 
Glu55. This causes the hydrogen-
bonding networks observed in FF 
and PLU conformations to be 
completely lost. 
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Figure 3.5. ArgII in the LU 
conformation is completely 
outside of the active site 
region. ArgII (labeled) in the 
LU conformation is interacting 
with Arg157 (other Arg shown; 
unlabeled) of the adjacent 
chain.  

 

 

 

 

3.3 DISCUSSION  

It has been firmly established in the literature that surrounding residues help 

create an active site landscape necessary for catalytic power and efficiency.1-3,6-8,11,17 The 

roles for a few of these residues in Prxs have been clearly outlined previously, but in our 

report, we reveal the impact of Thr49, Thr54, Arg151. These contribute to a web of 

hydrogen bonding interactions necessary for aligning and activating both the H2O2 

substrate and active site Cys, CP.3 Previously, there were two suggested roles for 

Arg151/ArgII. One was that it helped arrange ArgI/Arg128 into the proper conformation 

for catalysis via an Arg-Glu-Arg hydrogen-bonding network.3,11-14 In the second, a 

computational study concluded that the active site dimensions would allow for both ArgI 

and II to interact with the different oxygen atoms of the substrate simultaneously.17 Thus, 

the Oa-Ob bond would be weakened and Arg151 would act as a donor to the OH- leaving 

group of the substrate facilitating its departure. In our structural analysis, it does not 
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appear that substrate would ever be within bonding distance of ArgI and II at the same 

time to allow the second proposed model of reaction to occur. In fact, based on the 

unwinding of the helix and new position of the CP observed in FF>PLU transition, it 

seems the CP would be torqued away from ArgII and that the leaving group of the 

substrate would exit out the same way it came in. Our data supports Arg151 playing an 

important role in preparing the active site for catalysis via an Arg-Glu-Arg hydrogen 

bond network. We believe that the ArgII residue acts as a lever switch that controls 

disulfide formation. This is supported by the partial maintenance of the bond network in 

the PLU conformation but the total loss of the hydrogen-bonding complex when Arg151 

undergoes the flip associated with LU conformation.  

In the report suggesting that both ArgI and ArgII interact with the substrate, it was 

shown that point mutations of either Arg residue result in a 5 orders of magnitude loss in 

activity.17 However, we think that the Arg-Glu-Arg bond network hypothesis could still 

explain this observation because there are compensatory residues that were previously 

not discussed. With the loss of ArgI, it is possible that Thr49 is enough to activate the 

substrate and/or the CP because it is within H-bond distance to CP as well. Loss of ArgII 

could potentially disrupt the Arg-Glu-Arg hydrogen bonding interaction, but ArgI is not 

only oriented by Glu55. Leu154 also positions ArgI. In that previous report, the double 

mutant caused an additional 2 orders of magnitude loss in catalytic function.17 Our data 

suggests that if both ArgI and II are mutated, the active site would be very similar to the 

LU active site and there would be no hydrogen bond network at all. As a result, catalytic 

efficiency would be severely affected. Catalysis would only occur according to the 
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probability of the residues coming close enough together to form a “good-enough” 

landscape. Obviously, based on random flux of the protein structure that occurrence is 

low, which is what was observed with the double Arg mutant.17 

These observations also provide insight into is Prx hyperoxidation. 

Hyperoxidation of the CP occurs when the Cys-SPOH reacts with a second molecule of 

hydrogen peroxide before the disulfide forms, meaning there is competition between the 

two.1,2,7-10 Structures of hyperoxidized Prxs indicate that the active site is typically locked 

in the FF conformation.6,8-11,13,14 The Cys-SPOH PLU structure does not seem likely to be 

hyperoxidized due to its facile nature and the lack of proximal residues that would help 

orient and activate the substrate and CP. The active site would probably need to flip back 

down into FF in order to react with a second molecule of H2O2 and become 

hyperoxidized. However, that is a distance of 7.3 Å whereas according to the hPrx2 

hyperoxidized structure, moving on to form a disulfide only represents a move of 6.4 Å, 

which would presumably be the energetically favorable move. As a result, several 

questions remain. What interactions around the active site and across the protein 

influence this tug-of-war of the CP between LU and FF positions for either disulfide 

formation or hyperoxidation, respectively? Is the Thr54 rotation significant to that tug of 

war? It may be helping “hold” the CP in the PLU location long enough for the resolving 

cysteine to come in for disulfide formation. Moreover, maybe motifs outside of the active 

site, like the YF and GGLG motif, come into play to influence the tug-of-war.  

From this structure, we also realize that the active site can sample the PLU 

conformation without oxidation, which is interesting, but must be extremely fast given 
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the ~105-107 M-1 s-1 kSOH rates for these enzymes.1,4,18 This PLU sampling undoubtedly 

impacts oxidation rates as well, but to what extent? Is FF>PLU the rate-limiting step or 

perhaps PLU> LU? Also, we know that the Prx active site is buttressed by dimer-dimer 

interface interactions within a decameric context, which helps the active site even more to 

adopt the FF conformation. Consequently, since the Cys-SPOH structure was a dimer, it 

is possible that if it had instead crystallized as a decamer, then the active site 

configuration could have been slightly different.8,9 However, the use of the Prx1 dimer 

most likely enabled us to capture the unusual PLU intermediate. The stage is now set for 

additional mutational, structural and computational studies to answer these questions. 

 

3.4 MATERIALS AND METHODS 

3.4.1 Human Prx1 C3S mutant engineering and purification. Using the QuikChange 

site-directed mutagenesis kit (Stratagene) in an iterative process, the hPrx1 C3S variant 

was developed that had C71S, C83S, and C173S mutations meaning that only the 

peroxidatic cysteine, Cys52, remained.  At each step, gene sequence was verified. The 

hPrx1 C3S gene was subcloned into the pET17b vector (Novagen) and expressed in 

BL21 (Gold) Escherichia coli cells (New England Biolabs). This resulted in the mature 

form of the protein without the addition of any N-terminal or C-terminal affinity 

tags/extra residues, which was necessary because residues at either location could affect 

oligomeric state and/or catalytic activity. The purification protocol used for this mutant 

protein has been described previously 18, with only minor changes made to optimize for 

the pI difference for this particular construct. Briefly, the phenyl sepharose column buffer 



91 

 

was adjusted to 8.5, and instead of using a Q-Sepharose FF column, the S-Sepharose 

column was used with 20mM MES pH 6.5 with a 600mL linear gradient to 1M NaCl. 

Otherwise, the procedure was as described and the final purity and oxidation state of the 

purified product was determined using SDS-PAGE and mass spectrometry (MS). The 

purified protein was concentrated in 20 mM HEPES pH 7.5, 100mM NaCl, flash frozen 

with liquid nitrogen, and stored at -80˚C until use. Concentration was determined by 

absorbance at 280 nm with a ɛ = 18450 M-1 cm-1 and later confirmed by Bradford Assay. 

3.4.2 Crystallization of hPrx1 C3S mutant and peroxide-soaked crystals. 

Commercially available sparse matrix screening kits were set up for the hPrx1 C3S 

variant over a range of temperatures and protein concentrations using the sitting drop 

method. Crystal formation was monitored over time, and crystallization leads identified. 

Optimal crystals for C3S were grown at room temperature using the hanging drop vapor 

diffusion method in: 0.2M tri-lithium citrate, 24% PEG 3350, 10mM TCEP, 7.5 mg/mL 

protein in 4µL+4µL (protein solution+well solution) sized drops. For cryoprotection, 

crystals were transferred into a synthetic mother liquor (SML; the normal well solution 

with a 30% PEG 3350 concentration and 10% glycerol). Hydrogen peroxide treatment of 

C3S protein crystals was performed by a stepwise stabilization process wherein crystals 

were sequentially treated with SML, SML+ incremental increases of H2O2 up to 10mM 

over 1 minute. After last addition, C3S crystals were soaked with 10 mM H2O2 for ~30 s. 

Otherwise, crystals shattered if they were put straight into peroxide-containing solutions.  

3.4.3 Structure solution. Diffraction data for the Prx1-C3S crystals were collected using 

an in-house Rigaku MicroMax 007/Saturn92 diffractometer. The images were processed 

using d*TREK, and the space group and systematic absences were confirmed using 
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HKLVIEW (Table 1).19 The Matthew’s Coefficient was calculated and predicted a dimer 

within the crystal asymmetric unit. The dimeric form of hPrx1 from the Srx-Prx complex 

(PDB 2RII) was used as the search model for molecular replacement using PHASER.20 

To remove search model bias in the active site and C-terminus, residues 43-56, and 89-

103 were removed, and the C-terminus was truncated at residue 165. The program COOT 

was used to rebuild the removed portions of the protein back in, and the model was 

refined in an iterative fashion using PHENIX.21, 22 Final Rwork/Rfree is 0.180/0.224, and 

structure was validated using MOLPROBITY.23  

Diffraction data for C3S H2O2-soaked crystals was collected up to 1.95 Å resolution on 

our in-house Rigaku MicroMax 007/Saturn92 diffractometer. Data collection statistics 

are reported in Table 1. 

Structural comparisons were done using the PyMol Molecular Graphics System, Version 

1.8 Schrödinger, LLC. 
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Chapter 4: Conclusions 
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 Prxs are powerful antioxidants that help protect against harmful H2O2 

accumulation during oxidative stress, but they can be inactivated by H2O2. 2,18,38,45,64 

Recently research has shown that localized, low-level Prx hyperoxidation allows for 

controlled, short-lived H2O2 accumulation wherein the H2O2 serves as second messengers 

in homeostatic signal transduction.7,8,42,43,65 The low-level hyperoxidation of Prxs may 

even allow them to exhibit functional switching to alternative roles.4,7,13,42,43,52,66 Even Prx 

hyperoxidation on a large, globalized scale serves an important purpose: it relays to the 

cell that it is in danger and must respond accordingly, which usually results in it 

activating apoptotic signaling cascades.3,10,47,53,55,65,67,68 

 Another interesting layer of Prx hyperoxidation/inactivation is that it is variable. 

Across the classes and subfamilies of Prxs there are differences in how susceptible each 

individual member is to hyperoxidation.17,29,30,35,46,69–72 Though it is not clear what or how 

this characteristic is defined in the protein, it is believed that unique sequence and 

structural features play a role in “fine-tuning” hyperoxidation. For example, previously it 

was determined that many of the Prxs in the sensitive class contained the YF and/or the 

GGLG motif, but even then, amongst the group of Prxs that all contained those 

sensitivity-conferring motifs, there were differences.16,18,25 Some were more resistant than 

others, and despite several studies, the molecular basis for this stratification of 

hyperoxidation sensitivity was still not clearly defined. However, these findings meant 

that the YF and GGLG motifs are not the only determinants of hyperoxidation 

susceptibility. 

 In this thesis project, the first structure of hPrx2 in the SP-SR state was determined 

and in combination with amino acid sequence analysis and kinetics methods, led to the 
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discovery of two new motifs, Motifs A and B, that contribute to hyperoxidation 

resistance. As presented in Chapter 2, the significance of these motifs was demonstrated 

by disrupting them in the model robust bacterial Prx, S. typhimurium AhpC, which 

caused it to be as sensitive as mammalian Prxs that contain the YF and GGLG motif. 

This is the first time S. typhimurium AhpC has been made sensitive.  We also made hPrx1 

as robust as a bacterial Prx by modifying Motif A to more-closely resemble the Motif A 

in S. typhimurium AhpC. These motifs are located relatively far from the active site. This 

underscores the idea and provides new details regarding it that there is large-scale, 

globalized communication across the protein. It is this long-range communication that not 

only allows for the active site to be competent for its chemical function but also 

influences the dynamics that affect hyperoxidation susceptibility. 

 The work in this thesis also includes one of the first structures of a human Prx in 

the Cys-SPOH intermediate, and it provides a higher resolution structure of hPrx1 in the 

Cys-SPH state. As discussed in Chapter 3, these new structures in combination with 

previously determined structures of hPrx2 can be combined to reveal snapshots of the 

structural rearrangements that occur during catalysis. This structural collection also 

shows how key residues that influence active site geometry and function rearrange during 

transition from FF conformation to LU conformation. The new structures revealed a new 

intermediate where the active site is partially locally unfolded (PLU). Importantly, it was 

indicated that during the conformational change between PLU and LU, Arg 151/ArgII 

undergoes a dramatic flip, and as a result, the hydrogen bonding network responsible for 

active site stability is totally lost. Also of note, crystallization conditions for the SP-SR 

and Cys-SPO2H oxidation states of hPrx1 were identified but require further optimization.  
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4.1 The New Structure of hPrx2 in the SP-SR State Compared to the hPrx2 Cys-

SPO2H State Highlights Key Areas Involved in Hyperoxidation. 

The structure of hPrx2 in the disulfide form was determined and compared to the 

structure of hPrx2 Cys-SPO2H (PDB 1QMV). As shown in Chapter 2, Fig. 2.1, the areas 

of the protein that were different in conformation between these two oxidation states 

were highlighted. There were three: Region 1 is a kink at the end of the Region 2 α-helix. 

Region 2 is α-helix located at the dimer-dimer interface, adjacent to the active site, and 

Region 3 is a flexible linger region also located at the dimer-dimer interface. It is 

hypothesized that these regions, due to their location and significant spatial changes, are 

involved in hyperoxidation.  Additionally, in-depth amino acid sequence analysis was 

completed comparing and contrasting hPrx1 and 2. The goal was to identify what amino 

acids were responsible for the observed 10-fold difference in hyperoxidation 

susceptibility between these two Prxs. Interestingly, many of the most dissimilar amino 

acids ended up grouping in the regions identified from the structural comparison of two 

oxidation states (Fig. 2.3). Within Region 1, there was a charge reversal flanking a third 

Cys residue that hPrx1 and hPrx2 share. In Region 2, Prx1 has an additional, fourth Cys 

residue that has previously been proposed to form a disulfide across the dimer-dimer 

interface.46 Prx2 does not have that Cys residue. There are several charge differences in 

Region 2, as well, and notably, this region contains the GGLG motif. Region 3 is also 

located at the dimer-dimer interface, and there are significant differences in the size and 

bulkiness of the residues located there when the members are compared. It is presumed 

that these variances in these regions affect decamer stabilization, structural dynamics of 
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transitions between FF>PLU>LU conformations, and subsequent hyperoxidation 

sensitivity/resistance.  

 

4.2 Identification of New Resistance Motifs that Contribute to Hyperoxidation 

Variability in Prxs.  

Expanding on the structural and amino acid comparisons between Prx 1 and Prx, 

computational analysis found conserved residues in the separate classes of robust and 

sensitive Prxs (Supplementary Fig. 2.2). This highlighted several residues within the 

regions of interest that were different between the two classes. It is hypothesized that 

perhaps these residues are contributing to the respective hyperoxidation characteristic of 

each class. Because hPrx1-4 are all grouped in the sensitive class and yet there are still 

some that are notably resistant, the amino acids highlighted for the resistant class were 

compared to a sequence alignment of the four mammalian Prxs. This revealed the 

putative resistance-conferring motifs. Motif A is D-X8-N/G-X10-H-X27-S/G. The second 

motif, motif B, is T-X3-S/T. Human Prx1 and 2 were the primary focus, but the study 

was expanded to include other Prxs as well. Prx1 has Motif A and Prx2, even though it is 

the most sensitive out of the six mammalian Prx enzymes, contained Motif B. Prx3 

exhibits both motifs. The roles of the motifs were evaluated by a series of mutants 

engineered to have different combinations of the Motif A and Motif B (with the presence 

of absence of the motif indicated by + or -): Prx1 WT A+B-; Prx1 A-B-; Prx1 A-B+; 

Prx2 WT A-B+; Prx2 A-B-; and Prx2 A+B+.  There was also a Prx1 variant designed to 

make the Motif A more closely resemble the Motif A that S. typhimurium AhpC, which is 

slightly modified having a G in the second position instead of an N. Insertion of the 
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motifs resulted in increased resistance as expected, and the changes are reported in Fig. 

2.4. A Gly in the second position of Motif A significantly increased hyperoxidation 

resistance when the other residues comprising the motif were also there in a seemingly 

synergistic way. A second-position G was not sufficient alone to make the protein 

resistant, as observed in the case of hPrx2 WT which has a G but none of the other 

residues that make up Motif A. Disruption of Motif A or B, even if by one residue 

mutation, was enough to increase sensitivity, usually by at least 10-fold. Disruption of 

both motifs in WT S. typhimurium AhpC, which is a robust bacterial Prx, made it as 

sensitive as mammalian Prxs representing a ~20,000-fold increase in sensitivity. 

 

4.3 New Structures of hPrx1 in the Cys-SPH and Cys-SPOH PLU Intermediate Offer 

Exciting Insight into Structural Rearrangements During Catalysis 

It is firmly established that the structure of Prxs control the active site landscape 

thus effecting catalytic function.22,40,73–76 The conserved active-site signature for all Prxs 

includes the CP, a Pro, Thr, and Arg (Fig. 3.1B).76 There is also a second Arg, ArgII, 

identified that contributes to active-site catalytic competence, although the mechanism by 

which it is involved was unknown.75 It was unclear if the ArgII residue interacted with 

the substrate leaving group or if it helped activate the CP through an Arg-Glu-Arg 

hydrogen bond network. The new structures determined in this thesis work revealed a 

PLU intermediate conformation and helped reconcile these two differing models. The 

PLU conformation had never been observed before. Structural comparison of the FF, 

PLU, and LU active site conformations showed all of the spatial rearrangements that 

occur during oxidation and how the hydrogen bonding patterns shuffle during these 
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transitions (Fig. 3.3; 3.4). In our analysis, at no point could ArgII be close enough to the 

substrate to interact. Specifically, during PLU >LU transition, ArgII flips completely out 

of the active site space thus causing the hydrogen bond network responsible for active 

site orientation and activation to be lost. When in the LU conformation, none of the 

residues surrounding the CP are within hydrogen bond distance because of the ArgII 

relocation (Fig. 3.5). This supports the idea that ArgII is important for active site 

orientation because of a hydrogen-bond web of interactions. 

 

4.4 Evaluating Structural Changes Over the Course of the Entire Catalytic Cycle 

and Hyperoxidation 

In Chapter 3, we discuss the impact of Thr49, Thr54, Arg151 rearranging over the 

course of oxidation. Thr49 and Thr54 undergo subtle rotations, but Arg151 has a 

dramatic relocation spanning 14.1 Å. Overall, these residues contribute to a web of 

hydrogen bonding interactions necessary for aligning and activating both the H2O2 

substrate and active site Cys, CP. Figure 3.4 chronicles the rearrangements that occur 

during the FF>PLU>LU transition associated with oxidation. 

In the PLU conformation, partial maintenance of the bond network is observed. 

We think this partial maintenance allows the active site to reconfigure back into the FF 

conformation if/when necessary. However, in LU conformation the hydrogen-bonding 

complex is entirely lost because the Arg151 has flipped out of the active site space. 

Because of this, we believe that the ArgII residue (Arg151) acts as a lever switch that 

controls active site configuration and function. In FF or PLU conformation, ArgII is in 
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the “on” position allowing the active site to properly orient itself for catalytic function. In 

LU conformation, ArgII is in the “off” position and the active site is not open for 

catalytic business. Prx variants where the ArgII was mutated support this notion because 

mutation resulted in a 5 orders of magnitude loss of catalytic function. 

Of note, it is interesting that our new structures showed that Prxs can sample the 

PLU conformation independently of oxidation. Also, it is worth noting that the Cys-

SPOH PLU structure does not seem likely to be hyperoxidized due to its facile nature and 

the lack of proximal residues that would help orient and activate the substrate and CP. 

The active site would probably need to flip back down into FF in order to react with a 

second molecule of H2O2 and become hyperoxidized. However, that is a distance of 7.3 Å 

whereas according to the hPrx2 hyperoxidized structure, moving on to form a disulfide 

only represents a move of 6.4 Å. This suggests that there is a “tug-of-war” between FF 

and LU, and our analysis suggests that Thr54 may help hold the CP in PLU conformation 

so that it can react with the resolving Cys. 

 

4.5 Future Directions 

 Taken together, the information gathered from this body of work has revealed 

several sequence and structurally based determinants of Prx hyperoxidation 

susceptibility. Prxs are important in controlling H2O2 levels, and while their loss of 

activity due to hyperoxidation is necessary for normal cell signaling, it can also be 

detrimental if unregulated. Large-scale, sustained Prx hyperoxidation, like in an oxidative 

stress environment, can actually exacerbate oxidative stress and contribute to 
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pathogenesis. Thus, these novel structural elements identified represent a switch between 

sensitive and resistant that can perhaps be exploited to modulate Prx hyperoxidation in 

the context of many different oxidative-stress related diseases. With that said, many 

questions remain about Prx hyperoxidation and further validation is necessary: 

• The classification of sensitive and robust only extends to a small percentage of 

total Prxs because until recently, there were limited ways of reliably measuring 

and comparing Prx sensitivity. There are assumed members of both the sensitive 

and robust class that have not been tested yet. They are only in the categories 

based on prediction due to the presence or absence of the YF and GGLG motifs. It 

would be insightful to take an uncharacterized Prx, predict its hyperoxidation 

sensitivity by evaluating what motifs are present: A, B, YF, and GGLG motifs, 

then actually test its sensitivity. This would further support the validity of the new 

motifs. 

• Also, the Gly in the second position seems to have more weight than the other 

residues comprising Motif A, and it also seems that Motif A is a stronger 

influencer than Motif B. However, to test this theory, more mutagenesis studies 

need to be completed where the various permutations of motif residues are tested 

to observe how the combinations affect hyperoxidation susceptibility. This will 

establish the importance of each residue and each motif as well as outline whether 

there are synergistic effects occurring between the residues and motifs or not. An 

example would be systematically mutating AhpC.AB- back, residue by residue, to 

AhpC WT. That would show which residues were having the biggest influence.  
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• Ultimately, it is a complex interplay between the dynamics for the FF>PLU>LU 

transitions and how those transitions are influenced by the CP loop, C-terminus, 

dimer-dimer interface, Motifs A and B, YF and GGLF motifs, etc. All of these 

taken together control the “flux” of global protein structure and therefore impact 

active site landscape, which in turn, affects catalysis and hyperoxidation. As 

discussed in Chapter 2, the Prx2 mutant that had no resistance-conferring motifs 

was still 25-fold more sensitive than the Prx1 variant that also did not contain any 

resistance motifs. Also, it was expected that the Prx2 mutant containing both 

Motifs A and B might be as resistant as Prx3 WT which also contains both, but it 

was not even as resistant as Prx1 WT which only contains Motif A. This suggests 

that there are even more elements determining hyperoxidation susceptibility yet to 

be discovered, and which part of the complex interplay these elements are 

impacting would need to be determined as well. Most likely, Prx2 has additional 

sensitivity-conferring motifs, but alternatively, Prx1 and others could have 

additional resistance-conferring motifs. Analysis similar to that described in 

Chapter 2 could be completed in order to identify the additional structural 

components responsible. It would be helpful to evaluate Prx3 in a similar manner, 

disrupting or altering the motifs to see how sensitivity/resistance changes. 

Expanding on this idea, investigating the Prxs that are exceptions, Prxs that are 

still resistant but do not contain Motif A and B, would provide more details on the 

importance of these motifs and perhaps lead to the discovery of more elements 

that influence hyperoxidation. 
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• In the long-term, it is important to do in vivo experiments examining how 

hyperoxidation susceptibility switching affects the phenotype of cells. For 

example, are bacteria still able to survive H2O2 treatment when their typically 

robust Prxs are now sensitive? The same question could be asked about chemo- 

and radioresistant cancer cells. Are they resensitized to treatment if the Prxs 

present are made more sensitive to inactivation thus allowing ROS to accumulate 

and kill the cancer cell? An intriguing example is that of the malarial parasite P. 

falciparum which has been shown to actually utilize hPrx2 that it imports from 

host red blood cells.61 The acquisition of hPrx2 helps to fortify its own antioxidant 

defense against the host immunity ROS onslaught, but what if it brought in a 

modified hPrx2 that was much more sensitive than the wildtype protein because it 

lacked Motif B? Would the parasite still be able to survive and persist relying 

only on its own defenses, or would the host immune response triumph and easily 

clear out the infection? These are principal questions that highlight how 

significant these enzymes are in maintaining cellular health. The answers to these 

questions hold the potential to quite literally impact millions of lives. 

• Lastly, solving the structures of the remaining hPrx1 oxidation states, SP-SR and 

Cys-SPO2H, would complete the structural collection for one Prx. A structural 

portfolio of this sort would offer up invaluable knowledge about the structure-

function relationship of Prxs. It could also serve as a reference point for any and 

all Prxs solved thereafter to illustrate how variations in structure, even as small as 

they may be, dictate changes in functionality. It is possible that these fine points 

of structural change coupled with the stratification of hyperoxidation 
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sensitivity/resistance create windows of opportunity wherein one could selectively 

target individual Prxs, perhaps by antibody or drug treatment. Selective targeting 

would be important due to the differentiated role each family member plays. 

Widespread targeting would impact many different signaling pathways, not just 

one or two.  

4.6 Final Conclusions 

 The experiments described in this thesis were intended to extract basic knowledge 

regarding the molecular basis of Prx hyperoxidation and the variable susceptibility 

observed across this family of enzymes. This biochemical insight is fundamental in 

understanding the role Prxs and their inactivation play in pathogenesis as well as disease 

persistence. Extensive structural information was determined for Prxs undergoing 

catalysis and hyperoxidation. New regions of interest outside of the active site proximity 

were identified and found to be involved in hyperoxidation susceptibility determination. 

Perhaps most importantly, two new resistance-conferring motifs were discovered and 

their power demonstrated.  

 In conclusion, the findings reported in this thesis deliver key details about the 

process of Prx hyperoxidation. The new structures described here establish a platform for 

structure-based drug design targeting Prxs, the validity of which is definitely being 

explored. Moreover, these studies provide fresh information about the structural 

determinants of Prx hyperoxidation sensitivity/resistance. It is no longer just the YF and 

GGLG motifs that contribute; now Motifs A and B must be taken into consideration. The 

results of these experiments should reignite investigation into the regulators of Prx 

hyperoxidation vulnerability or resistance because it is clear there are more motifs to be 
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found. Ultimately, the innovations discussed in this thesis could be utilized to develop 

Prx-targeting therapeutics relevant in a variety of different diseases including: cancers, 

diabetes, malaria, atherosclerosis, and neurodegenerative diseases like Alzheimer’s. The 

impact of this protein family is expansive meaning the information gathered in these 

studies is worth following up on.  
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