
AN ABSTRACT OF THE DISSERTATION OF 

 

Andrea Renée Hall for the degree of Doctor of Philosophy in Biochemistry & 

Biophysics presented on May 10, 2010

Title: 

. 

Biophysical Analyses of Peroxiredoxins and a Partner Reductase

 

. 

Abstract approved:

 P. Andrew Karplus 

                                                                                                           .                

 

 

Peroxiredoxins (Prxs) are dominant peroxide-reducing enzymes with two 

important roles: they protect all organisms from oxidative damage induced by 

peroxides, and in eukaryotes, they participate in hydrogen peroxide signaling 

pathways.  This dissertation presents studies aimed at the biophysical characterization 

of select Prxs and a Prx reductase to elucidate their structure-function relationships.  It 

includes two Chapters containing published (or submitted) review articles and three 

Chapters describing original research, two of which are published papers.  A final 

conclusions Chapter describes the major contributions of this work and future studies. 

 The first review presents the features of both general Prx structure and those 

unique to each of the six Prx subfamilies.  Analysis of the universal Prx active site 

leads to the novel insight that the catalytic power stems from activation of both 

enzyme and substrate.  The second review describes structural features that allow 

floodgate-like Prxs to participate in signaling pathways and also surveys the evidence 

in support of the three proposed models of Prx involvement in redox-based signaling.   

Two of the Chapters containing original research explore the Prx structural 

features associated with peroxide reduction.  The first is a published analysis of the 

structural transition required for catalysis in the Tpx subfamily.  The identified 

importance of the dimer interface during catalytic gymnastics and in binding substrate 

led to the proposal that Tpxs are obligate dimers.  The second study provides structural 



data supporting the insights on catalytic power presented in Chapter 2.  Analysis of a 

novel structure of human PrxV bound to DTT as well as other structures reveals how 

the active site stabilizes the transition state of the reaction.  This Chapter also proposes 

diols as a novel class of competitive inhibitors. 

 The third original research Chapter is a published characterization of a Prx 

reductase, the N-terminal domain of the bacterial AhpF (NTD).  NMR and 

fluorescence measurements show that on a timescale relevant to catalysis, the oxidized 

form of the NTD is more heterogeneous than the reduced form.  It also documents 

how the two thioredoxin folds that make up the NTD have evolved specialized 

dynamics properties related to the functional fusion of the two folds. 
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Structure-function studies provide powerful insight on biological systems  

Proteins are essential to life as we know it.  Among their many important roles, 

they provide structure (e.g. collagen), transport (e.g. hemoglobin) and catalytic power 

(e.g. catalase) for biological systems and are fine-tuned to be highly specific for their 

function.  It is well established that for all proteins, both their structure and dynamics 

are intimately tied to their function.  Thus protein structure and dynamics are 

fundamental components for building our understanding of biochemistry.  It is the 

broad goal of the field of structural biology to understand the structure-function 

relationships of proteins. 

Two powerful tools to examine structure-function relationships are the 

complementary biophysical techniques of macromolecular X-ray crystallography and 

nuclear magnetic resonance (NMR).  X-ray crystallography provides atomic resolution 

structures that allow us to see well-defined positions of atoms.  These “pictures” show 

us what a protein’s structure looks like.  While NMR can be used to solve protein 

structure, NMR’s strength is in its ability to probe enzyme motions (dynamics) and 

changes in local environment with per-residue resolution.  These two techniques, 

along with many other macromolecular biophysics tools (e.g. fluorescence, circular 

dichroism, mass spectrometry, isothermal titration calorimetry, surface plasmon 

resonance, single molecule studies) provide complementary information that helps to 

create a detailed picture of a protein’s structure and dynamics that can be interpreted 

to understand its function. 

The importance of the contributions obtained from structural biology studies is 

evident across many diverse biological systems.  The variety and the high-level impact 

of the science are apparent by looking at the Nobel Prize record.  Since 1962 when the 

first Nobel Prize for research involving macromolecular X-ray structure determination 

was awarded (myoglobin and hemoglobin, awarded to J. C. Kendrew, M. Perutz), 

there have been 16 Nobel Prizes in chemistry and physiology or medicine awarded for 

work in the field of biomolecular crystallography.  The three most recent have been 

awarded in chemistry for studies of the structure and function of the ribosome (2009, 
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awarded to V. Ramakrishnan, T. A. Steitz, A. E. Yonath), the molecular basis of 

eukaryotic transcription (2006, awarded to R. D. Kornberg) and potassium channels 

(2003, awarded to R. MacKinnon).  Additionally, the 2002 Nobel Prize in chemistry 

was awarded for the development of NMR and mass spectrometry methods for the 

identification and structural analyses of biological macromolecules (awarded to J. B. 

Fenn, K. Tanaka, 

The enrichment of our understanding of biological systems from these 

contributions and many others that are based on macromolecular structural biology has 

shown what a potent and powerful tool structural determination is.  This realization 

has contributed to the National Institute of Health’s decision to develop the Protein 

Structure Initiative (PSI).  Phase 1 goals of this $66 million per-year-budget initiative 

included the development of structural determination methodology, automation of 

structure determination and the determination of unique protein structures (the term 

“unique” was defined to mean less than 30% identical in sequence).  The initial 

success of the PSI has led to phase 2 goals of structural coverage of all sequence 

families, continued methodology and technology development, and increased 

promotion of the use of structures by the broader biological community.  One of the 

reasons that it has become such a priority to fund, expand and promote structural 

biology research is the very tangible outcome that the knowledge obtained contributes 

to understanding human diseases and allows for improved pharmaceutical drug 

development.  Clearly, structural biology is a critical component to the insights on 

biological systems that help to push science forward. 

K. Wüthrich). 

In addition to my own structural biology research on Prxs, which I present in 

this dissertation, I have contributed to the publication of three other manuscripts on 

structure-function studies for which another scientist is the lead author.  My research 

contributions to these studies are not included as chapters in this dissertation but are 

briefly described below: 
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• Karplus, P.A. & Hall, A.  (2007) “Structural Survey of the Peroxiredoxins” in 
Peroxiredoxin Systems: Structures and Functions, Subcellular Biochemistry (L. Flohe 
& J. R. Harris, eds.), 44, 41-60. 

 
This is an invited review chapter of peroxiredoxin structure.  I worked with Dr. 

Karplus to categorize the known structural information and prepared the figures and 

tables for the text.  While we did not anticipate gaining new insight, we were able to 

create a model for substrate binding based on a previously solved crystal structure that 

provided new knowledge for understanding the roles of active site residues in 

catalysis. 

 

• Hall, J. D., Hall, A., Pursiful, N., Barbar E.  (2008) “Differences in Dynamic 
Structure of LC8 Monomer, Dimer and Dimer-Peptide Complexes” Biochemistry, 47 
(46), 11940-11952.  
 

This publication describes the changes in dynamics of the dynein light chain, 

LC8 upon dimerization and complex assembly.  As part of my training, I became the 

Barbar laboratory expert in using the TENSOR2 model free analysis program and for 

this work, I used it to perform a model free analysis of the 15N R1, R2

 

 and steady state 

heteronuclear NOE dynamics data of the monomeric, dimeric and bound forms of 

LC8.  The dynamics analysis indicates that the increase in ordered structure is ligand 

dependent and suggests a mechanism for differential regulation of LC8. 

• Nelson, K. J., Parsonage, D., Hall, A., Karplus, P. A., Poole, L. B.  (2008) “Cysteine 
pKa

 

 values for the bacterial peroxiredoxin AhpC” Biochemistry, 47 (48), 12860-
12868. 

This work, done in collaboration with Leslie Poole at Wake Forest University, 

was aimed at determining the pKa of the catalytic peroxidatic cysteine in a Prx from S. 

typhimurium.  I solved the structure of the N-phenyl iodoacetamide(PIA)-modified Prx 

and showed that the pKa measurement of ~8.5 performed by the PIA modification 

corresponded to the locally unfolded rather than the fully folded active site of the 



 
 
 

5 

protein.  Using different methods, the cysteine pKa

 

 in the fully folded active site was 

determined to be ~5.8. 

This dissertation is the culmination of the structural biology research I have 

carried out over the past five years to further our understanding of structure-function 

relationships of peroxiredoxins (Prxs) and their partner enzymes.  In the rest of this 

introductory chapter, I will briefly describe the biological context and enzymatic 

system of the Prxs and outline the content of the remaining Chapters of the 

dissertation. 

 

 

 
Reactive oxygen species have multiple cellular roles 

All aerobic organisms are exposed to the danger of partially reduced oxygen 

species known as Reactive Oxygen Species (ROS) that are a byproduct of oxygen 

metabolism.  ROS are highly reactive and participate in free radical reactions that 

cause damage to DNA, proteins and lipids (reviewed in Finkel and Holbrook 2000).   

It is this damage to biological systems that is at the foundation of the free radical 

theory of aging.  Proposed by Denham Harman in the 1950s, this theory states that 

organisms age because cells accumulate free radical damage over time (Harman 1956; 

Muller et al. 2007).  The accumulation of oxidative damage is thought to be involved 

in many general age-related conditions including cancer, diabetes, arthritis, 

degenerative diseases such as Parkinson’s and Alzheimer’s disease, and 

atherosclerosis (Sies 1993).  To minimize oxidative damage to tissues, biological 

systems have developed many protective systems that eliminate ROS (e.g. superoxide 

dismutase, catalase, glutathione peroxidase and peroxiredoxins) (Figure 1.1).  These 

enzymes function to maintain a balanced redox state in the cell to keep it healthy. 

This view of ROS as simply agents of oxidative stress has morphed into a 

more complex picture as data accumulated that challenged the long-held belief that all 

ROS are always deleterious to the cell.  Among many lines of evidence are studies that  
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Figure 1.1.  Overview of ROS in biological systems.  Superoxide (O2•-), generated by 
internal and external factors, is converted to hydrogen peroxide (H2O2) by superoxide 
dismutase (SOD), which can be converted to the highly reactive hydroxyl radical 
(OH•) through Fenton chemistry.  The resulting hydroxyl radical can react with and 
damage almost all macromolecules.  Biological systems rely on antioxidant proteins 
such as catalase, glutathione peroxidase (GPx) coupled with glutathione (GSH), and 
peroxiredoxin (Prx), which all convert hydrogen peroxide to water, for protection 
against damaging ROS.  Despite their dominant role, Prxs are less-well-known than 
the other components of this system.  Figure adapted from 
(http://www.biozentrum.uni-frankfurt.de/Pharmakologie/EU-Web/Goethe.htm). 
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have identified inducible hydrogen peroxide generation in response to cell stimulation 

by growth factors and cytokines (Suh et al. 1999; Arnold et al. 2001).  The 

identification of hydrogen peroxide as a classical second messenger in signal cascades 

(Allen and Tresini 2000) highlights the relatively new paradigm that healthy cells 

require ROS, and that to stay healthy, they must not just eliminate ROS but tightly 

regulate variable (and sometimes high) concentrations of ROS with appropriate 

detoxification enzymes.  One family of enzymes poised to play an important role in 

the regulation of peroxide levels is the peroxiredoxins (Prxs). 

 

 

 
 

Prxs regulate ROS for antioxidant protection and signaling 

 In organisms from all kingdoms, Prxs are emerging as dominant antioxidant 

enzymes that reduce hydrogen peroxide, organic hydroperoxides and peroxinitrite 

(Karplus and Hall 2007).  The overoxidized forms of Prxs, which are catalytically 

inactive against peroxides (Yang et al. 2002), have an additional role in hydrogen 

peroxide signaling in eukaryotes, however the mechanism is unclear.  One model, the 

floodgate hypothesis, proposes that a localized inactivation of Prxs allows for 

accumulation of hydrogen peroxide concentrations sufficient for signaling during a  

peroxide burst (Wood et al. 2003a).  Given their dominance and their involvement in 

both antioxidant defense and signaling pathways, it is not surprising that Prxs have 

been associated with cell proliferation, differentiation and apoptotic pathways, and 

linked with several different types of cancer (Yanagawa et al. 1999; Yanagawa et al. 

2000; Chang et al. 2001; Noh et al. 2001; Kinnula et al. 2002).  Due to the widespread 

connection of Prxs to multiple cancers, it has been proposed that profiling and 

manipulation of Prx levels in cancer patients may be a promising new approach 

towards improving cancer treatments (Iwao-Koizumi et al. 2005).  In bacteria, the 

Prxs are very important as well; some pathogenic bacteria rely completely on a Prx-

based antioxidant defense response against the human immune system.  
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Components of the Prx system 

A general scheme and the components involved in the Prx-catalyzed reduction 

of peroxides is shown in Figure 1.2.  More detailed schematics of specific steps are 

given in the following Chapters.  The reducing equivalents for the peroxide reduction 

come from NAD(P)H (step 1).  Two other enzymes are needed to complete the 

electron transfer to the peroxide substrate: a thioredoxin reductase (TrxR) or TrxR-like 

protein and a thioredoxin (Trx) or Trx-like protein (Niimura et al. 1995; Poole and 

Ellis 1996).  A disulfide exchange reaction is involved in the transfer of electrons 

between TrxR and Trx, and then between Trx and the Prx (steps 2 and 3).  The Prx, 

which is reduced in step 3, uses two catalytic cysteines for peroxide detoxification: the 

peroxidatic cysteine (SP in Figure 1.2) directly reduces the peroxide substrate (step 4) 

and the resolving cysteine (SR

In Salmonella typhimurium and many other bacteria, the TrxR-like and Trx-

like proteins are combined in one protein called AhpF (Poole and Ellis 1996).  AhpF is 

a three domain protein; the FAD binding domain and NADH/SS domain work 

together to accomplish the TrxR-like activity while the N-terminal domain (NTD) has 

Trx-like activity and interacts directly with the Prx.  In AhpF, an intramolecular 

disulfide exchange occurs in step 2 to reduce the NTD.  Studies on the NTD show that 

it is made up of two fused Trx-folds, with only one of the folds retaining an active site 

CXXC motif (Poole and Ellis 1996; Wood et al. 2001; Roberts et al. 2005). 

 in Figure 1.2) forms a disulfide with the peroxidatic 

cysteine (step 5, reviewed in Karplus and Hall 2007). 

The mechanism for disulfide exchange between Prxs and Trx (or the NTD) is 

believed to involve a buried acid group.  In Trx, a conserved, buried Asp has a crucial 

but ill-defined role in catalysis that revolves around a debated pKa

position in the active site than what is seen for the Asp in Trx (Figure 1.3).  The Glu 

comes from the Trx-fold that does not contain the active site CXXC motif, but reaches 

 value ranging from 

7 to 9 (Langsetmo et al. 1991; Wilson et al. 1995; Jeng and Dyson 1996; Qin et al. 

1996; Dyson et al. 1997).  An overlay of the catalytic cysteines of Trx and the NTD 

reveals that a conserved Glu in the NTD interacts with the cysteines from a different 
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Figure 1.2.  General scheme for the reduction of peroxides by a Prx system.  
NAD(P)H, a TrxR-like protein and a Trx-like protein are required for the reduction of 
peroxide substrates.  In many bacteria, the TrxR and Trx activities are combined in 
one protein called AhpF.  In the Prx cycle, SP and SR represent the sulfur atoms of the 
peroxidatic and resolving cysteines, respectively.  Overoxidation to SPO2

 

H in 
eukaryotic Prxs is associated with hydrogen peroxide signaling events and this form of 
the enzyme can be “resurrected” by sulfiredoxin (Srx) in a ATP-dependent reaction.  
Further catalytic details are given in the following Chapters, especially Chapters 2, 3 
and 6. 
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Figure 1.3.  Overlay of key catalytic residues in Trx and the NTD.  The position of the 
buried Asp carboxylate in Trx (purple carbon atoms) relative to the disulfide (yellow 
atoms) is mirrored by the buried Glu carboxylate in the NTD (green carbon atoms), 
revealing a novel active site geometry.  Preliminary work to determine the pKa value 
of the Glu is presented in Appendix 2. 
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across the interface of the two folds to interact with the active site.  Despite its 

different positioning, the proximity of the buried Glu to the catalytic cysteines and its 

essential role led to the suggestion that the Glu in the NTD plays a similar role in 

catalysis as the Asp in Trx and is an acid/base catalyst in the reaction mechanism 

(Wood et al. 2001). 

 

 

 
Dissertation contents 

 There are six remaining chapters of this dissertation; four represent papers for 

which I am the lead author and that are published or under review for publication in 

peer reviewed journals.  Of those that are published or submitted, two are invited 

reviews and two are papers on original research.  Chapters 2 and 3 are invited reviews 

describing Prx structure-function relationships.  The focus of Chapter 2 is a general 

summary of the details of Prx catalysis and the structural knowledge of all Prxs.  One 

of the highlights from this structural survey is the description of how the universally 

conserved Prx active site is optimally arranged to stabilize the transition state of the 

peroxidatic reaction (Figure 1.4).  This manuscript has been submitted to Antioxidants 

and Redox Signaling.  The second invited review, included as Chapter 3, explores the 

role some eukaryotic Prxs play in regulating hydrogen peroxide signaling pathways.  

We describe the three current models for the involvement of a subset of Prxs in 

hydrogen peroxide signaling (Figure 1.5) and clearly distinguish between stress- and 

nonstress-related signaling pathways to help clarify these two distinct pathways and 

the evidence supporting them.  The work in this Chapter was published in the FEBS 

Journal. 

 In our original research projects, our aim has been to better understand how 

Prxs effectively catalyze the reduction of peroxides.  In Chapter 4, we combine high 

resolution X-ray crystallographic structural studies with sequence conservation 

patterns to characterize the structural changes associated with catalysis for a bacterial 

Prx subfamily.  One of the highlights revealed by this analysis was the identification  
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Figure 1.4.  Cartoon of the Prx active site.  The survey of Prx structures presented in 
Chapter 2 revealed that the conserved active site structure is optimally organized to 
stabilize the transition state of the peroxidatic reduction of substrates.  See Figure 2.3 
for the accompanying figure legend. 
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Figure 1.5.  The three proposed roles for Prx involvement in hydrogen peroxide 
signaling.  These are reviewed in Chapter 3.  See Figure 3.3 for the accompanying 
figure legend. 
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of an extended active site binding surface created by a conserved hydrophobic collar 

that is thought to tailor substrate specificity of these bacterial Prxs for alkyl 

hydroperoxides.   Based on this study, we proposed that members of this particular 

subfamily exist as obligate dimers.  This work was published in the Journal of 

Molecular Biology and was featured on the journal cover (Figure 1.6).   

While the hydrophobic collar identified in Chapter 4 begins to shed light on 

how the alkyl moiety of substrates are recognized and bound, more detailed insight on 

substrate binding comes from our recent determination of a substrate analog-bound 

Prx and analysis of other bound structures.  Using a model system, which crystallizes 

with a benzoate molecule bound in the active site, we have replaced the active site-

bound benzoate with a diol (dithiolthreitol, DTT) (Figure 1.7).  This structure, in 

combination with other determined substrate analog-bound structures, allows us to 

describe how substrates are stabilized in the active site and propose that diols would 

be a new class of competitive inhibitors for the Prxs.  This work is included as Chapter 

5 and is being prepared for submission to the Journal of Molecular Biology. 

 Our work to understand the disulfide exchange reaction between a Prx and its 

reductase has been focused on the N-terminal domain of AhpF (NTD) and is included 

as Chapter 6 and Appendices 1 and 2.  As described earlier, the NTD is hypothesized 

to catalyze Prx-reduction with a mechanism that involves a conserved Glu residue 

acting as an acid/base catalyst.  My work on the NTD began with the primary goal of 

determining the pKa

provides per-residue resolution that allows specific monitoring of the Glu residue and 

because it can be used to measure pK

 of the buried Glu.  For this project, we elected to use NMR as it  

a values.  Determining pKa values with NMR 

requires, at a minimum, partial assignment of side chain chemical shift values as these 

values are monitored with changing pH to determine pKa.  Therefore, using NMR to 

answer this question required complete assignment of backbone chemical shift values 

and partial assignment of side chain chemical shift values.  While working towards 

this primary goal of pKa determination, the completion of the backbone assignments 

allowed us to pursue an interesting side project.  With backbone assignments for both  
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Figure 1.6.  Cover illustration for the  Journal of Molecular Biology.  The central 
active site helix of Tpx peroxiredoxins lies in a cradle of conserved residues that 
reposition to accommodate the structural transition (interpolated from blue to red 
using the Yale Morph Server) associated with catalytic disulfide bond formation. 
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Figure 1.7.  DTT binds in the active site of a model Prx with the two oxygen atoms 
mimicking peroxide binding.  This is described in Chapter 5.  See Figure 5.2 for the 
accompanying figure legend. 
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the oxidized and reduced NTD, we were able to probe the backbone dynamics of the 

NTD on timescales ranging from nanosecond to minute and observe that 

conformational heterogeneity on an intermediate timescale increases with oxidation of 

the disulfide.  In combination with stability studies, these data allowed us to explore 

the evolutionary changes in protein dynamics after an ancient gene duplication event.  

We found that the two Trx folds of the NTD have evolved to have distinct behavior 

that contributes to the functional-fusion of the two folds (Figure 1.8).  This work, 

published in Biochemistry, is included as Chapter 6 with the published “supplemental 

information” included in Appendix 1.  

Progress towards the primary goal of pKa determination has been hindered by 

an inability to obtain the required side chain assignments.  The spectral overlap in the 

whole-protein NMR spectra made confident assignment of the chemical shifts very 

difficult.  To overcome this challenge, we modified our approach to use a different 

NMR-based protocol to specifically determine carboxylate side chain chemical shifts.  

This work has been done in collaboration with Nancy Isern at Pacific Northwest 

National Labs.  The current progress of the pKa

Finally, in Chapter 7, I present an outlook for this dissertation work as a whole.  

I discuss the importance of multiple approaches in answering biological questions 

based on structural biology methods and describe from my perspective, the three 

major contributions that this work has made.  Lastly, I describe future work that I see 

as the next steps to expand on the insights gained by the research in this dissertation. 

 project and its outlook are presented 

in Appendix 2. 
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Figure 1.8.  Table of contents graphic for the paper published in Biochemistry on the 
backbone dynamics and evolution of the NTD. 
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Abstract 

Peroxiredoxins (Prxs), one of nature’s dominant peroxidases, use a conserved Cys 

residue to reduce peroxides.  They are highly expressed in organisms from all 

kingdoms and in eukaryotes they participate in hydrogen peroxide signaling.  Seventy-

one Prx structures have been determined that cover much of the diversity of the 

family.  We review here the current knowledge and show that Prxs can be effectively 

classified by a structural/evolutionary organization into six subfamilies followed by 

specification of a 1-Cys or 2-Cys mechanism, and for 2-Cys Prxs, the structural 

location of the resolving Cys.  We visualize the varied catalytic structural transitions 

and highlight how they differ depending on the location of the resolving Cys.  We also 

provide a novel answer to the question of how Prxs are such effective catalysts; we 

show that the enzyme activates not only the conserved Cys thiolate but also the 

peroxide substrate, and that the four residues conserved in all Prx active sites create a 

hydrogen bonding network that stabilizes the transition state of the peroxidatic SN

 

2 

displacement reaction.  Strict conservation of the peroxidatic active site along with the 

variation in structural transitions provides a fascinating picture of how the diverse Prxs 

function to rapidly break down peroxide substrates. 

 

 
Scope and Purpose 

Peroxiredoxins (Prxs) are now recognized as the family of peroxidases that is 

broadly important in both antioxidant protection and cellular signaling pathways 

(Winterbourn 2008).  There is much ongoing work to elucidate Prxs’ roles throughout 

biology, and many excellent reviews (Flohe and Harris 2007) have been published 

summarizing our current understanding of various aspects of Prxs including covalent 

modifications (Aran et al. 2009) and signaling (Hall et al. 2009a), and their 

importance in systems such as mitochondria (Cox et al. 2010), plants (Dietz et al. 

2006), yeast (D'Autreaux and Toledano 2007) and Caenorhabditis elegans (Olahova 

et al. 2008).  As for all enzymes, function flows directly from structure and in this 
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case, structural knowledge makes critical contributions to illuminating Prx function in 

both its antioxidant and cellular signaling roles.  The goal of this review is to survey 

and organize the current structural information known about the Prxs; since our 

previous review published in 2007 (Karplus and Hall 2007), the number of known Prx 

structures has doubled.  This review does not simply provide an up-to-date reference 

guide, pointing readers to the original publications for additional insights, but also 

presents essential principles of Prx function that can be derived from these structures. 

 

 

 
Introduction 

 Peroxiredoxins (Prxs) are ubiquitous peroxidases that use a conserved Cys 

residue to reduce peroxide substrates.  Although they are not as well known as catalase 

and glutathione peroxidase, many Prxs have high expression levels (up to 1% or more 

of cellular proteins Winterbourn 2008) and fast catalytic rates on the order of ~107 M-

1s-1 (Poole 2007).  Based on these qualities, competitive kinetic analyses have 

predicted that under normal cellular conditions, eukaryotic Prxs will be responsible for 

the reduction of ~90% of mitochondrial-H2O2 (Cox et al. 2010), and in terms of initial 

reactivity, almost 100% of cytoplasmic-H2O2 (Winterbourn 2008).  These striking 

numbers make clear that Prxs are the dominant player in the protection of cells from 

oxidative stress.  However, despite these numbers, Prxs were not recognized as a 

broadly important peroxidase family until the 1990s (Chae et al. 1994b).  A major 

reason for this is that early assays would use high H2O2 concentrations that 

inactivated the abundant eukaryotic Prxs; in the case of human PrxII, the half-life for 

inactivation in the presence of 1 mM H2O2 and reductant is just 20 seconds (Yang et 

al. 2002).  It was the recognition of the structural explanation for this sensitivity that 

led to the proposal that in addition to their protective role, some Prxs are uniquely 

involved in regulating non-stress related redox signaling pathways (Wood et al. 

2003a).  Since that report, it has become well accepted that H2O2 is a second 

messenger produced by cellular NADPH oxidases and is involved in the signaling 
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pathways for a wide variety of growth factors and cytokines (reviewed in Hall et al. 

2009a).   

Prxs appear to have a common ancestor with a variety of other redox proteins 

that are all described as having a thioredoxin (Trx) fold (Copley et al. 2004; Knoops et 

al. 2007).  Thus the cousins of Prxs include Trxs, glutaredoxins (Grxs), cytochrome 

maturation proteins, glutathione-S-transferases (GSTs), protein disulfide bond 

isomerases, and glutathione peroxidases (Gpxs).  Interestingly, single mutations to 

Escherichia coli AhpC confer it with the ability to act as a Grx deglutathionylating 

disulfide reductase (Yamamoto et al. 2008).  Among these Trx-related superfamily 

members, all known Prxs include four absolutely conserved residues, one of which is 

the active site Cys, or peroxidatic Cys (CP).  The CP

 As is often the case for fields that develop with time, one aspect of the Prx 

field that is still a cause for confusion is the nomenclature.  Because many names and 

naming conventions were developed before much was known about structures and 

sequence features, the naming schemes are sometimes quite misleading.  For instance, 

within what is now called the Prx1 subfamily, protein names include Prx1, Prx2, Prx3, 

Prx4, TXNPx, TryP, AhpC, and 2Cys.  As another example, the term “thiol 

peroxidase” is not only used for Prxs in what is now called the Tpx subfamily, but also 

is sometimes used to describe the entire Prx family, is the given name for specific 

enzymes in the Prx1, Prx5 and BCP subfamilies, and is also used for non-selenium 

Gpxs (D'Autreaux and Toledano 2007).  Additionally, the mechanistic division of Prxs 

into “1-Cys”, “typical 2-Cys” and “atypical 2-Cys” (Wood et al. 2003b) contributes to 

 is equivalent to the second Cys in 

the CXXC motif of Trx and is the residue that reacts directly with the peroxide 

substrate in Prxs (Fomenko and Gladyshev 2003).  Based on sequence, the Prx family 

separates into six distinct subfamilies.  Five are large and easily recognized (Knoops et 

al. 2007) and we will refer to them here as Prx1, Prx6, Prx5, Tpx (thiol peroxidase), 

and BCP (bacterioferritin comigratory protein).  The sixth is a small group represented 

by the protein Mycobacterium tuberculosis AhpE, that is not so easily classified given 

the few representatives (Flohe and Harris 2007; Karplus and Hall 2007). 
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confusion because all three types of Prxs are found in more than one subfamily, 

suggesting many independent evolutionary origins of these features.  The “typical” 

and “atypical” 2-Cys nomenclature is a historical remnant, with “typical” referring to 

the Prxs with the resolving Cys residue (CR) in the C-terminal helix (which were 

discovered first), and “atypical” referring to all other 2-Cys Prxs which have any other 

position for the CR.  As this nomenclature is not based on sequence similarity, but 

rather a general mechanistic scheme that is shared across different subfamilies, we will 

not use it here and will instead differentiate 2-Cys Prxs simply by the location of their 

CR

 

.  In the following sections, we provide an overview of the Prx catalytic cycle, 

present a survey of the breadth of structure determined for Prxs, outline the structural 

features common to Prxs, and then discuss the structure-function features unique to the 

individual Prx subfamilies. 

 

 
Universal features of the Prx catalytic cycle 

All Prxs have in common a catalytic cycle that utilizes a conserved active site 

Cys residue, called the peroxidatic Cys (CP), to directly reduce peroxide substrates.  

Catalysis involves the three main chemical steps of (1) peroxidation, (2) resolution, 

and (3) recycling with steps 2 and 3 requiring local conformational changes (Figure 

2.1).  Throughout this review, the peroxidatic Cys will be designated as CP, with SP 

referring to the sulfur atom of the side chain.  Similarly, the resolving thiol, which 

forms a disulfide with the CP (described below), will be indicated as SR when 

referring to the sulfur atom and as CR

The catalytic cycle begins with the peroxide substrate binding in the fully 

folded (FF) active site - in this conformation, the enzyme has a fully formed, peroxide-

binding active site and the C

 when referring to the residue in the case that the 

thiol is provided by a Cys residue (as is often true). 

P thiolate is activated and ready to react with substrate.  

Peroxidation (step 1) involves a nucleophilic attack of the CP thiolate on the peroxide 

substrate to release the corresponding alcohol (or water), while the CP itself becomes  
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Figure 2.1.  The Prx catalytic cycle.  Peroxide reduction by Prxs involves three main 
chemical steps of (1) peroxidation, (2) resolution, and (3) recycling.  Two distinct 
protein conformations are involved in the cycle: FF (fully folded, active site intact) 
and LU (locally unfolded, disulfide between the CP and the CR).  The local unfolding 
event is required for disulfide bond formation in step 2 as is the local refolding event 
to reform the peroxide-binding active site after the disulfide is reduced in step 3.  
Oxidative regulation (gray, steps 4 and 5) is seen in sensitive, eukaryotic floodgate-
type 2-Cys Prxs.  Inactivation of the Prx by overoxidation of the CP (step 4) is 
peroxide dependent.  The inactivated form can be rescued through an ATP-dependent 
reaction catalyzed by sulfiredoxin (Srx) (step 5).  The generic Prx is represented as a 
monomer with SP designating the sulfur atom of the CP.  The CR (from R’ with SR 
designating the sulfur atom) can be supplied by a different protein (1-Cys mechanism) 
or by a second Cys within the same Prx either on the same chain or on the other 
subunit of a B-type dimer (2-Cys mechanism).  Different proteins, including Trx and 
AhpF, have been identified as R” in step 3. 
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oxidized to sulfenic acid (SPOH).  While substrate preferences vary in different Prxs, 

they have been found to react with H2O2, alkyl hydroperoxides and peroxynitrite 

(Hofmann et al. 2002; Wood et al. 2003b; Knoops et al. 2007; Trujillo et al. 2007).  

Resolution (step 2) occurs when the resolving thiol (SRH), present either on the Prx 

itself (2-Cys mechanism) or on another protein or small molecule (1-Cys mechanism), 

attacks the SPOH to release a water molecule and form a disulfide (Prx-SP –SR-R’).  In 

order for this attack to occur, the SPOH moiety must move out of the protected, FF 

active site pocket through a conformational change involving, at a minimum, the local 

unfolding of the active site to give a locally unfolded (LU) conformation (local 

unfolding FF → LU in Figure 2.1).  It is expected that the FF and LU conformations 

are in dynamic equilibrium until the formation of the disulfide in step 2 locks the 

protein in a LU conformation and prevents the FF conformation from reforming.  

Recycling (step 3) occurs when the disulfide is reduced by another protein or small 

molecule thiol, regenerating the free thiols SPH and SR

For all Prxs, disulfide bond formation in step 2 of the “normal” (productive 

peroxide break-down) catalytic cycle is in competition with additional reactions with 

peroxide that result in further oxidation of the C

H.  For many Prxs, this step is 

known to involve a thioredoxin (Trx) or a specialized Trx-like protein or domain such 

as the N-terminal domain of the bacterial enzyme AhpF (Wood et al. 2003b; Poole 

2005).  Once the disulfide is reduced, the FF active site refolds, and in doing so, the 

Prx is prepared for another round of catalysis (local refolding LU → FF in Figure 2.1). 

P.  Because the FF conformation has 

an intact peroxide binding site, the SPOH group can rotate so that a lone electron pair 

of the SP atom is in position to attack peroxide (Sarma et al. 2005).  Thus, in this side 

reaction (gray in Figure 2.1), additional substrate molecules can react with the SPOH 

in the FF conformation (step 4) to form first sulfinic (SPO2H) and in some cases, 

sulfonic (SPO3H) acid.  The terminal oxidation state varies for different Prxs and is 

thought to be dependent on the geometry of the active site (Sarma et al. 2005).  These 

overoxidized forms are unable to react with the SR to form a disulfide and be readily 

returned to the reduced state, and thus represent inactive forms of the enzyme.  
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Interestingly, for some eukaryotic Prxs, evolution appears to have selected for 

structural features that favor SPO2H acid formation (Wood et al. 2003a).  For these 

“floodgate”-type Prxs, the singly overoxidized (SPO2

 

H) Prxs can be reduced and 

reactivated in an ATP-dependent reaction with sulfiredoxin (Srx, step 5) and perhaps 

also by sestrin (Jonsson and Lowther 2007).  This oxidative regulation pathway is 

thought to be physiologically relevant in peroxide signaling events (D'Autreaux and 

Toledano 2007; Hall et al. 2009a), functioning as a way to temporarily turn off the 

peroxidase activity of the Prxs and allow the peroxide to build up locally for signaling.   

 

 
Summary of structural investigations 

Since our 2007 review (Karplus and Hall 2007), the field has seen an exciting 

doubling of the number of known Prx structures, bringing the total to 71 deposited Prx 

structures as of the February 2nd, 2010 release of the Protein Data Bank (Table 2.1).  

The 71 available structures represent 35 distinct Prxs and include examples from each 

of the six subfamilies: 22 Prx1s, 15 Prx6s, 11 Prx5s, 13 Tpxs, 8 BCPs and 2 AhpEs.  

All possible redox states for the CP have been observed (SPH, SPOH, SPO2H, SPO3H, 

SP –SR), and FF and LU structures of the same Prx have been determined for at least 

one member of the Prx1, Prx5, Tpx and BCP subfamilies.  No LU conformation has 

been determined for the Prx6 or AhpE subfamilies.  In addition to providing many 

views of the FF and LU conformations, two structures of human Prx1 (HsPrxI, entries 

#2 and #3 in Table 2.1) have been solved as complexes with Srx and 16 structures 

have either a substrate or substrate analog bound in the active site pocket (entries #24-

26, #29, #35-42, #45, #55, #65, #67 and #69 in Table 2.1).  All of the structures have 

been determined by X-ray crystallography except for the FF and LU forms of Bacillus 

subtilis Tpx (BsTpx, entries #58 and #59 in Table 2.1), which were solved by NMR 

(Lu et al. 2008).  Thirteen of the structures have been determined by structural 

genomics groups and although three of these have been mentioned in a publication, 

none of them have been the primary focus of an original publication.  In several  
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Table 2.1.  Deposited structures of Prxs. 

ID Structurea    Oligomericb  Redoxc   Formd Mutation   Bounde Res.f

    State State (Å)   Code 
   PDB Reference 

 Prx1   
1 HsPrxII (α2)5  SO2H(51;172’)

2 HsPrxI α
 FF     -    - 1.7 1QMV (Schroder et al. 2000) 

2/Bg SS(52-Srx;173’) LUaltd

3 HsPrxI α
  C71/83/173S    -  2.6 2RII (Jonsson et al. 2008a) 

2/Bg SO2Hh(52;173’) LUaltd multiplei

4 RnPrxI (α
    - 2.1 3HY2 (Jonsson et al. 2009) 

2)5  SHj(52;173’)

5 RnPrxI α
 FF  C52S    - 2.9 2Z9S (Matsumura et al. 2008) 

2/Bg SS(52-173’) LUaltd

6 HsPrxIV (α
  C83S    - 2.6 1QQ2 (Hirotsu et al. 1999) 

2)5  SH(124;245’)

7 BtPrxIII (α
 FF     -    - 1.8 2PN8   - 

2)6k SH(47;168’)

8 TcTXNPx (α
 FF C168S    - 3.3 1ZYE (Cao et al. 2005) 

2)5  SH(52;173’)

9 CfTryP (α
 FF     -    - 2.8 1UUL (Pineyro et al. 2005) 

2)5  SH(52;173’) LUaltd

10 HpAhpC (α
     -    - 3.2 1E2Y (Alphey et al. 2000) 

2)5  SS(49-169’) LUC-term’
11 PyPrxI (α

     -      - 3.0 1ZOF (Papinutto et al. 2005) 
2)4  SH(44;164’) LUC-term’

12 Pv2Cys (α
     -    - 2.3 2H01 (Vedadi et al. 2007) 

2)5  SS(50-170’) LUC-term’

13 Pv2Cys (α
     -    - 2.5 2H66 (Vedadi et al. 2007) 

2)5  SH(50;170’)

14 PfTrx-Px2 α
 FF     -    - 2.5 2I81   - 

2/Bg SS(67-187’) LUaltd

15 MtAhpC (α
     -    - 1.8 2C0D (Boucher et al. 2006) 

2)6  SS(61-174’) LUaltd

16 AxAhpC  (α
 C176S    - 2.4 2BMX (Guimaraes et al. 2005) 

2)5  SS(47-166’) LUC-term’

17 StAhpC (α
     -    - 2.9 1WE0 (Kitano et al. 2005) 

2)5  SHj(46;165’)

18 StAhpC (α
 FF C46S        - 2.2 1N8J (Wood et al. 2003a) 

2)5  SS(46-165’) LUC-term’

19 StAhpC (α
     -    - 2.5 1YEP (Wood et al. 2002) 

2)5  SS(46-165’) LUC-term’
20 StAhpC (α

 T77D    - 2.3 1YEX (Parsonage et al. 2005) 
2)5  SS(46-165’) LUC-term’

21 StAhpC (α
 T77I        - 2.5 1YF0 (Parsonage et al. 2005) 

2)5  SS(46-165’) LUC-term’

22 StAhpC (α
 T77V    - 2.6 1YF1 (Parsonage et al. 2005) 

2)5  SRl(46-AAn;165’) LUC-term’
 

 C165S    - 4.0 3EMP (Hall et al. 2009c) 

 Prx6 
23 HsPrxVI α2/B SOH(47)

24 AmPRDX6 α
 FF C91S    - 2.0 1PRX (Choi et al. 1998) 

2/B SHj(45;183’)

25 AmPRDX6 α
 FF C45S  BEZ 1.6 2V2G (Smeets et al. 2008a) 

2/B SHj(45;183’)

26 AmPRDX6 α
 FF C45S  BEZ 2.0 2V32 (Smeets et al. 2008a) 

2/B SHj(45;183’)

27 Py1Cys α
 FF C45S  BEZ 2.4 2V41 (Smeets et al. 2008a) 

2/B SH(47)

28 ApTpx (α
 FF     -    - 2.3 1XCC (Vedadi et al. 2007) 

2)5  SO3H(50;213’)
29 ApTpx (α

 FF     -    - 2.3 2CV4 (Mizohata et al. 2005) 
2)5  SH(50;213’) FF C207S  EDOm

30 ApTpx (α
 2.0 1X0R (Nakamura et al. 2006) 

2)5  SH(50;213’) FFn

31 ApTpx (α
 C207S    - 2.4 2E2G (Nakamura et al. 2008) 

2)5  SO2H(50;213’)

32 ApTpx (α
 FF C207S    - 2.6 2E2M (Nakamura et al. 2008) 

2)5  SO3H(50;213’)

33 ApTpx (α
 FF C207S    - 2.4 2NVL (Nakamura et al. 2008) 

2)5  SOH-No (50;213’)

34 ApTpx (α
 FF C207S    - 1.8 2ZCT (Nakamura et al. 2008) 

2)5  SH(50;213’)

35 ApTpx (α
 FF     -    - 2.2 3A5W (Nakamura et al. 2010) 

2)5  SHj(50;213’)

36 ApTpx (α
 FF C50S  ACT 1.9 3A2X (Nakamura et al. 2010) 

2)5  SHj(50;213’) FF C50S  PERp

37 ApTpx (α
 2.3 3A2W (Nakamura et al. 2010) 

2)5  SH(50;213’)
 

 FF C207S  PER 1.7 3A2V (Nakamura et al. 2010) 

 Prx5 
38 HsPrxV α2/Aq SH(47;151)
39 HsPrxV α

 FF     -  BEZ 1.5 1HD2 (Declercq et al. 2001) 
2/A SH(47;151)

40 HsPrxV α
 FF     -  BEZ 2.0 1H4O (Declercq et al. 2001) 

2/A SH/SS(47;47-151’) FF/LUaltd

41 HsPrxV α
     -  BEZ 2.0 1OC3 (Evrard et al. 2004a) 

2/A SHj(47;151)

42 HsPrxV α
 FF C47S  BEZ 1.7 1URM (Evrard et al. 2004a) 

2/A SH/SS(47;47-151) FF/LUα5

43 HsPrxV α
     -  BEZ 1.9 2VL2 (Smeets et al. 2008b) 

2/A SH/SS(47;47-151) FF/LUα5

44 HsPrxV α
     -    - 1.8 2VL3 (Smeets et al. 2008b) 

2/A SS(47-151) LUα5  C72S    - 2.7 2VL9 (Smeets et al. 2008b) 
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Table 2.1 (continued) 
 
 
45 PtPrxD α2/A SH(51)

46 HiHyPrxV α
 FF     -  SO4 1.6 1TP9 (Echalier et al. 2005) 

2r/A SH(49) FF/LUaltd

47 PsPrxII α
     -    - 2.8 1NM3 (Kim et al. 2003)  

2/A SH(59) FF     -    - 2.8 2PWJs

48 PfAOP α
   - 

2/A SO3H(59)
 

 FF     -    - 1.8 1XIY (Sarma et al. 2005) 

 Tpx 
49 EcTpx α2/A SHj(61;95)

50 EcTpx α
 FF C61S    - 1.8 3HVV (Hall et al. 2009c) 

2/A SS(61-95) LUα3

51 EcTpx α
     -    - 2.2 1QXH (Choi et al. 2003) 

2/A SS(61-95) LUα3
52 EcTpx α

     -    - 1.8 3HVS (Hall et al. 2009c) 
2/A SS(61-95) LUα3

53 EcTpx α
     -    - 2.8 3I43 (Hall et al. 2009c) 

2/A SS(61-61’;95) LUaltd

54 HiTpx α
   C82/95S    - 2.1 3HVX (Hall et al. 2009c) 

2/A SS(59-93) LUα3

55 MtTpx α
     -    - 1.9 1Q98   - 

2/A  SHj(60;93)

56 MtTpx α
 FF C60S  ACT 2.1 1Y25 (Stehr et al. 2006) 

2/A SSt(60-93) LUα3

57 SpTpx α
     -    - 1.8 1XVQ (Rho et al. 2006) 

2/A SH(58;92)

58 BsTpx α
 FF     -    - 2.3 1PSQ   - 

2u/A SH(60;94)

59 BsTpx α
 FF     -    - NMR 2JSZ (Lu et al. 2008) 

2u/A SS(60-94) LUα3
60 AaTpx α

     -    - NMR 2JSY (Lu et al. 2008) 
2/A SH(61;95)

61 CvTpx
 FF     -    - 1.9 2YZH   - 

v

 
    -    - FF     -    - 1.8 3KEB   - 

 BCP 
62 ScnTPx α/- SHj(107;112)
63 ApBCP α

 FF  C107/112S    - 1.8 2A4V (Choi et al. 2005a) 
2/Aw SH/SS(49;49-54) FF/LUα2

64 ApBCP α
     -     - 2.3 2CX4   - 

2/A SS(49-54) LUα2

65 SsBcp1 α/- SH
     -     - 2.6 2CX3   - 

j (45;50)

66 StoBcp α
 FF    C45/50S  CIT 2.2 3DRN (D'Ambrosio et al. 2009) 

2/A SS(44;49) LUaltd

67 XcBcp α/- SH
     -     - 1.6 2YWN   - 

j (48;84)

68 XcBcp α/- SS
 FF    C48/84S  FMT 1.5 3GKM (Liao et al. 2009) 

(48-84) LUα3

69 XcBcp α/- SH
     -    - 1.8 3GKK (Liao et al. 2009) 

j/SS(48;84-84’) FF/LUaltd

 
 C48A  BIH 1.5 3GKN (Liao et al. 2009) 

 AhpE  
70 MtAhpE α2/Ax SH(45)

71 MtAhpE α
 FF     -    - 1.9 1XXU (Li et al. 2005) 

2/Ax SOH(45)
 

 FF     -    - 1.9 1XVW (Li et al. 2005) 

 
a Within a subfamily, Prxs are in order of decreasing sequence identity relative to the 
one that is listed first.  Organism abbreviations are as follows: Aa = Aquifex aeolicus; 
Am = Arenicola marina; Ap = Aeropyrum pernix; Ax = Amphibacillus xylanus; Bs = 
Bacillus subtilis; Bt = Bos taurus; Cf = Crithidia fasciculata; Cv = Chromobacterium 
violaceum; Ec = Escherichia coli; Hi = Haemophilus influenzae; Hp = Helicobacter 
pylori; Hs = Homo sapiens; Mt = Mycobacterium tuberculosis; Pf = Plasmodium 
falciparum; Ps = Pisum sativum; Pt = Populus trichocarpa; Pv = Plasmodium vivax; 
Py = Plasmodium yoelii; Rn = Rattus norvegicus; Sc = Saccharomyces cerevisiae; Sp 
= Streptococcus pneumoniae; Ss = Sulfolobus solfataricus; St = Salmonella 
typhimurium; Sto = Solfolobus tokodaii; Tc = Trypanosoma cruzi; Xc = Xanthomonas 
campestris. 
b All octamers, decamers and dodecamers are made up of both A- and B-type dimer 
interfaces.  For dimeric structures, the type of dimer interface is indicated (A or B). 
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Table 2.1 (continued) 

c The redox state of the CP is given as well as the residue numbers for the CP and, in 
the case of 2-Cys Prxs, the CR.  CR residues contributed by the second chain of the 
dimer are indicated with a prime. 
d The conformation of the active site is indicated as FF for fully-folded and LU for 
locally unfolded with subscripts indicating where the CR is located (see Figure 2.5).  
Noncanonical LU conformations are labeled with the subscript “alt” for alternate for 
the following reasons: #2, this is a Prx-Srx complex, with a disulfide formed between 
the CP and residue 99 of Srx; #3, this is a Prx-Srx complex; #5, the CP-loop has 
shifted, presumably related to decamer dissociation (Wood et al. 2002); #9, the 10 
chains display different LU conformations as none are locked in place by a disulfide; 
#14, the CP-loop has shifted, presumably related to decamer dissociation; #15, α2 has 
shifted ~8°; #40, normally an intramolecular disulfide, in this structure the disulfide is 
formed between the CP and the CR of separate chains; #46, α2 is perturbed in one 
chain of the structure, possibly as an intermediate resembling the LU conformation of 
this 1-Cys Prx5; #53, the disulfide is formed between the CP residues of two chains, 
linking two A-type dimers together; #66, residues 44-50 are not modeled due to weak 
electron density, however the conformation of α2 is most similar to the LU state.; #69, 
the disulfide is formed between the CR residues of two chains. 
e Compounds bound in the active site are listed by their three-letter atom code: ACT, 
acetate; BEZ, benzoate; BIH, naphthalene-2,6-disulfonic acid (DNS); CIT, citrate; 
EDO, 1,2-ethanediol; FMT, formic acid; GOL, glycerol; PER, hydrogen peroxide; 
SO4, sulfate. 
f The resolution (Å) of the crystal structures is rounded to the tenths place. 
g The structure is a B-type dimer in the crystal structure, but the protein is thought to 
function as a decamer. 
h A Cys → Asp mutant of the CP mimics the SPO2H form. 
i Multiple mutations were necessary to capture the complex and include CP52D, C71S, 
C83E, A86E, C173S, K185C. 
j A Cys → Ser or a Cys → Ala mutant of the CP mimics the reduced state. 
k The concatameric interaction of the dodecamers is thought to be an artifact of 
crystallization. 
l The CP is modified with S-acetanilide (AAn). 
m Ethanediol is bound in one of two general conformations in only five of the ten 
chains. 
n The authors refer to this as a “pre-oxidation” conformation, defined by the 
movement of  the conserved Arg away from the CP and the movement towards the CP 
of the His involved in the hypervalent intermediate. 
o The hypervalent SP forms a covalent bond to a nearby His residue. 
p Three of the ten chains have a bound H2O2 molecule while the remaining have a 
bound glycerol that adopts one of two general conformations. 
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Table 2.1 (continued) 
 

q Originally described as a monomer when published by the authors but later 
acknowledged as A-type dimer (Evrard et al. 2004a). 
r The glutaredoxin domains interact to make the protein a dimer of dimers. 
s Residues 10 through 32 are modeled poorly. 
t Although the sulfur atom of the CP is not visible in the electron density, the 
conformations of α2 and α3 match the LU conformation seen in other Tpx subfamily 
members. 
u The NMR structure was determined as a monomer however we expect that it exists 
as a dimer. 
v This protein is not an active Prx. 
w The A-type dimer formed by chains A and B is linked by a disulfide but this does 
not appear to change the A-type dimer interface. 
x The authors described the structure as an (α2)4

 

 octamer, but we suspect the octamer 
is an artifact of high protein concentration. 
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structures, chains forming a dimer are in different redox states (entries #40, #42, #43, 

#63 and #69 in Table 2.1).  It is unknown if the asymmetry in the crystal reflects 

asymmetry in the solution chemistry although recent computational studies have 

identified potential asymmetry in one Prx (Yuan et al. 2010).  One structure of 

particular note is of Chromobacterium violaceum Tpx (CvTpx, entry #61 in Table 

2.1).  The highest-scoring BLAST hits are members of the Tpx subfamily (compared 

to E. coli Tpx, CvTpx has 23% sequence identity and a Cα RMSD of 1.7 Å over 166 

residues), however the published sequence of this protein does not contain any Cys 

residues, and without a CP

 

, the protein cannot be active as a peroxidase that uses the 

Prx mechanism.  Other notable sequence differences suggest that this protein may be a 

unique homolog that has lost its peroxidase function and does something else, but 

more work will need to be done before definite conclusions can be made. 

 

 
Structural features common to all Prxs 

Overall structure 
 
Prxs have a compact, globular protein structure based on a Trx fold (Copley et 

al. 2004).  The highly spatially conserved, common core tertiary structure of Prxs 

contains seven β-strands (β1 through β7) and five α-helices (α1 through α5); a central 

twisted β-sheet formed by five β-strands (β5-β4-β3-β6-β7) is covered by β1-β2-α1 

and α4 on one face, and by α2, α3 and α5 on the opposite face (Figure 2.2).  

Interactions between the β1-β2 hairpin and β5 cause the central sheet to sometimes be 

referred to as 7-stranded.  In approximately half of the known Prx structures, α1 is a 

310-helix.  In the FF conformation, the conserved CP residue is located in the first turn 

of α2 and the CP-loop is formed by residues in the loop immediately preceding α2 

(Figure 2.2, Figure 2.3A and Figure 2.3B).  In all but the Tpx subfamily, there is a 

kink in α2 followed by an additional one or two turns of the helix.  Also, while α5 

begins in the approximate same position in all structures, it varies in length from two  
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Figure 2.2.  The common core secondary structural elements of Prxs.  (A) A 
representative FF Prx showing the α-helices (pale cyan and pink) and β-strands (dark 
blue) common to all known Prxs.  The CP

 

 (ball and stick with sulfur atom colored 
yellow) is located in the first turn of α2 (pink).  The structure shown is a monomeric 
Prx from the BCP subfamily (entry #62 in Table 2.1).  (B) Helix α2 lies in a cradle 
with the base formed by β-strands β3 and β4 and the sides formed by the flanking 
helices α3 and α5.  Compared to panel A, the view shown is from the backside (i.e. 
~180˚ rotated around the y-axis).  Coloring as in panel A; figure prepared using Pymol 
(DeLano 2002). 
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Figure 2.3.  The peroxidatic active site.  (A) Stereoview of the FF Prx active site with 
a bound H2O2 molecule.  Shown are the highly conserved contiguous CP-loop and the 
first turn of α2 plus the active site Arg and an associated Glu/Gln/His supporting 
residue.  The proximity to the CP and the hydrogen bonding interactions (green dotted 
lines) highlight the importance of the conserved Pro, Thr and Arg in binding and 
activating the peroxide substrate (marked by an asterisk) and in activating the CP 
sulfhydryl for attack of the substrate oxygen atom (orange dashed line).  The 
Glu/Gln/His residue although not 100% conserved across all Prxs, is important as a 
hydrogen bond acceptor positioning the conserved Arg.  This figure was created using 
ApTpx (entry #37 in Table 2.1), colored by atom (C=gray, N=blue, O=red, S=yellow).  
(B) Stereoview of an overlay of the H2O2-bound Prx from panel A with benzoate 
(cyan tones, entries #38 and #24 in Table 2.1), acetate (green tones, entries #35 and 
#55 in Table 2.1), ethanediol (light blue, entry #29 in Table 2.1) and glycerol (violet, 
entry #36 in Table 2.1) as seen bound in other Prx structures.  Protein atoms are only 
shown for the Prx bound to H2O2, and protein coloring and hydrogen bonds to H2O2 
(marked by an asterisk) are as in panel A.  (C) Cartoon representation of the active site 
transition state conformation.  The stabilizing interactions between key atoms from the 
backbone and the four conserved residues, and with the H2O2 substrate are indicated.  
In the transition state, a bond is forming between the S atom of the CP and the OA of 
H2O2, and a bond is breaking between the OA and OB atoms of H2O2.  The geometry 
of the active site is ideal for stabilizing the larger distance between the OA and OB

 

 
atoms as the bond is broken.  Panels A and B prepared using Pymol (DeLano 2002). 



 
 
 

34 

 

 

Figure 2.3 (continued) 
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Figure 2.3 (continued) 
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to five turns.  As can be seen in a sequence alignment of representative Prxs (Figure 

2.4A), sequence insertions are generally found at the N- and C-termini and in loops 

between the conserved secondary structure elements.  In some publications, the 

secondary structure elements have been numbered differently due to the presence of 

additional elements not conserved across the entire family.  For example, in some 

structures where α1 is a 310-helix, the helix containing the CP

 

 is referred to as α1, and 

in the Tpx subfamily, an N-terminal insertion of two β-strands shifts the numbering of 

the remaining strands.  The naming scheme in Figure 2.2 represents a universal 

numbering scheme for the entire family that is based on the conserved core elements 

and can be used to consistently describe features across different Prxs. 

A conserved cradle for α2 
 
Helix α2 contains the universally conserved CP

 

 and is thus necessarily 

involved in the local unfolding event required for catalysis.  Looking at how α2 packs 

in the structure, it can be thought of as a baby in a cradle – the bed of the cradle is 

formed by β-strands β3 and β4, and the walls by helices α3 and α5 (Figure 2.2B).  

While different changes occur to α2 during unfolding for each subfamily, in every 

subfamily, the cradle around α2 is highly important in stabilizing both the FF and LU 

conformations as well as facilitating the switch between the two conformations.  As 

was seen in the Tpx subfamily from which the cradle concept was first derived (Hall et 

al. 2009c), a subfamily specific pattern of residue conservation lines the cradle and 

stabilizes discrete conformations of α2.  It is expected that each subfamily will have a 

distinct conservation pattern around the cradle that when identified, will assist in 

understanding the local unfolding transitions of α2. 
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Figure 2.4.  Variations in Prx sequences.  (A) Structure-based sequence alignment of 
representative Prxs.  Residues that have a common main-chain path among all Prxs are 
highlighted by a yellow background.  Secondary structure elements are indicated 
above the alignment with the common-core Prx elements labeled as in Figure 2.2 and 
other elements present in only some Prxs shown but not labeled.  The four residues 
conserved in all Prxs are colored red and the CR positions of each 2-Cys Prx is 
highlighted by a purple, green, orange or cyan background for a CR placed in α2, α3, 
α5 or the C-terminus, respectively (see panel B).  Residues involved in backbone-
mediated passing chain stabilization of the conserved Arg are given a blue 
background; in one case, Asp 163 of PfAOP (underlined residue in line 5 sequence) 
stabilizes the Arg via its side chain.  Structures are referenced by index number from 
Table 2.1 and include a sensitive Prx1 (#1), a robust Prx1(#21), a 1-Cys Prx6 (#23), a 
2-Cys Prx6 (#29), a 1-Cys Prx5 (#48), a 2-Cys Prx5 (#38), a Tpx (#49), a 1-Cys BCP 
(#62, monomeric), a 2-Cys BCP (#63, CR in α2, dimeric), a 2-Cys BCP (#67, CR in 
α3, monomeric), and an AhpE (#70).  The last residue of each line is numbered and 
dots below the alignment mark every 10 spaces.  (B) The four prototypical locations 
for the CR (colored as in panel A and labeled by location and the subfamily it is 
commonly associated with) are mapped onto a composite structure based on StAhpC 
(entry #21 in Table 2.1).  The conserved CP (red) is also shown.  The two chains of the 
B-type dimer are colored in dark and light blue and helix α2 is colored pink.  (C) Pie 
charts based on ~3500 Prx sequences showing the frequency at which the CR is in a 
given location for each subfamily.  Wedges are colored by CR position consistently 
with panels A and B using the notation in panel B: no CR

 

 (gray), C-term’ (cyan), α5 
(orange), α3 (green), α2 (purple) and uncertain (pale yellow).  The exact positions are 
defined as follows: C-term’ aligns with residue 172 in HsPrxII (entry #1 in Table 2.1); 
α5 aligns with residue 151 (or +2 residues) in HsPrxV (entry #38 in Table 2.1); α3 
aligns with residue 95 in EcTpx (entry #49 in Table 2.1); α2 aligns with residue 112 in 
ScnTPx (entry #62 in Table 2.1).  Sequences marked as “uncertain” have additional 
Cys residues present, but none align exactly with one of the known locations.  Panel B 
prepared using Pymol (DeLano 2002). 
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Figure 2.4 (continued)  
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Peroxide activation by the fully folded peroxidatic active site 
 
The FF conformation is required for productive binding of peroxide substrates.  

In this highly spatially conserved active site conformation, the CP is at the bottom of a 

pocket, surrounded by the three additional conserved residues, Pro, Thr and Arg 

(Figure 2.3A, Figure 2.3C, Figure 2.4A).  The Pro, Thr and CP are found in a 

contiguous segment with a universally conserved PXXXTXXCP sequence motif.  The 

conservation of this segment across all six subfamilies with no gaps implies that the 

catalytic efficiency is exquisitely sensitive to the constellation of these residues.  Here 

we will refer to this eight residue segment as the CP-loop, a term that was coined to 

denote the region that undergoes conformational change during catalysis in the Prx1 

subfamily (Wood et al. 2002).  It is of interest that from an evolutionary perspective, 

the Thr in the CP

Among all FF structures, there is little variation in the C

-loop (which is substituted as a Ser in ~3% of sequences) replaces the 

first Cys in the CXXC motif of a Trx-like ancestral protein (Fomenko and Gladyshev 

2003) implying that this position is important in both the Prx and Trx chemistry, but 

with a changed role (Copley et al. 2004). 

P-loop conformation 

itself, but the conserved Arg side chain that is contributed to the active site from strand 

β6 has greater variation.  In the large majority of structures containing a SP

C

H or a 

P → Ser mutation, the Arg adopts what we represent here as the canonical, 

catalytically productive conformation.  In FF structures with SPOH, SPO2H, or SPO3H 

in the active site, the Arg may be present in different conformations.  The roles of 

these conserved residues (in addition to the CP) have not been well defined until 

recently (Hall et al. 2010b, submitted).  Previously the consensus has been that the 

Arg lowers the pKa of the CP and stabilizes the CP thiolate, that the Thr may also 

contribute to a lowered CP pKa value and play a role as a proton shuttle, and that the 

Pro shields the CP from water and positions the subsequent peptide nitrogen to donate 

a hydrogen bond to the CP

At the time of our 2007 review (Karplus and Hall 2007), no substrate bound 

complexes were known.  We proposed, however, that the benzoate bound in the active 

 (Wood et al. 2003b; Karplus and Hall 2007).   
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site of human Prx5 (HsPrxV, entry #38 in Table 2.1) mimics peroxide binding and 

used it to model how H2O2 would bind in the active site pocket.  Now, the first 

peroxide-bound Prx structure has been determined (Figure 2.3A, entry #37 in Table 

2.1) and it confirms that the benzoate carboxylate does indeed accurately mimic 

peroxide binding (Figure 2.3B).  Furthermore, in the updated list of Prx structures, 

additional structures (entries #24-26, #29, #35, #36, #38-42, #45 and #55 in Table 2.1) 

have bound benzoate, acetate, ethanediol or glycerol molecules with oxygen atoms 

mimicking those of H2O2.  Some other Prx structures in Table 2.1 have sulfate, citrate 

or formate, or an alternate conformation of ethanediol or glycerol bound in the active 

site with one of the ligand oxygen atoms placed in the position occupied by one of the 

oxygen atoms of H2O2

Through exploration of the details of hydrogen bonding interactions in the 

active site of the Michaelis complex and the various ligand-bound Prx structures, 

insight into the catalytic power of the Prxs has recently been obtained (Hall et al. 

2010b, submitted).  In terms of the protein atoms, hydrogen bonding, involving both 

protein backbone and side chain atoms, positions the key residues (i.e. the conserved 

Pro, Thr, Arg and C

 (entries #45, #65, #67, #29, and #36, respectively in Table 2.1) 

(Hall et al. 2010b, submitted).   

P) and activates and stabilizes the CP-thiolate for peroxidation 

(Figure 2.3A).  For discussion of the H2O2 molecule, we have designated the two 

peroxide oxygen atoms as “OA” and “OB”, with OA being the atom attacked by the CP 

and OB being the oxygen of the hydroxide (or alkoxide) leaving group (Figure 2.3C).  

In terms of the chemistry involved, this redox reaction is actually a simple in-line SN2 

nucleophilic displacement reaction with the CP thiolate as the nucleophile, OA as the 

electrophilic center and OB as the group to be displaced.  In the H2O2-bound structure, 

the H2O2 molecule is well positioned in the active site for the peroxidatic in-line SN2 

reaction.  The OA atom is positioned 3.4 Å away from the SP atom, with an SP▪▪▪OA–

OB

 

 angle of 172° and is stabilized by four hydrogen bonds (Hall et al. 2010b, 

submitted). 
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This analysis has provided the first clearly presented proposal for the roles of 

conserved residues in catalysis and a compelling structure-based explanation for the 

catalytic power of Prxs (Hall et al. 2010b, submitted).  For catalysis, what is of most 

interest is not the interactions in the Michaelis complex itself, but in the transition state 

because in classical enzyme catalysis, the active site should be optimally 

complementary to the transition state of the reaction.  As is illustrated in Figure 2.3C, 

we see how indeed the Prx active site is exquisitely organized to stabilize the 

transition state which will have a partial bond formed between the SP and OA, and a 

partial bond broken between OA and OB.  From the geometry of the hydrogen bonds 

to the H2O2

A major take-home point from this analysis (Hall et al. 2010b, submitted) is 

how the active site is not simply activating the C

 molecule seen in the ground state (Figure 2.3A), it is clear that each of 

these hydrogen bonds will align more favorably as atoms move to the positions they 

will adopt in the transition state (Figure 2.3C).   

P residue to be a potent nucleophile, 

but an equally (if not more) important contribution to catalysis is the activation of the 

peroxide itself to be attacked.  Indeed, the conserved Arg and Thr residues and two 

backbone amide hydrogens are specifically interacting with the peroxide.  The strong 

role of peroxide activation in catalysis helps explain how in many cases, Prxs can 

undergo facile overoxidation reactions even though the SPOH and SPO2H sulfur 

atoms must be much weaker nucleophiles than the original thiolate.  With this in mind, 

the roles of the conserved residues can be identified: the Pro shields the activated CP-

thiolate from unwanted reactions and positions the following two residues for 

hydrogen bonding; the Thr positions and activates the OA atom of the peroxide 

substrate; the Arg positions and activates both the CP-thiolate and the OA

Aside from the catalytic chemistry, another requirement of the active site of 

some Prxs is the recognition of the alkyl moiety of organic peroxide substrates.  From 

crystal structures, some insight comes from the binding of benzoate, acetate, 

ethanediol, glycerol and citrate molecules.  All of these structures show the alkyl 

 atom of the 

peroxide substrate. 
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moiety pointing up and away from the conserved Thr, suggesting that the carbon atom 

directly bound to OB would be directed towards the opening of the active site pocket 

while the remaining lone electron pair is aligned into the pocket towards the conserved 

Thr (Figure 2.3C).  Additionally, from the binding of a DNS (naphthalene-2,6-

disulfonic acid) molecule in XcBcp (entry #69 in Table 2.1) close to the active site 

pocket, a longer alkyl chain can be predicted to bind in a conformation that extends 

from the OB

 

 atom towards a cleft (Liao et al. 2009) that is partially formed by variable 

subfamily-specific features in the loop between α4 and β6. 

pKa
 

 analyses 

Prxs have catalytic rates with peroxide substrates on the order of 107 M-1s-1 at 

neutral pH (Parsonage et al. 2005; Peskin et al. 2007; Nelson et al. 2008).  

Stabilization of the CP as a thiolate through lowering of its pKa from a typical value of 

8.4 or greater is an important element of its reactivity.  Hydrogen bonding interactions 

seen in the active site are consistent with the stabilization of the negatively-charged 

thiolate of the CP

The pK

 (Figure 2.3A, Figure 2.3C). 

a values have only been measured for a few Prx proteins, but all exhibit 

or suggest values below 7.  Because Prxs undergo local unfolding to yield a more 

accessible CP and some approaches rely on the variation of Cys alkylation rates with 

pH, standard pKa measurements are frequently complicated by the need to ensure that 

the pKa value measured is for the FF, active conformation and not the LU form of the 

protein (Nelson et al. 2008).  pKa values have been determined using functional 

assays across a range of pH values to measure competition with horseradish 

peroxidase (HRP) for Salmonella typhimurium AhpC (pKa=5.9) (Nelson et al. 2008) 

and Saccharomyces cerevisiae Tsa1 (pKa=5.4) and Tsa2 (pKa=6.0) (Ogusucu et al. 

2007).  The pKa of human Prx2 has also been estimated to fall between 5 and 6 based 

upon its tendency to be oxidized by H2O2 across a range of pH values (Peskin et al. 

2007).  The pKa for human Prx3 was suggested to be lower than 5 given the lack of a 

decrease in activity for this protein at low pH using HRP/catalase competition and gel 
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shift assay (Cox et al. 2009).  pKa values lower than 6 were also estimated for M. 

tuberculosis AhpE (a 1-Cys Prx) (Hugo et al. 2009) and human PrxV based upon 

H2O2

Although some proteins containing redox-reactive Cys residues exhibit even 

lower pK

-dependent fluorescent changes (Trujillo et al. 2007).  

a values [e.g., E. coli glutaredoxin-3 (pKa<5.5) (Nordstrand et al. 1999), 

protein tyrosine phosphatases (pKa<5) (Denu and Dixon 1998), and DsbA (pKa=3.5) 

(Nelson and Creighton 1994)], a pKa of 6 is sufficiently low for 91% of the CP to be 

deprotonated at pH 7.  Once the thiolate is formed, its nucleophilicity actually 

decreases as its pKa is lowered (Whitesides et al. 1977; Wilson et al. 1977), indicating 

that a very low pKa would be expected to decrease Prx activity.  It should also be 

noted that the lowered pKa of the CP to yield predominantly thiolate at the active site 

can only account for rates of roughly 20 M-1 s-1 based on studies with small model 

thiol-containing compounds, leaving another ~105 - 106

 

 rate enhancement imparted by 

other features of the Prx active site (Winterbourn 2008).  This underscores the 

importance of what we described above as the exquisitely oriented binding and 

activation of peroxide in the Prx active site. 

Local unfolding of the peroxidatic active site 
 
Structures of the LU conformation have been determined for four of the six Prx 

subfamilies; there are no examples for members of the Prx6 and AhpE subfamilies.  

Distinct from the FF conformation that is highly consistent across all Prxs, the LU 

conformation has a disulfide formed between the CP and the CR (Figure 2.5, Figure 

2.6) and so its details depend on the position of the CR.  Nevertheless, all LU 

structures have in common a structural change in α2 or in the CP-loop to move the CP 

out of the protected, peroxide-binding active site pocket and into an exposed position 

that is close enough to the CR to form a bond.  For Prxs that function with a 2-Cys 

mechanism, structural changes are also observed in the region where the CR is located.  

While changes occur in regions around the CP and the CR

 

, the rest of the protein  



 
 
 

44 

 

 

 
 

Figure 2.5.  Local unfolding changes the conformation of α2 and the CP-loop.  
Comparison of the canonical FF structure (pink, entry #1 in Table 2.1) with LU 
representatives from each subfamily shows that the LU conformations of the CP-loop 
and helix α2 vary by subfamily.  Shown in stereo and viewed as in Figure 2.2B are the 
LU conformations of a Prx1 (light blue, entry #17 and dark blue, entry #15 in Table 
2.1), a Prx5 (orange, entry #43 in Table 2.1), a Tpx (dark green, entry #51 in Table 
2.1), an α2-BCP (purple, entry #63 in Table 2.1), and an α3-BCP (pale green, entry 
#68 in Table 2.1).  Labels indicate the location of the CR (α2, α3 and α5 as in Figure 
2.4; C’ and C’-alt for the CR near the C-terminus as in Figure 2.4 with “alt” for the 
~8° shift from the canonical conformation).  There is no LU example from the Prx6 or 
AhpE subfamilies.  The CP residue in each structure is shown as ball and stick with 
the sulfur atom colored yellow.  The LU structures are all disulfide bonded forms even 
though the CR is only shown for the α2-BCP example.  Figure prepared using Pymol 
(DeLano 2002). 
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Figure 2.6.  Conformational changes for disulfide formation are localized to the 
positions surrounding the CP and the CR.  Stereoview of the interpolated structural 
changes colored by rainbow between the FF (blue) and LU (red) conformations for a 
representative from each major subfamily: (A) Prx1 (StAhpC, entries #17 and #18 in 
Table 2.1), (B) Prx5 (HsPrx5, entries #38 and #43 in Table 2.1), (C) Tpx (EcTpx, 
entries #49 and #51 in Table 2.1), (D) α2-BCP (ApBCP, entry #63 in Table 2.1), (E) 
α3-BCP (entries #67 and #68 in Table 2.1).  The interpolations show how most of the 
protein structure does not change during the local unfolding transition.  In panel A, the 
C-terminus is truncated at residue 165 due to disorder in the rest of the chain although 
in the FF conformation, residues through 186 are ordered.  In panel E, residues 78-80 
are omitted as they are disordered in the LU conformation.  The CP and the CR

 

 are 
shown as sticks with sulfur atoms colored yellow and the calculated intermediate 
structures are partially transparent.  Interpolations calculated using the Yale morph 
server (Krebs and Gerstein 2000) and visualized using Pymol (DeLano 2002). 
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Figure 2.6 (continued) 
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Figure 2.6 (continued) 
 

 
 



 
 
 

48 

 
 
 
 
 
 
 
 
 
Figure 2.6 (continued) 
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structure remains remarkably unchanged.  As the details of local unfolding are unique 

depending on the position of the CR

 

, they will be individually discussed below. 

 

 
Features varying among Prx subfamilies 

Quaternary structure 
 
The FF Prx active site is formed by residues from a single chain, so in theory 

Prxs could be monomeric.  However, Prxs that are naturally present and active as 

monomers have only been observed in the BCP subfamily.  Although Tpxs were 

reported to be functional monomers (Choi et al. 2003), it is now clear that they 

function as dimers (Baker and Poole 2003; Hall et al. 2009c).  All other Prxs are 

known to form dimers and in some cases, higher order octameric, decameric and 

dodecameric oligomer structures involving only two types of dimer interfaces.   

The two distinct dimer interfaces that account for all of the oligomeric 

associations seen in Prxs are referred to as the A- and B-type dimer interfaces (Sarma 

et al. 2005) (Figure 2.7).  B-type dimers (“B” for β-strand) are formed by interactions 

at the β-sheets in a head-to-tail fashion to form an extended 10-stranded β-sheet 

(Figure 2.7B).  All Prxs with B-type interfaces have in common a C-terminal 

extension that reaches across the two-fold axis to make extensive interactions that help 

stabilize the B-type dimer; in the Prx1 subfamily, the CR is located across the B-type 

interface from its partner CP

For most Prxs that form B-type dimers (Prx1 and Prx6 subfamily members), 

higher order oligomers are formed with four, five or six B-type dimers associating 

through the A-type dimer interface to form a toroid-like doughnut structure (Figure  

 and B-type dimers have not been observed to dissociate.  

A-type dimers (“A” for alternate) are formed by a tip-to-tip association of equivalent 

parts of the two chains involving β1, β2 and the loops preceeding α2, α3 and α4 

(Figure 2.7A).  Because this is seen in nearly all Prxs and is thought to be linked with 

catalytic activity, it is thought to be the more ancestral dimerization surface, thus “A” 

could stand for either “alternate” or “ancestral” (Sarma et al. 2005).   
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Figure 2.7.  Quaternary structures of Prxs.  For some Prxs, the basic monomeric 
structure shown in Figure 2.2 can form (A) A-type dimers, interacting near α3 or (B) 
B-type dimers, interacting at the β-sheet to form an extended 10-stranded β-sheet.  (C) 
Some members of the Prx1 and Prx6 subfamilies form decameric structures through 
the interaction of five B-type dimers via the A-type dimer interface.  Subunit coloring 
for the A-type dimer (purple and dark blue) and the B-type dimer (dark blue and light 
blue) are used in the decamer to show how it is composed of these two types of 
interactions.  (D) The oligomerization of the decamers is redox-dependent.  In the 
Prx1 and Prx6 subfamilies, reduced and overoxidized Prxs form decamers, with the A-
type dimer interface stabilizing the FF active site.  The structural change with disulfide 
formation destabilizes the A-type dimer interface and the decamer falls apart to B-type 
dimers.  Octamers and dodecamers have also been observed (see Table 2.1) and are 
thought to be functionally equivalent to the decamer.  Panels A, B and C prepared 
using Pymol (DeLano 2002). 
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2.7C).  For these enzymes, evidence suggests that during the catalytic cycle 

dissociation occurs at the A-type dimer interface, causing a redox state-linked 

transition between doughnuts and dimers (Wood et al. 2002).  The tighter ring 

structure of the octamer and the expanded ring structure of the dodecamer are due to 

small shifts at the B-type dimer interface.  We expect that octameric, decameric and 

dodecameric Prxs will function equivalently and so for simplicity, any properties of 

decameric Prxs discussed in the remainder of this review are expected to refer to 

octamers and dodecamers as well.  The distribution of dimerization types and 

characteristics of oligomerization specific to the Prx subfamilies are discussed in each 

subfamily section below.  Briefly, known members of the Prx1 and Prx6 subfamilies 

form B-type dimers, with most oligomerizing to decamers through the A-type 

interface, known members of the Prx5, Tpx and AhpE subfamilies only form A-type 

dimers, and BCP subfamily members exist as either monomers or as A-type dimers. 

To complete this categorization of higher order structures, there are four Prxs 

listed in Table 2.1 that require additional explanation.  First is the structure of Bos 

taurus PrxIII (entry #7 in Table 2.1), which in the crystal was seen to be a 

concatenated pair of dodecamers (Cao et al. 2005).  The authors state that the 

concatenation was an artifact, and that the physiological state of the protein is a single 

dodecamer as was seen for M. tuberculosis AhpC (entry #15 in Table 2.1).  The 

second structure is the hybrid Grx-Prx from Haemophilius influenza (entry #46 in 

Table 2.1) which is a tetramer in the crystal; it is made up of two dimeric Prxs that 

form a tetramer through dimerization interactions of the Grx domains of the protein 

(Kim et al. 2003), thus as far as Prx interactions go, it is a dimer.  Third is B. subtilus 

Tpx (entries #58 and #59 in Table 2.1), whose structure solved by NMR was 

determined as a monomer and no comment or measurement of the true oligomeric 

state is made (Lu et al. 2008).  We expect that like all other members of the Tpx 

subfamily, the protein is dimeric, and that the dimer structure went unnoticed in the 

NMR experiments.  Lastly is M. tuberculosis AhpE (entries #70 and #71 in Table 2.1), 

which was reported to be an octamer (Li et al. 2005), but two reasons lead us to 
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suspect that the octamer is an artifact of crystallization rather than a physiologically 

relevant state.  Most importantly, gel filtration at high concentration showed the 

majority of the protein was a dimer with only a little octamer present; less conclusive 

but still of interest, the interface building the octamers was not very extensive and did 

not involve the other known (B-type) interface.   

    

Location and conservation of the C
 

R 

As shown in Figure 2.1, the catalytic mechanism of all Prxs requires a second 

thiol (i.e. SR) for resolution of the SPOH.  For some Prxs, referred to as “1-Cys” Prxs, 

a small molecule or a second protein contributes the SR.  For all other Prxs, referred to 

as “2-Cys” Prxs, the SR is contributed by a second Cys residue (i.e. CR), that comes 

from within the Prx.  Based on the prototypical Prx studied for each subfamily, a 

strong association of certain positions for the CR with each subfamily has arisen.  In 

1998, the first Prx structure was published (Choi et al. 1998), a 1-Cys Prx6 subfamily 

member (HsPrxVI) which defined the prototype for the subfamily.  A year later, the 

first Prx1 structure published (entry #5 in Table 2.1) has the CR located near the C-

terminus and an intersubunit disulfide forms between the CP and the CR of the two 

chains of a B-type dimer.  Then, in 2003, the first Tpx structure (entry #50 in Table 

2.1) showed the formation of an intrasubunit disulfide, with the CR in α3 of the same 

chain.  The prototypical Prx5 structure was HsPrxV (entry #40 in Table 2.1), and it 

revealed a CR associated with α5.  Finally, the prototypical BCP structure (entry #62 

in Table 2.1) had the CR in α2 itself, just five residues beyond the CP.  These four 

positions for the CR

 Interestingly, as is often the case, the division of the Prx family by sequence 

similarity into the Prx1, Prx6, Prx5, Tpx, BCP and AhpE subfamilies (Knoops et al. 

2007) does not coincide with the divisions based on the existence or the positions of 

the C

 (C-term’, α2, α3 and α5), and their prototypic association with a 

given subfamily are shown in Figure 2.4B.   

R.  Specifically, from structurally known Prxs, it has already been seen that Prx6, 

Prx5, BCP and AhpE subfamilies include both 1-Cys and 2-Cys members, and even 
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for those that are 2-Cys Prxs, the structure of XcBcp (entry #68 in Table 2.1) that has 

its CR in α3, shows that the position of the CR can vary even within a subfamily.  To 

shed further light on this, we draw here on results from a survey of over 3500 Prx 

sequences (K. Nelson, J. Fetrow et al., unpublished observations).  That survey 

confirms the appropriateness of splitting the Prx family into six subfamilies, with the 

AhpE subfamily containing only ~25 members, and the other Prx subfamilies each 

containing between 300 and 1100 members.  As shown in Figure 2.4C, this work 

provides a broader perspective on the variation of the CR within each subfamily.  In 

the analysis, Prx sequences with no Cys residues besides the CP were identified as 1-

Cys (“no CR” in Figure 2.4C).  Other Prxs were labeled as “uncertain” with respect to 

their CR if they contained additional Cys residues, but none matched one of the known 

prototypical positions.  It is still possible that additional CR

Assuming all of the “uncertain” instances are indeed 1-Cys Prxs, the variation 

can be summarized quite simply: in the Prx1 and Tpx subfamilies, ≥96% of the 

members resemble the prototypes with the C

 locations will be 

determined as more Prxs are characterized, but we expect that most of the enzymes 

identified as “uncertain” are actually 1-Cys Prxs because many characterized Prxs 

have sporadically placed Cys residues that are not involved in catalysis [e.g. HsPrxV 

(Declercq et al. 2001), PfAOP (Sarma et al. 2005), EcTpx (Hall et al. 2009c)]. 

R in the C-term’ and α3 locations, 

respectively; in the Prx6 subfamily, ~98% are 1-Cys; in the Prx5 subfamily, only 

~17% have the CR in the prototypical α5 location  while the rest are 1-Cys; in the BCP 

subfamily, ~54% resemble the prototype with the CR in α2, ~39% are 1-Cys and ~7% 

have the CR in α3 at the location associated with the Tpx prototype (Figure 2.4C).   

This analysis of the CR conservation patterns indicates that the structural diversity 

seen in the 71 known Prx structures is a good sampling of the diversity existing across 

the entire family.  In the remaining sections, we will discuss the specific structural 

features of each subfamily including comments on the structural transition each goes 

through during catalysis. 
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Before moving on, a couple of cases involving the CR deserve special 

comment.  First is Saccharomyces cerevisiae Ahp1 (ScAhp1), which is a member of 

the Prx5 subfamily.  Published evidence indicates that ScAhp1 is a 2-Cys Prx with its 

CR residue located immediately preceding α4 (Jeong et al. 1999).  From a structural 

point of view, it is difficult to envision how this CR could form a disulfide within a 

single chain or A-type dimer.  An alternate explanation is that ScAhp1 is a 1-Cys Prx 

(as is seen for other Prx5 subfamily members) and that the disulfide observed is an 

artifact resulting from a reaction involving a surface-exposed Cys of one chain and the 

SPOH of another; such non-physiological disulfides have been seen in a few of other 

Prx structures (entries #40, #53 and #69 in Table 2.1).  Of second note is the Prx1 

from Mycobacterium tuberculosis (MtAhpC, entry #15 in Table 2.1), which has two 

Cys residues near the C-terminus, Cys 174 and Cys 176.  While Cys 174 has been 

identified as the primary CR (Koshkin et al. 2004; Guimaraes et al. 2005), Cys 176 is 

able to substitute as a CR when Cys 174 has been mutated, retaining ~30% of the 

activity of the wild type AhpC (Koshkin et al. 2004).  Similar mechanistic flexibility 

with lowered catalytic rates has been observed for other CR mutants, although the 

alternate CR

  

 has not been identified (e.g. D'Ambrosio et al. 2009; Liao et al. 2009).      

Subfamily Prx1 
 
Overview 

The Prx1 subfamily members appear to be the most widespread and highly 

expressed of the Prxs, distributed among archaea, bacteria, and eukaryotes.  This 

subfamily includes the yeast TSA proteins, several plant Prxs, tryparedoxin 

peroxidases, and the bacterial AhpC proteins as well as the human Prxs I-IV.  The 

subfamily has been referred to as the “A” group (Hofmann et al. 2002; Trivelli et al. 

2003) or the “typical 2-Cys” group.  Almost all known members contain the CR near 

the C-terminus in the prototypical position equivalent to the CR in HsPrxII (line 1 in 

Figure 2.4A).  E. coli AhpC has been shown to prefer hydrogen peroxide to the bulker 

peroxides (Parsonage et al. 2005).  Some Prx1 subfamily members appear to have 
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physiological roles that extend beyond that of a simple peroxidase, having been linked 

with important roles in cellular signaling events and in some cases, acting as a 

molecular chaperone.  In these roles they have been seen to undergo regulation by 

both overoxidation and phosphorylation (Hall et al. 2009a). 

There are 22 known structures of Prx1 subfamily members representing 13 

different proteins, including both FF and LU conformations as well as distinct LU 

conformations seen in two structures of a Prx-Srx complex.  Single Prx1 subfamily 

members with both FF and LU conformations known are those from rat (RnPrx1, 

entries #4 and #5 in Table 2.1), Plasmodium vivax (Pv2Cys, entries #12 and #13 in 

Table 2.1), and S. typhimurium (StAhpC, entries #17 and #18 in Table 2.1).   

Compared to the common core structure of the Prxs, Prx1 subfamily members 

contain a ~40-50 residue extension at the C-terminus.  All known subfamily members 

adopt a B-type dimer interface with the C-terminal extension reaching across the 

dimer, forming contacts with the other chain (Figure 2.7B).  In most cases, the B-type 

dimers of the Prx1 subfamily members associate to form doughnut-like assemblies 

that are most often decameric, with five B-type dimers associating through the A-type 

dimer interface (Figure 2.7C).  In the FF form, the CR residue is buried within the 

folded C-terminal extension ~14 Å away from the CP.  In order for the disulfide to 

form, the CP-loop and first turn of α2 unfold to expose the CP while the C-terminal 

extension unfolds to expose the CR (Figure 2.6A).  The result is that the C-terminal 

extension becomes largely disordered and is not visible in crystal structures.  Three 

structures have slightly different LU conformations compared to the canonical form 

for the subfamily: in RnPrxI (entry #5 in Table 2.1) the CP-loop has collapsed to a 

more condensed structure that Wood et al. (Wood et al. 2002) have speculated is 

related to its dissociation from a decamer to a dimer and which may serve to enhance 

the recycling of the CP and CR thiols, in PfTrx-Px2 (entry #14 in Table 2.1), changes 

in the CP-loop are presumably also related to decamer dissociation, and in MtAhpC 

(entry #15 in Table 2.1), there is an ~8° shift in α2 in addition to the unwinding of the 

first turn of α2. 
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A link between decamer assembly and the catalytic cycle 
 The decameric assembly of Prx1 proteins is dynamic with dimers and 

decamers existing in an equilibrium affected by redox state, phosphorylation, protein 

concentration, pH or ionic strength (reviewed in Barranco-Medina et al. 2009).  As 

concentration, pH and ionic strength are not expected to vary much in vivo, it is 

thought that redox state and phosphorylation are the dominant factors that will 

influence the oligomeric state of the Prxs within the cell. 

The sensitivity of oligomerization to redox state was first shown by Wood et 

al. (Wood et al. 2002) and confirmed by Guimaraes et al. (Guimaraes et al. 2005).  

Disulfide formation weakens the decamer-building interactions so that the decamer 

dissociates to B-type dimers; all other forms of the enzyme (SPH, SPOH, SPO2H, 

SPO3H) appear to exist as stable decamers (Figure 2.7D).  The proposed physical 

explanation for the link between disulfide formation and decamer destabilization is 

that the FF active site (especially the CP-loop) buttresses the decamer building surface 

(A-type interface), so that when the LU active site is locked in place by disulfide 

formation, the decamer is destabilized.  Thus, during the catalytic cycle (Figure 2.1), 

these Prxs undergo a change from decamers to dimers and back to decamers.  This 

explanation implies that for these Prxs, the stability of the FF active site (and hence 

catalytic activity) is linked with decamerization (Parsonage et al. 2005).  This link was 

confirmed by a study showing that mutants of StAhpC designed to weaken decamer 

formation were 100-fold less active than wild-type enzymes solely due to a Km

 

 effect 

(Parsonage et al. 2005). 

Sensitive and robust Prx1 subfamily members 
 While the features discussed thus far are shared by all Prx1 subfamily 

members, the Prx1 subfamily can be divided into two distinct groups based on their 

sensitivity to inactivation by a second substrate molecule reacting with the SPOH 

before disulfide formation (i.e. resolution) can occur (Figure 2.1).  Many eukaryotic 

subfamily members, including HsPrxI and HsPrxII are very sensitive to inactivation 
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(Yang et al. 2002), while others, such as StAhpC, are robust (Wood et al. 2003a).  The 

structural origin of this difference was shown to be the presence of a C-terminal helix 

containing a conserved “YF” motif (asterisk in Figure 2.4A) which packs against the 

first turn of helix α2 on the side opposite the active site pocket and hinders the local 

unfolding of the CP

To provide a rationale for why sensitivity to substrate-based inactivation has 

been selected for during evolution, Wood et al. (Wood et al. 2003a) proposed that it 

allows these Prxs to act as peroxide floodgates that allow for the hydrogen peroxide 

concentration to build up in the vicinity of NADPH oxidase enzymes that are turned 

on by the binding of various hormones to cellular receptors.  This proposal was one of 

many developments that stimulated increasing acceptance over the last decade that 

peroxide does serve as a classical second messenger in many hormonal signaling 

pathways.  While the mechanisms by which sensitive Prx1 subfamily members are 

involved in cellular signaling pathways are still unfolding, it has become abundantly 

clear that these Prxs are more than just simple antioxidant enzymes (Hall et al. 2009a; 

Neumann et al. 2009).  In addition to inactivation caused directly by overoxidation, 

post-translational modifications can also regulate the ability of Prxs to reduce peroxide 

substrates (reviewed in Aran et al. 2009).  In recent work, phosphorylation of Prx1 on 

the Tyr of the YF motif in the C-terminal helix was linked with its loss of peroxidase 

activity and was speculated to be a necessary step allowing for H

-loop (Figure 2.8, Wood et al. 2003a).  This structural explanation 

has been confirmed by protein engineering of two Prxs from Schistosoma mansoni 

(Sayed and Williams 2004) which showed that adding the C-terminal helix to a robust 

enzyme made it sensitive, and deleting the C-terminal helix from a sensitive enzyme 

made it robust. 

2O2 accumulation 

during signal propagation (Woo et al. 2010).  In addition to the proposal that the 

inhibition of peroxidase activity is a key mode of regulation, some evidence suggests 

that Prx overoxidation also allows them to function as molecular chaperones (Jang et 

al. 2004; Chuang et al. 2006). 
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Figure 2.8.  The structural difference between robust and sensitive Prx1s. Comparison 
of a sensitive Prx1 (panels A and B, RnPrx1, entries #5 and #4 in Table 2.1) and a 
robust Prx1 (panels C and D, StAhpC, entries #21 and #17 in Table 2.1) in the FF (left 
panels) and LU (right panels) conformations reveals the structural feature causing 
sensitivity.  The two regions with differences in sequence that correlate with sensitive 
vs. robust Prxs are a loop with an inserted GGLG motif and a C-terminal extension 
that forms a helix with a “YF” motif; they are colored orange.  The regions that 
undergo conformational change during local unfolding are colored green (except for 
the C-terminus which is orange).  In sensitive Prx1s, the conserved C-terminal helix 
containing the YF motif and the adjacent GGLG motif bury the N-terminal end of α2, 
stabilizing the FF conformation.  This hinders local unfolding, slowing disulfide bond 
formation and thus enhancing the competing overoxidation pathway.  Comparison of 
panels A vs C shows the structural differences that result from the absence of GGLG 
and YF motifs in robust Prx1s.  The CP and CR are shown as ball and stick with sulfur 
atoms colored yellow.  An asterisk marks the end of the ordered C-terminus in the LU 
conformations (with additional residues being disordered). Figure prepared using 
Pymol (DeLano 2002). 
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Figure 2.8 (continued) 
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Regeneration of overoxidized Prx1  

As mentioned above, under conditions where high concentrations of 

hydroperoxide substrates are present as well as sufficient reducing capacity to support 

multiple turnovers, some eukaryotic Prxs are susceptible to overoxidation of the CP to 

form SPO2H and SPO3H.  These species are inactive in peroxide reduction and can no 

longer be regenerated by the “normal” catalytic cycle.  Instead, a repair enzyme 

known as sulfiredoxin (Srx), characterized best from yeast and human systems, 

catalyzes the “retroreduction” of SPO2H within select members of the Prx1 subfamily 

(step 5 in Figure 2.1) (Biteau et al. 2003; Jonsson and Lowther 2007).  Extensive X-

ray crystallographic analyses coupled with isotopic exchange and mass spectrometry 

experiments have revealed many details regarding the Srx-Prx interaction (entries #2 

and #3 in Table 2.1) and the chemical steps involved in this unusual chemistry 

(Jonsson et al. 2008a; Jonsson et al. 2008b; Jonsson et al. 2009).   Briefly, the SPO2H, 

which is buried within the FF active site pocket of decameric or even higher molecular 

weight aggregate forms of the Prx, must be made accessible for repair.  Srx 

accomplishes this through extensive reorganization of the C-terminal tail of the 

substrate Prx which then wraps around the backside of an Srx monomer, stabilizing 

the Prx-Srx “embrace”.  Within this conformation, the CP side chain comes into close 

proximity of the γ-phosphate of ATP and a residue within the CP-loop of Prx1, Phe 

50, docks into a surface pocket of Srx, further stabilizing the repair complex.  This 

reaction is dependent on the presence Mg2+, ATP and a thiol-containing reductant to 

regenerate the active Prx.  Experiments to date support the requirement for formation 

of a phosphoryl ester intermediate at the CP of the Prx that is subsequently 

dephophorylated and reduced by the combined action of an active site Cys in Srx and 

a thiol reductant like Trx or glutathione.  There is no evidence to date for Srx-

mediated reduction of SPO2

 

H-containing substrates other than Prxs. 
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Subfamily Prx6 
 
The first Prx structure determined was human Prx6 (HsPrxVI) (Choi et al. 

1998), a 1-Cys Prx from which this subfamily takes its name.  Originally identified as 

the “B” group (Hofmann et al. 2002), Prx6 subfamily members are found in archea, 

bacteria and eukaryotes and are almost exclusively 1-Cys Prxs (Figure 2.4C).  Similar 

to the Prx1 subfamily, Prx6s contain a C-terminal extension of ~50 to 80 residues 

compared to members of the other four subfamilies (Figure 2.4A).  Although the Prx1 

and Prx6 subfamilies may be combined together due to their somewhat similar 

sequences (~21-34% identity) and the presence in both of a C-terminal extension and 

B-type dimers (Copley et al. 2004), the two subfamilies have distinct sequence 

patterns with the most visible distinguishing trait being a 15-40 residue longer C-

terminal extension in the Prx6 subfamily.  The direct reductant of the Prx6s is still 

unclear; while S. cerevisiae Prx1p is reduced by Trx (Pedrajas et al. 2000), HsPrxVI is 

not (Kang et al. 1998).  GSTπ may catalyze the glutathione-dependent reduction of 

HsPrxVI (Manevich and Fisher 2005) and ascorbate has also been reported to reduce 

some Prx6 proteins (Monteiro et al. 2007). 

 There are 15 known Prx6 structures representing 4 different Prxs, all in the FF 

conformation and with the CP in a variety of oxidation states.  Both 1-Cys and 2-Cys 

subfamily members are represented.  The most unique structural trait seen across the 

Prx6 subfamily compared to the common core Prx structure is the long C-terminal 

extension mentioned above.  The basic structure is a B-type dimer, with the C-terminal 

extension making extensive contacts across the dimer interface.  The spatial 

organization of the C-terminal extension is different than for the Prx1 subfamily 

members as the first helix of the extension is in a different position and the following 

β-hairpin of Prx6s fills approximately the same space as the C-terminal helix in the 

Prx1 subfamily.  While all known subfamily members form B-type dimers, not all 

form the higher-order decameric structures seen for Prx1 subfamily members.  This 

feature does not seem to be linked to the catalytic mechanism as both 1-Cys and 2-Cys 

subfamily members have been characterized as only B-type dimers, and compared to 
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Prx1 enzymes, they presumably have adaptive features that stabilize the FF active site 

even in the absence of the A-type dimer.  The inability of some Prx6s to form A-type 

dimers may be caused by a longer insertion between α4 and β6 that blocks the 

potential A-type dimer interface (Smeets et al. 2008a).  While there is no known 

structure for an LU member of the Prx6 subfamily, the structural similarity with the 

Prx1 subfamily has led to the suggestion that for 2-Cys Prx6 subfamily members with 

a CR in the C-terminal extension, an intersubunit disulfide will be formed between the 

CP and the CR across the B-type dimer interface and that the structural rearrangements 

will involve unfolding of the C-terminal domain in order to allow CP and CR

 The most structurally well characterized Prx6 subfamily member is the 

Aeropyrum pernix (ApTpx), for which 10 structures have been solved.  From the 

structural analyses, the catalytic cycle of this Prx has been proposed to include a 

hypervalent sulfur intermediate which involves a covalent bond between the S

 residues, 

which are ~15 Å apart in the FF conformation, to be close enough for the disulfide 

bond to form.  For 1-Cys Prx6s, in principle, the C-terminal extension need not unfold 

but its fate is unknown. 

P and a 

Nδ1

 

 atom of a nearby His (residue 42 in ApTpx) (Nakamura et al. 2008; Nakamura et 

al. 2010).  It is not known if this is a normal part of catalysis for Prx6 enzymes or a 

non-physiological side reaction that occurs in the crystal when the normally rapid 

progression to the disulfide form is slowed down.  In any case, this mechanism cannot 

be relevant to other subfamilies as the His involved is not conserved outside of the 

Prx6 subfamily. 

Subfamily Prx5 
 
This subfamily is named after human Prx5 (HsPrxV), a mitochondrial, 

peroxisomal and cytoplasmic Prx that was the first member of this subfamily to be 

structurally characterized (Declercq et al. 2001).  Also referred to as the “D” group, 

Prx5 subfamily members are found in mammals, fungi, bacteria, and higher plants 

(Hofmann et al. 2002).  Unique to this subfamily are fused Prx-Grx proteins for which 
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the linking of the Prx and its reductant may facilitate catalytic turnover.  For subfamily 

members that are not fused to a Grx protein, Trx is the typical reductant.  HsPrxV is 

somewhat less reactive with H2O2 than PrxI or PrxII at 3 x 105 M-1s-1, but exhibits 

considerable reactivity (106 - 107 M-1s-1) towards organic hydroperoxides and another 

signaling-relevant oxidant, peroxynitrite (Trujillo et al. 2007).  Surprisingly, only 

~17% of the known subfamily members are 2-Cys, resembling the prototype HsPrxV 

with the CR

 From the Prx5 subfamily, there are 11 known structures representing 5 

different Prxs.  The best-characterized subfamily member is HsPrxV, a 2-Cys Prx for 

which both a FF and LU conformation has been determined.  Four FF structures of 1-

Cys Prx5s have also been solved.  Although no LU 1-Cys structure has been 

determined, one chain of HiHyPrxV (entry #46 in Table 2.1) displays a conformation 

for α2 that is perturbed from the FF conformation (Kim et al. 2003) and may be an 

interesting intermediate structure providing insight into the structural transitions of the 

1-Cys Prx5 subfamily members.   

 placed in the loop just before α5 (Figure 2.4).  All members appear to 

form A-type dimers independent of redox state. 

Compared to the common core Prx structure, the FF conformation for Prx5 

subfamily members contains a bulge in helix α2, an insertion between α4 and β6 that 

forms a short helix and like the Tpx subfamily, has a shorter α5 helix of about two 

turns.  The bulge in α2 or “α-aneurism” (Sarma et al. 2005), is the most distinctive 

feature of this subfamily, caused by an insertion of one residue into the helix two 

residues after the CP

HsPrxV is used as the model system for the structural transitions that occur 

with local unfolding for prototypical 2-Cys Prx5 subfamily members.  In the FF 

conformation, the C

 and associated also with a conserved Pro four residues later 

(Figure 2.4A).  The insertion between α4 and β6 both forms part of the substrate-

binding pocket and is involved in the A-type dimer interface.  Similar to the Tpx 

subfamily, the substrate-binding pocket involves residues from both chains of the 

dimer and this makes Prx5 subfamily members obligate dimers. 

P and the CR are located ~14 Å apart.  During local unfolding, the 
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main movements are an opening of the first two turns of α2 (including the bulge) to 

move the CP towards α5, and the unwinding of the first turn of α5 to change the 

conformation of the loop between β7 and α5, bringing the CR towards α2 (Figure 

2.6B).  The α-aneurism bulge is no longer present in the LU conformation, but it is 

plausible that the presence of the inserted residue and bulge are important for 

stabilizing the extended loop structure that now includes these residues.  It is unknown 

if similar structural changes occur in α2 for the 1-Cys subfamily members; 

interestingly, the α-aneurism is conserved in 1-Cys subfamily members suggesting an 

importance of the bulge beyond aiding the formation of the disulfide with the CR

In addition to the X-ray crystallography characterizations, NMR backbone 

dynamics studies have been performed on two members of the PrxV subfamily, 

Populus trichocarpa PrxD  (PtPrxD) (Echalier et al. 2005) and S. cerevisiae Ahp1 

(ScAhp1) (Trivelli et al. 2003).  In agreement with the crystal structures, these 

dynamics data are consistent with an overall ordered protein that forms dimers.  

Interestingly, while neither NMR analysis shows significant changes in dynamic 

motion in the region of α2, both have missing assignments principally for residues that 

are part of the C

 in 

α5.   

P-loop, suggesting that the CP

 

-loop residues are involved in 

intermediate exchange. 

Subfamily Tpx 
 
The Tpx subfamily, originally referred to as the “E” group (Hofmann et al. 

2002), is comprised of bacterial peroxidases and contains the original protein 

designated by the name “thiol peroxidase” or p20 (Cha et al. 1995).  Tpx subfamily 

members are typically reduced by Trx.  E. coli Tpx has been shown to exhibit a much 

lower Km for cumene hydroperoxide (a bulky, hydrophobic substrate) than for 

hydrogen peroxide (9 µM compared with 1.7 mM, respectively) (Baker and Poole 

2003).  Almost all identified Tpx subfamily members function with a 2-Cys 
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mechanism with the CR

For the Tpx subfamily, there are 13 known structures representing 7 different 

Prxs.  As described above, the structure solved by a structural genomics group for 

CvTpx (entry #61 in Table 2.1) does not contain a C

 in the prototypical location in the C-terminal turn of helix α3; 

about ~1% of the subfamily appear to function as 1-Cys Prxs (Figure 2.4). 

P

In terms of conformational changes during catalysis, local unfolding mostly 

alters the C

 and is therefore not an active 

Prx, but simply a Prx homolog.  The most well-studied subfamily member is E. coli 

Tpx (EcTpx) for which the structure of the LU form was first described by Choi et al. 

(Choi et al. 2003).  Recently, structures of EcTpx in the FF and LU conformations as 

well as a transitional conformation were combined with a sequence conservation 

analysis leading both to evidence that Tpxs are obligate dimers and to a description of 

the conformational changes that the Tpxs undergo during catalysis (Hall et al. 2009c).  

Compared to the core common to all Prxs, the unique feature of Tpx subfamily 

members is an N-terminal β-hairpin that is involved in forming a hydrophobic collar 

around the active site pocket that likely tailors substrate specificity to alkyl peroxides.  

Residues involved in the collar come from this β-hairpin and residues 58, 126, 127, 

130, and 153 in one chain and residues 34, 35 and 89 in the other chain of the dimer 

(Hall et al. 2009c).   

P-loop, α2 and α3 which allows the CP and CR thiols to move from ~13 Å 

apart to form a disulfide (Figure 2.6C).  During the changes, α2 twists and tilts to 

adopt a new conformation in the cradle and the CP-loop shifts to expose the CP; for 

α3, the main change is an unraveling of the C-terminal turn of the helix and shift of 

the turn following α3.  The majority of the conserved cradle residues form a 

featureless, hydrophobic surface on which α2 can rotate.  Among many side chain 

shifts, a notable one is a well-conserved aromatic residue just preceding the CR that 

slides into the protein core vacated by the unfolding of α2.  A fascinating feature is 

what could be called an arginine-trigger that links the unfolding of α2 to the 

destabilization and consequent local unfolding of α3.  This involves a well-conserved 
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Arg located in α2 (residue CP

All characterized Tpx subfamily members exist as A-type dimers that do not 

dissociate with changes in redox state (Baker and Poole 2003).  The in-depth analysis 

of the Tpx subfamily sequences revealed that the most highly conserved residues all 

cluster at the A-type dimer interface.  Interestingly, the turns leading to helices α2 and 

α3, the two regions that locally unfold during catalysis, are buried at the conserved 

dimer interface.  It was proposed that the Tpxs are obligate dimers, primarily because 

the dimer interface acts as an essential anchor, tethering the bases of α2 and α3 and 

maintaining protein stability while allowing the dynamics required for the local 

unfolding and refolding transitions (Hall et al. 2009c). 

+5) that makes a salt bridge with a glutamate in helix α3 

that is disrupted by the unfolding of α2 (Hall et al. 2009c). 

 

Subfamily BCP 
 
The BCP subfamily, originally designated the “C” group (Hofmann et al. 

2002), appears to be the most diverse.  Known members vary in oligomeric state and 

the presence or location of the CR, existing as monomers and A-type dimers with 

either 1-Cys or 2-Cys mechanisms, and with two distinct locations seen so far for the 

CR.  Although the majority of the BCP subfamily members are bacterial, BCPs have 

also been found in archaea and eukaryotes; the plant homologues are referred to as 

PrxQ.  With regard to nomenclature, the BCP subfamily has been broken into an α-

group, containing the prototypical 2-Cys Prxs with the CPXXXXCR motif, and a β-

group with no CR

For the BCP subfamily, there are eight known structures representing five 

different Prxs.  For members that function with a 2-Cys mechanism, the most common 

 that function as 1-Cys Prxs (~10% of the members) (Wakita et al. 

2007), but now that more sequences are known, this nomenclature is not adequate for 

describing the entire subfamily.  The broad diversity among members of this 

subfamily and the existence of monomeric structures lead us to propose that the BCP 

subfamily is the modern day grouping that most resembles the ancestral protein from 

which the current Prxs diverged. 
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location for the CR is in the prototypical location in α2, five residues C-terminal to CP.  

This CPXXXXCR motif is seen in ~55% of the members.  For another significant group 

(~7%), the CR is in α3 at the same position as the prototypical CR location in the Tpx 

subfamily (Figure 2.4).  Fortuitously, both a FF and a LU conformation have been 

solved for two members, Aeropyrum pernix BCP (ApBCP) with the CR in the more 

common α2 position and Xanthomonas campestris BCP (XcBCP) with the CR

Compared to the core common to all Prxs, the FF BCP structure contains a 

longer loop between α4 and β6 that forms a β-hairpin and a longer α5 with four or 

five turns.  While in most Prxs the conserved Arg is stabilized by one or two backbone 

carbonyls from the loop between β7 and α5, this loop is shorter in most BCP 

structures and only the ApBCP structure shows a stabilizing hydrogen bond formed 

between the Pro142 carbonyl and the conserved Arg side chain.  The subfamily 

members that do not form a stabilizing hydrogen bond to the Arg are monomeric – the 

stabilization may be an evolved trait that is absent in the more ancient BCP structures.  

Comparison of the known monomeric and dimeric BCPs with the C

 in the 

α3 position.  These two pairs of structures give insight into the structural transitions of 

over 60% of the subfamily.   

R in α2 (entries 

#62 and #63 in Table 2.1) reveals an insertion between α4 and β6 (Figure 2.4A) that 

may disrupt the ability to form A-type dimers, however this insertion is even longer in 

the characterized dimeric BCP subfamily member with the CR in α3 (entry #67 in 

Table 2.1) suggesting that the relationship between sequence, structure and 

oligomerization in the BCP subfamily will need to be further explored.  Presumably, 

as is expected for Prx6 subfamily members that don’t form A-type dimers, the CP

The LU conformations are, of course, quite different between BCP subfamily 

members with C

-loop 

and FF active site of monomeric BCPs will be stabilized by alternate means. 

R locations in either α2 and α3.  For BCP subfamily members with 

the CPXXXXCR motif, the CP and the CR are 12 Å apart in the FF conformation, one 

and a half turns away from each other in α2.  Local unfolding causes the entire helix 

to be pulled upward as 4 residues are looped out to form a β-haripin structure that 
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accommodates the disulfide between the CP and the CR.  Only two turns remain of 

what used to be α2 and these adopt a 310-helical structure.  The newly formed hairpin 

points towards the α5-side of the cradle and to accommodate the structural 

rearrangement, the first loop of α5 unravels and the entire α5 helix tilts ~5° away 

from the top of α2 (Figure 2.6D).  An Arg and adjacent Asp residue, conserved in α2 

among the BCPs with the CPXXXXCR

 For 2-Cys BCP subfamily members with the C

 motif, form hydrogen bonds that are important 

in stabilizing the two conformations of α2 (D'Ambrosio et al. 2009). 

R in α3, the LU conformation is 

surprisingly distinct from that observed for members of the Tpx subfamily with the CR 

in the same location.  Based on XcBCP, local unfolding does not involve a change in 

the position of α2 in the cradle, but simply a shift in the rotamer of the CP side chain 

and an unraveling of the N-terminal two turns of α3.  The local unfolding of α3 moves 

the CR from its original position 14 Å away from the CP to disulfide bonding distance 

(Figure 2.6E).  The β-hairpin between α4 and β6 is longer in the structures from 

XcBCP and is thought to play a part in regulating substrate channel accessibility (Liao 

et al. 2009).  The fact that a different local unfolding structural transition can occur for 

Prxs with the same CR position supports the hypothesis that the CR

 

 positions 

independently evolved multiple times during the divergence of the Prx family. 

 Subfamily AhpE 
 
AhpE proteins do not clearly classify with any other Prx subfamilies.  

Bioinformatic analysis of the sequence database only identified 25 putative members 

of this group, all 1-Cys Prxs found in mycobacterial and closely related bacterial 

species (K. Nelson, J. Fetrow et al., unpublished observations).  Although AhpE 

separates as its own unique subfamily, it shares ~30% sequence identity with members 

of the Prx1 subfamily and 25% identity with members of the BCP subfamily and has 

high structural similarity based on Dali scores (Holm et al. 2008) (Z-scores near 24) to 

both.  Kinetic characterization of AhpE form Mycobacterium tuberculosis indicates 
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that it reacts faster with peroxynitrite than with H2O2 (~107 vs. ~105 M-1 s-1

Only two structures have been determined for members of the AhpE 

subfamily, both of the same Prx (MtAhpE) as an A-type dimer in the FF conformation.  

Compared to the common Prx core, unique features of the AhpE subfamily structure 

are an extended loop at the N-terminus, a β-hairpin loop between α4 and β6, and a 

longer loop between β7 and α5.  The active site pocket is small and positively 

charged.  Interestingly, the extended N-terminus packs against β7, blocking the 

formation of the B-type dimers.  Although the authors state that MtAhpE forms 

octamers, we suspect the octamers are a result of crystal packing rather than being 

physiological.  The only significant difference among the representative structures is 

in the active site.  Oxidation of the C

) and its 

physiological reductant is still unknown (Hugo et al. 2009). 

P to SPOH causes the conserved Arg and Thr side 

chains to swing away from their positions that stabilize the thiolate form of the CP.  To 

accommodate the changed Arg position, the loop between β7 and α5 shifts ~ 4 Å, 

opening up the active site (Li et al. 2005).  These rearrangements may be an early part 

of the local unfolding associated with resolution of this 1-Cys Prx, although additional 

conformational changes are expected in α2 that will move the CP

 

 to a more accessible 

position to an incoming protein or small molecule thiol.   

 

 
Outlook 

The twelve years of work since the first Prx structure was solved have 

produced a strong foundation of structural knowledge that spans much of the broad 

diversity of this family.  This foundation will support ongoing biochemical and 

biomedical research on all types of Prxs and will push forward our understanding of 

the roles of Prxs in both oxidative stress protection and H2O2 signaling.  Additionally, 

with the insights gained from the clear organization of the Prx family into six 

subfamilies and descriptions of structural changes with catalysis, consistent 

nomenclature can now be used to describe the field, making it more accessible and 
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understandable to a broader audience.  This review highlights a major advance that 

can now be made regarding the understanding of substrate binding and catalysis, with 

the proposal of specific roles for each of the conserved active site groups in transition 

state stabilization.  The primary need for further structural information is now the 

determination of complexes of 1-Cys and 2-Cys Prxs with the partner protein 

responsible for their reduction.  These structures may show features that allow specific 

recognition of Prxs and will continue to expand our understanding of the bigger 

picture of Prx catalysis and regulation.  
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alkyl hydroperoxidase component E; BCP, a Prx subfamily named bacterioferritin 

comigratory protein; CP, peroxidatic Cys; CR, resolving Cys; DNS, naphthalene-2,6-

disulfonic acid; FF, fully folded; Grx, glutaredoxin; GST, glutathione-S-transferase; 
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SPO3H, sulfonic acid; SR
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71 

Chapter 3 

 

 

Typical 2-Cys peroxiredoxins: structures, mechanisms and functions 

 

 

 

Andrea Hall, P. Andrew Karplus and Leslie B. Poole 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Published in FEBS Journal (2009) 276(9), 2469-2477 

© 2009 Wiley-Blackwell.  All rights reserved 



 
 
 

72 

 
Abstract 

Peroxiredoxins (Prxs) are abundant cellular antioxidant proteins which help to keep 

peroxide levels in control.  In addition to their peroxidase activity, Prxs may also 

function through their evolved sensitivity toward peroxide-mediated inactivation, to 

participate in both stress-related and nonstress-related hydrogen peroxide signaling in 

eukaryotes.  This review summarizes recent progress in our understanding of the 

catalytic and regulatory mechanisms of “typical 2-Cys” Prxs and of the biological 

roles that these important enzymes play in oxidative stress and nonstress-related 

cellular signaling. 

 

 

 
Introduction and scope 

Peroxiredoxins (Prxs, EC 1.11.1.15) are ubiquitous antioxidant enzymes found 

in all organisms with the single exception, to our knowledge, of Borrelia burgdorferi 

(and other Borrelia species).  The broad distribution of Prxs and the high levels of 

expression (Wood et al. 2003b) suggest they are both an ancient and important 

enzyme family.  Prxs are assumed to have evolved from a thioredoxin-like precursor 

protein and a model for the evolutionary path has been presented (Copley et al. 2004). 
1

Prx research has expanded rapidly in recent years, with a PubMed search for 

the term “peroxiredoxin” yielding 2, 43, 227, and 542 papers in 1992-95, 1996-99, 

2000-03 and 2004-07, respectively.  Despite this recent increase in study, Prxs are still 

not well characterized relative to glutathione peroxidase and catalase.  For 

comparison, 6523 papers were published on catalase and 4205 on glutaredoxin from 

2004-2007. 

The initial publication defining this family of enzymes introduced the term 

“peroxidoxin” (Chae et al. 1994b), but shortly thereafter “peroxiredoxin” was 

suggested (Chae et al. 1994a).  Although some publications use peroxidoxin, it is the 

latter name that has been widely adopted. 
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A number of excellent reviews have summarized much of the work on Prx 

structure, function, and biology (Wood et al. 2003b; Rhee et al. 2005; Karplus and 

Hall 2007; Poole 2007; Fourquet et al. 2008), and on the developing view of hydrogen 

peroxide signaling (Stone and Yang 2006; Veal et al. 2007; Fourquet et al. 2008; 

Winterbourn 2008).  The purpose of this mini-review is to highlight recent advances in 

our understanding of the chemistry of “typical 2-Cys” Prxs and evidence for the 

role(s) of the sensitivity to inactivation by hydrogen peroxide seen in some members 

of this group.  

 

 

 
Typical 2-Cys Prxs 

All Prxs have in common an overall fold and catalytic mechanism involving a 

conserved, fully folded active site and an unfolding event (Karplus and Hall 2007) 

(Figures 3.1A and 3.2).  The enzymatic mechanism relies on a conserved cysteine 

residue, the peroxidatic cysteine (CP or SP for the peroxidatic cysteine or sulfur atom, 

respectively), to reduce various peroxide substrates with catalytic efficiencies on the 

order of 106 - 107 M-1s-1 (Poole 2007).  Following oxidation of CP by the peroxide 

substrate, regions of the protein around the active site change conformation, allowing 

for subsequent reactivation steps (Figure 3.2A).  A second free thiol (CR for the 

resolving cysteine or thiol group) then forms a disulfide with the CP and is required to 

complete the catalytic cycle.  1-Cys and 2-Cys Prxs are differentiated by whether the 

CR

All of the early characterized Prxs were “typical 2-Cys” Prxs.  In this subclass 

of 2-Cys Prxs, the basic active unit is a dimer, with the catalytically relevant disulfide 

bond being formed between the C

 comes from another molecule (1-Cys) or from a Prx (2-Cys).   

P on one chain with the CR from near the C-terminus 

of the other chain (Karplus and Hall 2007) (Figure 3.2).  The subclass of “atypical 2-

Cys” Prxs are differentiated from “typical” 2-Cys Prxs in that the catalytic disulfide 

bond is intramolecular in most cases, and the resolving cysteine is not at the “typical” 

conserved position in the C-terminus.  Despite the different positions conserved for  
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Figure 3.1.  Mechanisms of catalysis by typical 2-Cys Prxs.  (A) The peroxidatic 
catalytic cycle of typical 2-Cys Prxs involves three main reactions: 1 peroxidation, 2 
resolution and 3 recycling.  Not shown is the local unfolding event that occurs in both 
the CP-loop and C-terminus during reaction 2, so that the disulfide bond can form (see 
Figure 3.2A).  The protein is represented as one of two active sites within a functional 
dimer, with SP and SR (red) designating the sulfur atoms of the peroxidatic and 
resolving cysteines, respectively, from different subunits.  ‘2 R’SH’ in reaction 3 
represents a thioredoxin-like protein or domain.  Overoxidation of CP (reaction 4) and 
reduction of the Cys-SPO2H by Srx (reaction 5) depict redox regulation and repair 
occurring in some eukaryotic typical 2-Cys Prxs.  (B) Mutants of AhpC which 
suppress the growth defect (dithiothreitol dependence) of the trxB gor mutant from 
Escherichia coli were shown to catalyze the deglutathionylation of Grx1 (using the 
C14S mutant) in vitro (Yamamoto et al. 2008).  Although the catalytic intermediate is 
shown with glutathione attached in a mixed disulfide to the Prx, the alternative 
mechanism with Grx attached to Prx is also possible.  The truncated cycle shown with 
dotted lines (reaction 4 in panel B) illustrates the finding that only the “resolving 
cysteine” (with the sulfur depicted as SR) is required for this activity. 
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Figure 3.2.  Structural aspects of Prx sensitivity and resurrection.  (A) The active site 
of a sensitive 2-Cys Prx in the fully folded (FF) and locally unfolded (LU) 
conformations.  Both chains of the dimer are colored gray.  The C-terminal helix 
containing the YF motif (cyan) and the loop associated with the GGLG motif 
(yellow), which are most characteristic of sensitive Prxs, can be seen to pack against 
each other and cover the active site CP-loop (pink) in the FF conformation (PBD code 
1QMV).  Comparing the LU structure (PDB code 1QQ2) with the FF structure shows 
how the CP-loop and the protein C-terminus unfold for disulfide formation, and how 
the C-terminal helix hinders this required local unfolding.  In robust Prxs, the C-
terminal helix containing the YF motif is absent, allowing for more facile unfolding 
(see Figure 2 in Wood et al. (Wood et al. 2003a).  In the LU form, a star indicates the 
presence of the additional disordered C-terminal residues.  In both the FF and LU 
images, the four residues conserved in all Prxs (CP, Arg, Thr and Pro) and CR are 
colored green, with sulfur, oxygen and nitrogen atoms colored dark yellow, red and 
blue, respectively.  (B) The typical 2-Cys dimer (magenta and dark blue) associates 
with other dimers (light blue) as part of the normal catalytic cycle to form higher order 
oligomers.  The overoxidized state is stabilized in this form (Schroder et al. 2000).  
Modeling of Srxs (green) on a Prx decamer shows that Srx can associate with such a 
structure without significant changes to the decamer, consistent with the role of Srx in 
the reduction of the overoxidized Prx (Jonsson et al. 2008a). 
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CR, the catalytic cycle for peroxidase activity in all Prxs can be broken down into 

three steps: peroxidation (reaction 1); resolution (reaction 2); and recycling (reaction 

3) (Figure 3.1A).  Peroxidation occurs in the fully folded active site which contains 

four conserved residues: CP, Arg and Thr residues presumed to stabilize the thiolate 

anion, and a Pro, which shields the active site from water (Figure 3.2).  This active site 

environment lowers the pKa of CP, which has recently been shown to be in the range 

of 5-6 for the few Prxs thus studied (Ogusucu et al. 2007; Peskin et al. 2007; Nelson 

et al. 2008).  The thiolate anion attacks the peroxide substrate to generate water (or 

alcohol) and a Cys-sulfenic acid (Cys-SPOH) at the active site (Poole 2007).  

Resolution occurs when the CR attacks the Cys-SPOH to release water and form an 

intersubunit disulfide bond.  The catalytic cycle is completed when the disulfide bond 

is recycled, typically by a thioredoxin-like molecule, regenerating the free thiol forms 

of CP and CR

For these enzymes, catalysis not only involves chemical transformations, but 

also requires the protein to undergo certain conformational gymnastics.  The form of 

the enzyme carrying out peroxidation is fully folded; in typical 2-Cys Prxs, the C

.  

R 

side-chain is buried and roughly 14 Å away from CP.  For CP and CR to form a 

disulfide, both the active site region (known as the CP

An additional mechanistic complexity of these proteins is that during catalysis 

they shift quaternary structure between a homodimer and a doughnut-shaped decamer 

(which consists of a pentamer of dimers).  In addition to decamers, octamers and 

dodecamers have also been observed; the role of oligomerization is thought to be the 

same in all three cases (Karplus and Hall 2007) (Figure 3.2B).  Studies with the alkyl 

hydroperoxide reductase C (AhpC) Prx from Salmonella typhimurium have suggested 

that the decameric form is stabilized in all catalytic states of the enzyme, except for 

the disulfide form (between reactions 2 and 3 in Figure 3.1A); the decamer falls apart 

-loop) and the C-terminal region 

must locally unfold (Figure 3.2A).  Details of the structural changes occurring with 

catalysis for various Prxs have been recently reviewed by Karplus and Hall (Karplus 

and Hall 2007).  
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upon disulfide formation because the unfolding of the CP

 

-loop destabilizes the 

decamer-building (dimer-to-dimer) interface (Wood et al. 2002).  Analogous redox-

dependent oligomerization effects are now known to extend to mammalian and plant-

derived typical 2-Cys Prxs (Cao et al. 2007; Barranco-Medina et al. 2008; Matsumura 

et al. 2008).  The physiological role of the dimer/decamer transition remains unclear; 

however studies indicating that decamers are better peroxidases than dimers 

(Parsonage et al. 2005), but are less amenable to reduction by thioredoxins 

(Matsumura et al. 2008), suggest that the quaternary structure transition aids efficient 

catalysis.  There is also evidence for some Prxs that the decamers associate with 

membranes (Cha et al. 2000; Schroder et al. 2000), and so it is possible that cellular 

localization is influenced by oligomeric state. 

 

 
Recent mechanism-relevant discoveries for Prxs 

Although Prxs have been described as broad specificity peroxidases that 

reduce substrates such as hydrogen peroxide, lipid hydroperoxides and peroxynitrite, 

recent data suggest that at least some of the typical 2-Cys Prxs are much more active 

with hydrogen peroxide than with bulkier hydroperoxide substrates (Parsonage et al. 

2008), and that the reactivity with other oxidants and alkylating agents is remarkably 

limited (Peskin et al. 2007).  The thermodynamic driving force for peroxide reduction 

by thiols (reaction 1 in Figure 3.1A) is highly favorable, so the relative reactivity for 

thiol-based peroxidases is, instead, dominated by kinetic factors (Winterbourn 2008).  

However, the turnover of Prxs with reductants (reaction 3 in Figure 3.1A) may be 

subject to greater influence by their midpoint reduction (redox) potentials.  In this 

regard, it is perhaps surprising that the redox potentials for typical 2-Cys Prxs from 

plant chloroplasts are in the range of -300 mV, similar to or even lower than their 

physiological reductants (Dietz et al. 2006).  As pointed out by Dietz et al. (Dietz et 

al. 2006), however, these low potentials likely reflect the unique regulatory 

environment of this photosynthetic organelle.  Recent data for the bacterial antioxidant 
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AhpC indicates a redox potential of -178 mV, sufficiently high for AhpC to remain 

predominantly reduced even under conditions in which the cell is oxidatively stressed 

(Parsonage et al. 2008). 

 In addition, an alternative catalytic activity that may be exhibited by a 

subset of Prxs has recently come to light using Escherichia coli mutants with 

thioredoxin reductase and glutathione reductase gene deletions (the trxB gor mutant).  

These E. coli are compromised in cytoplasmic disulfide reduction, resulting in growth 

defects.  This condition leads to frequent selection of a mutation causing the insertion 

of one amino acid between residues 37 and 38 of AhpC, converting it from a 

peroxidase to a disulfide reductase that acts as a glutaredoxin deglutathionylating 

enzyme (Yamamoto et al. 2008).  Other single point mutations were also able to 

confer this activity without eliminating peroxidase activity.  Surprisingly, CR 

(Cys165) rather than CP (Cys46) of the E. coli AhpC is critical for the suppression of 

the growth defect of the trxB gor mutant, and for the disulfide reductase activity 

measured in vitro (Figure 3.1B).  Although only speculative at present, it is 

conceivable that this activity may be more constitutively present in wild-type forms of 

other Prxs where the CR

 

 is particularly reactive, or switched on in some Prxs by 

protein modifications. 

 

 
Robust and sensitive typical 2-Cys Prxs 

The catalytic cycle explained above is all that is needed to describe the 

peroxidase activity of the Prxs.  However, beginning with a yeast Prx (now known as 

Tpx1), a number of Prxs have been shown to be quickly inactivated by submillimolar 

concentrations of both hydrogen peroxide and alkyl hydroperoxides (Chae et al. 

1994a; Veal et al. 2004).  Yang et al. (Yang et al. 2002) reported that for human Prx1 

at 100 µM hydrogen peroxide, the half-life for inactivation during catalytic cycling 

with reductant is approximately 2 minutes.  The inactivation is a result of 

overoxidation of the CP side-chain that occurs when a second peroxide substrate 
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molecule attacks the Cys-SPOH, forming a dead-end sulfinic acid (Cys-SPO2

In contrast to these “sensitive” Prxs, the activity of a number of members of 

the typical 2-Cys Prx family from bacteria, such as Salmonella typhimurium AhpC, 

are robust, requiring about 100-fold higher hydrogen peroxide levels to be inactivated.  

Wood et al. (Wood et al. 2003a) followed up this observation to draw two 

conclusions: first, that the sensitivity to inactivation by hydrogen peroxide correlated 

with two amino-acid sequence motifs – a GGLG-containing motif in the middle of the 

protein, and a YF-containing C-terminal extension (Figure 3.2A); second, that the Prxs 

that conserved these two motifs (i.e. were putative sensitive Prxs) were from 

eukaryotic organisms.  These or similar motifs are largely absent from bacterial Prx 

sequences, although potentially interesting exceptions exist.  {Among the exceptions 

to the distribution of Prxs with GGLG and YF motifs within eukaryotes only are some 

parasitic bacteria (Helicobacter pylori, Yersinia pestis, Chlamydia pneumoniae), 

which have Prxs with a GGIG motif and a C-terminal extension containing a YL 

motif.  The sensitivity to overoxidation of Prxs with these and other variations on the 

GGLG and YF motifs, found within both prokaryotes and eukaryotes, has not been 

fully characterized, although it is clear that point mutations within the C-terminus of 

sensitive Prxs are sufficient to disrupt packing of the C-terminal helix (Koo et al. 

2002).  The presence of these potentially sensitive Prxs in parasitic bacteria may be a 

result of horizontal gene transfer (Chuang et al. 2006), and so does not necessarily 

break from the expected limited distribution of sensitive Prxs to eukaryotes.} 

H, 

reaction 4 in Figure 3.1A).  This reaction is in competition with the resolution step 

(reaction 2 in Figure 3.1A) of the normal catalytic cycle. 

As described by Wood et al. (Wood et al. 2003a), the YF motif is not part of 

the peroxidatic active site itself, but forms a helix that packs just above the active site 

in the fully folded form of the protein (Figure 3.2A).  In contrast, this feature is 

missing in robust Prxs so that the peroxidatic active site region is much more open.  

The explanation for sensitivity runs as follows: the YF-containing C-terminal helix 

packs above the active site region like a cork in a bottle, limiting the active site 
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dynamics and hindering it from unfolding; because of this, the local unfolding of the 

active site required for the resolution reaction (reaction 2 in Figure 3.1A) is 

disfavored, causing the Cys-SP

The reason for conservation of the GGLG motif is less clear, but it is 

speculated to be required for rescuing the overoxidized (sulfinic acid, Cys-S

OH containing active site to be longer-lived and thus 

more susceptible to attack by a second molecule of peroxide (Wood et al. 2003a).  

That the presence of the C-terminal helix is responsible for sensitivity has been 

confirmed by mutagenesis (Sayed and Williams 2004). 

PO2H) 

form of the protein (Jonsson and Lowther 2007).  Although Cys-SPO2H formation 

was originally thought to be biologically irreversible, sulfiredoxins (Srxs) and possibly 

sestrins are able to reduce the Cys-SPO2H to Cys-SP

That some Prxs are sensitive to overoxidation by their own substrates, making 

them worse peroxidases, raises the question of why a worse peroxidase would be 

maintained.  In theory, the selective pressure to maintain sensitivity could be a direct 

result of importance of sensitivity, or it may be a pressure directed at conserving the 

C-terminal extension for another reason and the sensitivity is an unwanted byproduct.  

The existence of robust Prxs that otherwise conserve the active site and mechanistic 

details proves that the sensitivity is not an obligatory limitation related to the enzyme 

mechanism.  Furthermore, because the sensitivity is not only avoidable, but could be 

very easily lost during evolution (simply through the mutation or loss of one or a few 

C-terminal residues) (Koo et al. 2002), its conservation throughout eukarya implies 

that there must be a very strong selective pressure to conserve it.  Wood et al.  (Wood 

et al. 2003a) proposed that the built-in sensitivity is important for facilitating 

OH in an ATP-dependent reaction 

(Jonsson and Lowther 2007).  The existence of the “resurrection” activity supports a 

physiological role for the overoxidized form of the protein.  Recent structural studies 

of a Prx-Srx complex have revealed a surprising C-terminal tail “embrace” (Jonsson et 

al. 2008a) (Figure 3.2B).  In this structure, the GGLG motif forms part of the ATP 

binding site and thus may have been selected for due to the reduction reaction with Srx 

(Jonsson et al. 2008a). 
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nonstress-related hydrogen peroxide signaling in eukaryotes, but this remains to be 

proven.  

 

 

 
Stress- and nonstress-related peroxide signaling 

Much evidence has accumulated that implicates hydrogen peroxide as an 

important and widespread signaling molecule (Stone and Yang 2006; Veal et al. 2007; 

Fourquet et al. 2008; Winterbourn 2008), both as an indicator of oxidative stress and 

as a part of normal cellular development.  Although both of these processes involve 

signaling, some authors use “H2O2

All of the well-characterized pathways for hydrogen peroxide signaling 

describe stress-related signaling, and the response triggered is generally the protective 

activation of a broad antioxidant response involving increased transcription of 

antioxidants and repair proteins.  Well-characterized examples of stress-related 

signaling include the OxyR and OhrR transcriptional regulators in prokaryotes, which 

act as both molecular sensors and transducers of the H

 signaling” to refer to the second process only, 

leading to some confusion.  In this review, hydrogen peroxide signaling includes both 

and will be referred to as either stress (exogenous peroxide induced) or nonstress 

(endogenous peroxide induced) related.  It is necessary to differentiate the two because 

the supporting evidence and pathways of the two processes are quite different. 

2O2 signal, and the Yap1/Gpx3 

system in Saccharomyces cerevisiae (Poole et al. 2004; Stone and Yang 2006; Veal et 

al. 2007).  In the latter system, yeast transcriptional responses to elevate protective 

antioxidant enzyme levels rely on communication of the H2O2

In contrast, the role of hydrogen peroxide in nonstress-related signaling 

associated with endogenously generated hydrogen peroxide is still controversial.  

 signal from a thiol-

based peroxidase, the glutathione peroxidase-like Gpx3 (also known as Orp1), to a 

transcriptional regulator, Yap1, through condensation between the two proteins and 

thiol-disulfide interchange (Delaunay et al. 2002).  There is no controversy about the 

relevance of these events. 
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These mechanisms require that the hydrogen peroxide signal is generated in a 

regulated manner without a global change in the redox state of the cell.  Long standing 

evidence for such signaling comes from studies showing that the exposure of cells to 

low levels of hydrogen peroxide stimulates proliferation.  More recent evidence has 

shown that at least in mammals, tightly regulated NADPH oxidases (NOXs) become 

activated by hormones and produce superoxide, which is converted to hydrogen 

peroxide and, in turn, oxidizes specific cysteine residues in target proteins (such as 

protein tyrosine phosphatases) to influence the fate of the cell.  These pathways can be 

blocked by increased catalase expression, supporting a role for hydrogen peroxide as a 

signaling molecule (Stone and Yang 2006; Veal et al. 2007; Winterbourn 2008). 

Despite the growing body of evidence for such nonstress-related peroxide 

signaling, there is active debate about the physiological relevance of these putative 

signaling pathways.  One of the major concerns is that many of the implicated target 

proteins, such as Prxs and phosphatases, appear to require peroxide concentrations in 

the 10 - 300 µM range in order to become (over)oxidized, whereas, in healthy cells, 

the peroxide levels are not thought to exceed 700 nM (Stone and Yang 2006).  As 

summarized by Stone and Yang (Stone and Yang 2006), alternative hypotheses to 

explain the discrepancy include the following:  (a) there are yet unidentified, much 

more sensitive peroxide sensor proteins that transduce the signals; (b) hydrogen 

peroxide itself is not the key signaling molecule but perhaps it is superoxide, 

peroxynitrite or a nitrosothiol; and (c) the hydrogen peroxide build-up is highly 

localized.  

Among these possibilities, new evidence suggests that subcellular localization 

[possibility (c)] is indeed a key component of certain nonstress-related peroxide 

signaling pathways.  Early evidence supporting localization was published by Choi et 

al. (Choi et al. 2005b) who demonstrated that Prx2 from mouse embryonic fibroblasts 

is recruited to the platelet-derived growth factor (PDGF) receptor in response to PDGF 

stimulation.  This site specific recruitment of Prx2 was associated with the suppression 

of protein tyrosine phosphatase inactivation.  Later, Li et al. (Li et al. 2006) showed 
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that specific recruitment of Nox2 to the endosome was required for redox dependent 

recruitment of TRAF6 to the active interleukin-1 (IL-1) receptor complex, ultimately 

leading to IL-1β-dependent NF-κB activation.  Similarly, Nox localization has been 

implicated in vascular endothelial growth factor (VEGF) signaling in angiogenesis 

(Ushio-Fukai 2007).  Most recently, Chen et al. (Chen et al. 2008) showed that for 

epidermal growth factor signaling, activated Nox4 is localized to the endoplasmic 

reticulum (ER) and is able to oxidatively inactivate ER-localized protein tyrosine 

phosphatase 1B (PTP1B), but not cytosolic PTP1B.  Furthermore, ER-localized 

antioxidant enzymes were able to block the signal whereas untargeted counterparts 

were not.  This last report provides powerful evidence that localization allows for 

levels of reactive oxygen species that can oxidize a less reactive target such as PTP1B. 

 

 

 
What is the role of Prx sensitivity in peroxide signaling? 

The use of hydrogen peroxide as a signaling molecule requires very tight 

regulation due to the damaging nature of peroxides.  The high expression level (0.1 – 

1% of total soluble protein) and ubiquitous distribution (Wood et al. 2003b) would 

make Prxs one of the first proteins encountered by a hydrogen peroxide molecule.  

This, combined with their fast reactivity (~107 M-1s-1) implies that in mammalian cells, 

10,000 times more hydrogen peroxide would react with Prx than with glutathione 

(Winterbourn 2008).  In characterized systems, the most highly expressed Prxs are 

sensitive: mammalian mRNA levels suggest that this is generally Prx1 (Leyens et al. 

2003), and in yeast it is Tpx1 (Ghaemmaghami et al. 2003).  {Of the five Prxs 

expressed in S. cerevisiae, three are present in relatively low abundance (cTpxII, 

mTpx and nTpx, each at less than 5,000 molecules per cell), whereas cTpxI and 

cTpxIII are present at 378,000 and 162,000 molecules per cell, respectively.  cTpxI 

and cTpxII are sensitive Prxs.  Expression levels were estimated using green 

fluorescent protein fusion proteins (Ghaemmaghami et al. 2003).}  The importance of 
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Prx1 expression for controlled growth in mammals is demonstrated by the high rate of 

malignant cancers in the Prx1 knockout mouse (Neumann et al. 2003). 

So what is the role of sensitivity?  In principle, there are two possibilities – 

overoxidation could cause a gain in function and/or overoxidation could cause a loss 

of function.  In either case, the Prx could act as a molecular switch, influenced by a 

change in peroxide level whether for stress- or nonstress-related signaling.  It is worth 

noting that phosphorylation, nitrosylation and C-terminal cleavage can also modulate 

Prx activity and sensitivity, and contribute to the regulation of cell signaling (Fourquet 

et al. 2008).  Three models describing a role for sensitivity in signal transduction have 

been proposed.  Two models rely on a gain of function mechanism: disulfide exchange 

with other downstream sensor proteins (Figure 3.3A) and chaperone activity (Figure 

3.3B).  Both of these models are supported by evidence derived from stress-related 

signaling pathways.  The only loss of function paradigm is the floodgate model 

(Figure 3.3C), proposed to be involved in nonstress-related signaling.  Figure 3.3 

summarizes these three models and the role of sensitivity in each as is described 

below. 

In the disulfide exchange model for peroxide signaling (Figure 3.3A), Prxs act 

as a specific transducer of the peroxide signal by forming an intermolecular disulfide 

bond with a partner protein, much like the Gpx3/Yap1 system mentioned earlier.  

Although in theory the target protein may itself continue to transmit the signal through 

continued disulfide exchange with downstream proteins, this has not been seen in the 

two examples of intermolecular disulfide bond formation observed in stress-related 

signaling.  Vivancos et al. (Vivancos et al. 2005) showed that, at low levels of 

hydrogen peroxide, the Schizosaccharomyces pombe Prx, Tpx1, activates the 

transcription factor Pap1 through intermolecular disulfide bond formation.  At higher 

hydrogen peroxide levels, Pap1 is not activated but instead the transcriptional factor 

Sty1 is activated through an intermolecular disulfide bond with Tpx1 (Veal et al. 

2004).  Activation of Sty1 leads to the transcription of antioxidant defense proteins 

and Srx.  Although early evidence suggested that the regulation of these two pathways 
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Figure 3.3.  Three proposed roles for Prxs in peroxide signaling.  In each case, 
different high levels of hydrogen peroxide cause a shift in function from peroxidase 
activity.  A) Disulfide exchange, represented by an interprotein disulfide bond 
between Prx and a downstream protein (pink).  In the one case studied, signaling is not 
stress-related and does not require sensitivity.  B) The chaperone model, represented 
by the formation of higher order oligomers of overoxidized Prxs.  This is involved in 
stress-related signaling and requires sensitivity.  In panels A and B, the Prxs are 
represented as a purple and blue decamer under normal cellular conditions.  C) The 
floodgate model is an unproven mechanism.  The Prxs are represented as tall barriers 
made up of gray rectangles – vertical for active, horizontal for overoxidized and 
inactive.  The multiple barriers on the right reflect the cell-wide Prx distribution; Prxs 
that are close to the peroxide generation site (marked by an arrow) are overwhelmed 
and inactivated, whereas those at increasing distances away are not.  This creates a 
steep peroxide gradient and allows for localized peroxide buildup after endogenous 
peroxide generation.  The level of hydrogen peroxide is represented by both color 
gradient and height.  This proposed role may be involved in both stress- and nonstress-
related signaling and requires sensitivity. 
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required sensitivity, mutants with C-terminal truncations that render Tpx1 insensitive 

to overoxidation were fully functional in these two pathways (Jara et al. 2008).  

In the second gain-of-function model, Prxs have been shown to act as 

chaperones or cell cycle regulators when the overoxidized enzyme aggregates into 

larger assemblies (Phalen et al. 2006; Trotter et al. 2008) (Figure 3.3B).  Higher order 

molecular weight oligomers have been shown to have chaperone activity in H. pylori, 

S. cerevisiae, and Homo sapiens (Jang et al. 2004; Moon et al. 2005; Chuang et al. 

2006), an activity which could protect cells from oxidation-induced protein unfolding.  

Interestingly, chaperone activity appears to be higher for H. sapiens Prx1 than Prx2 

because an additional cysteine present in Prx1 forms a disulfide to stabilize the higher 

order aggregates (Lee et al. 2007).  Consistent with the proposed requirement for 

sensitivity, C-terminal truncation mutants of H. sapiens Prx2 do not respond to 

oxidative stress with increasing levels of chaperone activity (Moon et al. 2005).  

Although sensitivity is important for Prx chaperone activity in S. cerevisiae and H. 

sapiens, the case for H. pylori AhpC is unclear as studies documenting the sensitivity 

of H. pylori AhpC have not been published. 

Although direct evidence exists supporting both of the gain-of-function models 

for stress-related signaling, the loss-of-function model for Prxs in nonstress-related 

signaling is still largely speculative.  This mechanism requires sensitivity.  The 

“floodgate model” (Wood et al. 2003a) predicts that under normal conditions, Prxs act 

as a barrier, hindering peroxide encounters with sensitive cellular components (Figure 

3.3C).  In the presence of a high peroxide pulse, such as could be produced by 

hormone-triggered activation of cellular NOXs, the rapid production of hydrogen 

peroxide causes high local peroxide concentrations which would inactivate the 

proximal floodgate Prxs, allowing peroxide to locally build up to concentrations that 

can oxidize specific downstream target proteins.  The recent demonstrations of 

localized NOX signaling are consistent with this model but do not prove that Prxs play 

this role.  As seen in Figure 3.3C, the high Prx concentration throughout the cell 

implies that the term “floodgate” is somewhat of a misnomer, as sensitive Prxs will 
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actually not allow peroxide to spread throughout the cell but will instead localize the 

peroxide buildup.  Thus Prxs are more like an adjustable buffer than a floodgate.  The 

recent evidence that nonstress-related growth factor signaling involves localized 

peroxide buildup of a sufficient concentration to oxidize PTP1B implies that the 

nearby sensitive Prxs would also be overoxidized (Chen et al. 2008).  Operation of a 

Prx floodgate in such systems may be challenging to discern due to the difficulty in 

detecting a small overoxidized population located close to the peroxide source within 

the large cellular pool of Prxs (Veal et al. 2007).   

Hormone-triggered apoptosis is, in contrast, a signaling process that appears to 

involve more global Prx overoxidation.  This was shown years ago for signaling by 

tumor necrosis factor (Rabilloud et al. 2002).  More recently, a  report of apoptotic 

signaling in dopaminergic neurons (used as an experimental model of Parkinson's 

Disease) shows that 6-hydroxydopamine activation of p38 MAP kinase and caspase-3 

was associated with significant overoxidation of Prx1 and other Prxs (Lee et al. 2008).  

The cells were protected against elevated levels of reactive oxygen species and 

apoptotic death by overexpression of Prx1 or addition of other antioxidants, and 

displayed enhanced apoptosis when Prx1 expression was knocked down.  Whether or 

not these two cases can truly be considered as “nonstress-related redox signaling” is 

debatable because the extensive overoxidation of Prxs implies that apoptotic signaling 

is accompanied by rises in reactive oxygen species that are much higher than in other 

types of signaling.   

With the increasing attention given to Prxs, we are learning that they are 

efficient catalysts and that their catalytic repertoire is broader than that of a simple 

peroxidase.  The high level of expression of sensitive Prxs in eukaryotes allows them 

to carry out functions under conditions of oxidative stress, such as that of a chaperone, 

that depend on their high concentration rather than their peroxidase activity.  

Nevertheless, why the sensitivity of the highly expressed eukaryotic Prxs is so 

strongly conserved and why repair systems have evolved for recovering activity in the 

overoxidized Prxs are still open questions.  Some answers may come from the study of 
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a Prx1 knockout mouse with a robust Prx gene knockin that mimics the expression 

pattern of the missing sensitive Prxs.  The local nature of nonstress-related redox 

signaling has made it challenging to ferret out the mechanisms involved and to discern 

whether the overoxidized Prxs act primarily as a passive floodgate/buffer or as an 

active positive signal, or both. 
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Abstract 

Thiol peroxidases (Tpxs) are dimeric 2-Cys peroxiredoxins from bacteria that 

preferentially reduce alkyl hydroperoxides.  Catalysis requires two conserved residues, 

the peroxidatic cysteine and the resolving cysteine, which are located in helix α2 and 

helix α3, respectively.  The partial unraveling of helices α2 and α3 during catalysis 

allows for the formation of an intramolecular disulfide between these two residues.  

Here we present three structures of Escherichia coli Tpx representing the fully folded 

(FF, peroxide binding site intact), locally unfolded (LU, disulfide bond), and partially 

locally unfolded (PLU, transitional state) conformations.  We also compare known 

Tpx crystal structures and analyze the sequence-conservation patterns among nearly 

300 Tpx sequences.  Twelve fully conserved Tpx-specific residues cluster at the active 

site and dimer interface, and an additional 37 highly conserved residues are mostly 

located in a cradle providing the environment for helix α2.  Using the structures 

determined here as representative FF, transitional, and LU Tpx conformations, we 

describe in detail the structural changes associated with catalysis in the Tpx subfamily.  

Key insights include the description of a conserved hydrophobic collar around the 

active site, a set of conserved packing interactions between helices α2 and α3 that 

allow the local unfolding of α2 to trigger the partial unfolding of α3, a conserved 

dimer interface that anchors the ends of helices α2 and α3 to stabilize the active site 

during structural transitions, and a conserved set of residues constituting a cradle that 

stabilizes the two discrete conformations of helix α2 involved in catalysis.  The 

involvement of the dimer interface in stabilizing active-site folding and in forming the 

hydrophobic collar implies that Tpx is an obligate homodimer and explains the high 

conservation of interface residues. 
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Introduction 

Peroxiredoxins (Prxs) are a ubiquitous family of peroxidases that reduce 

hydrogen peroxide (H2O2) and alkyl hydroperoxides with varying affinity(Wood et al. 

2003b), and in some cases, peroxynitrite (Bryk et al. 2000; Flohe et al. 2003).  Prxs 

share a common fold, active site and catalytic cycle that uses a conserved Cys residue, 

called the peroxidatic Cys (CP), to attack the peroxide substrate (Figure 4.1).  The CP 

residue is located in the first turn of α-helix 2 (α2) and sits in the bottom of the active-

site pocket surrounded by the three other residues conserved in all Prxs, a Pro, a Thr 

and an Arg (Karplus and Hall 2007).  In all 2-Cys Prxs, a second Cys, called the 

resolving Cys (CR) is also required.  Catalysis involves three chemical steps, (1) 

peroxidation, (2) resolution, and (3) recycling, and a local unfolding of the active site 

that allows disulfide bond formation between the CP and CR

Prxs can be organized into five subfamilies based on sequence similarity: Prx1, 

Prx6, Prx5, Tpx and BCP (Knoops et al. 2007).  The Tpx (thiol peroxidase) subfamily 

consists of 2-Cys Prxs found in Gram-positive and Gram-negative eubacterial species 

(Wan et al. 1997; Hofmann et al. 2002).  The original description of a Tpx (Cha et al. 

1995) as well as a later Esherichia coli proteomic study (Link et al. 1997) suggested a 

periplasmic localization based on its release after osmotic shock.  However, the lack of 

a signal sequence for export, immunoblots of Campylobacter jejuni cytoplasmic and 

periplasmic fractions (Atack et al. 2008), and the mixed-disulfide formation between 

E. coli cytoplasmic thioredoxin mutants and Tpx upon peroxide challenge have led to 

the proposal that Tpx is primarily a cytoplasmic protein that is anomalously released 

during osmotic shock (Tao 2008).  E. coli Tpx (EcTpx) is a potent reductant of alkyl 

hydroperoxides, having a ~200-fold preference for alkyl hydroperoxides over H

 side chains (Figure 4.1); 

the two active site conformations are referred to as fully folded (FF; reduced form 

with a peroxide binding site) and locally unfolded (LU; disulfide form).  

2O2 

(Cha et al. 1995; Baker and Poole 2003; Cha et al. 2004).  With the exception of in 

vitro studies with C. jejuni Tpx(Atack et al. 2008), other Tpxs react with alkyl  
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Figure 4.1.  Catalytic cycle of the Tpx subfamily.  The three main chemical steps 
universal to the peroxiredoxin catalytic cycle, (1) peroxidation, (2) resolution and (3) 
recycling are shown along with the local unfolding step (double headed arrow) 
required for the resolution reaction.  Peroxidation forms a Cys-sulfenic acid (S61-OH).  
Specific to the Tpx subfamily, the disulfide bond formed in the resolution step is 
intramolecular and thioredoxin (Trx) has been shown to be the most potent 
reductant(Cha et al. 1995; Olczak et al. 2003; Cha et al. 2004; Rho et al. 2006; Atack 
et al. 2008).  S61 and S95 are the sulfur atoms of the peroxidatic and resolving cysteine 
residues, respectively, using EcTpx residue numbering.  The fully folded (FF) and 
locally unfolded (LU) conformations are indicated. 
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hydroperoxides (Olczak et al. 2003; Jaeger et al. 2004; Rho et al. 2006; Dubbs and 

Mongkolsuk 2007), suggesting that in bacteria Tpx serves as the fundamental player in 

the removal of lipid hydroperoxides produced by oxidative stress.  

The first structural view of a Tpx subfamily member was the LU conformation 

of EcTpx (Choi et al. 2003).  From this original structure, unique features of the Tpx 

subfamily were seen to be the position of CR

Until now, six Tpx crystal structures have been determined (Table 4.1).  Of 

these, three are in the FF conformation and three are in the LU conformation; two of 

these structures represent the FF and LU states of Mycobacterium tuberculosis Tpx 

(MtTpx) (Table 4.1).  Additionally, NMR structures of the FF and LU states of 

Bacillus subtilis Tpx (BsTpx) have been published (Lu et al. 2008).  Nevertheless, no 

in-depth analysis of the structural transition between the FF and LU conformations has 

been published.  Here we present crystal structures of EcTpx and two EcTpx mutants 

that reveal the FF, LU and a partially locally unfolded (PLU) state of EcTpx.  We 

combine these three structures with an analysis of sequence-conservation patterns 

among nearly 300 Tpx sequences and comparisons with the previously determined 

structures to provide a detailed analysis of the structural changes associated with 

catalysis in the Tpx subfamily. 

 within helix α3 and a short N-terminal 

extension that folds into a β-hairpin.  Although only residues from a single chain are 

directly involved in catalytic chemistry, all characterized Tpxs are homodimers in 

solution (Zhou et al. 1997; Baker and Poole 2003; Rho et al. 2006) and have an A-

type dimer interface(Sarma et al. 2005). 

 

 

 
Results and discussion 

In this work, the structures of three constructs of E. coli Tpx have been 

determined: wild type (EcTpx), a CP61S mutant (EcTpxC61S), and a double C82S, 

CR95S mutant (EcTpxC82,95S) at 1.8 Å, 1.75 Å, and 2.1 Å resolution, respectively 

(Table 4.2).  All three structures have high-quality electron density for the ordered  
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Table 4.1.  Deposited structures of Tpxs. 

 
Source and   Resolution Mutation Sequence PDB Reference 
Conformationa (Å)  Identityb code 

 
EcTpxLU

EcTpx
 1.8  100% 3HVS this study 

FF
c 1.75       CP

EcTpx
61S 100% 3HVV this study 

LU
d 2.1 C82S, CR

EcTpx
95S 100% 3HVX this study 

LU 2.2  100% 1QXH Choi et al., 2003
HiTpx

18 
LU 1.9  63% 1Q98 NYSGXRC

MtTpx

g 
LU

e 1.75  51% 1XVQ Rho et al., 2006
MtTpx

17 
FF 2.1       CP60S 51% 1Y25 Stehr et al., 2006

SpTpx

31 
FF 2.3  47% 1PSQ NYSGXRCg

BsTpx
  

LU
f NMR  41% 2JSY Lu et al., 2008

BsTpx

21 
FF

f NMR  41% 2JSZ Lu et al., 2008
AaTpx

21 
FF 1.85  39% 2YZH RSGI

 
g 

 
 

 

a Organism abbreviations are: Ec = Escherichia coli; Hi = Haemophilus influenzae; Mt 
= Mycobacterium tuberculosis; Sp = Streptococcus pneumoniae; Bs = Bacillus 
subtilis; Aa = Aquifex aeolicus.  The conformation of the active site is indicated as 
either fully folded (FF) or locally unfolded (LU).  The LU conformation is locked in 
place by the formation of a disulfide bond between the CP and CR residues. 
b Sequence identity relative to EcTpx. 
c The fully folded conformation in EcTpx is distorted (see text).   
d The CP-CP disulfide in this structure creates a partial locally unfolded active site (see 
text). 
e The CP-CR disulfide in this structure has been broken by radiation. 
f The deposited structure is a monomer and no oligomerization information is given. 
g

 

 Structures deposited by the New York SGX Research Center for Structural 
Genomics (NYSGXRC) or RIKEN Structural Genomics/Proteomics Initiative (RSGI) 
structural genomics group without primary citation.  
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Table 4.2.  Data collection and refinement statistics. 
 

 
  EcTpx EcTpxC61S EcTpxC82,95S EcTpxLAB1h 

 
PDB code 3HVS 3HVV 3HVX 3I43 
A.  Data Collection
 Space group P2

a 
12121 P3121 P21 P21212

  a (Å) 38.83 59.54 44.72 38.83 
1 

  b (Å) 64.00 59.54 123.36 64.00 
  c (Å) 137.95 73.32 61.93 137.95 
  β (º) 90 90 103.01 90 
 Resolution limits (Å) 
  All data     69-1.8  42-1.75   62-2.1 37-2.8 
  Highest resolution bin (1.83-1.80) (1.84-1.75) (2.21-2.10) (2.95-2.8) 
 Unique observations  28676 (1995)  13577 (1403)  32466 (2229) 8854 (1276) 
 Multiplicity 4.0 (3.8) 7.7 (4.5) 2.7 (2.1) 2.9 (2.9) 
 Average I/σ 11.7 (4.3) 26.5 (3.2) 10.7 (3.3) 7.0 (2.1) 
 Completeness (%) 97.2 (91.8) 92.8 (63.1) 96.6 (90.7) 98.0 (99.3) 
 Rmeas

b

 R
 (%) 8.9 (54.9) 6.0 (50.9) 7.8 (28.6) 4.4 (12.6) 

pim
c (%) 10.0 (52.0)e

B.  Refinement 
 2.0 (22.0) 5.0 (18.0) 6.7 (24.0) 

 Rcryst (%) / Rfree (%) 14.6 / 21.0f 13.6 / 19.5g  16.2 / 24.8g 19.8 / 21.9
 Molecules in AU 2 1 4  

 f, h 

 Number of protein residues 334 167 668  
 Number of water molecules 603 293 690  
 Total number of atoms 3122 1591 5689  
 rmsd bond lengths (Å) 0.023 0.023 0.019  
 rmsd bond angles (°)  1.9 1.8 1.6  
 < B > protein (Å2

 < B > solvent (Å
)  19.2 21.4 27.0  

2

 Ramachandran plot
)  37.7 23.4 18.2  

d 

  

  Outliers (%) 0.0 0.0 0.3  
Favored (%) 97.9 98.2 97.3  

 
 

a Numbers in parentheses correspond to values in the highest resolution bin. 
b Rmeas is the multiplicity-weighted merging R-factor (Diederichs and Karplus 1997). 
c Rpim is the precision-indicating multiplicity-weighted merging R-factor (Weiss and 
Hilgenfeld 1997). 
d Ramachandran plot generated using Molprobity (Davis et al. 2007).  
e RmrgdF values (Diederichs and Karplus 1997). 
f Ten percent of the data were set aside for Rfree calculations. 
g Five percent of the data were set aside for Rfree calculations. 
h

 

 Data sets LAB1 through LAB8 are of similar quality and have comparable statistics.  
As only rigid-body refinement against the same unit cell as EcTpx was done, 
refinement statistics are the same as for EcTpx. 
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parts of the molecule (Figure 4.2) and adopt the standard Prx fold, including the Tpx-

specific N-terminal antiparallel β-hairpin (Figure 4.3).  These structures show three 

distinct conformations for the active site: EcTpx has an intramolecular CP-CR 

disulfide and is in the LU conformation, EcTpxC61S adopts the FF conformation but 

with aslightly distorted CP-loop, and EcTpxC82,95S presents a novel, PLU 

conformation with an intermolecular CP-CP

 

 disulfide bond.  The features of these 

structures already fully described in publications of Tpx structures will not be 

discussed here. 

Overall structures 
 
EcTpx, the LU disulfide form   

The two chains (one dimer) of EcTpx in the asymmetric unit are similar with a 

rmsd of 0.46 Å for 167 Cα atoms.  The backbones of both chains are well-defined 

except for two regions in chain B, the turn between βN1 and βN2 and the loop 

containing CR.  These segments also have the greatest Cα-rmsd between chains A and 

B.  The greater order for these segments in chain A is due to crystal packing, 

suggesting chain B is more representative of the level of mobility present in solution.  

Surprisingly, while the CP-CR disulfide in chain A has clear connective electron 

density (Sγ-Sγ distance of 2.1 Å) (Figure 4.2A), the CP-CR disulfide is open in chain B 

(Sγ-Sγ distance of 3.3 Å).  To determine if the broken disulfide was caused by 

synchrotron radiation damage (Burmeister 2000; Ravelli and McSweeney 2000; Weik 

et al. 2000; Ravelli and Garman 2006), a series of eight consecutive, in-house data sets 

were collected.  The electron density for the chain B CP-CR disulfide bond was strong 

in the first data set and weakened over time, proving it is intact in a fresh crystal and 

sensitive to radiation-induced opening.  Interestingly, the disulfides in the two chains 

adopt different conformations, with CP χ1 values of -66° versus 169°, and CR χ1 

values of -65° versus 45° for chains A and B, respectively.  
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Figure 4.2.  Electron density quality and active site structures.  (A) 2Fo-Fc electron 
density (cyan) is shown for the disulfide bond in chain A of EcTpx.  Peptide segments 
Gly59 - Ala63 and Arg93 - Ala97 (except, for clarity, the side chain of Phe94) are 
shown.  The contour level is 1 ρrms.  (B) Electron density as in panel A is shown for 
the FF active site in EcTpxC61S.  The peptide segments containing residues Val60 - 
Ala63 and Lys167 - Ala168 (of a symmetry mate, green) are shown; Ser61 is labeled 
as CP.  The contour level is 2 ρrms.  (C) Electron density as in panel A is shown for the 
intermolecular CP-CP disulfide bond of EcTpxC82,95S.  Residues Gly59 - Ala63 of 
chains C and D are shown; the contour level is 0.8 ρrms.  In all panels, structures are 
colored by atom with C=grey, N=blue, O=red and S=yellow, and the CP and CR

 

 
residues are indicated. 
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Figure 4.3.  Structure and sequence conservation within the Tpx subfamily.  (A) The 
structure of EcTpxC61S, a representative TpxFF, with only one chain of the dimer is 
shown.  α-helices (cyan) and β-strands (blue) are labeled according to the common 
fold of all Prxs.  Two features characteristic of the Tpx subfamily are the position of 
CR in helix α3 and an N-terminal extension containing a β-hairpin (βN1 and βN2).  The 
CP and CR residues are shown as ball and stick with the Cys sulfur atom (or Ser61 
oxygen atom) in yellow.  (B) The structure shown in panel A is rotated ~180° around 
the vertical axis to give the approximate views used in Figures 4.3D, 4.5 and 4.7.  (C) 
Tpx-specific sequence conservation is mapped onto the sequence of EcTpx.  
Background coloring is by residue conservation within the Tpx subfamily: red for 
100% conserved, orange for > 90% conserved, pink for > 90% conserved between two 
amino acids and pale blue for conserved hydrophobic residues (see Table 4.3).  
Yellow text is used for the four residues conserved in all Prxs (Pro54, Thr58, CP61 
and Arg133) and white text is used for those residues 100% conserved in Tpx 
sequences only.  Secondary structure elements for the FF conformation are shown 
above the sequence, rectangles for 310-helices (α1) and α-helices, arrows for β-strands 
and triangles for insertions/deletions.  The structure elements that locally unfold for 
disulfide formation (the first four residues of helix α2 and the last 7 residues of helix 
α3) are indicated by green hash marks in the secondary structure of α2 and α3.  Solid 
lines underneath the sequence indicate residues that have > 5 Å2

 

 surface area buried at 
the dimer interface.  The conservation pattern found here is based on many more 
sequences than previous analyses(Choi et al. 2003; Rho et al. 2006).  (D) Stereoview 
of the EcTpxC61S dimer, generated by crystal symmetry, shown looking down the 
two-fold axis.  The two chains are dark grey and pale grey and the 17 residues that 
form the dimer interface (underlined in panel C) are shown as sticks.  Coloring of the 
100%, > 90%, and > 90% between two amino acids conserved residues (as in panel C) 
highlights their positions at the dimer interface, active site pocket, and the α2-cradle.  
The asymmetric conformations for Arg93 are visible, with each chain showing one 
conformation. 
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Figure 4.3 (continued) 
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Figure 4.3 (continued) 
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The structure of the LU disulfide conformation of EcTpx was previously determined 

at 2.2 Å resolution in a different crystal form (referred to here by the PDB code, 

1QXH) (Choi et al. 2003).  The 1QXH structure has no notable differences with 

EcTpx (rmsd of ~0.7 Å for 159 Cα atoms).  Different crystal packing and high B-

factors in both structures contribute to the largest differences (up to 2.5 Å), which 

occur in the CP- and CR

 

-loops.  1QXH also has one dimer in the asymmetric unit, and 

although nothing is packed on the disulfides, the two chains have distinct disulfide 

conformations, similar to what is seen in EcTpx. 

EcTpxC61S, the FF form 

EcTpxC61S, mimicking the reduced state, has one molecule in the asymmetric 

unit with a well-ordered main chain and clear electron density for residues 2 through 

168.  The protein adopts the FF conformation (Figure 4.3A and 4.3B), but it is slightly 

distorted as the crystal packing places the C-terminal carboxylate from Ala168 of a 

symmetry mate in the active site, hydrogen bonded to Thr58 and Arg133 (Figure 

4.2B).  Although the terminal carboxylate could mimic peroxide binding as has been 

seen for other Prxs with bound benzoate (Declercq et al. 2001; Evrard et al. 2004a; 

Evrard et al. 2004b; Karplus and Hall 2007; Smeets et al. 2008a), ethanediol 

(Nakamura et al. 2006), or acetate (Stehr et al. 2006), neither oxygen atom is close 

enough to the CP

 

 to approximate the binding of substrate.  

EcTpxC82,95S, the PLU form 

The four chains in the asymmetric unit of EcTpxC82,95S are highly similar 

(rmsd of 0.3 to 0.5 Å for 167 Cα atoms) with well-ordered backbones except for 

residues 95 through 100 in all chains.  The largest rmsds (up to 2.5 Å) occur in three 

regions of the protein which also have the highest B-factors: the turn between βN1 and 

βN2, the CR-loop (residues 95 through 100), and the C-terminal helix.  An unexpected 

feature of the EcTpxC82,95S structure is a non-native intermolecular CP-CP disulfide 

bond formed between chains A and B and between chains C and D.  Sensitivity of this 
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mutant to undergo a non-physiologically relevant intermolecular oxidation is 

consistent with previous behavior (Baker and Poole 2003).  The two CP-CP disulfides 

adopt the same conformation with one CP

In EcTpxC82,95S, the position of Ser82 matches that of Cys82 seen in EcTpx 

and EcTpxC61S.  Although the χ1 angle of Ser82 is ~160° and of Cys82 is ~ -70°, the 

backbone position in β-strand 4 (β

 having a χ1 of ~ 180° (chains A and D) and 

the other having a χ1 of ~ -60° (chains B and C) (Figure 4.2C).  A partial local 

unfolding of α2 (residues 59 through 61) and α3 (residues 96 through 98) accompanies 

the formation of the intermolecular disulfide. 

4

 

) does not change.  The lack of a special role for 

this residue is consistent with activity assays (Baker and Poole 2003; Trujillo et al. 

2006) and it will not be discussed further. 

Sequence conservation in the Tpx subfamily 
 
To help identify residues important for Tpx function, we have generated a 

conservation pattern based on an alignment of 273 identified Tpx sequences (Figure 

4.3C).  All of the sequences are from bacteria and have identities as low as 28% 

relative to EcTpx.  There are 12 residues 100% conserved, 20 residues greater than 

90% conserved, 30 residues greater than 90% conserved as one of two amino acids 

and four residues maintained as a hydrophobic in all sequences.  The roles of these 66 

highly conserved residues are given in Table 4.3.   

From a broad scope, the connection of conservation with catalysis can be seen 

by considering the Prx structure as built around two hydrophobic cores, one on each 

face of the β-sheet.  Looking at Figure 4.3B, the front side of the sheet is the side 

involved in catalysis with α2 laying centrally in a cradle with helices α3 and α5 as the 

right- and left-hand walls and four β-strands as the base.  The backside core is 

involved primarily in folding and stability, but not catalysis. 

Of the highly conserved residues, 17 are on the non-catalytic side and are for 

general protein structure (Table 4.3).  The remaining 49 highly conserved residues are  
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Table 4.3.  Roles for conserved residues. 
 

 
Residue Conservationa Roleb Residue Conservationa Roleb    

 
F7 >90% w/ K collar 
G9 >90% w/ K structure 
N16 >90% structure 
G22 >90% structure 
A25 >90% structure 
F28 >90% structure 
L30 >90% w/ V structure 
L35 >90% collar 
  dimer (~55 Å2

G45 >90% structure 
) 

V49 hydrophobic cradle  
L50 >90% w/ I structure 
N51 >90% w/ S cradle 
F53 >90% w/ V cradle 
  FF to LU  
P54 100% catalysis 
S55 100% dimer (~20 Å2

  anchor (C
) 

P
I56 hydrophobic FF to LU  

-loop) 

D57 100% dimer (~40 Å2

  anchor (C
) 

P-, CR
T58 100% catalysis 

-loop) 

  dimer (~15 Å2) 
V60 >90% w/ T FF to LU 
CP
V65 >90% w/ T FF to LU  

61 100% catalysis 

R66 >90% FF to LU 
F68 >90% FF to LU 
N69 >90% FF to LU 
A72 >90% w/ V FF to LU  
V80 >90% w/ I cradle 
I83 >90% w/ V structure 
S84 >90% anchor (CP
D86 100% dimer (~20 Å

-loop) 
2

  anchor (C
) 

P
L87 >90% dimer (~80 Å

-loop) 
2

P88 100% anchor (CR-loop) 
) 

F89 100% dimer (~80 Å2

  anchor (C
) 

R
  collar 

-loop) 

 
 
 
 
 
 
 

A90 100% dimer (~10 Å2

  anchor (C
) 

P-, CR
R93 >90% dimer (~70 Å

-loop) 
2)

  anchor (C
c 

R
F94 >90% w/ W FF to LU 

-loop) 

CR
E98 >90% w/ A FF to LU 

95 100% catalysis 

G99 >90% FF to LU 
L100 >90% w/ I FF to LU 
S107 100% anchor (CP
R110 >90% w/ K dimer (~70 Å

-loop) 
2

F114 >90% structure 
) 

Y118 >90% w/ F  structure 
G119 >90% structure 
V120 > 90% w/ L structure 
P126 >90% w/ gap dimer (~60 Å2

L127 >90% w/ gap dimer (~20 Å
) 

2

L130 >90% dimer (~55 Å
) 

2

  collar  
) 

R133 100% catalysis  
  FF to LU 
A134 >90% w/ S structure 
V135 >90% w/ I cradle 
V136 hydrophobic structure 
V137 >90% w/ I cradle 
V144 >90% w/ I structure 
F146 >90% w/ H cradle 
Q148 >90% w/ E cradle 
V150 >90% cradle 
E152 >90% structure 
E156 >90% w/ H cradle 
  FF to LU 
P157 >90% cradle 
D158 >90% w/ N cradle 
Y159 >90% cradle 
  FF to LU 
A162 >90% w/ V cradle 
L163 >90% w/ I cradle 
V165 >90% w/ A cradle 
L166 hydrophobic cradle  
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Table 4.3 (continued) 
 
a The substitution pattern used to define a conserved hydrophobic residue includes 
residues Ala, Phe, Gly, Ile, Leu, Met, Pro, Val, Trp, or Tyr.  For residues conserved 
more than 90% as one of two amino acids, the identity of the second amino acid is 
given. 
b

dimer - packing at the dimer interface (buried surface area in parentheses);  
 All of the well-conserved residues play one or more of the following six roles:  

cradle - forming part of the cradle; FF to LU - changing conformation associated with 
catalysis; anchor - anchoring the ends of α2 or α3 (region anchored in parentheses); 
collar - forming the hydrophobic collar of the active site; catalysis - activating CP; 
structure - maintaining general protein structure.  
c Buried surface area is for the “in” conformation of Arg93. 
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on the catalytic side (including the active site) or at the dimer interface (Figure 4.3D).  

Of the 12 residues 100% conserved, Pro54, Thr58, Cys61 and Arg133 are conserved 

among all Prxs and are directly in the peroxidatic active site (Karplus and Hall 2007); 

Cys95 (the CR

 

 residue) is required for disulfide formation (step 2 of Figure 4.1), and 

remarkably the remaining seven are all at the dimer interface adjacent to the active site 

(see below).  As can be seen in Figure 4.3D, most of the remaining 37 highly 

conserved residues are involved in the packing of α2 in its cradle.  Notable is the 

sidedness of the conservation of helices α2, α5, and C-terminus of α3 and of strands 

β4, β3, β6, and β7, visible as an alternating pattern, showing it is specifically residues 

pointing into the cradle which are well conserved. 

The Tpx dimer interface is highly conserved 
 
 In the three structures determined here, 17 residues are directly involved in the 

A-type dimer interface (Sarma et al. 2005), giving a total surface area burial of ~1400 

Å2 for each structure.  Building on the description by Choi et al. (Choi et al. 2003), the 

dimer interface of EcTpx includes three sets of interactions (Figure 4.4; prime denotes 

residues from the other monomer): (1) the side chain of Arg110` bridges the periphery 

of the interface by hydrogen bonding to the backbone oxygen of Pro126 and Lys128, 

creating a hydrogen-bonding network that also includes the backbone oxygen of 

Leu35` and the carboxylate of Asp37`; (2) a large hydrophobic cluster containing the 

side chains of residues Leu35`, Leu87`, Phe89`, Phe109`, Ser55 (Cβ), Thr58 (Cγ), 

Ala85, Leu127, Gly129 and Leu130; and (3) asymmetric polar interactions at the two-

fold axis involving hydrogen bonds formed between Asp57/Asp57` and 

Arg93/Arg93`, and extending to include Ser55/Ser55` (Oγ), the carboxylate of Asp86, 

the backbone nitrogen of Leu87`, and three waters (Figure 4.4), one of which is on the 

two-fold axis.  Interaction sets 1 and 2 occur twice due to the two-fold symmetry. 
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Figure 4.4.  Packing interactions at the dimer interface.  Stereoview of half of the 
EcTpx dimer interface with the two chains colored dark grey (chain A) and light grey 
(chain B, residue numbers contain a prime).  One of every residue buried at the dimer 
interface is shown with the exception of two copies for residues Asp57, Asp86, and 
the water labeled W.  Nearby residues not buried at the dimer interface, such as 
Asp37, are not shown.  Of the three waters conserved at the dimer interface (red 
spheres), one is on the two-fold axis.  Hydrogen bonding interactions are indicated by 
cyan dashes.  The two-fold axis is marked by a dotted green line.  Since the side chain 
of Arg93 is on the two-fold, Arg93` (not shown) cannot simultaneously occupy the 
symmetry-related position; this creates an asymmetric hydrogen bonding network. 
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Mapping the Tpx-specific conservation pattern onto the Tpx structure shows a 

striking cluster of the 100% conserved residues at the dimer interface (Figure 4.3D).  

Of the 17 interface residues, six are 100% conserved, four are greater than 90% 

conserved, and three are greater than 90% conserved between two amino acids, and 

among the published structures, three highly ordered waters are also conserved.  The 

residues involved in the Arg110 hydrogen-bonding network (Figure 4.4) are the least-

well conserved.  This makes sense both because the backbone hydrogen bonding seen 

in this network does not require side-chain conservation and because the interaction is 

at the periphery of the interface. 

The asymmetric hydrogen-bonding network involving the well-conserved 

residues Asp57 and Arg93 is not EcTpx specific but is observed in all of the Tpx 

crystal structures.  The asymmetry is obligatory because the two-fold symmetry 

cannot be maintained without the overlap of the Arg93 side chains.  We expect that 

the asymmetry is dynamic in that within a given dimer, the Arg93 and Arg93` side 

chains will share time in the “in” position bridging the Asp57/Asp57` side chains.  The 

Arg93 side chain in the “out” position adopts a variety of positions in the Tpx 

structures, suggesting that the “in” position alone may be the reason for the high 

conservation of Arg93.  Finally, the “in” and “out” conformations of the Arg93 

residue can be propogated into altered backbone conformations and thus influence the 

conformation of α3 in that chain. 

 Whereas only residues from a single chain are directly involved in catalytic 

chemistry, the dimer interface appears to be intimately linked with activity.  Over half 

of the surface area buried at the dimer interface involves residues in the CP-loop 

(residues 55 through 58) and residues associated with α3 (residues 85 through 93).  

Despite this intimate link, the dimer interactions remain remarkably unchanged during 

catalysis, consistent with solution studies showing Tpx dimerization independent of 

oxidation state (Baker and Poole 2003; Rho et al. 2006).  The nine known Tpx crystal 

structures (Table 4.1) vary over ~20° in the monomer-monomer orientation due to 

sequence differences and a ~10° shift associated with the FF to LU transition.  The 
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Tpx dimer interface appears to be unique as it contains a significant twist (~30°) 

compared to other Prx A-type dimers (Sarma et al. 2005) and does not dissociate with 

the FF to LU transition like Prx1 (Wood et al. 2002; Choi et al. 2003).  Despite the 

unique features and the apparent importance of the Tpx dimer interface in catalysis, a 

similar surface area is buried upon dimerization as with other A-type dimers [~1300 to 

1700 Å2 for Tpxs compared to ~1300 Å2 for Prx1 (Wood et al. 2002) and ~1800 Å2

 

 

for Prx5 (Sarma et al. 2005)]. 

Structural transitions during Tpx catalysis 
 
 Using the multiple crystal structures of Tpx subfamily members in the FF and 

LU conformations (Table 4.1), along with the Tpx-specific residue-conservation 

pattern, we can characterize the structural changes common to catalysis throughout the 

Tpx subfamily.  As an unexpected addition, EcTpxC82,95S provides a snapshot of an 

intermediate conformation between the FF and LU.  Due to their lower precision, the 

two NMR structures (Table 4.1) are not used in the following comparative structure 

overlays; however, the specific structural transitions we describe here are completely 

consistent with the more broadly defined conformational changes and heterogeneity 

observed in the solution studies (Lu et al. 2008).  For the remainder of this analysis, 

structures will be identified by the active-site conformation as a subscript, TpxFF for 

fully folded and TpxLU for locally unfolded.  The partially locally unfolded 

EcTpxC82,95S structure will be referred to as EcTpxPLU

  

.  Also, for clarity, residue 

numbering is based on E. coli Tpx (Figure 4.3C). 

TpxFF

The Tpx

   

FF conformation is similar among the nine chains present in the four 

TpxFF crystal structures (Table 4.1).  β1 through β7 overlay well and have relatively 

low B-factors as expected for the central core of a protein (Figure 4.5A).  The two 
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Figure 4.5.  The FF, PLU and LU conformations.  Shown are the overlays of the Tpx 
structures in the (A) FF (TpxFF), (B) PLU (CP-CP disulfide, TpxPLU) and (C) LU (CP-
CR disulfide, TpxLU) conformations.  In panel A, the distorted CP-loop of the EcTpxFF 
structure is marked by an asterisk.  In panel C, a notable difference is seen for 
MtTpxLU (PDB code 1XVQ), which has an extended N-terminus resulting from a 
crystallization artifact(Rho et al. 2006).  Each chain is colored by B-factor with red 
indicating higher values.  The CP and CR residues are labeled and shown as ball and 
stick with sulfur atoms (or oxygen for Ser mutants) colored yellow.  (D) Stereoview 
overlay of the representative TpxFF (composite EcTpxFF, grey), TpxPLU (EcTpxPLU, 
magenta), and TpxLU (EcTpxLU, cyan) structures.  The distorted CP-loop in EcTpxFF 
(green) is included to show its similarity to the PLU structure.  The side chains of CP 
and CR residues are shown as in panels A through C.  
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regions of higher mobility are the loops at the C-terminal ends of α2 and α3, regions 

that are also the sites of insertions/deletions in Tpxs (Figure 4.3C).   

In all of the TpxFF structures, the active-site pocket (containing CP61) is well-

ordered and surrounded by an extended hydrophobic collar involving ten residues 

(Figure 4.6).  The hydrophobic collar is more extensive than was predicted from 

previous modeling of EcTpxFF 

In terms of active site conformation, one Tpx

(Choi et al. 2003) and its non-polar nature is very well 

conserved among Tpxs, suggesting a potential importance of these residues in forming 

a substrate binding cleft recognizing alkyl hydroperoxide substrates and/or a protein 

docking surface.  That the hydrophobic collar involves residues from the N-terminal 

β-hairpin provides a reason for the conservation of the hairpin in the Tpxs.  

Additionally, the participation of residues from both chains in the hydrophobic collar 

implies that although the chemistry of catalysis only requires residues from one chain, 

Tpx is an obligate homodimer.   

FF structure differs from the rest, 

having residues 58 through 60 of the CP-loop shifted slightly (asterisk in Figure 4.5A), 

which causes α2 to begin one residue later.  This is the EcTpxFF structure, and the 

distortion is related to the crystal packing interaction described earlier involving 

Ala168.  This distortion shows that the FF active site retains flexibility that may 

facilitate catalysis, but it also makes the structure less useful for comparative 

studies.To provide an EcTpxFF structure with the more relevant CP

Taking the composite EcTpx

-loop conformation, 

we have generated a composite structure by adjusting the positions of residues 56 

through 61 based on equivalent residues from 2YZH, the next highest resolution FF 

structure (see Materials and methods).  This composite structure provides a relevant 

active-site conformation and is of greater utility in the comparative studies presented 

here and for future modeling studies such as drug design. 

FF structure as a representative model for the 

TpxFF conformation and combining it with sequence-conservation patterns, we can 

describe the Tpx-specific interactions that stabilize this conformation.  In the FF 

conformation, α2 (residues 58 through 71) sits in the cradle lined by highly conserved 
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Figure 4.6.  The hydrophobic collar of the Tpx active site.  (A) Stereoview of the 
composite EcTpxFF active-site surface.   The active-site pocket containing the CP

 

, 
Pro54, Thr58, and Arg133, is surrounded by a hydrophobic collar that tailors the 
substrate specificity of Tpxs to alkyl hydroperoxides.  A bound acetate molecule 
(green sticks) modeled from pdb code 1Y25, mimics substrate binding and shows the 
methyl group pointing toward the collar.  Collar residues are labeled with the asterisk 
representing Asp34` and Leu35` surfaces making up the right-hand wall of the collar.   
Asp34`, Leu35`, and Phe89` (white text) are from the second chain.  Coloring is by 
atom with C=grey, N=blue, O=red and S=yellow.  (B) Sequence conservation for 
residues that form the hydrophobic collar.  The relative size of the letters indicates 
conservation and all are plotted on the same scale.  Hydrophobic residues are colored 
black.  The nominally polar side chains of Asp34` and Thr58 contribute carbon atoms 
to the collar, and the importance of only the Cα and Cβ atoms for Asp34` is consistent 
with its lower sequence conservation. 
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Figure 4.6 (continued) 
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residues from β4, β3, and β6 at the base, and α3 and α5 on the right- and left-hand 

sides (Figures 4.3D and 4.7A).  Additional well-conserved residues from β7 (Phe145, 

Gln147 and Val149) do not contribute directly to the cradle but pack against and 

stabilize α5 with hydrophobic contacts and hydrogen bonds.  The discrete position of 

α2 in the cradle of the TpxFF conformation is maintained by both hydrophobic and 

hydrophilic interactions involving the side chains of highly conserved residues.  The 

α2-residues Val65, Phe68, and Ala72 pack on a large, hydrophobic surface created by 

conserved non-polar cradle residues (Val49, Phe53, Ile56, Val80, Phe94, Leu100, 

Val135, Val137, Ala162, Leu163, and Leu166).  Two prominent polar links between 

α2 and α3 are hydrogen bonds between the side chains of Arg66 and Glu98, and 

between Asn69 and the backbone oxygen of Asn102 and Val103.  Other notable 

hydrogen bonds in the cradle are formed between the side chains of Glu156 and 

Tyr159, between Arg133 and the CP

 

, and between Asn51, a buried water and the 

backbone oxygen of Ser64. 

Tpx

The Tpx
LU 

LU conformation is similar among the seven chains seen in the four 

TpxLU crystal structures (Table 4.1).  Again, β1 through β7 overlay well and have low 

B-factors.  For TpxLU, higher mobility is seen in four places: 1) the loop at the N-

terminal β-hairpin, 2) the CP-loop, 3) the CR-loop, and 4) the loop before α5 (Figure 

4.5C).  The CP-CR disulfide has variable conformations and high B-factors suggesting 

it is highly flexible, consistent with the decreased number of NOEs in the solution 

structure of BsTpxLU 

Using the EcTpx

(Lu et al. 2008).   

LU structure to represent the TpxLU conformation, we can 

describe the Tpx-specific features that stabilize this conformation of the protein.  In 

the LU conformation, α2 (residues 63 through 71) sits in a discrete position in the 

cradle, tilted ~20° and twisted ~20° from its position in the FF conformation (Figure 

4.3D).  It is positioned by both hydrophobic and hydrophilic interactions with the 

cradle residues (Figure 4.7B).  Compared to the FF conformation, α2-residues Val65,  
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Figure 4.7.  Catalysis-associated structural transitions in the Tpx subfamily.  (A) 
Stereoview of the composite EcTpxFF.  Conserved residues (Table 4.3) in α2 and the 
cradle are shown as sticks and colored by atom with C=grey, O=red, N=blue, and 
S=yellow.  The Oγ of Ser61 (CP) is colored yellow.  Hydrogen bonds involving the 
side chains of conserved residues are indicated by cyan dashes.  Select residues are 
labeled.  (B) Stereoview of EcTpxLU oriented and shown as in panel A.  (C) 
Stereoview of the interpolated conformational pathway between the TpxFF and TpxLU

 

 
conformations.  The structure is oriented as in A) but with α2 removed.  The starting 
(FF, blue) and ending (LU, red) conformations of the side chains (sticks) and 
backbone (cartoon) are shown, and the side chains for the interpolated intermediate 
conformations are shown in semi-transparent rainbow colors (blue to red). 

 



 
 
 

115 

 

 

Figure 4.7 (continued) 
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Figure 4.7 (continued) 
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Phe68 and Ala72 have moved into new positions that are still buried, requiring a 

rearrangement of the hydrophobic core that is most notable for residues Phe53 and 

Phe94 which shift into the space vacated by the unraveling of the first turn of α2.  In 

addition, new hydrogen bonds between the side chains of Arg66 and the backbone 

oxygen of CR95 and Glu98 stabilize the LU CR

 

-loop.  A second rearranged hydrogen-

bonding network is created around the newly buried Asn69 by the side chains of 

residues Asn51, Arg133, and Tyr159. 

Tpx

The Tpx
PLU 

PLU conformation is represented by the four chains from 

EcTpxC82,95S.  The structures are similar and interestingly show increased mobility 

not for the CP-loop but instead for the CR-loop (Figure 4.5B).  The TpxPLU 

conformation is a hybrid of TpxFF and TpxLU; whereas the conformations of the CP-

loop (residues 56 through 59) and α3 (residues 87 through 96) are similar to that in 

TpxFF, the position of the loop after α3 (beginning at residue 100) and the tilted and 

twisted conformation of α2 (beginning at residue 63) closely resemble TpxLU (Figure 

4.5D).  Due to the conformation of α2 in TpxPLU, the cradle-packing interactions are 

more similar to those in TpxLU.  Interestingly, the conformation of the CP-loop 

through residue 59 matches that of the distorted CP

 

-loop in EcTpxC61S rather than the 

canonical FF loop position, supporting the conclusion that the distortion reflects 

relevant active-site flexibility.  The hybrid PLU structure implies that in terms of 

cradle packing, the Tpx sequences lock into one of two distinct conformations (FF and 

LU) rather than adopting a continuum of conformations. 

Structural events associated with catalysis in the Tpx subfamily 

The distinct grouping of the TpxFF and TpxLU structures and the high 

conservation of side chains involved in the transition show that among Tpxs, 

universally conserved changes in the structure accompany catalysis.  Using the 

composite EcTpxFF and EcTpxLU structures as the two endpoints and the EcTpxPLU 
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structures for insight into the transition process, we can describe the structural events 

associated with catalysis in the Tpx subfamily (Figure 4.7C). 

Starting in the stable FF conformation, α2 is packed in the cradle with the 

active-site pocket in a conformation that can bind and turn over the alkyl 

hydroperoxide substrate (step 1 in Figure 4.1).  Although the active site must be 

properly folded for activation of the CP residue, the CP-loop and N-terminus of α2 are 

flexible and dynamically sample partially unfolded conformations.  Substrate 

reduction results in the formation of CP

Based on insights from the PLU conformation, the local unfolding of the first 

turn of α2 is linked to the destabilization of α3; the motion in α2 moves the side chain 

of Arg66 and disrupts its hydrogen bonds with Glu98.  This and other changes in 

packing interactions between α2 and α3 destabilize the C-terminal end of α3, 

increasing its tendency to unravel.  In the presence of the C

-sulfenic acid, and although the equilibrium 

constant may shift, the structure remains in dynamic equilibrium between the FF and 

LU conformations. 

P-sulfenic acid, the 

enhanced unfolding of the C-terminal end of α3 exposes the CR residue, allowing it to 

react with the OH of the CP-sulfenic acid to form the CP-CR disulfide bond and 

covalently trap the protein in the LU conformation (step 2 in Figure 4.1).  For the 

known Tpx structures, this transition involves the unfolding of residues 56 through 62 

(the CP-loop and first turn of α2) and residues 94 through 103 (the last two turns of α3 

and the CR

When α2 tilts and twists to adopt the stable LU conformation, the highly 

conserved side chains along the inside of α2 (Val65, Phe68, Asn69 and Ala72) are 

shifted and the cradle must repack to maintain good interactions.  In terms of 

hydrophobic packing, the Val-rich hydrophobic patch remains largely unchanged in 

the two conformations, serving as a greasy, featureless surface that Phe68 and Ala72 

can slide along and pack well against in both the FF and LU conformations.  A new 

hydrophobic pocket created by the rotation of Phe53, Ile56 and Phe94 is however, the 

-loop), and is accompanied by a tilt and a twist of the entire α2 helix 

through residue 75 (Figure 4.5D).   
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new packing surface for Val65.  The new positions of these residues fill the space 

vacated by the CP.  The rearrangements of the hydrophobic interactions are 

accompanied by changes in the hydrogen-bonding networks, largely due to the 

repositioning of Asn69 to face the base of the cradle rather than α3.  Associated with 

the introduction of this buried polar group, a new hydrogen-bonding network is 

generated by the repositioning of Asn51, Arg133, Glu156, and Tyr159, with Arg133 

replacing the buried water that was hydrogen bonded to Asn51 (Figure 4.7B and 

4.7C).  Lastly, new hydrogen bonds and hydrophobic packing stabilize the new 

packing between α2 and α3: Arg66 forms new hydrogen bonds with the backbone 

oxygen of CR

The N-termini of the two regions that locally unfold are anchored to the 

structure by interactions of the highly conserved side chains Ser55, Asp57, Asp86, 

Ser107, Pro88, Phe89, Ala90, and Arg93 (Table 4.3).  Interestingly, these anchoring 

residues that help prevent excessive unfolding of the active site region are also 

residues buried at the dimer interface.  We conclude that the dimer interface not only 

contributes residues to the hydrophobic collar involved in substrate binding but is also 

required for proper formation of the FF active site and stabilization of the LU 

conformation.  This intimate connection between the dimer interface and the 

catalytically required unfolding/refolding transition explains the strong conservation 

of the interface and underscores that Tpxs are obligate homodimers. 

 and Glu98, and Leu100 repacks against α2 one turn lower than in the FF 

conformation.  

 

 

 
Materials and methods 

Protein purification and crystallization 
 

Wild type EcTpx, EcTpxC61S, and the double mutant EcTpxC82,95S were 

purified as previously described (Baker and Poole 2003) and stored in 5 mM 

potassium phosphate buffer, pH 7.  All crystals were grown at 4 °C using the hanging-

drop vapor-diffusion method.  For EcTpx, 1 µL of reservoir solution containing 20% 
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(w/v) PEG 8000, 0.1 M phosphate-citrate pH 4.2 and 0.2 M sodium chloride (Emerald 

Wizard Screen I #31) was mixed with 1 µL of protein at 10 mg/mL.  Rod-shaped 

crystals grew to a final size of 0.05 x 0.05 x 0.2 mm3

For EcTpxC61S, 1 µL of reservoir solution containing 22% (w/v) PEG 8000 

and 0.05 M potassium phosphate (optimization of Hampton Crystal Screen I #42) was 

mixed with 1 µL of protein at 3.4 mg/mL.  Box-shaped crystals grew to a final size of 

0.15 x 0.15 x 0.15 mm

 in one week.  Crystals were 

transferred to an artificial mother liquor like the reservoir but with 30% (w/v) PEG 

8000, then pulled through oil and flash-frozen in liquid nitrogen for data collection. 

3

For EcTpxC82,95S, 2 µL of reservoir solution containing 15% (w/v) PEG 

8000, 0.1 M Tris pH 7.0 and 0.2 M magnesium chloride (optimization of Emerald 

Wizard Screen II #43) was mixed with 1 µL of protein at 6.4 mg/mL.  Box-shaped 

crystals grew to final size of 0.05 x 0.1 x 0.05 mm

 in two weeks.  Crystals were flash-frozen in liquid nitrogen 

after serial transfer (1 min each) to solutions containing the reservoir mixed with 

increasing glycerol concentrations ranging from 5 to 20%. 

3

 

 in one week.  Crystals were pulled 

through oil and flash-frozen in liquid nitrogen for data collection.  

Data collection 
 

Data were collected using beamlines 5.0.1 or 5.0.3 at the Advanced Light 

Source (ALS, Lawrence Berkeley National Laboratory). Data sets for EcTpxC61S and 

EcTpxC82,95S were processed and scaled using iMosflm v1.0.0(Leslie 1992) and 

SCALA(Evans 1997) and EcTpx data were processed and scaled using the HKL suite 

of programs(Otwinowski and Minor 1997).  Final statistics showed the merged data 

sets were usable to 1.8 Å, 1.75 Å and 2.1 Å for EcTpx, EcTpxC61S and 

EcTpxC82,95S, respectively (Table 4.2).  

 Radiation damage test data sets were collected on a single EcTpx crystal using 

an in-house source (Raxis IV detector and Cu Kα radiation from a Rigaku RU300 

rotating anode generator running at 50 kV, 100 mA; ∆φ = 1°, 80 20 min images).  

Eight successive data sets (EcTpxLAB1 through EcTpxLAB8) were collected on the 
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same wedge of data and were processed and scaled using iMosflm and SCALA.  Final 

statistics showed that the merged data sets were all usable to 2.8 Å and of similar 

quality (Table 4.2). 

 

Structure determination and refinement   
 

The structures of EcTpx, EcTpxC61S and EcTpxC82,95S were solved by 

molecular replacement in CCP4 (1994) with the program MOLREP (Vagin and 

Teplyakov 1997) using data from 15 to 4 Å resolution.  All refinements were done 

using Coot (Emsley and Cowtan 2004) and REFMAC (Murshudov et al. 1997); 

during iterative manual rebuilding, water molecules were added in Coot using 

standard criteria (> 1 ρrms intensity in the 2Fo-Fc map, > 2.4 Å distance from nearest 

contact, no B-factors > 80 Å2

For EcTpx, the search model was a single chain from a published 2.2 Å 

structure of EcTpx (chain A of PDB code 1QXH) (Choi et al. 2003).  Rigid body 

refinement yielded an R of 40.9% and further restrained refinement at 1.8 Å resolution 

resulted in an R/R

).  For the final rounds of refinement, B-factor and 

peptide-planarity weights were optimized and riding hydrogen atoms were added.  No 

non-crystallographic symmetry restraints were applied and Molprobity (Davis et al. 

2007) was used to monitor geometry throughout refinement.  Final refinement 

statistics for each model are in Table 4.2.  

free = 28.8% / 32.5%.  The resulting electron density maps allowed 

us to build C-terminal residues 159 through 168 and add two citrate molecules.  

Possible alternate side-chain conformations were visible in the electron density for 

residues 17, 160 and 165 of chain A and residues 7-10 and 78 of chain B but were not 

modeled.  An alternate conformation for the disulfide bond in chain B was modeled 

based on EcTpxLAB1 data (see below) and the occupancy set to zero.  The final 

R/Rfree

EcTpxC61S was solved using chain A of the above EcTpx structure as a search 

model.  Rigid-body refinement yielded an R of 45.3% and restrained refinement 

extending to 1.75 Å resolution resulted in an R/R

 values were 14.5% / 20.8%. 

free of 33.6% / 49.6%.  Clear electron 
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density guided the rebuilding of residues 56 through 75 and 89 through 103 to change 

the locally unfolded conformation to the fully folded one and further refinement 

yielded an R/Rfree value of 30.2% / 35.4%.  TLS refinement defining the entire chain 

as one TLS group dropped both R and Rfree by 2%.  Possible alternate conformations 

were observed in the electron density for residues 67, 92, 93 and 160; only residue 93 

was modeled with an alternate conformation.  The final R/Rfree values were 13.6% / 

19.5%.  A composite structure was generated to show the more physiologically 

relevant conformation of the CP

EcTpxC82,95S was solved using EcTpxC61S as a search model.  Rigid body 

refinement yielded an R of 43.5% and restrained refinement extending to 2.1 Å 

resolution resulted in an R/R

-loop.  For this, residues 56 through 61 were 

remodeled based on the corresponding residues in chain A of PDB code 2YZH with 

the geometry being optimized in Coot.  The deposited coordinate file contains both the 

conformation determined from electron density and the alternate conformation 

predicted for the composite structure.  The alternate loop conformation has occupancy 

set to 0 as it is not actually present in this crystal form.   

free of 29.7% / 38.4%.  Residues 59 through 75 and 92 

through 103 in all chains required manual rebuilding due to conformational changes 

associated with an intermolecular disulfide bond formed between the peroxidatic 

cysteines of two chains.  TLS refinement with each chain defined as a TLS group 

dropped both R and Rfree by 1%.  The final R/Rfree values were 16.2% / 24.8%.  The 

higher Rfree value for this structure (~25% versus ~20%) and the slightly larger R/Rfree 

gap are reasonable considering its greater disorder (<B>protein ~27 Å2 versus 20 Å2

In each structure, water molecules were sorted by electron density in the final 

2F

) 

and the less extensive modeling of the ordered water (approximately half as many 

waters modeled per chain) due to the lower resolution of the data. 

o-Fc map using an in-house program, with water 1 having the strongest density.  

Also, TLSanl (Howlin et al. 1993) was used to incorporate the TLS motions into the 

B-factors reported in the PDB files of EcTpxC61S and EcTpxC82,95S.  DSSP 

(Kabsch and Sander 1983) was used to determine secondary structure and accessible 
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surface area, and the Yale Morph server (Krebs and Gerstein 2000) was used to 

interpolate the linear pathway between the EcTpxC61S and EcTpx structures. 

 

Data sets testing radiation damage 
 

Each of the eight in-house data sets were isomorphous with EcTpx and were 

refined with the same unit cell as the 1.8 Å EcTpx structure.  Only rigid-body 

refinement of the starting model (the final EcTpx structure) was pursued so as to 

minimize model bias in the 2.8 Å refinement; this refinement yielded final R/Rfree 

values of 19.8% / 21.9% for EcTpxLAB1 and R/Rfree values of 19.2% / 22.0% for 

EcTpxLAB8.  The first data set shows clear 2Fo-Fc density across the disulfide in 

chain B at 1.4 ρrms.  Over the course of the eight data sets, the density for the disulfide 

gradually decreases to an intensity of 0.8 ρrms.  To model the closed disulfide in chain 

B, the χ1 values of CP and CR

 

 were shifted to fit the side chain to the density and the 

geometry was optimized in Coot.  This modification decreased the Sγ-Sγ distance to 

2.2 Å.  This closed disulfide conformation for chain B was added as an alternate 

conformation with zero occupancy in the EcTpx structure. 

Sequence and structure comparisons 
 

BLAST (Altschul et al. 1990) was used to find homologs in the Tpx subfamily 

of Prxs.  The EcTpx sequence was used to search the nonredundant database on April 

5th, 2009 using a BLOSUM62 scoring matrix and an expect score cutoff of 10-10; this 

cutoff was chosen based on the occurrence below this level of Prxs from other 

subfamilies.  Sequences were filtered by the presence of CP and CR residues in the 

conserved positions.  Of the 285 unique sequences identified in the initial search, 

eleven did not contain a CR in the conserved position.  These may be 1-Cys Tpxs and 

were omitted (GI numbers: 83856669, 120436526, 89516394, 124259572, 

187250433, 218520895, 108759791, 145702330, and 148979871).  Sequence 

alignments were performed with ClustalW (Thompson et al. 1994) and after manual 
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adjustment were analyzed for conservation patterns with the assistance of Consurf 

v3.0 (Landau et al. 2005) and Weblogo (Crooks et al. 2004).  Among the identified 

Tpx sequences, the sequence for Helicobacter pylori (GI: 54111572) unexpectedly did 

not conserve the Prx-wide conserved residue Thr58.  Since it is not known if the 

structure is able to compenstate for this apparent deviation from the conserved Prx 

active site, this sequence was also omitted, leaving 273 sequences for the comparisons.  

Structural overlays were performed with a locally written program using a pair 

wise distance cutoff of 3 Å (Rozwarski et al. 1994).  To calculate differences in the 

interfacial angles of the dimers, dimers were superimposed using a matrix based on 

only one of the monomers.  The angle required to superimpose the non-overlaid 

monomer was classified as the change in interfacial angle.   

 Molecular graphics were created using Pymol (DeLano 2002) and figures were 

prepared using GIMP. 

 

Data bank accession numbers 
 

The coordinates and structure factors have been deposited in the Protein Data 

Bank as 3HVS for EcTpx, 3HVV for EcTpxC61S, 3HVX for EcTpxC82,95S, and 

3I43 for EcTpxLAB1. 
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Prx, peroxiredoxin; Tpx, thiol peroxidase; EcTpx, thiol peroxidase from Escherichia 
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EcTpx; FF, fully folded active site; LU, locally unfolded active site; PLU, partially 

locally unfolded active site; CP, peroxidatic cysteine; CR, resolving cysteine; TpxFF, 

fully folded Tpx; TpxPLU, partially locally unfolded Tpx; TpxLU, locally unfolded Tpx. 
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Chapter 5 

 

 

The structural origins of peroxiredoxin catalytic power are based on transition 
state stabilization 
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Abstract 

Peroxiredoxins (Prxs) are important peroxidases associated with both antioxidant 

protection and redox signaling.  They use a conserved Cys residue to reduce peroxide 

substrates.  The Prxs have a remarkably high catalytic efficiency that makes them a 

dominant player in cell-wide peroxide reduction, but the origins of their high activity 

has been mysterious.  We present here a novel structure of human PrxV with a 

dithiolthreitol bound in the active site with its diol-moiety mimicking the two oxygens 

of a peroxide substrate.  This suggests diols are a novel class of competitive inhibitors 

for the Prxs.  Combining this structure with seventeen other structures containing 

ligands that are peroxide or mimicking peroxide, and with the positions of waters 

bound in many unliganded active sites, reveals aspects of how the Prx active site is 

able to support such high reactivity.  Key insights include how the active site 

microenvironment activates both the peroxidatic cysteine side chain and the peroxide 

substrate, and how the active site environment is well-suited to stabilize the transition 

state of the in-line SN

 

2 substitution reaction that is peroxidation. 

 

 
Introduction 

Peroxiredoxins (Prxs) are ubiquitous and dominant antioxidant enzymes found 

in organisms from all kingdoms.  Based on sequence, Prxs separate into six 

subfamilies (Prx1, Prx6, Prx5, Tpx, BCP, AhpE), however all share a universal 

catalytic cycle and active site structure (Hall et al. 2010a, submitted).  Prxs reduce 

hydrogen peroxide, alkyl hydroperoxides and peroxynitrite using a Cys residue 

referred to as the peroxidatic Cys (CP, SP when referring to the sulfur atom of the CP).  

In this role as a peroxidase, the Prxs are especially critical for many pathogenic 

bacteria that rely on the Prxs for protection from the human immune system.  In 

addition to the role as an important antioxidant, in eukaryotes the Prxs have additional 

roles in hydrogen peroxide signaling pathways (Hall et al. 2009a).  Although the 

mechanism for Prx involvement in cellular redox signaling regulation is not known, it 
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is clear that in these systems, the peroxidase activity is turned off and different 

functions become associated with the Prxs.   

The importance of the Prx-catalyzed reduction of peroxides was met with 

skepticism during their initial characterization.  Prxs do not contain a prosthetic group 

(e.g. heme) or reactive hetero-atoms (e.g. selenium), but instead are dependent on a 

Cys residue (i.e. CP) for peroxidase activity (Chae et al. 1994b), and this led people to 

doubt their ability to compete with other known peroxidases such as catalases and 

selenium-containing glutathione peroxidases (Flohe et al. 2003).  Since then, kinetic 

data have shown that these thiol-based peroxidases have catalytic efficiency (i.e. 

kcat/km) on the order of ~ 107 M-1 s-1 (Budde et al. 2003; Akerman and Muller 2005; 

Parsonage et al. 2005; Peskin et al. 2007), which is on par with those of catalase (~ 

107 M-1 s-1), heme peroxidase (~ 107 M-1 s-1), and selenium-containing glutathione 

peroxidases (~ 108 M-1 s-1) (Trujillo et al. 2007).  Additional factors that make the Prxs 

important in antioxidant defense and redox signaling are their widespread distribution 

(Leyens et al. 2003), high expression levels [approaching 0.1 to 1% of soluble proteins 

in mammalian cells (Winterbourn 2008)] and low Km

For all Prxs, the first step of catalysis is peroxidation.  This involves the C

 values (Parsonage et al. 2008).  

Taking these factors into account, competitive kinetic analyses have predicted that 

under normal cellular conditions, Prxs will be responsible for the initial reduction of 

~90% of mitochondrial hydrogen peroxide (Cox et al. 2010) and almost 100% of 

cytoplasmic hydrogen peroxide (Winterbourn 2008). 

P 

reacting with the peroxide substrate to form an enzyme-bound sulfenic acid (SPOH) 

and water.  For this peroxidation reaction, there is one conformation of Prxs that is 

competent and that is called the fully folded (FF) conformation.  The high catalytic 

rates of the Prxs imply that in this FF conformation, there is something special about 

the reactivity of the CP, but what that is has not yet been well defined.  In the FF 

conformation, the CP is positioned in the first turn of helix α2 at the bottom of an 

active site pocket, surrounded by a trio of universally conserved residues: a Pro, a Thr 

and an Arg.  The Pro and Thr are in a contiguous segment with the CP, forming a 
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PXXXTXXCP motif that forms what is referred to as the CP-loop.  In a few cases, Ser 

is substituted for Thr within this motif.  The conserved Arg, distant in sequence, is 

positioned in the active site by stabilizing interactions from a residue one turn past the 

CP

To carry out the peroxidation reaction, the C

 in α2 that is commonly conserved as a Glu/Gln/His (Hall et al. 2010a, submitted). 

P must be deprotonated and 

activated because protonated thiols are essentially unreactive towards peroxides in the 

absence of metals and thus the conserved active site pocket has been thought to act, in 

part, to lower the pKa value of the CP from its typical value of 8.4 or higher (Poole 

2007).  This has been recently confirmed by pKa measurements of a few Prxs showing 

values that range from 5 to 6 (Ogusucu et al. 2007; Peskin et al. 2007; Nelson et al. 

2008; Hall et al. 2010a, submitted).  With a pKa value of 6, about 90% of the CP will 

be deprotonated at pH 7 (Nelson et al. 2008).  While this begins to shed light on the 

unexpected catalytic power, the CP-thiolate can only explain an increase in reactivity 

on the order of ~20 M-1 s-1 (Makarov et al. 1981; Winterbourn and Metodiewa 1999).  

This leaves a factor of ~106

In the work included here, we propose an answer to this question.  We first 

present a novel structure of human PrxV with oxidized dithiolthreitol (DTT, disulfide 

form) bound in the active site, with its diol-moiety near the C

 unaccounted for in the catalytic rate.  Additionally, as was 

nicely shown by Peskin (Peskin et al. 2007), the Prx active tertiary structure provides 

this high reactivity selectively towards peroxides.  This has presented the conundrum, 

what is it about these active sites that makes the Prxs so reactive? 

P.  We explore the details 

of DTT-binding as well as the binding of ligands in other Prx structures, including a 

recently determined H2O2-bound structure (Nakamura et al. 2010) (Table 5.1).  By 

considering the peroxide reduction not as a redox reaction but as an SN2 reaction, and 

labeling “OA” the atom attacked by the nucleophilic CP-thiolate and “OB” the oxygen 

of the hydroxide (or alkoxide) leaving group, we develop a model for the interactions 

in the active site during the transition state of the reaction.  These considerations 

reveal how the active site microenvironment activates not only the CP to be a potent  
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Table 5.1.  Published Prx structures with ligands bound in the active site. 
 
Structurea    Res. Ligand Oxygenb  Chainc

 (Å)  Mimic Code 
   Mutation PBD Reference 

Prx6 
ApTpx 1.65     H2O2

ApTpx 2.3     H
    N/A   all 10 C207S 3A2V (Nakamura et al. 2010) 

2O2    N/A   B,F,I CP

ApTpx 2.3   glycerol  O
50S 3A2W (Nakamura et al. 2010) 

A, OB   C,H CP

ApTpx 2.3   glycerol     O
50S 3A2W (Nakamura et al. 2010) 

A   A,D,E,G,J CP

ApTpx 1.9      acetate  O
50S 3A2W (Nakamura et al. 2010) 

A, OB   all 10 CP

ApTpx 2.0   ethanediol  O
50S 3A2X (Nakamura et al. 2010) 

A, OB

ApTpx 2.0 ethanediol     O
      I C207S 1X0R (Nakamura et al. 2006) 

A

AmPRDX6 1.6   benzoate  O
 A,B,C,D C207S 1X0R (Nakamura et al. 2006) 

A, OB A,B,C,D CP

AmPRDX6 2.0   benzoate  O
45S 2V2G (Smeets et al. 2008a) 

A, OB A,B,C,D CP

AmPRDX6 2.4   benzoate  O
45S 2V32 (Smeets et al. 2008a) 

A, OB    all 8 CP 
45S 2V41 (Smeets et al. 2008a) 

Prx5 
HsPrxV 1.45     DTT  OA, OB

HsPrxV 1.5   benzoate  O
     A     - 3MNG this study 

A, OB

HsPrxV 1.7   benzoate  O
     A     - 1HD2 (Declercq et al. 2001) 

A, OB     A CP

HsPrxV 1.92   benzoate  O
47S 1URM (Evrard et al. 2004b) 

A, OB

HsPrxV 1.95   benzoate  O
    A,B     - 2VL2 (Smeets et al. 2008a) 

A, OB

HsPrxV 2.0   benzoate  O
    all 8     - 1H4O (Declercq et al. 2001) 

A, OB

PtPrxD 1.62     sulfate     O
    A,B     - 1OC3 (Evrard et al. 2004b) 

B 
    A,B     - 1TP9 (Echalier et al. 2005) 

Tpx 
MtTpx 2.1       acetate  OA, OB    A,B CP 

60S 1Y25 (Stehr et al. 2006) 

BCP 
SsBCP1 2.15     citrate     OB    A,B  CP45S, CR

XcBCP 1.53    formate     O
50S 3DRN (D'Ambrosio et al. 2009) 

A     A  CP48S, CR

XcBCP 1.47      DNS
84S 3GKM (Li et al. 2005) 

d      -     A     CP
 

48S 3GKN (Li et al. 2005) 

 
a Structures are divided by subfamily.  Organism abbreviations are as follows: Am = 
Arenicola marina; Ap = Aeropyrum pernix; Hs = Homo sapiens; Mt = Mycobacterium 
tuberculosis; Pt = Populus trichocarpa; Ss = Sulfolobus solfataricus; Xc = 
Xanthomonas campestris. 
b The oxygen atom of the peroxide substrate that is mimicked by an oxygen atom of 
the substrate analog is listed. 
c The chains containing the ligand in the described binding mode are listed.  In the 
case where ligands bind in conformations that have different mimics of the peroxide 
oxygen atoms in separate chains, each binding mode is listed as its own entry. 
d

 

 The DNS molecule (naphthalene-2,6-disulfonic acid) binds near the active site 
pocket in a position that is thought to mimic where an alkyl moiety of an organic 
peroxide substrate would bind, but has no interactions that mimic the oxygen atoms of 
the peroxide substrate. 
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nucleophile, but also activates the peroxide substrate, and that the active site is well 

suited to stabilize the transition state of the reaction.   

 

 

 
Results 

Structure determination of HsPrxV bound to DTT (HsPrxV•DTT) 
 
Crystallization studies 

 In our attempts to grow crystals of ligand-free wild type HsPrxV, DTT was 

added to the protein stock solution prior to crystallization to keep the HsPrxV protein 

in a reduced form.  Optimization of the crystallization conditions with or without 

benzoate resulted in reliably grown, large, single crystals of HsPrxV isomorphous to 

the previously studied HsPrxV-benzoate complex (HsPrxV•BEZ) (Declercq et al. 

2001).  Crystals grown in the presence of benzoate contained bound benzoate in the 

active site as expected (data not shown) and those grown without benzoate 

surprisingly did not have an empty active site pocket but contained an oxidized DTT 

molecule (HsPrxV•DTT).  Attempts to get ligand-free crystals using the reductant 

TCEP instead of DTT did not produce crystals unless benzoic acid was also added to 

the crystallization drop.  Further cocrystallization trials of DTT-reduced protein mixed 

with sodium acetate, ethanol, isopropanol, tert-butanol, 1-pentanol, 1-hexanol and 

benzyl alcohol resulted in isomorphous crystals, however all had bound DTT. 

 

The HsPrxV•DTT structure 

The structure of HsPrxV•DTT was refined at 1.45 Å resolution yielding a final 

R/Rfree of 11.3% /13.6% (Table 5.2).  The final model contains residues 1 through 

161, and 1 DTT, 2 glycerol, 8 bromide and 288 water molecules, and was refined with 

individual anisotropic B-factors.  The N-terminal His tag was not visible in the density 

and so was not modeled.  The backbone for residues 2 through 161 is well ordered and



 
 
 

132 

Table 5.2.  Data collection and refinement statistics. 

 
  HsPrxV•DTT 

 
PDB code   
A.  Data Collection
 Space group P4

a 
121

 Unit cell parameters 
2 

  a (Å) 67.3 
  c (Å) 123.9 
 Resolution limits (Å)     59-1.45 (1.53-1.45) 
 Unique observations  51438 (7365) 
 Multiplicity 36.7 (14.0) 
 Average I/σ 30.9 (6.9) 
 Completeness (%) 100.0 (100.0) 
 Rmeas

b

 R
 (%) 9.5 (40.9) 

pim
c

B.  Refinement 
 (%) 15.0 (10.9) 

 Rcryst (%) / Rfree (%) 11.3 / 13.6
 Molecules in AU 1 

e 

 Number of protein residues 161 
 Number of DTT molecules 1 
 Number of water molecules 288   
 rmsd bond lengths (Å) 0.012  
 rmsd bond angles (°)  2.7  
 < B > protein (Å2

 < B > DTT (Å
)  12.5  

2

 < B > solvent (Å
)  24.6  

2

 Ramachandran plot
)  35.2  

d 

  

  Outliers (%) 0.0  
Favored (%) 96.9  

 
 
a Numbers in parentheses correspond to values in the highest resolution bin. 
b Rmeas is the multiplicity-weighted merging R-factor (Diederichs and Karplus 1997). 
c Rpim is the precision-indicating multiplicity-weighted merging R-factor (Weiss and 
Hilgenfeld 1997). 
d Ramachandran plot generated using Molprobity (Davis et al. 2007).  
e Five percent of the data were set aside for Rfree calculations. 
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Figure 5.1.  Electron density quality in the HsPrxV active site.  Shown is the electron 
density in the active site (A) before including DTT in the model and (B) after the final 
round of refinement of the model containing DTT (HsPrxV•DTT).  A peptide segment 
including the CP and the two residues prior to it is shown in sticks and colored by 
atom (oxygen = red, nitrogen = blue, sulfur = yellow), and electron density is shown 
as mesh: 2Fo-Fc density is contoured at 1.5 ρrms (pale blue) and 6.5 ρrms (dark blue), 
and Fo-Fc density is contoured at 4 ρrms (green).  An overlay of the final HsPrx•DTT 
structure (dark grey) with the published HsPrx•BEZ structure (light grey), included as 
an inset in panel B and in the same orientation as the main panel, shows the similarity 
in ligand positions in the active site.   
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 has high-quality electron density (Figure 5.1B).  Clearly visible alternate side chain 

conformations were fit for Asn21, Glu27, Lys63, Ser74 and Lys93.  HsPrxV•DTT 

adopts the standard Prx-fold and is in a fully folded conformation (Figure 5.2). 

The structure of the HsPrxV•BEZ has been determined previously in the same crystal 

form and has been well described (Declercq et al. 2001).  The HsPrxV•DTT structure 

determined here has no notable differences in the overall conformation or main chain 

B-factor values compared to HsPrxV•BEZ (rmsd of 0.096 Å for 161 Cα atoms, 

<∆Bmain-chain> = 2.8 Å2

The bound DTT is very well ordered and its conformation was unambiguously 

defined by unbiased electron density (Figure 5.1A).  Within the active site, the DTT 

molecule binds in an unexpected orientation.  Instead of the reactive sulfur atoms 

(typically thought of as the “business-end” of the molecule) interacting with the C

).  Differences appear to be limited to the higher resolution and 

the modeling of an additional 66 water molecules, 3 bromide ions and a DTT molecule 

in the active site instead of the benzoate.  Features of the HsPrxV•DTT structure 

already well described in previous publications will not be discussed here (Declercq et 

al. 2001; Evrard et al. 2004a; Smeets et al. 2008b). 

P, 

the diol-moiety is placed adjacent to and within hydrogen bonding distance of the CP 

(Figure 5.3).  In this orientation, the six-membered ring of DTT mimics the benzene 

ring of benzoate, and the two diol-hydroxyls placed similarly to the oxygens of the 

benzoate carboxylate moiety (Figure 5.1B inset).  The DTT molecule is not only in the 

active site pocket, but also sits in a cleft between symmetry-related molecules in the 

crystal where it is involved in crystal packing interactions.  The same is true of the 

benzoate molecule bound in the structure of HsPrxV•BEZ.  The ring structure of these 

two ligands packs against the backbone of a loop involving residues 64 through 66 of 

a symmetry mate.  The importance for crystal formation of these packing interactions 

involving the DTT (or benzoate) is supported by two observations: first, reduced 

protein samples do not form crystals unless benzoate or DTT is present and second, 

the DTT-containing crystals do not appear for approximately four days, giving time or 

a sufficient amount of the oxidized (disulfide form) of DTT to accumulate in the
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Figure 5.2.  The HsPrx•DTT structure.  α-helices (green) and β-sheets (purple) are 
labeled according to the common fold of all Prxs.  The CP

 

 residue (pale orange) and 
bound DTT molecule (colored by atom, oxygen = red, sulfur = yellow) are shown as 
sticks, and the surface of the active site pocket is shown.  The short helix between α4 
and α5 is not universally conserved in the Prx fold and is labeled simply as “α”. 



 
 
 

136 

 

 

 

 

 
 

 

 
 

Figure 5.3.  Stereoview of the HsPrx•DTT active site with the bound DTT molecule.  
Shown are the CP-loop and the first turn of α2 plus the conserved Arg colored by 
atom as in Figure 5.1.  Hydrogen bonding (cyan dotted lines) important for DTT 
binding and the SP-OA

 

 interaction (orange dashed line) are shown.  The four residues 
conserved in all Prxs and the His that stabilizes the active site Arg are labeled. 
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drops.  Although the DTT (or benzoate) molecule appears to be necessary for crystal  

growth, it is the binding of the oxygen atoms in the active site that is of most interest 

here. 

 

Survey of ligands that mimic peroxide binding in the Prx active site 
 
 This HsPrxV•DTT structure is the highest resolution Prx structure determined 

and becomes the sevententh structure of a Prx with a ligand bound in the active site 

that may, in some way, mimic substrate binding.  These Prx•ligand structures 

represent seven different Prxs from four (of six) subfamilies: two Prx6s, two Prx5s, 

one Tpx and two BCPs.  The nine ligands represented are H2O2, glycerol, acetate, 

ethanediol, benzoate, DTT, sulfate, citrate and formate (Table 5.1); of these, the 

Aeropyrum pernix Tpx (ApTpx)•H2O2

An overlay of all of the Prx•ligand structures onto the ApTpx•H

 structure is the only true Michaelis complex 

(bound substrate) and it is used as the reference structure for substrate binding.  

Additionally, the structure of a Prx from Xanthamonas campestris (XcBCP) has been 

determined with a molecule of DNS binding near the active site pocket in a manner 

proposed to represent the alkyl moiety of organic peroxide substrates (Liao et al. 

2009).  As the DNS ligand does not occupy the peroxide-binding portion of the active 

site, it is not included in the following comparisons. 

2O2 structure 

reveals that the highly consistent Prx active site geometry (Hall et al. 2010a, 

submitted) actually comes in two varieties involving distinct conformations of the 

conserved Arg residue (Figure 5.4).  Differences in backbone conformation and χ1-

angles between the two groupings result in an ~1 Å difference in placement of the 

guanidinium group within its plane.  A more in-depth analysis of all fully folded Prx 

structures shows that the two distinct conformations for the Arg are not ligand-

dependent, but are partitioned by subfamily with Prx1 and Prx6 subfamilies as one 

group (position I), and all other Prxs as the second group (position II).  The distinct 

position of the Arg in the Prx1 and Prx6 subfamilies is associated with the presence of 

a second Arg residue conserved in these subfamilies (residue 149 in ApTpx).  The 
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Figure 5.4.  Two distinct positions for the conserved Arg in the Prx active site.  (A) 
An overlay of the ligand-bound active sites of Prxs is shown with side chains for the 
CP

 

, the conserved active site Arg, the supporting Glu/Gln/His residue and for those 
that contain it, the second Arg (indicated by an asterisks) of the Arg-Glu-Arg 
hydrogen bonding network as sticks.  The carbon atoms are colored according to the 
position of the Arg, light grey for position I and purple for position II and oxygen, 
nitrogen and sulfur are colored by atom as in Figure 5.1.  The distinct positioning of 
the conserved active site Arg appears to coincide with the presence of the second Arg 
residue.  (B) Same as panel A but including all fully folded Prx structures. 
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second Arg interacts with the backside of the Glu (residue 53 in ApTpx) that stabilizes 

the active site Arg (Figure 5.4).  This Arg-Glu-Arg hydrogen bonding network 

positions the guanidinium group of the active site Arg in position I.  When the second 

Arg is not present, the Glu (or other supporting residue) adopts a different 

conformation and the universally conserved active site Arg is situated in position II. 

By comparing each of the Prx•ligand structures to the reference ApTpx•H2O2 

structure, we can address how the ligand oxygen positions compare with those of 

H2O2.  As described in the introduction, we refer to the two oxygen atoms of the 

peroxide as OA and OB, with OA being the oxygen atom that is attacked by the CP-

thiolate and OB the oxygen atom that becomes the hydroxide leaving group.  The 

overlays reveal three distinct binding modes for the ligands: (1) ligands binding with 

oxygen atoms in the positions of both OA and OB, (2) ligands binding with an oxygen 

atom in the position of OA only and (3) ligands binding with an oxygen atom in the 

position of OB only (Figure 5.5).  Two of the ligands, ethanediol and glycerol, are 

observed to bind in multiple ways representing more than one of these binding modes 

(pdb codes 1X0R and 3A2W).  In the following three sections, we describe the ligands 

observed for each binding mode (Table 5.1).  A set of representative examples are 

chosen from the various ligands (Figure 5.6A) and a set of relevant interaction 

distances and angles for those representative ligands are reported in Table 5.3.  For 

groups of similarly bound ligands, the representative chosen was the one having the 

oxygen positions most close to what would be an in-line reaction trajectory based on 

the known H2O2

 

 complex. 

Ligands with oxygens occupying both the OA and OB  

 DTT, ethanediol, glycerol, citrate, acetate and benzoate all have examples 

showing binding with oxygen atoms at positions close to those of both the O

positions 

A and OB 

atoms of H2O2.  In all cases except for citrate, the two ligand oxygens of a diol or 

carboxylate straddle the positions of the OA and OB atoms.  There are single examples 

of DTT (Figure 5.3) and ethanediol (Figure 5.5B) binding and two examples each of 
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Figure 5.5.  Overlays of ligands that bind in the Prx active site.  In all panels, a 
peptide segment containing the CP-loop is shown as a ribbon in the same orientation 
as in Figure 5.3.  Side chains are shown for the conserved Pro, Thr, CP and Arg, and 
ligands are shown as sticks.  Coloring as in Figure 5.4.  In panels B through I, a 
representative bound H2O2 molecule is shown in transparent pale green for reference.  
Panels contain the following ligands: (A) H2O2; (B) ethanediol, EDOOA-OB; (C) 
glycerol, GOLOA-OB; (D) citrate, CIT; (E) acetate, ACT; (F) benzoate, BEZ; (G) 
sulfate and formate, SO4 and FMT; (H) ethanediol binding as only OA, EDOOA; (I) 
glycerol binding as only OA, GOLOA

 

.  Structures included in each panel are listed in 
Table 5.1. 
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Figure 5.5 (continued)  
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Figure 5.6.  Stereoview of representative binding in the Prx active site.  (A) The 
oxygen atoms mimicking OA and OB of selected representative ligands and (B) the 
active site water molecules are shown as red spheres.  In both panels, the CP-loop 
(extended by one residue) and conserved Arg are shown as sticks in the same 
orientation as Figure 5.3 and colored by atom as in Figure 5.1, and the H2O2

 

 molecule 
is colored in pale green.   
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Table 5.3.  Relevant hydrogen bonding distances and angles for ligands that occupy 
the positions of the OA or OB atoms of H2O2
 

 in the Prx active site. 
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Table 5.3 (continued) 
a The geometry for each ligand observed with one of the three binding modes is 
reported based on a representative conformation.  A representative from both a 
structure with the conserved active site Arg in position I and in position II is included 
for acetate and benzoate in the “OA and OB occupied” group.  Specific geometries that 
are not applicable for a structure are indicated by a dash.  All distances are measured 
between heavy atoms (i.e. not hydrogen atoms). 
b The chain used as the representative conformation is indicated as a subscript after the 
four character pdb code. 
c Numbers reported are in the order of the SP/O···OA distance, the OA-OB distance, the 
SP/O···OA-OB angle.  CP mutants are indicated by an asterisks after the SP/O···OA 
distance. 
d The backbone NH is contributed by the CP residue. 
e The sidechain NH is contributed by the conserved Arg residue.  The position of the 
Arg is indicated as I or II as a superscript in the NR-H···OA column. 
f The acceptor oxygen atom is from the side chain of the conserved Thr residue. 
g The backbone NH is contributed by the CP-1 residue. 
h The backbone NH is contributed by the CP-6 residue. 
i

C
 The conserved Thr side chain donates a hydrogen to the backbone carboxyl of the  

P-6 residue. 
j Reported geometries are for the modeled transition state conformation (see text). 
k We are including a representative SPOH active site conformation in the “OA and OB 
occupied” group, and are treating the oxygen of the SPOH as OA and a bound water 
molecule as OB.  In this structure, the conserved active site Arg is shifted away from 
the active site due to a shift in a nearby His residue.  When oriented for substrate 
binding, the Arg is expected to sit in position I. 
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glycerol and citrate binding.  Glycerol is found in the active sites of two chains of an 

ApTpx structure (ApTpx•GOLOA-OB

further away from the C

, Figure 5.5C).  In chain H, the glycerol is ~1 Å  

P

Citrate binding is observed in the two chains of the structure of SsBCP1 

(SsBCP1•CIT, Figure 5.5D).  As was noted above, a single carboxylate of the citrate 

molecule does not straddle the O

 and this structure has been chosen as the representative 

conformation for which measurements are reported in Table 5.3.   

A and OB positions; rather an oxygen atom from each 

of two carboxylates of citrate occupies the positions of OA and OB, respectively.  The 

two examples of citrate binding are similar but have the oxygen atoms mimicking OA 

and OB

For acetate-binding, 12 examples exist (Figure 5.5E); 10 are from a single 

structure of ApTpx (ApTpx•ACT) and the remaining 2 are from a structure of MtTpx 

(MtTpx•ACT).  The ten acetate molecules in ApTpx•ACT overlay in a tight grouping 

with an ~ 0.5 Å spread in position and the acetate molecules bound in MtTpx•ACT are 

similar to each other but shifted ~ 0.3 Å from the ApTpx•ACT-grouping in the 

direction of the active site Arg.  The conserved Arg is in position I in ApTpx and in 

position II in MtTpx.  A representative acetate molecule from each structure is 

reported in Table 5.3 (chain C from 3A2X and chain A from 1Y25).  

 shift by 1.4 Å and 1.0 Å, respectively.  The citrate molecule in chain B is 

selected as the representative (Table 5.3). 

Lastly, the most abundantly represented ligand in this group is benzoate with 

30 examples (Figure 5.5F): 16 are from 3 different structures of AmPRDX6 

(AmPRDX6•BEZ) and 14 are from 6 different structures of HsPrxV (HsPrxV•BEZ).  

In all cases, the carboxylate is roughly coplanar with the benzene ring as expected to 

allow for resonance stabilization.  Within each group the structures overlay very 

closely (~ 0.5 Å), but the benzoate molecules in HsPrxV•BEZ structures are twisted an 

approximate 45° compared to the benzoate molecules in AmPRDX6•BEZ structures 

where the benzoate carboxyl is more in-line with the SP atom.  The variability in the 

benzoate conformation appears related to the presence in HsPrxV of Ile119 and 

Phe120 lining the active site pocket on one side of the benzoate, and different 
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backbone conformations for a loop on the other side of the benzoate.  These features 

alter the shape of the active site pocket and force the benzene ring to rotate.  

Additionally, the two groups of benzoate-bound structures also have different 

positions of the active site Arg; in AmPRDX6, the Arg is in position I and in HsPrxV, 

the Arg is in position II.  Representative benzoate molecules from both 

AmPRDX6•BEZ and HsPrxV•BEZ are reported in Table 5.3 (chain B from 2V2G and 

chain D from 1H4O). 

 

Ligands with oxygen occupying only the OA

 Formate, ethanediol and glycerol all have examples showing binding with an 

oxygen atom occupying the position of the O

 position 

A atom of H2O2 only.  Formate binding 

as OA is seen in a structure of XcBCP (XcBCP•FMT, Figure 5.5G).  Surprisingly, the 

formate does not bind in an equivalent location to the other carboxylates that straddled 

the positions of OA and OB in the active site; in fact, the single oxygen binding 

position for the formate, at 1.5 Å away from the position of OA in H2O2

 For ethanediol binding in just the O

, is the most 

distinct of all the ligands.  Even with this shift, interaction geometries in the active site 

indicate that the formate molecule is still stabilized by similar hydrogen bonds as the 

other ligands (Table 5.3). 

A site, four examples exist.  All are from a 

structure of ApTpx (ApTpx•EDOOA

 Glycerol binding in just the O

, Figure 5.5H), and a comparison of the four 

molecules show an ~ 0.8 Å spread in the oxygen positions.  Chain B was chosen as the 

representative conformation reported on in Table 5.3.   

A site is seen in five chains of a structure of 

ApTpx•GOLOA, Figure 5.5I).  While the position of the oxygen atom that mimics OA 

is well conserved in three of the four chains, the rest of the glycerol molecule is varied 

while retaining a general trend of orientation towards the opening of the active site 

pocket.  The fourth glycerol molecule (chain A) has its oxygen ~ 0.8 Å closer to the 

CP

 

, and this is the conformation for which measurements are reported in Table 5.3. 
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Ligands with oxygen occupying only the OB

 A sulfate ion is the only ligand that has been observed to bind with an oxygen  

 position 

atom that occupies the position of the OB atom of H2O2

 

 only.  This is seen in the two 

chains of the structure of PtPrxD (PtPrxD•SO4, Figure 5.5G), and the sulfate positions 

overlay very closely (~ 0.1 Å shift). 

Waters that occupy the active site 

 While all fully folded active sites are, in principle, able to bind substrates or 

analogs, only 17 of the 46 fully folded structures (Hall et al. 2010a, submitted) have a 

ligand bound in the active site.  However, a previously unconsidered analog of a 

peroxide substrate is a water molecule.  A survey of fully folded structures reveals 55 

chains from 12 structures with water molecules positioned in the active site.  An 

overlay of these structures reveals water molecules bound in a variety of positions that 

lay on top of the H2O2 molecule in ApTpx•H2O2 (Figure 5.6B).  The positions of 

observed water molecules form a trough along the OA-OB axis that is in-line with the 

SP atom, extending from a distance of 2.5 Å to 5.8 Å from the SP

 

. 

 

 
Discussion 

 In this work, we have presented a novel structure of HsPrxV bound to DTT.  

Although not commonly thought of outside its role as a dithiol, DTT is a diol and in 

the HsPrxV•DTT complex, the two oxygen atoms of DTT bind in positions similar to 

the two oxygen atoms of a peroxide substrate in the Prx active site.  Extending the 

analysis of substrate binding to all known Prx•ligand structures (including a true 

Michaelis complex) reveals a common theme of compounds binding in the active site 

with two oxygen atoms separated by ~ 2 to 4 Å.  With these structures, we can now 

dissect the interactions in the Prx active site, and using basic chemical properties of 

enzyme catalysis, understand the origins of Prx catalytic power. 
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The peroxidation step is a simple SN
 

2 displacement 

 Enzymes are proteins that increase the rate of chemical reactions.  As was first 

proposed by Linus Pauling (Pauling 1946), enzymes are thought to accelerate 

reactions by binding most favorably to the transition state, which will lower the 

activation energy of the reaction (Schowen 1978; Garcia-Viloca et al. 2004).  From 

this, it follows that compounds that resemble the transition state should bind more 

tightly to an enzyme’s active site than the enzyme’s true substrate (Jencks 1969), and 

such transition state analogs are often seen to bind 103 to 106

 The basic reaction that is catalyzed by the Prxs is the addition of two hydrogen 

ions (H

 fold more tightly than 

true substrates.  Among enzymologists, a multitude of specific explanations and terms 

have been used to describe conceptually distinct contributions to the origins of 

catalytic power.  However all of these explanations fit within the general framework 

of stabilizing the transition state, and in any given enzyme, many of these will 

concurrently contribute to its efficacy (Garcia-Viloca et al. 2004). 

+) and two electrons to H2O2 to produce two H2

 

O molecules: 

2e- + 2H+ + H2O2  2H2

 

O    (Scheme 1) 

Prxs catalyze this reaction by forming a catalytic covalent intermediate (Jencks 1969) 

(SPOH).  This changes the reduction of H2O2 to two H2

 

O molecules into a two step 

mechanism:  

(1) H2O2 + RSPH  RSPOH + H2

(2) RS

O    (Scheme 2) 

POH + R’SH  RSPSR’ + H2

 

O 

The key peroxidation step of the reaction mechanism is a simple SN2 displacement 

reaction (step 1 in Scheme 2).  As described in a standard organic chemistry textbook 

(McMurry 2004), an SN2 reaction is a nucleophilic bimolecular substitution reaction 

where a nucleophile (electron rich) attacks an electrophile (electron poor) to form a 
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nucleophile-electrophile bond and break the bond between the electrophile and the 

leaving group.  In an SN2 reaction, there are no stable intermediates and both the 

nucleophile and leaving group typically carry a negative charge.  The incoming 

nucleophile attacks the electrophile 180° from the leaving group.  In the transition 

state, the electrophilic atom at which the substitution reaction is taking place 

transitions from an sp3 hybridized molecular orbital to an sp2 hybridized molecular 

orbital.  This pushes the three constituents that remain bonded to the electrophile into 

one plane that is perpendicular to the line of the bond making and breaking.  The 

partial bonds between the nucleophile-electrophile and electrophile-leaving group are 

formed by the overlap of lone pairs of the nucleophile and leaving group with the p 

orbitals of the electrophile, which explains the preferred in-line (i.e. 180°) attack 

geometry.  The negative charge is distributed between the nucleophile and leaving 

group in the transition state, and in the course of the reaction, the stereochemistry on 

the electrophilic atom becomes inverted (McMurry 2004).  In Prxs, the SP atom is the 

nucleophile, the OA atom is the electrophile and the OB

 

 atom is the oxygen atom of 

the hydroxide (or alkoxide) leaving group (Figure 5.7 and 5.8).  

Structural origins for Prx catalytic power 
 

Prxs share a common FF active site that includes a universal PXXXTXXCP 

peptide segment consisting of conserved residues Pro, Thr and CP, as well as a 

conserved Arg that is distant in sequence (in a few cases, Ser is substituted for Thr 

within this motif and is fully compatible with the conclusions presented here).  These 

four residues are required for catalysis and their constellation in the active site is 

spatially conserved (Karplus and Hall 2007), yet until now, specific roles for each of 

these residues have not been clearly proposed.  The consensus has been that the Arg 

lowers the pKa of the CP and stabilizes the CP thiolate, that the Thr may also 

contribute to a lowered CP pKa value and play a role as a proton shuttle, and that the 

Pro shields the CP from water and positions the subsequent peptide nitrogen to donate 
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a hydrogen bond to the CP (Wood et al. 2003b; Karplus and Hall 2007).  Now, with 

the first 
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Figure 5.7.  Schematic for the Prx active site transition state conformation.  Key 
hydrogen bonding interactions for the peroxidatic SN

 

2 reaction are indicated.  See 
Figure 2.3 panel C for the complete figure legend. 
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Figure 5.8.  Modeled reaction coordinate for the peroxidatic SN2 reaction.  In all 
panels, the hydrogen bonds (cyan dotted line) stabilizing the peroxide substrate and 
CP-thiolate are shown.  In the ground state, the active site aligns the peroxide substrate 
for an in-line attack (orange dashed line) from the CP-thiolate.  Modeling of the 
transition state based on ligand binding suggests that the hydrogen bonding geometries 
improve in the transition state when the active site stabilizes the partial SP-OA (orange 
dashed line) and OA-OB (red dashed line) bonds.  As the reaction proceeds to form the 
SPOAH and OB leaving group (red sphere) products, the modeled conformation shows 
the inversion of the stereochemistry at OA as is expected for an SN
 

2 reaction. 
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Figure 5.8 (continued) 
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determined substrate bound structure (ApTpx•H2O2

The dissection of active site geometries reveals two structural features of the 

Prx active site that may explain the previously unaccounted rate enhancements of Prx-

catalyzed peroxide reduction.  First, it serves to activate both the C

, Nakamura et al. 2010) and many 

ligand-bound structures (Table 5.3), we can explore the geometry of the active site to 

gain insight into the peroxidatic reaction and for the first time, clearly propose roles 

for the conserved residues. 

P

 

-thiolate and the 

incoming peroxide substrate.  Second, the Prx active site is organized to maximally 

stabilize the transition state over substrate or product conformations.  The details of 

these structural origins for Prx catalytic power and a specific proposal for the roles of 

conserved residues are discussed in the following two sections. 

The Prx active site activates both the CP

The two sets of interactions within the active site to consider in terms of the 

peroxidatic reaction are first, those involving only protein atoms, and second, those 

involving the bound substrate molecule. In terms of the interactions among protein 

atoms, the C

 and the peroxide substrate 

P thiolate is stabilized and activated for nucleophilic attack on the 

peroxide substrate by hydrogen bonds with the conserved Arg and with a backbone 

amide hydrogen.  The Arg is positioned by supporting hydrogen bonds to a side chain 

mostly conserved as a Glu/Gln/His and to one or two backbone carbonyls from the 

loop between β7 and α5 that provide passing chain stabilization.  The conserved Pro 

provides a hydrophobic surface that helps to shield the activated CP from unwanted 

reactions with solvent and positions the backbone of the following residue to form two 

hydrogen bonds: the amide hydrogen is a donor to the CP

To consider how this environment contributes to catalysis, interactions with the 

peroxide molecule become important.  In the H

 thiolate and the carbonyl is 

an acceptor from the conserved Thr side chain hydroxyl.  

2O2-bound structure, the H2O2 

molecule is well-positioned for an SN2 reaction, with the OA atom ~3.5 Å away from 

the SP with a SP▪▪▪OA–OB angle of 172° (Table 5.3), and is stabilized by four 
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hydrogen bonds: the backbone amide hydrogen of the CP and its preceding residue 

(CP-1) and the NH of the conserved Arg side chain act as donors, and the conserved 

Thr acts as an acceptor for a hydrogen bond from the hydrogen on the OA atom. Once 

the OA–OB

The two positions of the conserved Arg identified here do not significantly 

change the active site geometry.  The variability in the placement of the guanidinium 

group, seen in the overlay of all fully folded structures, shows that the two groupings 

are not very distinct across the entire Prx family.  When the altered angle of approach 

is considered along with the shift in position, hydrogen bonding acceptor atoms are 

able to be positioned in approximately the same place, as is evident from the similarity 

in ligand positions in active sites containing an Arg in position I or II.  Although 

bound benzoate binds in two slightly shifted positions (Figure 5.5F), this appears to be 

due to active site features unrelated to the conserved Arg (see Results).  Thus the 

position I and position II conformations represent alternate ways to generate the active 

site geometry required for peroxidation. 

 bond is broken, the hydroxide (alkoxide) leaving group must be 

protonated; as no residue appears poised to be a proton donor, it is thought that a water 

molecule will fulfill this role.  The hydrogen-bonding interactions involved in 

stabilization and activation within the active site are summarized in the cartoon of the 

active site in Figure 5.7. 

The identification of these active site hydrogen bonds reveals three novel 

considerations for catalysis.  First, the active site is not only activating the CP to be a 

potent nucleophile, but is also activating the peroxide to be attacked.  Secondly, we 

can now clearly propose specific roles for the three conserved residues around the CP: 

the Pro shields the activated CP-thiolate from unwanted reactions and positions the 

backbones of the two following residues for hydrogen bonding; the Thr positions and 

activates the OA atom of the incoming peroxide substrate; the Arg positions and 

activates both the CP-thiolate and the OA atom of the incoming peroxide substrate.   
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Lastly, the CP is universally conserved in the first turn of a helix so that the CP and 

CP

 

-1 backbone NH groups are able to position and activate the incoming peroxide 

substrate for attack. 

The Prx active site stabilizes the transition state 

 Including the structure of HsPrxV•DTT determined here, we identified 17 Prx 

structures with a ligand bound in the active site, resulting in a total of 73 unique 

examples (Table 5.1).  All of the ligands in Prx•ligand structures bind with an oxygen 

atom that mimics either the position of OA, OB or both the OA and OB atoms of the 

peroxide substrate.  While geometry varies depending on the ligand, all of the bound 

ligands have similar hydrogen bonding geometries compared to the H2O2 molecule in 

ApTpx•H2O2 

An overlay of Prx•ligand structures reveals that in most cases, the same ligand 

binds in a similar manner in different structures (Figure 5.5).  The two exceptions are 

glycerol and ethanediol.  For both of these, two binding modes are observed; one 

where ligand oxygen atoms bind as both O

(Figure 5.5 and 5.6A, Table 5.3), suggesting that all are acting as an 

analog of the substrate, transition state or product. 

A and OB, and in the second case, only one 

oxygen atom of the ligand binds as OA

 The geometries of the oxygen atoms of the ligand molecules and the water 

“trough” (Figure 5.6) show that the active site has some inherent variability in how the 

O

.  This variation may be due to the 

conformational flexibility of these small ligands.  Additionally, the ability of the active 

site to bind alkyl groups of organic peroxide substrates (Hall et al. 2010a, submitted) 

in addition to peroxides may have created competing forces involved in directing 

ligand binding.   

A and OB atoms of a peroxide substrate can bind.  This “wiggle room” is 

predominantly along the SP-OA-OB axis and in the case of the different ligands, likely 

reflects a balance of multiple hydrogen bonding distances and angles needed to 

optimize binding.  However, once aligned in the fairly narrow, in-line attack-trough, 
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oxygen atoms can slide along the axis, suggestive of motions associated with bond 

breaking and forming during peroxidation. 

 Based on the positions of water molecules and ligand oxygen atoms in the Prx 

active site, we have generated a model for the transition state and use it here to 

propose a reaction coordinate for the peroxidatic SN2 reaction (Figure 5.8).  We 

expect that during the steps leading to the formation of the SPOH product, no changes 

are required in the position of active site residues except for a possible small shift in 

the position of the SP atom.  Changes in residue position from that of the canonical 

(activated) active site as seen in crystal structures (Hall et al. 2010a, submitted) are 

believed to occur after the formation of the SPOH product.  From this reaction 

coordinate modeled on the assumption of an in-line attack on the OA atom, it is clear 

that the geometry of the hydrogen bonds to the OA and OB atoms has improved in the 

transition state as they are aligned more favorably (i.e. linearly, Table 5.3).  The 

composite structure for the SPOH product conformation shows that hydrogen bonding 

has become less linear to the OA atom (Table 5.3).  Also, inversion of the 

stereochemistry on OA is evident, consistent with an SN

 

2 reaction.  That the active site 

is organized to maximally stabilize the transition state explains the significant 

contributions of the active site structure to the catalytic power of the Prxs. 

Diols as a class of competitive inhibitors for Prxs 
 
 As the Prx active site is explicitly arranged to bind to the transition state of the 

peroxidatic reaction, transition state analogs should bind more tightly in the active site 

than true substrate (Garcia-Viloca et al. 2004).  In support of the ability of the active 

site to bind transition state analogs are the numerous examples of di-oxygen small 

molecules that bind and mimic the two oxygen atoms of the peroxide substrate.  From 

our estimation of the transition state, the OA-OB distance should be ~2.0 Å, which is 

compatible with the distance between two oxygen atoms of a diol.  Based on this, we 

propose diols as a novel class of competitive Prx inhibitors. To the best of our 
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knowledge, this is the first proposal of a broad class of small molecule inhibitors for 

Prxs. 

 

 

 
Materials and methods 

Protein purification and crystallization 
 

The gene for expressing wild type cytosolic human PrxV (HsPrxV) was 

synthesized by GenScript with a hexahistidine tag.  Protein was expressed in 

Escherichia coli strain B834 (pREP4) using a pQE-30 plasmid, purified as previously 

described (Declercq et al. 2001), and stored at 0.8 mM (14.6 mg/mL) in phosphate-

buffered saline at pH 7.2.  Crystals of HsPrxV bound to DTT (HsPrxV•DTT) were 

grown at 18 °C using the hanging-drop vapor-diffusion method.  For crystallization, 2 

or 3 µL of reservoir solution containing 1.6 M ammonium sulfate, 0.1 M sodium 

citrate pH 5.6 and 0.2 M sodium/potassium tartrate [optimization of Hampton Crystal 

Screen II #14 and previously published conditions (Declercq et al. 2001)] was mixed 

with 1 µL of protein stock reduced with 10 mM DTT.  Single chunky crystals grew to 

a typical final size of 0.4 x 0.3 x 0.3 mm3

 

 in four days.  Crystals were transferred to 

artificial mother liquor like the reservoir but with 1.8 M ammonium sulfate, 1 M 

sodium bromide and 15% (v/v) glycerol, then flash-frozen in liquid nitrogen for data 

collection.  Without the addition of sodium bromide, crystals after freezing diffracted 

at best to 7 Å. 

Data collection 
 

Data were collected on two isomorphous HsPrxV•DTT crystals using beamline 

5.0.1 at the Advanced Light Source (ALS, Lawrence Berkeley National Laboratory).  

Data were processed and scaled using iMosflm v1.0.0 (Leslie 1992) and SCALA 

(Evans 1997), and 5% of the data were flagged for use in Rfree calculations.  Final 

statistics showed the merged data set is usable to 1.45 Å (Table 5.2).  
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Structure determination and refinement   
 

The HsPrxV•DTT crystals are in space group P41212 with unit cell parameters 

of a = b = 67.31 Å, c=123.87 Å.  These crystals are isomorphous with those used to 

determine the published HsPrxV•BEZ complex (pdb code 1HD2, Declercq et al. 

2001), and that structure with the bound benzoate molecule removed was the starting 

model for refinement.  All refinements were done using Coot (Emsley and Cowtan 

2004) and REFMAC (Murshudov et al. 1997), and Molprobity was used to monitor 

the model geometry (Davis et al. 2007).  Rigid body refinement of the starting model 

yielded an R of 21.2% and further restrained refinement at 1.45 Å resolution resulted 

in an R/Rfree = 17.7% /19.3%.  The resulting 2Fo-Fc and Fo-Fc electron density maps 

showed clear density in the active site pocket corresponding to a small molecule 

(Figure 5.1A).  This region was left uninterpreted during iterative manual rebuilding 

and addition of more water molecules using standard criteria in Coot (> 1 ρrms 

intensity in the 2Fo-Fc map, > 2.4 Å distance from nearest contact, no B-factors > 80 

Å2).  Two glycerol molecules and eight bromide ions were also added to the model.  

Use of restrained anisotropic B-factor refinement and the addition of riding hydrogens 

significantly improved the model, decreasing both R and Rfree

Before the final rounds of refinement, benzoate was modeled into the active 

site pocket density using Coot.  Refinement of the benzoate-added structure resulted in 

three lines of evidence suggesting that the benzoate was incorrectly modeled: first, the 

resulting 2Fo-Fc electron density maps were not well fit by the refined benzoate-

bound structure, second, the resulting Fo-Fc electron density difference maps showed 

strong peaks in the region occupied by the benzoate in the refined model and third, the 

refined benzoate molecule had poor geometry (internal ring angles ranging from 105° 

to 130° degrees and C-C bond lengths ranging from 1.0 Å to 1.5 Å). 

 by ~3%.   

A survey of the other chemical components present in the crystallization drop 

led us to model an oxidized DTT molecule (disulfide form) in the active site pocket 

density.  A dictionary for refinement of the oxidized DTT molecule was obtained from 

HIC-Up (Kleywegt 2007).  Refinement of the model containing DTT resulted in an 
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R/Rfree = 11.7% /13.9% with no significant difference map peaks in the active site and 

the DTT molecule having both good geometry and a good fit to the 2Fo-Fc map 

(Figure 5.1B).   For the final rounds of refinement, B-factor and bond distance 

restraint weights were optimized.  In the final structure, and water molecules were 

renamed by electron density strength in the final 2Fo-Fc map using an in-house 

program, with water 1 having the strongest density.  Final refinement statistics for the 

model are in Table 5.2.  Structural overlays were performed in Pymol (DeLano 2002) 

using only the backbones of residues in the universal, contiguous PXXXTXXCP

 

 

segment for the alignment.   

Generation of a model for the transition state structure and a composite product 
structure 
 

A model for the transition state of the peroxidatic reaction was generated using 

the framework of the fully folded ApTpx•H2O2 active site structure.  In the modeled 

transition state intermediate, the two oxygen atoms of H2O2 are separated by a 

partially broken bond.  Initial positions for OA and OB were approximated using the 

shortest SP–OA distance observed in Prx•ligand structures.  We adjusted the position 

of OA in the transition state model to maximize planarity of the three in-plane 

hydrogen bonds to the conserved Arg side chain, the conserved Thr side chain and the 

backbone NH of CP, and estimated partial bond lengths of 2.4 Å for the SP–OA 

distance and 2.0 Å for the OA–OB distance assuming a linear interpolation between 

bonded and not-bonded distances.  Both the OA and OB atoms were kept in-line with 

SP

A composite for the S

 during positioning. 

POH product structure was also generated within the 

context of the ApTpx•H2O2 active site.  The positions of SP, OAH and OB were taken 

from the structure of HsPrxVI (pdb code 1PRX), which has an SPOH (SP and OA) and 

a nearby water molecule (OB) in the active site.  No other changes to the fully folded 

active site were made.   
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Molecular graphics were created using Pymol (DeLano 2002) and figures were 

prepared using GIMP. 

 

Data bank accession numbers 
 

The coordinates and structure factors have been deposited in the Protein Data 

Bank as 3MNG.   
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Abstract 

An enzyme system protecting bacteria from oxidative stress includes the flavoprotein 

AhpF and the peroxiredoxin AhpC.  The N-terminal domain of AhpF (NTD), with two 

fused thioredoxin (Trx) folds, belongs to the hyperthermophilic protein disulfide 

oxidoreductase family.  The NTD is distinct in that it contains a redox active a fold 

with a CxxC sequence and a redox inactive b fold that has lost the CxxC motif.  Here 

we characterize the stability, the 15N backbone relaxation, and the hydrogen deuterium 

exchange properties of reduced (NTD-(SH)2) and oxidized (NTD-S2) NTD from 

Salmonella typhimurium.  While both NTD-(SH)2 and NTD-S2 show similar 

equilibrium unfolding transitions and order parameters, Rex relaxation terms are quite 

distinct with considerably more intermediate timescale motions in NTD-S2.  Hydrogen 

exchange protection factors show that the slow exchanging core corresponds to 

residues in the b fold in both NTD-(SH)2 and NTD-S2.  Interestingly, folded state 

dynamic fluctuations in the catalytic a fold are significantly increased for residues in 

NTD-S2 compared to NTD-(SH)2

 

.  Taken together, these data demonstrate that 

oxidation of the active site disulfide does not significantly increase stability but results 

in a dramatic increase in conformational heterogeneity in residues primarily in the 

redox active a fold.  Differences in dynamics between the two folds of the NTD 

suggest that each evolved a specialized function which, in the a fold, couples redox 

state to internal motions which may enhance catalysis and specificity, and in the b 

fold, provides a redox insensitive stable core. 

 

. 

 

 

 
* Data published as supplemental material in the Biochemistry article are included in 

Appendix 1. 
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Introduction 

The N-terminal domain of the flavoprotein AhpF (NTD) is composed of two 

fused and intimately interacting thioredoxin (Trx) folds.  The NTD is part of a system 

that provides protection from oxidative stress in bacteria (Jacobson et al. 1989; 

Niimura et al. 1995; Poole and Ellis 1996) by catalyzing the reduction of hydrogen 

peroxide and organic hydroperoxides to their corresponding alcohol and water.  Two 

enzymes are required: AhpC, a bacterial peroxiredoxin (Prx) (Poole 2005), and AhpF, 

a flavoenzyme disulfide reductase.  In addition to the NTD, AhpF contains a 

thioredoxin reductase (TrxR)-like domain (Poole and Ellis 1996; Poole et al. 2000b; 

Wood et al. 2001) (Figure 6.1). 

The NTD acts as an appended substrate for the TrxR-like portion of AhpF 

(Poole et al. 2000a; Poole et al. 2000b; Reynolds and Poole 2000) and is a highly 

specific and effective reductant of AhpC (Poole and Ellis 1996).  A single redox-

active disulfide (-Cys129-His-Asn-Cys132-), characteristic of Trx-like proteins, is 

located in the C-terminal Trx fold and provides redox activity while the N-terminal 

Trx fold has no such motif and is thus inactive in redox reactions (Figure 6.2).  Using 

nomenclature for Trx-like domains in other proteins (Edman et al. 1985; Haugstetter 
et al. 2007), we refer to the redox active C-terminal fold as the a fold and the redox 

inactive N-terminal fold as the b fold.  In addition to the CxxC motif, the active site of 

the a fold makes use of a conserved glutamic acid from the b fold that reaches across 

the interface of the two folds.  Sequence and structural comparisons indicate that the 

NTD is a subgroup of the protein disulfide oxidoreductase (PDO) family of proteins 

important for redox chemistry and isomerization in Archaea (Pedone et al. 2004).  A 

PDO-like protein present in hyperthermophilic organisms is thought to represent an 

intermediate in the evolution of the NTD (Wood et al. 2001; Becerra et al. 2007) 

(Figure 6.2C). 
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Figure 6.1.  Two pathways for the reduction of peroxides by flavoproteins.  (A) The 
bacterial AhpF/AhpC system (also known as the alkyl hydroperoxide reductase 
system) uses the two enzymes AhpF and AhpC to reduce hydrogen peroxide and 
organic hydroperoxides using NADH.  A ribbon diagram of AhpF (pdb code 1HYU), 
depicting only one subunit of the dimer, is shown.  (B) The TrxR/Trx/Prx system is 
analogous to the AhpF/AhpC system.  Ribbon diagrams of TrxR (pdb code 1TDE) and 
Trx (pdb code 2TRX) are shown.  A comparison of the proteins in the two systems 
reveals that AhpF consists of a fused TrxR-like domain and a Trx-like domain.  To 
highlight this homology, the same coloring scheme is used in both A) and B) with red 
and blue shades for the FAD binding (FAD) and the NADH binding redox-active 
disulfide-containing (NADH/SS) domains of the TrxR(-like) protein, and green shades 
for the Trx(-like) protein/domain.  The N-terminal domain in AhpF (NTD) is made up 
of two interacting Trx folds and acts like an appended substrate for the TrxR-like 
domain of AhpF (linker region is colored cyan).  The bound FAD molecule and redox 
active cysteines in both panels A and B are shown as ball and stick with sulfur atoms 
colored yellow. 
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Figure 6.1 (continued) 
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Figure 6.2.  Comparison of the NTD and EcTrx.  (A) Ribbon diagram of the NTD 
(pdb code 1ZYN).  The two Trx folds are colored in grey (b fold) and green (a fold).  
The redox active cysteines (Cys129 and Cys132 with sulfur atoms colored yellow), 
conserved glutamic acid (Glu86 with oxygen atoms colored red) and fluorescence 
reporter (Trp96 with side chain colored purple) are shown as ball and stick.  
Secondary structure elements are labeled; conserved secondary structure elements of 
the Trx fold are labeled with subscripts.  Helix α2

 

 of the Trx fold is not present in the 
b fold of the NTD.  The only secondary structure element in the NTD that is not in the 
conserved Trx fold is an α-helix, labeled α, that is present at the beginning of both the 
a and b folds.  The letters, N and C mark the N and C-termini of the NTD.  (B) Ribbon 
diagram of EcTrx (pdb code 2TRX) in the same orientation as the a fold of the NTD 
in A).   The redox active cysteines and conserved aspartic acid are shown as in A) and 
only the conserved structural elements of the Trx fold are labeled.  A structure-based 
sequence alignment of EcTrx on the a and b folds of the NTD gives a 1.3 Å (for 73 
Cα atoms) and 1.5 Å (for 51 Cα atoms) RMSD with 15% and 16 % sequence identity, 
respectively, while alignment of the two NTD folds gives an RMSD of 1.3 Å (for 46 
Cα atoms) with 14% sequence identity.  (C) The proposed evolution of the NTD 
begins with an ancestral Trx-like protein that has an active site aspartic acid and redox 
active disulfide (D and CxxC in top green bar).  Gene duplication and fusion (Ren et 
al. 1998) creates a hypothetical ancestral protein that has two folds and two active 
sites (each containing a buried aspartic acid).  Sequence divergence introduces a 
buried glutamic acid in the b fold (shown as an E).  With the addition of this charged 
group to the active site, it has been speculated that the oxidoreductase activity of the 
protein could be rescued after the loss of the buried aspartate in the a fold (Wood et al. 
2001).  The active site CxxC motif in the b fold seen in the evolutionary intermediate, 
protein disulfide oxidoreductase (PDO), is lost with time.  Fold coloring is as in panel 
A. 
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Figure 6.2 (continued) 
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A construct of the NTD (residues 1 through 202 of AhpF) retains the function 

(Poole et al. 2000a) and structure (Roberts et al. 2005) of the NTD in the full AhpF 

(residues 1 through 521) and provides an excellent model for high resolution 

structure/function characterization of a redox active protein in solution.  To determine 

if and how the two Trx folds of the NTD function as a single unit and to gain insight 

into changes that occur with oxidation in this class of Trx-related proteins, we have 

analyzed the dynamics and stability of the reduced (NTD-(SH)2) and oxidized (NTD-

S2

 

) NTD from Salmonella typhimurium.  Our results indicate that the two Trx folds 

behave as a single cooperative folding unit, but have distinct dynamic properties not 

detected in crystal structures.  Each fold has a specialized function such that the b fold 

provides protein stability in both redox states while the a fold is more dynamic and 

shows redox state-specific changes in dynamics; upon oxidation, residues in the a fold 

show increased internal flexibility and conformational heterogeneity.  From these 

analyses, we propose that protein dynamics are adaptable features in the evolutionary 

divergence of the broader Trx-like family. 

 

 
Materials and methods 

Protein preparation  
  

All buffers and stock solutions were freshly prepared.  Unlabeled NTD was 

expressed and purified as previously described (Poole et al. 2000a).  Uniformly 15N-

labeled NTD was expressed from pAF[1-202] (Poole et al. 2000a) in Escherichia coli 
strain BL21*DE3 using N-5052 medium (Studier 2005) containing 2.5 g/L 15NH4Cl.  
15N-13C-labeled NTD was purified from cells grown in M9 minimal medium 

containing 1 g 15NH4Cl and 2 g 13C-U-glucose per liter.  After elution on a Superose 

12 column, all concentrated samples were further purified on a Superdex 75 column 

(GE Healthcare) with a running buffer of 50 mM sodium phosphate, 200 mM sodium 

sulfate and 1 mM sodium azide (pH 7.3).  The purified protein was exchanged into 50 

mM potassium phosphate buffer (pH 6.5), with 50 mM potassium chloride.  For NTD-
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(SH)2, 10-fold excess DTT was added during buffer exchange.  Protein concentration 

was determined from absorbance at 280 nm using an extinction coefficient of 15100 

M-1 cm-1

 
 (Poole et al. 2000b). 

Size exclusion chromatography 
   

NTD-S2 and NTD-(SH)2 were run on a Superdex 75 HR 10/30 size-exclusion 

column (flow rate 0.5 mL/min) as described above with a 5 - 20 µL injection of a 0.8 

mM protein solution.  For NTD-(SH)2

 

, 5 mM βME was added to the running buffer.  

Proteins were detected by absorbance at 280 nm, refractive index and multiangle light 

scattering (miniDawn, Wyatt). 

Unfolding measured by intrinsic fluorescence and circular dichroism 
 

Urea stock solutions for denaturation unfolding studies were prepared as 

described elsewhere (Pace 1997) in 50 mM potassium phosphate buffer (pH 6.5) with 

50 mM potassium chloride.  Intrinsic fluorescence emission spectra of the single 

tryptophan in the NTD were acquired on a Jobin Yvon/Spex spectrofluorometer.  The 

excitation wavelength was set to 295 nm and fluorescence emission spectra were 

scanned from 310 to 380 nm.  A sample cell of 0.5 cm and slit widths of 2 and 4 nm or 

2 and 2 nm were used for data collection.  To limit the impact of photobleaching, only 

one fluorescence measurement was recorded on each sample.  Two sets of samples 

were prepared with urea concentrations ranging from 0 to 7.8 M in 50 mM potassium 

phosphate buffer (pH 6.5), with 50 mM potassium chloride: the first contained 2 µM 

protein (200 µM DTT added for NTD-(SH)2) and the second contained 20 µM protein 

(2 mM DTT added for NTD-(SH)2

Circular dichroism (CD) experiments were conducted on a Jasco J-720 

spectropolarimeter in a 0.1 cm sample cell and spectra were scanned from 200 to 250 

nm.  After fluorescence data collection, the same 20 µM protein samples (2 mM DTT 

added for NTD-(SH)

).  Blanks were prepared for each data point and the 

fluorescence of the blank was subtracted from the fluorescence of the protein sample.   

2) were used for CD experiments.  Additional samples prepared 
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with 20 µM protein and 200 µM DTT for NTD-(SH)2

The resulting transition curves were analyzed by nonlinear least squares curve 

fitting using a two-state model for unfolding following methods developed by Bolen 

and Santoro (Bolen and Santoro 1988; Santoro and Bolen 1988) and described in Hall 

et al. (Hall et al. 2008).  Individual and global fits to the data were modeled.  Data 

were normalized to set the population of folded protein at 0 M urea equal to 1. 

 were also measured.  For all 

unfolding experiments, samples were equilibrated for 12 h at 4 °C before data 

collection at 25 °C. 

Attempts to perform thermal unfolding experiments were not successful due to 

decreased protein solubility at elevated temperature. 

 

NMR spectroscopy 
 

NMR spectra were collected on a 600 MHz Bruker DRX spectrometer at 298 

K.  Samples were prepared with a protein concentration of 1 mM in 50 mM potassium 

phosphate buffer (pH 6.5), 50 mM potassium chloride, 10% (v/v) D2O, and 1 mM 

DSS, maleic acid, sodium azide and protease inhibitor (Roche).  For NTD-(SH)2 

samples, 10 mM DTT was added. 
1H-15N HSQC experiments were recorded using Echo/Antiecho-TPPI gradient 

selection. Backbone assignments of NTD-S2 were obtained using standard 3D triple 

resonance CBCACONH and HNCA experiments collected on 15N-13C-labeled NTD.  

Backbone resonance assignments for NTD-(SH)2 have previously been determined 

(Benison et al. 2007).   Backbone chemical shift assignments for NTD-S2

 

 have been 

deposited in the BioMagResBank with accession number 16265. 

Backbone 15

   
N-relaxation 

Backbone amide relaxation parameters (15N R1, R2 and steady-state 1H-15N 

heteronuclear NOE) were measured using pulse sequences described by Farrow et al. 
(Farrow et al. 1994).  The R1 experiments were recorded with relaxation delay times 

of 50 (2x), 100 (2x), 250, 500, 1000, 2000 and 3000 ms, and the R2 relaxation data 
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were acquired using relaxation delays of 20, 35, 48 (2x), 65, 80, 100 ms.  Duplicate 

measurements (marked with “2x”) were used to estimate experimental error.  Steady-

state heteronuclear NOE experiments were recorded in the presence and absence of 

amide proton saturation.  Spectra with proton saturation utilized a 3 s period of 

saturation and an additional delay of 1.5 s. 

 

NMR data analysis 
 

NMR spectra were processed using NMRPipe (Delaglio et al. 1995) and 

analyzed with Burrow Owl (Benison et al. 2007).  The change in 1H-15N HSQC 

chemical shifts (ΔN-H) between NTD-S2 and NTD-(SH)2 was determined using the 

equation ΔN-H = [(Δ1H)2 + (Δ15N)2]½ after multiplying the 1H chemical shift by 6.2 

(fractional difference in 15N:1H spectral widths) to eliminate 15

For all dynamics experiments, peak intensities were measured as peak height at 

the highest point and the error associated with peak height measurement was taken to 

be the baseline noise.  R

N chemical shift bias 

(Wishart et al. 1992). 

1 and R2 values were determined by fitting the measured peak 

heights versus time plots to the relationship I = I0e-Rate*t, where t is the relaxation 

delay, I is the intensity of the peak at time t and I0

Steady state NOE values were obtained from the ratio of peak intensities in the 

presence and absence of amide proton saturation.  The error associated with the NOE 

value was calculated from the equation σ/NOE = [(σI

 is the initial peak intensity.  Curve 

fitting was performed using the program Curvefit 

(http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/palmer/software/curvefit.html) 

and visualized using Grace (http://plasma-gate.weizmann.ac.il/Grace/).  

A/IA)2 + (σIB/IB)2]1/2

 

, where I 

and σI denote the intensity of the peak and its baseline noise, and the subscripts A and 

B denote spectra recorded in the presence and absence of proton saturation, 

respectively (Farrow et al. 1995).  
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Lipari-Szabo analysis of relaxation data 
 

Backbone amide relaxation parameters were analyzed with the extended 

Lipari-Szabo formalism (Lipari 1982; Kay et al. 1989; Clore 1990; Mandel et al. 
1995) using the program TENSOR2 (Dosset et al. 2001) to assess global tumbling and 

internal motions.  The 15N CSA was set to -170 ppm and an N-H bond length of 1.02 

Å was used.  For each data set, a global tumbling correlation time (τc) was calculated 

from the residues assumed to have a negligible exchange contribution to 15

Internal motions were determined using Monte Carlo sampling methods and F-

tests validation incorporated in TENSOR2 (Dosset et al. 2001).  Five standard models 

were used to describe internal mobility with motion complexity increasing with model 

number (Clore 1990; Mandel et al. 1995).  A model for the internal motions was 

rejected if the experimental χ

N 

relaxation determined using the method described by Tjandra et al. (Tjandra et al. 
1995) and verified using the more stringent method described by Pawley et al. 
(Pawley et al. 2001). 

2 value was higher than the simulated χ2 value at the 90% 

confidence limit.  Residues that were not adequately fit by any of the five models for 

motion were omitted from further analysis.  For anisotropic analyses, pdb codes 1ZYP 

and 1ZYN were used for NTD-(SH)2 and NTD-S2

 
, respectively (Roberts et al. 2005).  

Hydrogen-deuterium exchange  
  

Samples were prepared for NMR as described above but with a buffer pH of 

6.2, flash-frozen and lyophilized.  Hydrogen-deuterium (H/D) exchange was initiated 

by dissolving the lyophilized sample in 100% 2H2O.  The pH of the samples was 

verified to be 6.2 both before and after the experiment.  The deadtime of the 

experiment, defined as time between first exposure to 2H2O and the middle of the first 

HSQC experiment, was 27 min for NTD-S2 and 33 min for NTD-(SH)2.  1H-15N 

HSQC spectra were collected continuously for the first 18 hours.  Data were collected 

on the NTD-S2 sample for only an additional four days due to protein precipitation.  

Data collection continued on the NTD-(SH)2 sample once every two days for 26 days 
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to monitor the disappearance of peaks.  No precipitation was observed for the NTD-

(SH)2 sample during this interval. The H/D exchange rates were determined using the 

equation I =  I0e-Rate*t +  Ω where t is the exchange time, I is the intensity of the peak at 

time t, I0 is the initial peak intensity and Ω is the extrapolated offset value from zero 

intensity caused by residual hydrogen present in the sample.  Curve fitting was done as 

previously described for R1 and R2 relaxation rate determination.  Exchange rates 

were estimated for residues where peak intensity loss could not be fit to an exponential 

decay.  A minimum exchange rate for peaks not detected at the first data point was 

estimated assuming I/I0 = 0.1, and a maximum exchange rate for peaks present at the 

last time point of the reduced data set (and unable to be exponentially fit) was 

estimated assuming I/I0

∆G

 = 0.9.  Protection factors were determined using the program 

Sphere (Zhang; Bai et al. 1993).  The estimated stability of the protein based on H/D 

exchange rates was calculated using  
○

HX = -RTln(kex/kint

where ∆G

) (1) 
○

HX is the free energy of unfolding and kex and kint

Molecular graphics were created using Pymol (DeLano 2002) and figures were 

prepared using Gimp. 

 are the observed 

(estimated) and intrinsic exchange rates for the slowest exchanging residues (Kim et 
al. 1993).   

 

 

 
Results 

Size exclusion chromatography 
   

Size exclusion chromatography confirms that at the concentrations used for 

NMR, both NTD-(SH)2 and NTD-S2 are monomeric with similar molecular shapes 

(Appendix Figure A1.1).  Molecular weight determined from multiangle light 

scattering is 22,620 ± 450 Da, consistent with the 22,292 Da calculated mass for a 

monomeric protein.  
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NTD-(SH)2 and NTD-S2 
   

chemical shifts comparison 

Backbone amide resonance assignments for NTD-(SH)2 were completed for 

191 of the 192 non-proline residues (Benison et al. 2007).  Here, the equivalent 

assignments for NTD-S2 were completed for 188 residues; resonances were missing 

for residues 28, 85 and 134 and were weaker for residues 128 and 129.  Comparison of 

the 15N and 1H chemical shifts between NTD-(SH)2 and NTD-S2 shows that the 

residues with the largest changes cluster around the active site; chemical shift 

differences greater than 0.1 ppm occur for residues 86-89, 124-129, 136, 137, 171-

173, 184, 185 (Appendix Figure A1.2).  Residues with signal loss in NTD-S2

 

 are also 

localized near the active site suggesting their intensity loss reflects changes in active 

site dynamics due to exchange broadening. 

Unfolding studies 
  

Protein stabilities were determined by monitoring changes in both fluorescence 

emission and CD signal with increasing urea concentration.  The NTD’s single 

tryptophan residue, Trp96, is partly buried at the interface of the two Trx folds (Figure 

6.2A); atoms Nε1, Cζ2 and Cη2 are ~50% accessible (Tsodikov et al. 2002).  

Consistent with the partial solvent exposure of Trp96, its fluorescence maximum 

occurs at 347 nm in the folded state (compared to ~327 nm for a fully buried 

tryptophan) and shifts to 357 nm in the unfolded protein.  Initial fluorescence intensity 

is the same for NTD-(SH)2 and NTD-S2

Urea-induced denaturation at pH 6.5 yields similar profiles for NTD-(SH)

, consistent with earlier results (Parsonage et 
al. 2005).  

2 and 

NTD-S2 with an apparent single-step transition irrespective of the spectral probe used 

to follow unfolding (Figure 6.3).  Each of the four curves was individually fit to a two-

state unfolding model.  The extrapolated ∆G°H2O value for NTD-(SH)2 unfolding is 

6.5 kcal/mol as measured by either CD or fluorescence.  Similarly, the extrapolated 

∆G°H2O value for NTD-S2 unfolding is 6.6 kcal/mol as measured by either technique.  
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Despite the equivalence of ∆G°H2O

In the standard two-state model of protein unfolding, a global (i.e. 

simultaneous) fit of both fluorescence and CD data should give parameters that fit well 

to both of the individual curves (Ramsay and Eftink 1994).  Simultaneous fits of the 

transition curves of NTD-(SH)

 values determined from the unfolding transition 

monitored by the two techniques, the curves are clearly not superimposable, and the 

calculated urea concentration for the midpoint of unfolding is 0.3 M higher when 

measured by CD (Table 6.1).  This difference necessitates a closer examination of the 

two-state unfolding assumption. 

2 and NTD-S2 give midpoints of unfolding of 3.9 and 

4.1 M urea.  The respective extrapolated ∆G°H2O

Unfolding of the NTD-(SH)

 values for unfolding are 6.5 and 6.6 

kcal/mol.  The globally determined parameters fit the data well (Figure 6.3, Table 6.1).  

As no apparent intermediate was detected in the unfolding data, a three-state unfolding 

model was not pursued.  

2

 

 in the presence of 10 and 100-fold DTT (0.2 and 

2 mM DTT) gave similar results when monitored by CD (data not shown). 

15

 
N backbone relaxation dynamics 

Backbone relaxation dynamics were measured with R1, R2 and steady-state 

heteronuclear NOEs for 149 and 146 residues in NTD-(SH)2 and NTD-S2, 

respectively.  Excluded residues correspond to overlapping peaks or to those that are 

too weak for accurate measurements.  The relaxation rates along the backbone of 

NTD-(SH)2 and NTD-S2 show similar trends including a disordering of the C-

terminus (Appendix Figure A1.3).  Overall, NTD-(SH)2 and NTD-S2 have 

comparable R1 and NOE values, but NTD-S2 has notably higher R2

Model free analysis of backbone relaxation data was carried out using the 

axially symmetric anisotropic diffusion model.  Global tumbling correlation times of 

13.08 ± 0.01 ns and 13.63 ± 0.01 ns were calculated for NTD-(SH)

 values (Figure 

6.4, Table 6.2). 

2 and NTD-S2 
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using the filter described by Tjandra et al. (Tjandra et al. 1995).  For internal motions 

(Appendix Figure A1.4), the majority of residues were fit by models 1 and 3 in  

 

 
 
 
 
 
 
 
 

 
 
 
Figure 6.3.  Global, cooperative denaturation of the NTD by urea.  The reversible 
unfolding of NTD-S2 (triangles) and NTD-(SH)2

 

 (circles) in urea was followed by 
fluorescence (grey shapes) and CD (black shapes).  Solid curves are global fits of the 
unfolding data to a two-state unfolding model.  
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Table 6.1.  Thermodynamic parameters for urea-induced unfolding. 

 

ΔG°H2O 
(kcal/mol)

m 
(kcal/mol/M)

unfolding 
midpoint (M)

NTD-S 2

CD (220 nm)a 6.6 1.6 4.2
Fluorescenceb 6.6 1.7 3.9
Globalc 6.6 1.6 4.1
NTD-(SH) 2

CD (220 nm)a 6.5 1.6 4.1
Fluorescenceb 6.5 1.7 3.8
Globalc 6.5 1.7 3.9  

 
a Parameters determined by fitting unfolding data obtained from the CD signal at 220 
nm. 
b Parameters determined by fitting unfolding data obtained from fluorescence intensity 
at 347 nm. 
c

 

 Parameters determined by simultaneously fitting unfolding data obtained from CD 
and fluorescence. 
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Figure 6.4.  Select data from 15N backbone relaxation experiments and model free 
analyses.  Shown are R2, S2 and Rex data for NTD-S2 (left panels) and NTD-(SH)2

 

 
(right panels) plotted per residue.  Secondary structure elements with labels shown 
above the plots are colored by fold as in Figure 6.2A.  Additional relaxation data are 
shown in Appendix A1. 
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Figure 6.4 (continued) 
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Table 6.2.  Overall 15

 

N backbone dynamics summary. 

NTD-S2 NTD-(SH)2

R1 (s
-1) 1.09 ± 0.02 1.04 ± 0.01 

R2 (s
-1) 20.8 ± 0.4         17.3 ± 0.3         

NOE 0.76 ± 0.06       0.79 ± 0.03       
c (ns) 13.63 ± 0.03       13.08 ± 0.01       
S2 0.94 ± 0.02       0.89 ± 0.01       
Rex (s

-1) 3.7 ± 0.5         2.2 ± 0.4          
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NTD-(SH)2 and model 4 in NTD-S2.  Despite the differences in model type, the S2 

terms are similar across the backbone for both redox states (Figure 6.4, Table 6.2) with 

an average of 0.89 ± 0.01 for NTD-(SH)2 and 0.94 ± 0.02 for NTD-S2 which indicate 

that overall, both redox states are well ordered on the fast timescale.  In contrast, a 

clear difference is seen in the Rex values, with NTD-S2 having both more residues 

modeled with Rex terms (79 versus 48) and a higher average value (3.7 ± 0.5 versus 

2.2 ± 0.4) (Figure 6.4, Table 6.2).  As Rex terms measure intermediate chemical 

exchange, these data suggest more intermediate timescale conformational 

heterogeneity in NTD-S2.  To verify that the Rex terms described by the model free 

analysis, especially those for the NTD-S2, were not due to incorrect global tumbling 

correlation times, the two-part filter described by Pawley et al. (Pawley et al. 2001) 

was used determine a more accurate description of the tumbling of the protein.  With 

this method, global correlation times of 13.47 ± 0.01 ns and 14.35 ± 0.03 ns were 

determined for NTD-(SH)2 and NTD-S2.  The internal motions determined from the 

model free analysis using these more stringently determined τc values slightly altered 

the qualitative results for both NTD-(SH)2 and NTD-S2

 

 but led to no quantitative 

changes (data not shown). 

H/D exchange monitored by NMR 
   

The EX2 exchange limit (Hvidt and Nielsen 1966) was determined to be the 

more likely mechanism for hydrogen exchange in the NTD; plots of kex versus kint for 

secondary structure elements in the a and b folds for both NTD-S2 and NTD-(SH)2 

give straight lines with slopes ranging from 0.8 to 1.1 (data not shown).  This is close 

to the expected slope of 1 for an EX2 exchange mechanism (Wagner 1983; Jayaraman 

and Nicholson 2007).  Protection factors were calculated at pH 6.2 and 25 °C for fast, 

intermediate and the slowest exchanging residues for both NTD-(SH)2 and NTD-S2 

(Figure 6.5, Appendix Table A1.1).  Fast exchanging residues are defined as those 

fully exchanged at the first time point (~30 min) for which a minimum exchange rate 

of ~1 x 10-3 s-1 is estimated.  The fast exchanging residues are located primarily on the  
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Figure 6.5.  H/D exchange protection factors for the NTD-S2 are lower than for NTD-
(SH)2.  Overlay of protection factors for NTD-S2 (black bars) and NTD-(SH)2 (grey 
bars).  Residues for which there is no bar or only one bar (all grey or all black) are 
those amides that were not measured due to overlap or unassigned peaks.  Blue bars 
are shown for the estimated protection factors of the slowest exchanging residues (21-
26, 35, 37, 41, 53, 65-68, 92, 93, 95, and 96).  For residues where a protection factor 
was measured in both redox states, a grey and black bar are overlaid and the color on 
top indicates which form is more protected (more slowly exchanging).  Residues 77-
80, 83, 90, 121-125, 136, 137, 141-143, 148, 152-156, 174-176, 179-181 and 191 are 
5 to 100 fold more protected in NTD-(SH)2 while only residues 42, 44, 110 and 190 
are more protected in NTD-S2.  The residues that are significantly faster exchanging 
in NTD-S2

 

 (shorter bars) cluster in α1, β1, β2, β3 and β4 of the a fold and in β4 and 
near Glu86 of the b fold.  Secondary structure elements are shown with labels above 
the plot and are colored by fold as in Figure 6.2A.  The positions of active site Cys129 
and Cys132 are indicated.  Protection factors are computed for exchange rate constants 
determined at pH 6.2 and 25 ºC. 
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Figure 6.5 (continued) 
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surface of the protein.  For intermediate exchanging residues, rate constants 

determined by fits of a single exponential to decreasing peak intensity with time range 

from 1 x 10-3 to 3 x 10-7 s-1.  Comparison of protection factors for intermediate 

exchanging amides reveals that many residues distributed throughout the sequence are 

~10-fold more slowly exchanging (more protected) in NTD-(SH)2.  These residues 

cluster in β1, α1, β2, β3 and β4 of the a fold and in β4 of the b fold.  Only four 

amides are > 5-fold more protected in NTD-S2

The slowest exchanging residues, those with less than 10% intensity loss over 

the course of the experiment (~27 days), were given an estimated upper limit 

exchange rate constant of 6 x 10

 (42, 44, 110 and 190); these are located 

on the protein surface distant from the active site. 

-8 s-1.  Although the data sets used for NTD-(SH)2 and 

NTD-S2 were collected for different lengths of time, both identify the same group of 

slowest exchanging residues; all are associated with secondary structure elements β1, 

α1, β2, β3 and α3 of the b fold.  Based on the maximal estimated protection factors 

for NTD-(SH)2, its apparent stability by hydrogen exchange criteria (∆G°HX

 

) is ~10 

kcal/mol.  

 

 
Discussion 

Oxidation does not significantly change global stability of the NTD 
   

The combined use of CD and fluorescence quenching monitors both secondary 

and tertiary structural changes that occur with increasing denaturant.  While the 

fluorescence and CD unfolding profiles are not completely overlapping, the finding 

that global (simultaneous) fits to the urea unfolding data for NTD-(SH)2 and NTD-S2 

give parameters that agree with those obtained from fits to individual curves (Table 

6.1) and fit both curves well (Figure 6.3) supports a cooperative two-state unfolding 

model (Ramsay and Eftink 1994).  Very similar ∆G°H2O values of 6.5 and 6.6 

kcal/mol are obtained for NTD-(SH)2 and NTD-S2, respectively.  The apparent two-
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state unfolding behavior is consistent with the absence of detectable stable 

intermediates and suggests that the two folds of the NTD do not significantly separate 

before the protein unfolds. 

 The apparent stability obtained by H/D exchange analysis is higher (~10 

kcal/mol) than that determined by fluorescence and CD unfolding studies, probably 

due to residual structure in the unfolded state (Woodward et al. 2004; Wildes et al. 
2006), however both results indicate that the NTD is quite stable.  The extrapolated 

∆(∆G°H2O) value between NTD-(SH)2 and NTD-S2 of 0.1 kcal/mol derived from urea 

denaturation (Table 6.1) is our best measure of the increased stability of NTD-S2.  

This difference is considerably lower than the 1.2 kcal/mol net stabilization expected 

solely from disulfide bond oxidation decreasing the conformational freedom of the 

unfolded state by closing a loop of four residues in length (Pace et al. 1998).  The 

difference between expected and observed values implies that upon disulfide 

oxidation, other factors collectively decrease ∆(∆G°H2O

 

). 

Oxidation increases conformational heterogeneity of the NTD 
   

To probe the effect of cysteine oxidation and reduction on the structure and 

dynamics of residues around the active site and the protein as a whole, we compare 

chemical shifts, peak broadening, relaxation parameters and hydrogen exchange rates 

between the two redox forms.  1H-15N HSQC spectra of NTD-(SH)2 and NTD-S2 

show chemical shift changes primarily localized to residues near the active site, and 

along the active site ends of helices α1 of the a fold and α3 of the b fold (Appendix 

Figure A1.2).  These data suggest that while the overall structure is similar in the two 

redox forms, there are local structural changes in the active site that may be 

propagated down the helices containing active site residues.  In addition to peak shifts, 

apparent chemical exchange broadening for active site residues Ser128 and Cys129 

and nearby residues in the NTD-S2 spectrum indicates conformational heterogeneity 

on the ms-µs timescale that is absent in NTD-(SH)2.  This qualitative measurement of 

the differences between NTD-(SH)2 and NTD-S2 supports the more quantitative 
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model free analyses of internal motions which show that intermediate timescale 

motions differ significantly in the two redox forms; NTD-S2 has substantially more 

residues with motions reflected in a higher Rex

Dynamics differences between NTD-(SH)

 term (Figures 6.4 and 6.6).   

2 and NTD-S2 are strongly evident 

from H/D exchange results which indicate that amides in NTD-S2 are faster 

exchanging (Figure 6.5, orange and red colors in Figure 6.7A).  The consistent pattern 

is a ~10-fold (1 log unit) decrease in protection factor for five elements of secondary 

structure in the catalytic a fold and one in the b fold (β4 at the interface of the two 

folds).  It is noteworthy that NTD-S2 shows decreased protection despite being 

slightly more stable.  This implies that the higher exchange rates for intermediate 

exchanging residues in NTD-S2 do not arise from exchange processes involving 

global unfolding, but rather from increased internal fluctuations within the folded state 
ensemble of NTD-S2

What are the possible origins of the increased motions in NTD-S

 (Figure 6.8).  

2?  Although 

chemical exchange broadening, larger Rex values and faster H/D exchange rates 

indicate increased internal fluctuations in NTD-S2, the motions responsible for the 

increases are not necessarily the same.  This is apparent as increased values of Rex are 

observed throughout the a and b folds of NTD-S2

access of buried N-H groups to water.  The pattern of increased exchange rates in the a 

fold of NTD-S

 and report motions on the ms- µs 

timescale.  However, increased H/D exchange rates are observed primarily for 

residues in the a fold and some residues near Glu86 in the b fold.  These motions 

reported by folded state H/D exchange of amide N-H groups, that in the crystal 

structure are buried and intramolecularly H-bonded, cannot at present be attributed to 

any specific timescale (Woodward et al. 2004).  The fact that buried amides exchange 

by a folded state mechanism means that the folded protein moves in ways that permits 

2 (Figure 6.7A) suggests movement of helix α1 relative to the β-sheet it 

is packed against.  Collective motion of the entire helix α1 as in local unfolding or 

unraveling is unlikely as an inside/outside pattern of slow and fast exchange rates is 

observed.  The data are consistent with changes in numerous, local and small-scale  
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Figure 6.6.  Different intermediate exchange motions for NTD-S2 and NTD-(SH)2.  
Model free analysis results for intermediate timescale motions (Rex, Figure 6.4 bottom 
graphs) are plotted on the crystal structure.  Comparison of (A) NTD-S2 and (B) NTD-
(SH)2 reveals an increase in Rex motions across the entire protein for NTD-S2 (green, 
yellow and red colors).  The same coloring scale is used for both panels and the redox 
active disulfide is shown as ball and stick in both structures.  Residues with Rex less 
than 2 s-1 or with no measurements are colored grey.  
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Figure 6.7.  The two Trx folds of the NTD display different protection from exchange.  
(A) Data shown in Figure 6.5 are mapped on the crystal structure.  The slowest 
exchanging residues (blue) are located in the b fold while residues with significant 
differences in protection factor with oxidation (colored yellow to red by magnitude of 
difference) are located around the active site and found primarily in the a fold.  The 
redox active disulfide is shown as ball and stick and residues with no measurements or 
with a difference less than 0.5 in protection factor are colored grey.  (B) The slow 
exchanging residues (blue) of EcTrx are located in the core of the Trx fold (data from 
Jeng and Dyson, 1995).  The redox active disulfide is shown as ball and stick with 
sulfur atoms colored yellow.  EcTrx is aligned with the b fold of the NTD. 
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Figure 6.8.  Inferred energy landscapes for the NTD and EcTrx.  Schematic energy 
wells illustrate changes in energy landscapes that accompany oxidation: the width of 
the wells represents qualitative conformational heterogeneity as inferred from H/D 
exchange behavior and the roughness at the bottom of the wells represents qualitative 
intermediate timescale motions as inferred from Rex

 

 (see text).  The reduced states of 
the NTD and EcTrx (grey wells) are shown with the same energy landscape that has 
the bottom of the well arbitrarily set to zero.  The oxidized states (black wells) are 
drawn to represent the inferred quantitative changes in thermodynamics relative to the 
reduced state.  The dotted line marks the expected 1.2 kcal/mol stability increase for 
the oxidized form due to the formation of the disulfide bond (Pace et al. 1998).  
Oxidation of the NTD slightly increases stability and causes increased internal 
fluctuations (wider well) of rapidly interconverting states on an intermediate timescale 
(rougher well).  Oxidation of EcTrx increases stability (Kelley et al. 1987) and 
decreases the conformational heterogeneity (Kaminsky and Richards 1992; Jeng and 
Dyson 1995) (narrower well) without large changes in intermediate timescale motions 
(Stone et al. 1993) (similar roughness).    
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motions in α1 and in strands β1, β2, β3 and β4 of the a fold (red and yellow in Figure 

6.7A).  In any case, there is little or no change in average secondary structure as 

indicated by similar CD spectra for NTD-S2 and NTD-(SH)2

 

 (data not shown) and 

published crystal structures (Roberts et al. 2005). 

The two trx folds have distinct dynamics not detected in crystal structures  
  

Protein crystal structures provide both a three dimensional image and an 

estimate of time-averaged atomic mobility reported as the B-factor (temperature 

factor).  For the NTD, crystal structures show no significant conformational or 

mobility differences between NTD-(SH)2 and NTD-S2 as is expected based on Trx 

and Trx-like domains in other proteins (Carvalho et al. 2006).  Also, as measured by 

B-factors, the a and b folds have remarkably similar apparent mobility along the chain 

(Figure 6.9).  In both folds, helix α is highly mobile and in the rest of the fold, core 

regions with B-factors near 20 - 25 Å2

In contrast, H/D exchange data convincingly show that the 

dynamic/thermodynamic behavior of the a and b folds are quite distinct.  Typically the 

final group of amides to exchange in a protein identify the packed secondary structure 

that constitutes the core of the protein as these regions are accessible to exchange only 

when the protein undergoes global unfolding (Woodward 1993).  For the NTD, these 

are all in the b fold (blue in Figure 6.7A).  In contrast, corresponding secondary 

structure elements in the a fold are 10 to 100-fold faster exchanging in NTD-(SH)

 alternate with loop regions having higher B-

factors.  

2 

and 100-1000 fold faster exchanging in NTD-S2 (Figure 6.5).   Relative to the b fold, 

this substantially more rapid exchange in the a fold, even in the most protected 

residues, implies a much greater folded state mobility in the a fold.  The dramatic 

differences between the folds and striking redox sensitive internal fluctuations 

(discussed above) are likely to be related to the biological role of the NTD in the redox 

cascade (Figure 6.1).  This is supported by the observations that (1) upon oxidation, 

the largest changes in both Rex and H/D exchange are clustered around the active site  
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Figure 6.9.  The a and b folds show similar mobility in crystal structures.  The B-
factors along the chain from NTD-S2 (pdb code 1ZYN) for the a fold (green) and b 
fold (grey) are mapped onto the b fold by a structure-based sequence alignment.  
Secondary structure elements are indicated – helix α2 is present only in the a fold and 
is colored green.  Other NTD crystal forms (pdb codes 1ZYP and 1HYU) behave 
similarly suggesting that crystal packing in not a major influence.  Minor local 
differences in B-factor between the two folds occur in regions where structural 
elements have different solvent accessibilities due to the fold-fold packing.  
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and in the catalytic a fold, and (2) that in the b fold, strand β4 (which packs under the 

active site), and residues in the vicinity of Glu86, exchange faster in NTD-S2

The clear divergence of a Trx fold that has very low mobility independent of 

redox state (the b fold) from a Trx fold that displays redox-dependent dynamics (the a 

fold) suggests that the functions of the two folds have specialized.  The b fold not only 

contributes key residues to the active site (Glu86) but also provides the core stability 

of the protein.  This might allow the a fold, which contains most of the active site 

structure, to acquire dynamic properties which enhance catalysis. 

, along 

with others in the a fold. 

 

Similarities and differences between the NTD and EcTrx 
   

The overall structure of Escherichia coli Trx (EcTrx) determined by NMR 

(Jeng et al. 1994) or crystallography (Katti et al. 1990; Smeets et al. 2005) is very 

similar for the two redox forms with only small conformational changes observed for 

active site residues.  This is consistent with our data for the NTD.  Interestingly, there 

is a significantly larger difference in stability between oxidized and reduced EcTrx 

(2.4 kcal/mol) (Kelley et al. 1987) compared to the NTD (0.1 kcal/mol).  
15N backbone relaxation analyses of EcTrx (Stone et al. 1993) show that the 

overall fast motions (S2 values) are very similar in both redox states, with three loops 

(before β1, α2 to β3, and β4 to α3) being particularly dynamic on this timescale and 

the latter two important to catalysis.  In the NTD, there are similar low S2

The slow exchanging core in EcTrx (Kaminsky and Richards 1992; Jeng and 

Dyson 1995) contains residues mostly from β1, β2 and β3 (Figure 6.7B).  In the NTD, 

the slowest exchanging residues which include the slow exchanging core, are only 

present in the b fold and are located in strands β1, β2 and β3 as well as helices α1 and 

 values for 

the α2 to β3 loop (and to a lesser extent for the β4 to α3 loop) in the a fold, but no 

hint of such dynamics are present in the b fold.  The conservation of these fast motions 

in loops that pack on the NTD active site disulfide and not in the equivalent loops of 

the b fold is consistent with their importance in catalysis. 
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α3 (Figures 6.5 and 6.7A).  The a fold shows similar relative features (β-strands being 

local maxima of protection) but the absolute protection levels are much lower, and all 

amides in the a fold exchange from the folded state with no contribution from global 

stability. 

The most dramatic differences between EcTrx and the NTD are redox 

associated changes in dynamics.  In EcTrx, oxidation does not cause a change in fast 

motions but decreases conformational exchange for a few active site residues (between 

α2 and β3) (Stone et al. 1993), and increases protection from H/D exchange 

specifically for those residues at the active site (Jeng and Dyson 1995).  In stark 

contrast, oxidation of the NTD is associated with widespread increased conformational 

exchange across the backbone (Figures 6.4 and 6.6), and decreased protection from 

H/D exchange across the a fold (Figures 5 and 7A).  A schematic summary of the 

changes in protein thermodynamics with oxidation is given in Figure 6.8.  

 

Evolutionary divergence of the two Trx folds  
  

The opposite trends with oxidation observed for EcTrx and the NTD fit the 

idea of evolutionary divergence and specialization of the two Trx folds.  Folding 

thermodynamics and H/D exchange show that the NTD is not comprised of two 

independent Trx folds, each retaining the original functional and dynamic properties 

of Trx.  Instead, we see evidence for an evolved merging of two Trx folds into a single 

cooperative folding unit along with specialization of function of each Trx fold to 

produce unique redox functions of a new protein.  The b fold (all but β4 and the 

residues around Glu86 in α3) provides a largely redox insensitive stable core, and the 

a fold (together with β4 from the b fold) provides the biological redox activity with 

dynamic behavior coupled to redox state. 

The proposed evolutionary origins for the NTD purports a gene duplication 

and fusion (Ren et al. 1998) that took place in hyperthermophilic archaea (Becerra et 
al. 2007) (Figure 6.2C).  In this context, the covalent linking of the two Trx-like folds 

could provide a selective advantage as oligomerization is one strategy for stabilization 
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of hyperthermophilic proteins (Vieille and Zeikus 2001; Tanaka et al. 2004; Giuliani 
et al. 2007).  We propose that initially, each Trx fold had its own stable core and redox 

activity.  Then, with one “superfluous” active site, what would become the b fold 

diverged to gain stability and lose activity.  Subsequent divergence led to further 

differentiation of the functional roles of the two folds with strand β4 of the b fold 

becoming a functional part of the a fold.  In the evolutionary intermediate PDO, the 

functions of the two folds already differ although both folds contain a CxxC motif: 

only the C-terminal CxxC motif (corresponding to the a fold of the NTD) is required 

for oxidoreductase activity and the N-terminal CxxC motif contributes to isomerase 

activity (Pedone et al. 2004).  Following this scenario further, after horizontal gene 

transfer to bacteria, the two folds were no longer needed for increased stability in a 

hyperthermic environment, but the requirement for catalysis of Glu86 from the b fold 

necessitated its continued conservation in the NTD.  Thus divergence continued with 

the b fold losing the CxxC motif and all catalytic function.  Interestingly, this result of 

a partial physical separation of stability and catalysis may provide a distinct advantage 

of permitting the protein to evolutionarily explore dynamic properties that enhance 

catalysis beyond what would be achieved in a single fold.   

Additionally, as hyperthermophilic proteins are less dynamic at the lower 

temperatures supporting growth of mesophilic organisms (Zavodszky et al. 1998), the 

separation of stability and dynamics may be a remnant of an hyperthermophilic 

adaptation – while the b fold still reflects the lower internal mobility at mesophilic 

temperatures, the a fold has evolved to be more dynamic at these lesser temperatures.  

It remains to be seen how the dynamic properties of the a fold impact NTD function, 

but one intriguing possibility is that the high level of order of NTD-(SH)2

 

 is related to 

its high specificity for reducing AhpC while the flexibility associated with reduced 

EcTrx is important for its broad specificity as a protein reductant. 
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Chapter 7 

 

 

Concluding discussion and outlook 
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Summary 

 This dissertation describes a series of structure-function relationship studies on 

Prxs, a broadly important family of antioxidant enzymes.  In addition to the outcomes 

of specific contributions to understanding Prx function, the work included here 

demonstrates the strength and value of a multifaceted approach based on structural 

biology.  The insights from the two review Chapters and three original research 

Chapters have all been largely based on the determination of structures by X-ray 

crystallography and the measurement of dynamics by NMR.  While these are powerful 

tools, treatment of the data from an isolated approach only provides limited impact.  

Each of the major contributions described in this dissertation shows that it is the 

combination of these results with functional studies and the concepts of evolution that 

provides the most significant insights into biological systems. 

 In this final Chapter, I present the main conclusions of this dissertation in the 

form of my assessment of the three most significant contributions that this work has 

made to the understanding of Prx function.  These contributions are mostly based on 

the results of Chapters 4, 5 and 6 and are presented in the same order.  This is 

followed by a proposal of future structural studies that I see extending from the results 

obtained here to develop a still deeper understanding of Prx function.  The dissertation 

then ends with brief concluding remarks. 

 

 

 
Main conclusions 

 The emerging role of Prxs in redox signaling events has revealed that the Prxs 

are not just essential as critical antioxidant enzymes but that they are also required for 

cellular signaling regulation.  The widespread importance of these dual capacities 

makes characterization of the Prxs important for health issues ranging from the 

development of antibiotics to novel strategies for the prevention and treatment of 

human cancers.  From a structural biology standpoint, understanding substrate binding 

and the relationships of structure and dynamics to catalysis will have the most impact 
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on such health issues by contributing to a foundation for rational drug discovery.  

Using an approach based on X-ray crystallography and NMR, we have moved the Prx 

field forward and improved the structural foundation for understanding Prx function, 

and have also contributed to the understanding of general protein structure-function 

relationships.  In my view, the research presented in this dissertation has made the 

following three major contributions. 

 

Two new frameworks for analyzing Prx conformational changes 
 
 The first main contribution is the formulation of two new conceptual 

frameworks with which to think about the catalytic structural changes that occur in all 

Prxs.  Both of the new frameworks stem from our in-depth analysis of the Tpx 

subfamily (Chapter 4).  We analyzed the structures and sequences of known Tpx 

subfamily members and revealed structural features common to the entire subfamily 

that are associated with the transition from the FF to the LU conformation during 

catalysis.  Two of the novel insights from this study can be applied to the entire Prx 

family as described below.   

 The first conceptual framework is that conserved residues form a cradle around 

helix α2.  This helix contains the CP residue and is central to the local unfolding 

transition in all Prxs.  In the Tpx subfamily, α2 twists and tilts to adopt the LU 

conformation while remaining stabilized in the cradle (i.e. “tucked in”).  Conserved 

nonpolar side chains of the cradle provide a greasy surface on which the helix can 

rotate while conserved polar side chains adopt new conformations that lock-in the 

position of α2 associated with the LU conformation; this results in two discrete 

conformations for α2 rather than a continuum of conformations.  As each of the Prx 

subfamilies has a distinct prototypical LU conformation that depends on the position 

of the CR (Chapter 2), it is our expectation that a similar identification of specific 

conservation patterns for each of the other subfamilies will reveal a cradle that is 

shaped and tuned to stabilize the conformations of α2 observed for that subfamily. 
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 The second conceptual framework is the idea that conserved residues in helix 

α2 link to conserved residues in the region where the CR is positioned.  This link 

facilitates the switch from the FF to the LU conformation and may be an important 

aspect of the fast catalytic rates of the Prxs.  In the Tpx subfamily, the CR is located in 

α3.  Our analysis revealed that in the FF conformation only, a conserved Arg in α2 

forms stabilizing interactions with a conserved Glu in α3.  When α2 locally unfolds, 

the stabilizing interactions are broken, triggering the destabilization and consequent 

local unfolding of α3.  It is our expectation that each subfamily will have conserved 

residues that allow the local unfolding of α2 to trigger the local unfolding of the 

region where the CR

 The exploration of these two new conceptual frameworks in other Prx 

subfamilies is required to confirm to what extent they apply to all Prxs.  Our 

descriptions of the FF and LU conformations for a Prx from each subfamily begins 

this work but does not include the in-depth sequence analysis that is required for its 

completion. 

 is located.  Evidence in support of a structural link connecting α2 

to other regions that locally unfold is apparent in the Prx1 subfamily where C-terminal 

residues become disordered in the LU conformation, yet this link has not been fully 

explored.   

 

An explanation for the effectiveness of Prx catalysis 
 
 The second main contribution is a clear proposal for an answer to the long-

standing question of how the Prxs are able to so effectively catalyze the reduction of 

peroxide substrates.  This insight came from combining a consideration of the basic 

chemical principles with an analysis of multiple structures having bound ligands, 

especially a substrate analog-bound Prx structure we determined and a hydrogen 

peroxide-bound structure (Chapters 2 and 5).  All Prxs share a universal active site 

structure involving four absolutely conserved residues.  By dissecting the active site 

geometry and hydrogen bonding network that contributes to substrate binding and 

catalysis, we show that the conserved Prx active site activates both the CP-thiolate and 
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the peroxide substrate, and that it is optimally arranged to stabilize the transition state 

of the SN

 

2 displacement reaction.  From this analysis, we proposed that diols may be 

effective as a new class of competitive inhibitors for Prxs.  This insight will be of great 

benefit to future studies of substrate specificity, inhibitor efficacy and drug design. 

An example of evolved protein dynamics after the fusion of two domains 
 
 The third main contribution is an example of co-evolved dynamic properties 

and function.  This insight came from the combination of structures, dynamics 

information and evolutionary considerations.  The two Trx-folds of the NTD have 

evolved from an ancestral Trx-like protein.  After a gene duplication and fusion event, 

the two Trx-folds now fold and function as a single domain.  Using NMR, we have 

shown that after the individual folds combined, their dynamic properties have altered 

to allow for the two fused folds to function in unified support of a single active site 

(Chapter 6).  While in itself, this is an intriguing demonstration of the evolution of 

protein dynamics, it becomes more fascinating in the context of the entire system 

because the structure of the Prxs is also based on a Trx fold (Chapter 2).  The diversity 

of the multiple Trx-descendents within this one system is an excellent example of how 

the same scaffold, decorated with different features, evolves new protein dynamics 

and functions. 

 

 

 
Future work 

 The studies described in this dissertation have provided structural insights that 

can be built upon to further develop our understanding of Prx function.  In this section, 

I present three specific extensions of our results as open questions that directly address 

structure-function relationships of the Prxs.  The proposed approaches all rely on 

structural biology but are expected to provide the most insight through a similar 

interplay of multiple approaches as has been demonstrated in the completed studies 

described in this dissertation. 
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How is substrate specificity determined? 
 
 Based on the active site geometry and binding of substrate analogs, we have 

proposed broadly where the alkyl moiety of organic peroxide substrates will bind.  

Further studies using alkyl peroxide substrates or substrate analogs are needed to test 

our hypothesis.  This information coupled with our description of how the peroxide-

moiety binds will provide a complete understanding of substrate binding and would 

contribute to the development of Prx inhibitors.  This is of particular interest for the 

inhibition of bacteria that rely on the Prx system for protection from our immune 

system and the development of novel cancer treatments that are based on the 

regulation of Prx activity.  The optimized experimental system for human PrxV 

described in Chapter 5 would be one starting place to continue these studies.   

 

What are the dynamics of the structural FF-to-LU transition? 
 
 With the solid structural foundation we have created for understanding the 

transition from the FF to the LU conformation, we can now address the as of yet 

unknown role of dynamics in this structural transition including the influence of 

sulfenic acid formation on the dynamics.  While these studies will be of interest for all 

Prx subfamilies, it has the potential to be most insightful for the sensitive Prx1 

subfamily members where the competition between disulfide bond formation and 

overoxidation (which is dependent on the local unfolding event) determines if a Prx 

will be catalytically active or inactive.  These questions could be addressed using 

direct investigation of dynamics using NMR (for monomer and dimer systems) and 

mass spectrometry coupled with hydrogen/deuterium exchange (for decameric 

systems) to probe motions on a variety of timescales.   

 This study of dynamics may also provide insight into the evolutionary paths 

that have led to the development of various CR positions.  Based on our analysis of 

Prx structures, we have proposed that the observed four distinct placements of the CR 

are the result of an evolutionary history that involves multiple independent and 
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convergent conversions between 1-Cys and 2-Cys mechanisms.  It is our expectation 

that any place on the Prx structure with the ability to locally unfold to form a disulfide 

with the CP is a potential acceptable spot for the CR

 

.  Mapping the evolutionary 

development of the Prxs in terms of protein dynamics would not only provide insight 

on the evolution of the Prxs, but would contribute to the framework of how we think 

about protein evolution in general.   

What is the surface recognition involved in binding between a Prx and its 
reductase and what is the chemistry that occurs in the reduction reaction? 
 

Our characterization of the structural changes associated with the transition 

from the FF to the LU conformation only corresponds to one third of the total 

structural rearrangements that must happen for a complete catalytic cycle.  The 

structural and dynamical characterization of a Prx-reductase complex will allow 

characterization of the LU-to-complex transition and the complex-to-FF transition.  

Additionally, identification of the binding surfaces will help to explain the different 

specificities seen by various Prxs for their reductants.  My hypothesis is that the 

formation of the complex will not cause significant changes to the LU Prx 

conformation.  Direct crystallographic determination of the structure of one or more 

complexes would provide the most insight into the structure of the complex and the 

binding interface, and allow for a complete description of the structural changes 

involved in the catalytic cycle.   

 A second open question with regard to the Prx-reductase complex is the 

chemistry that occurs during the reduction reaction.  Understanding the chemistry 

requires determining the roles of active site residues in catalysis.  Of particular interest 

in the reductase, the NTD, is a conserved Glu residue that is buried in the active site.  

We have proposed that this residue will have a raised pKa

 

 value and will contribute to 

the reaction mechanism as a general acid/base catalyst.  We have begun work to 

address this hypothesis using NMR (Appendix 2). 
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Concluding remarks 

 In this dissertation, I have presented my doctoral research in structural biology 

that furthers our knowledge of the structure-function relations of the Prxs.  I have 

described the Prx system, my specific contributions to the field, the major conclusions 

of my research, and how my work can be extended to further advance the field.  It is 

my hope that although readers of my dissertation may not recall specific details of the 

Prx system or the experiments performed, they will remember the broader picture of 

the importance and impact of enzyme structure-function studies.  Enzymes are 

amazing little machines and discovering how they function is an exciting area in 

which to work. 
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Table A1.1.  H/D exchange rates and protection factors (PF) for NTD-S2 and NTD-
(SH)2
 

 at pH 6.2 and 25 °C. 

 

Exchange 
Rate (s -1) LOG(PF)

Exchange 
Rate (s -1) LOG(PF)

Exchange 
Rate (s -1) LOG(PF)

Exchange 
Rate (s -1) LOG(PF)

1 Met N/Da N/D 58 Leu 3.0E-04 3.2 1.9E-04 3.4
2 Leu Fastb 4.0 Fastc 4.1 59 Pro
3 Asp Fast 2.4 Fast 2.5 60 Val 3.6E-05 3.5 2.1E-05 3.8
4 Thr Fast 2.6 Fast 2.7 61 Arg N/D 2.5E-05 4.6
5 Asn Fast 3.6 Fast 3.7 62 Lys 3.3E-05 4.7 Fast 3.2
6 Met Fast 3.2 Fast 3.3 63 Pro
7 Lys Fast 3.0 Fast 3.0 64 Ser N/De 3.9E-06 5.6
8 Thr Fast 2.9 Fast 3.0 65 Phe Slow 7.3 Slow 7.3
9 Gln Fast 3.1 Fast 3.2 66 Leu Slow 6.7 Slow 6.7

10 Leu 1.1E-04 3.6 7.1E-05 3.8 67 Ile Slow 6.3 Slow 6.3
11 Arg 3.6E-04 3.3 2.3E-04 3.5 68 Thr Slow 7.0 Slow 7.0
12 Asp 8.9E-04 3.3 1.1E-03 3.2 69 Asn 2.5E-04 4.3 9.7E-05 4.7
13 Tyr 4.3E-05 4.1 3.0E-05 4.3 70 Pro
14 Leu 4.1E-06 4.9 2.2E-06 5.2 71 Gly Fast 2.9 Fast 3.0
15 Glu N/D N/D 72 Ser Fast 3.4 Fast 3.5
16 Lys Fast 2.7 Fast 2.8 73 Gln Fast 3.2 Fast 3.3
17 Leu Fast 2.4 Fast 2.5 74 Gln Fast 3.1 Fast 3.2
18 Thr Fast 2.6 Fast 2.7 75 Gly Fast 3.4 Fast 3.4
19 Lys Fast 4.0 9.7E-05 4.2 76 Pro
20 Pro 77 Arg 1.5E-05 4.7 3.9E-06 5.3
21 Val Slowd 6.3 Slowd 6.3 78 Phe 1.5E-05 4.9 1.3E-06 5.9
22 Glu Slow 6.6 Slow 6.6 79 Asp 2.0E-05 4.8 2.4E-06 5.7
23 Leu Slow 6.5 Slow 6.5 80 Gly 2.8E-05 4.9 2.7E-06 5.9
24 Ile Slow 6.3 Slow 6.3 81 Ser Fast 3.4 Fast 3.5
25 Asp Slow 7.0 Slow 7.0 82 Pro
26 Thr Slow 7.2 Slow 7.2 83 Leu 1.6E-04 3.0 8.5E-06 4.3
27 Leu 3.1E-05 4.2 2.2E-05 4.3 84 Gly Fast 2.9 Fast 3.0
28 Asp N/D 8.0E-05 3.6 85 His N/D Fast 3.6
29 Asp Fast 2.4 Fast 2.5 86 Glu Fast 2.9 Fast 3.0
30 Ser N/D N/D 87 Phe Fast 2.5 7.4E-04 2.8
31 Asp N/D 1.2E-03 3.3 88 Thr Fast 2.9 1.2E-03 3.0
32 Lys 6.5E-04 3.2 1.2E-03 2.9 89 Ser Fast 3.5 4.7E-04 3.9
33 Ser Fast 4.4 5.6E-05 4.8 90 Leu 1.0E-04 3.7 7.0E-06 4.9
34 Asp 5.0E-04 3.6 3.1E-04 3.8 91 Val N/D 1.2E-05 4.0
35 Glu Slow 6.8 Slow 6.8 92 Leu Slow 6.5 Slow 6.5
36 Ile 1.6E-05 4.0 1.1E-05 4.1 93 Asp Slow 7.0 Slow 7.0
37 Lys Slow 7.0 Slow 7.0 94 Leu N/De 1.9E-05 4.2
38 Glu N/D N/D 95 Leu Slow 6.5 Slow 6.5
39 Leu 8.9E-06 4.4 N/D 96 Trp Slow 6.6 Slow 6.6
40 Leu N/D N/D 97 Thr N/D 7.3E-06 5.0
41 Asp Slow 7.0 Slow 7.0 98 Gly 2.2E-05 5.2 1.1E-05 5.4
42 Glu 1.4E-05 4.4 5.2E-05 3.8 99 Gly Fast 3.3 Fast 3.4
43 Ile N/D N/D 100 His Fast 3.5 Fast 3.6
44 Asp 5.4E-06 5.1 9.5E-05 3.8 101 Pro
45 Glu N/De 6.5E-07 5.7 102 Ser Fast 3.0 Fast 3.1
46 Leu 3.8E-06 4.7 2.3E-06 4.9 103 Lys Fast 3.1 Fast 3.2
47 Ser 3.3E-05 4.7 2.6E-05 4.8 104 Glu Fast 2.5 Fast 2.6
48 Asp Fast 2.9 Fast 3.0 105 Asp 2.7E-05 4.5 Fast 2.8
49 Lys 3.5E-04 3.3 Fast 2.8 106 Gln Fast 2.9 Fast 3.0
50 Val 6.2E-06 4.7 2.6E-06 5.0 107 Ser Fast 3.5 Fast 3.5
51 Thr N/D N/D 108 Leu Fast 2.6 Fast 2.7
52 Phe Fast 2.8 Fast 2.9 109 Leu 3.5E-05 3.7 3.4E-05 3.7
53 Lys Slow 7.3 Slow 7.3 110 Glu 2.5E-05 3.9 6.4E-04 2.5
54 Glu Fast 2.5 Fast 2.6 111 Gln 9.9E-05 4.0 8.0E-05 4.0
55 Asp 2.8E-05 4.2 2.1E-05 4.3 112 Ile 9.4E-06 4.5 4.2E-06 4.9
56 Asn Fast 3.2 Fast 3.3 113 Arg 4.3E-05 4.3 2.1E-05 4.6
57 Thr Fast 3.1 Fast 3.2 114 Asp 2.2E-04 3.6 1.9E-04 3.7

                    

NTD-S2 NTD-(SH)2NTD-(SH) 2

ResidueResidue

NTD-S2

 



 
 
 

231 

 
Table A1.1 (continued) 
 
 

115 Ile Fast 4.0 7.1E-06 4.3 159 Phe Fast 3.9 5.1E-05 4.3
116 Asp Fast 2.4 1.2E-03 2.4 160 Gln Fast 3.0 Fast 3.1
117 Gly 5.3E-04 3.4 6.4E-04 3.3 161 Asn Fast 3.6 Fast 3.7
118 Asp Fast 2.8 Fast 2.8 162 Glu Fast 2.7 Fast 2.8
119 Phe 9.5E-05 3.6 6.1E-05 3.8 163 Ile 1.8E-04 2.9 1.4E-04 3.0
120 Glu 4.1E-04 3.0 2.6E-04 3.2 164 Thr Fast 2.6 Fast 2.7
121 Phe 1.9E-05 4.4 1.5E-06 5.5 165 Glu Fast 2.6 Fast 2.7
122 Glu 2.0E-05 4.3 1.8E-06 5.3 166 Arg 4.6E-04 3.3 Fast 2.9
123 Thr 3.5E-05 4.3 2.2E-06 5.5 167 Asn 1.1E-05 5.7 N/D
124 Tyr 2.9E-05 4.5 9.1E-07 6.0 168 Val 4.0E-04 3.1 2.6E-04 3.2
125 Tyr 1.3E-05 4.7 1.2E-06 5.7 169 Met Fast 2.7 Fast 2.8
126 Ser Fast 3.3 Fast 3.4 170 Gly Fast 3.3 Fast 3.4
127 Leu Fast 2.6 Fast 2.7 171 Val Fast 2.4 Fast 2.4
128 Ser N/D Fast 3.1 172 Pro
129 Cys Fast 3.7 Fast 3.8 173 Asp N/D 2.4E-06 5.4
130 His N/D N/D 174 Val 2.1E-05 4.0 5.4E-06 4.6
131 Asn 4.0E-05 5.5 N/D 175 Phe 3.2E-05 4.1 2.0E-06 5.3
132 Cys N/D N/D 176 Val 2.3E-05 4.0 1.6E-06 5.2
133 Pro 177 Asn Fast 3.2 Fast 3.3
134 Asp N/D 2.8E-04 3.1 178 Gly Fast 3.5 Fast 3.6
135 Val Fast 2.0 5.2E-05 3.4 179 Lys 3.5E-05 4.6 5.9E-06 5.4
136 Val 8.5E-05 3.3 9.9E-06 4.2 180 Glu Fast 2.5 Fast 2.6
137 Gln 1.9E-05 4.7 1.3E-06 5.9 181 Phe 5.8E-05 3.9 8.4E-06 4.7
138 Asp N/De 1.1E-06 6.2 182 Gly Fast 3.2 Fast 3.3
139 Leu 1.9E-06 5.2 7.2E-07 5.6 183 Gln Fast 3.1 Fast 3.2
140 Asn N/D 9.1E-07 6.4 184 Gly Fast 3.4 Fast 3.4
141 Leu 1.6E-05 4.6 9.2E-07 5.8 185 Arg 6.4E-04 3.5 Fast 3.2
142 Met 3.6E-05 4.3 3.5E-07 6.3 186 Met Fast 3.1 Fast 3.2
143 Asp 1.3E-05 5.0 1.2E-06 6.1 187 Thr 2.8E-05 4.6 N/D
144 Val N/D N/D 188 Leu N/D Fast 2.6
145 Leu N/D N/D 189 Thr Fast 2.6 Fast 2.7
146 Asn N/D N/D 190 Glu 3.1E-05 4.2 5.2E-04 3.0
147 Pro 191 Ile 2.5E-05 3.8 5.3E-06 4.4
148 Arg 4.3E-05 4.2 7.2E-06 5.0 192 Val 1.8E-05 3.9 6.9E-06 4.3
149 Ile 1.1E-05 4.5 N/D 193 Asp 5.8E-05 4.1 4.0E-05 4.3
150 Lys N/D N/D 194 Lys N/D 1.1E-05 5.0
151 His N/D N/D 195 Val Fast 2.3 5.6E-05 3.7
152 Thr 5.7E-05 4.8 7.5E-06 5.6 196 Asp Fast 2.5 Fast 2.5
153 Asp 5.8E-05 4.5 6.1E-06 5.4 197 Thr Fast 2.6 Fast 2.7
154 Ile 2.2E-05 4.0 2.4E-06 4.9 198 Gly Fast 3.4 Fast 3.4
155 Asp 3.2E-05 4.0 2.4E-06 5.1 199 Asp Fast 3.1 Fast 3.1
156 Gly 5.6E-05 4.4 8.7E-06 5.2 200 Glu Fast 2.4 Fast 2.5
157 Gly 2.8E-04 4.0 1.3E-04 4.3 201 Lys Fast 2.7 Fast 2.8
158 Thr Fast 3.0 N/D 202 Arg Fast 1.3 Fast 1.4
                
             
             
               
                       

              

 
 
a Exchange rates and protection factors were not determined for residues that were 
unassigned or overlapping peaks. 
b The fast limit for exchange rate constants for NTD-S2
1.4E-03 s

 is approximately  
-1. 

c The fast limit for exchange rate constants for NTD-(SH)2
1.2E-03 s

 is approximately  
-1. 

d

6.3E-08s
 The rate constants of the slowest exchanging amides were estimated to be  

-1. 
e For four residues, exchange rate constants were estimated in NTD-(SH)2 but not in 
NTD-S2.  In the latter, after four days there was no significant change in peak intensity 
and no further time points were gathered. 
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Figure A1.1.  The NTD exists as a monomer.  Size exclusion chromatograms of NTD-
(SH)2 (grey) and NTD-S2

 

 (black) confirms that both redox states exist as a monomer 
with a molecular weight calculated from multiangle light scattering data of 22,620 ± 
450 Da.  High protein concentrations were used to mimic NMR sample conditions 
although this caused the column to be overloaded.  Chromatograms collected on 
diluted samples were consistent with those collected at higher concentration and 
showed no additional separation. 
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Figure A1.2.  Oxidation does not cause significant structural changes.  (A) The 
spectral overlay of NTD-(SH)2 (cyan) and NTD-S2 (black) shows that most peaks are 
the same in the two redox states, implying an overall similar structure.  Peaks that 
have shifted with oxidation are labeled.  Clear shifts in peak position are visible for 
residues 79-90, 124-137, 153-156, 171-176 and 182-186.  (B) Chemical shift 
differences plotted on the structure (pdb code 1ZYN) show that the significant 
changes are limited to the active site.  Peaks not visible in NTD-S2

 

 due to exchange 
broadening are colored magenta and are also seen to cluster in the active site.  
Residues with chemical shift differences less than 0.03 are colored light grey and 
unassigned residues are colored in dark grey.   
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Figure A1.2 (continued) 
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Figure A1.3.  15N backbone relaxation data.  NOE, R1 and R2 data are plotted per 
residue for the NTD-S2 (left panels) and NTD-(SH)2

 

 (right panels).  Secondary 
structure elements are shown with labels above the plot and are colored by fold as in 
Figure 6.2A.    
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Figure A1.3 (continued) 
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Figure A1.4.  Model free analysis of backbone dynamics data.  Shown are model 
type, S2,  τe, and Rex for the NTD-S2 (left panels) and NTD-(SH)2 (right panels).  
Secondary structure elements are shown with labels above the plot and are colored by 
fold as in Figure 6.2A. 
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Figure A1.4 (continued) 
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Appendix 2 

 

 

13

 

C carboxylate assignments for Glu and Asp residues in large folded proteins 
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Motivation for the study 

 Our aim is to determine the mechanism of the Prx-reduction process catalyzed 

by the N-terminal domain of AhpF (NTD).  Using the per-residue resolution of NMR, 

the pKa of the conserved active site Glu will be measured; our hypothesis is that the 

Glu will have a raised pKa

 

 value, acting as an important acid/base catalyst in the 

reaction mechanism.  These experiments will provide insight on the role of the 

conserved buried acid not only in the NTD, but in thioredoxin as well.  Initial progress 

towards completion of this aim is described in this Appendix.   

 

 
Summary 

Electrostatic interactions contribute significantly to protein stability and 

catalytic power.  These properties can be probed by measuring pKa values, which will 

give insight on the charge state at a given pH.  While a protein will have an overall 

pKa value, of more interest in terms of detailing specific roles in catalysis is the 

measurement of individual residue pKa values, particularly of residues with side 

chains that titrate near physiological pH.  NMR is the most powerful and specific tool 

available to measure residue pKa values; for a residue of interest, chemical shift 

changes with pH are fit to determine that residue’s pKa value.  Unfortunately, the 

widespread application of this technique is hindered by the necessity of side chain 

chemical shift assignments which are cumbersome, complex and time consuming.  

Here, we demonstrate the successful implementation of a more approachable method 

for determining chemical shift assignments for Glu 13Cδ and Asp 13Cγ atoms.  The N-

terminal domain of AhpF is a well-folded 202 residue domain with 28 combined Glu 

and Asp residues.  Using a pulse program designed by Tollinger et al. (Tollinger et al. 

2002), we show that with complete backbone assignments in-hand, the Glu 13Cδ and 

Asp 13Cγ chemical shifts can be assigned with a single, straight-forward experiment.  

Now, with these side chain chemical shift assignments, determination of Glu and Asp 

pKa values can be pursued.  To the best of our knowledge, this is the first successful 
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implementation of this pulse program to assign side chain resonances in a folded 

protein of this size. 

 

 

 
Introduction 

The importance of electrostatics 
 

Electrostatic interactions play fundamental roles in almost all aspects of 

protein structure and function.  Based on accumulating evidence, protein folding, 

stability, binding affinity and specificity, and catalytic power all appear to be 

intimately tied to the electrostatic properties of proteins and tailored for specific 

biological purposes (Pitera et al. 2001; Forsyth et al. 2002; Bjelic et al. 2008; Cho et 

al. 2008; Fitzkee and Garcia-Moreno 2008; Pace et al. 2009).  Therefore, a detailed 

understanding of electrostatic interactions and the contributions of individual residues 

to the electrostatic network is essential to understanding basic protein properties.   

 

Using NMR to measure pKa
 

 values 

Insight on per-residue electrostatic properties often comes from experimentally 

measured pKa values; deviation of an experimental pKa value from the residue’s 

intrinsic pKa value suggests that it contributes important electrostatic interactions and 

this is more often seen for groups that titrate near physiological pH (His, Lys, Cys, 

Tyr, Glu, Asp, the C-terminal carboxyl and the N-terminal amino).  For most systems, 

the preferred and most powerful method for per-residue pKa determination is NMR 

(Szakacs et al. 2004).  Many NMR pulse sequences have been developed that can be 

used to determine an individual titrating residue’s pKa value.  The pKa values are 

determined from the measured chemical shifts of nuclei in the immediate vicinity of 

the titrating residue as a function of pH; protonation decreases the local electron 

density, creating a different electronic environment and thus different chemical shift 

(Szakacs et al. 2004).  Some examples of pulse programs that are used to monitor 13C 
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chemical shifts of titrating carboxyl groups include a modified 2D H(CA)CO 

experiment (Oda et al. 1994; Jeng and Dyson 1996), a modified 2D H(C)CO 

experiment (Yamazaki et al. 1993; Chen et al. 2000), a modified 2D C(CO)NH 

experiment (Pujato et al. 2006) and a 1D experiment on selectively 13

 For Glu and Asp residues, the most sensitive and specific way to determine 

pK

C-labeled sample 

(McIntosh et al. 1996).   

a values is to measure 13C chemical shifts of the carboxyl carbons (13Cδ for Glu, 
13Cγ for Asp) (Oda et al. 1994; Chen et al. 2000; Tollinger et al. 2003).  As 

(de)protonation of the carboxyl carbon occurs over the course of a pH titration, a 

relatively large change in 13C chemical shift (~3 ppm) is observed, allowing for a 

better fit of the data and a more accurate determination of pKa.  This method requires 

side chain assignments of the residue of interest typically done using 3D HCCH-

COSY or HCCH-TOCSY experiments.  With completed side chain assignments, the 
13Cδ/13Cγ atom chemical shift changes with pH can be followed using a modified 

H(CA)CO or H(C)CO experiment that reports on side chain 13

 

C carboxyl chemical 

shifts rather than backbone carboxyl groups.  While this method works well for small 

proteins with few Glu and Asp residues, it becomes increasingly difficult for larger 

proteins and proteins with numerous Glu and Asp resides as side chain assignments 

become inhibitively difficult due to spectral complexity and peak overlap. 

An alternate approach to Glu and Asp side chain assignments 
 

An alternate method for assigning Glu 13Cδ and Asp 13Cγ resonances has been 

developed by Tollinger et al. (Tollinger et al. 2002).  This triple-resonance pulse 

sequence (HBGCBGCCGNCACONNH) correlates the carboxyl carbon chemical shift 

with the backbone amide proton 1H chemical shift of the following residue (i+1).  

Thus with completed backbone assignments, an easily interpreted, single experiment 

allows for Glu 13Cδ and Asp 13Cγ atom chemical shift assignments without complex, 

time-consuming side chain assignments.  With completed assignments for 13Cδ and 
13Cγ atoms, the change in chemical shift with pH can then be monitored with the same 
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HBGCBGCCGNCACONNH pulse program [or an H(CA)CO] and used to determine 

pKa values of individual residues.  As an additional advantage of this pulse program, 

the large dispersion in the amide 1H chemical shifts helps to overcome the spectral 

overlap from multiple Glu/Asp residues in the 13

The HBGCBGCCGNCACONNH pulse sequence from Tollinger et al. 

(Tollinger et al. 2002) was designed for unfolded proteins.  It takes advantage of the 

narrow chemical shift dispersion for aliphatic carbons (Cγ for Glu, Cβ for Asp) in 

unfolded proteins.  To successfully use the pulse program on folded proteins, changes 

to the pulse program are required; these are described in the pulse program files.  

Despite its clear useful application in assigning carboxyl carbon chemical shifts and in 

pK

C dimension.  

a

 

 measurements, the HBGCBGCCGNCACONNH pulse program has not become 

widely used, even where it would be most useful (for proteins large in size where side 

chain assignments are cumbersome and time consuming, often marred by spectral 

overlap).  The pulse program has only been used in three published systems, all <100 

residue proteins (Tollinger et al. 2003; Biyani et al. 2005; Lindman et al. 2006; 

Lindman et al. 2007).  This limited use may be due to the complexity of the pulse 

program, the complex magnetization transfer causing a decrease in signal intensity, 

and the fact that the pulse program takes advantage of the small dispersion in carbon 

resonances in unfolded proteins, making selective refocusing in folded proteins 

difficult.   

 

 
Materials and methods 

Sample preparation 
 

The uniformly 15N, 13

The uniformly 

C-labeled ubiquitin was prepared as described in Wand et 

al. (Wand et al. 1996). 
15N, 13C-labeled NTD was expressed and purified as described 

in Hall et al. (Hall et al. 2009b).  Samples were prepared with a protein concentration 
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of 1.3 mM in 50 mM potassium phosphate buffer (pH 6.5), 10% (v/v) D2

 

O, and 1 mM 

DSS, maleic acid, sodium azide, and protease inhibitor (Roche). 

NMR spectroscopy 
 

NMR spectra were collected on a 600 MHz Varian spectrometer at Pacific 

Northwest National Labs (PNNL).  The collaboration with PNNL and use of a Varian 

spectrometer were necessary as the HBGCBGCCGNCACONNH pulse program was 

written for a Varian instrument and attempts to change the pulse program format for 

the in-house Bruker spectrometer were unsuccessful.  Changes to the 

HBGCBGCCGNCACONNH pulse program as described in the original publication 

(Tollinger et al. 2002) were made for its application to a folded protein.  For the NTD, 

spectra were collected at 33 °C.  

NMR spectra were processed using NMRPipe (Delaglio et al. 1995) and 

analyzed with Burrow Owl (Benison et al. 2007). 

 

 

Initial attempt at carboxyl 13C assignments and pKa
 

 determination 

Side chain assignments of the Glu 13Cδ and Asp 13Cγ resonances of the NTD 

were first attempted using traditional methodology.  Experiments for side chain 

assignments included HCCH-COSY, HBHA(CBCACO)NH and HCCCONH NMR 

pulse programs collected on a 600 MHz Bruker spectrometer (samples AhpF_N and 

ahpfn-B).  For pKa

 

 measurements, modified H(CA)CO experiments were collected on 

a sample titrated in the range from 3.5 to 6.5 (ahpfn-B).  The spectral overlap in the 

spectra needed for side chain assignments makes discerning the 28 carboxyls carbon 

resonances very difficult.  Additionally, all of these data were collected on NTD 

samples that were not fully purified and were thus prone to degradation (see 

purification protocol in Hall et al. 2009b).  Due to this, these pH titration data cannot 

be reliably used in the future once side chain assignments are complete. 
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13

  

C carboxyl carbon assignments made with the HBGCBGCCGNCACONNH 
pulse sequence 

Positive control using ubiquitin 
 

The HBGCBGCCGNCACONNH spectrum of ubiquitin shows clearly 

resolved, intense peaks (Figure A2.1).  Based on previously determined backbone 1H 

chemical shifts (Wand et al. 1996), peaks were assigned to 9 of the 11 13Cδ and 13

 

Cγ 

carboxyl carbons of Glu and Asp residues in ubiquitin.  The two unassigned residues 

are Glu18 and Asp52; Glu18 is followed by a Pro and so will not give a signal in a 

HBGCBGCCGNCACONNH spectrum.  The clarity of the spectrum and the ability to 

assign resonances gives confidence that the pulse program is properly working on this 

folded protein. 

Experimental application of the HBGCBGCCGNCACONNH pulse program on 
the NTD 
 
 The HBGCBGCCGNCACONNH spectrum of the 202-residue NTD sample 

shows clearly resolved peaks (Figure A2.2).  Compared to ubiquitin, the peaks are of 

lower intensity, likely due to poorer magnetization transfers associated with the larger 

protein.  Assignments were completed for 19 of the 28 Glu and Asp carboxyl 13Cδ and 
13Cγ resonances based on previously determined (Hall et al. 2009b) backbone 1

 

H 

chemical shifts (Table A2.1).  Of the six unassigned Glu residues, two had 

overlapping chemical shifts in the hydrogen dimension making peak identification 

difficult even though the peaks were visible.  The remaining four Glus (Glu86, 

Glu104, Glu122, Glu162) gave no visible peak at the expected position.  Of the three 

unassigned Asp carboxyls, two gave no visible peak at the expected location (Asp55 

and Asp155) and the third was ambiguous (Table A1.2).  The absent peaks may   
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Figure A2.1.  HBGCBGCCGNCACONNH spectrum of ubiquitin.  Assigned peaks 
corresponding to Glu and Asp residues are labeled.  The 13C chemical shift value 
corresponds to the residue’s side chain carboxyl carbon.  The position in the 1

 

H 
dimension where absent peaks are expected is marked by a teal arrow and the residue 
expected at that position.  Unlabeled peaks correspond to Gln and Asn carbonyl 
resonances. 
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Figure A2.2.  HBGCBGCCGNCACONNH spectrum of the NTD.  Assigned peaks 
corresponding to Glu and Asp residues are labeled.  The 13C chemical shift value 
corresponds to the residue’s side chain carboxyl carbon.  The position in the 1H 
dimension where absent peaks corresponding to Glu residues are expected is marked 
by a teal arrow and the residue expected at that position.  Unlabeled peaks correspond 
to Gln and Asn carbonyl resonances. 
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Table A2.1.  Completed NTD Glu 13Cδ and Asp 13

 

Cγ chemical shift assignments at 
pH 6.5. 

Residue H(i+1) ppm 13Cδ/γ assignments

Glu 15 7.55 184.31
Glu 22 8.75 182.80
Glu 35 7.62 overlapping with E45; 184.68 or 184.00
Glu 38 7.67 184.10
Glu 42 7.95 184.15
Glu 45 7.61 overlapping with E35; 184.68 or 184.00
Glu 54 9.05 183.60
Glu 86 7.48 no peak visible
Glu 104 8.70 no peak visible
Glu 110 7.51 184.22
Glu 120 9.35 183.70
Glu 122 8.41 no peak visible
Glu 162 6.92 no peak visible
Glu 165 7.89 183.90
Glu 180 8.97 184.42
Glu 190 8.23 184.30
Glu 200 8.18 184.55
Asp 3 8.33 178.70
Asp 28 8.06 181.35
Asp 29 8.15 181.80
Asp 48 8.50 180.60
Asp 55 9.20 no peak visible
Asp 114 7.09 180.60
Asp 116 7.13 181.29
Asp 119 8.08 ambiguous; 181.80, 180.10, or 178.78
Asp 134 7.03 180.00
Asp 155 9.50 no peak visible
Asp 196 7.99 180.25  
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corresopond to residues that are in a different exchange regime than the other residues 

that were able to be assigned.  

 

 

 

Outlook 

 The HBGCBGCCGNCACONNH pulse program has allowed for confident 

assignment of 19 of the 28 Glu 13Cδ and Asp 13Cγ chemical shifts.  With these 

assignments, we expect that the change in 13Cδ and 13Cγ chemical shifts with pH will 

be easily monitored and the data able to be fit to determine pKa values of all of the 

Glu and Asp residues in the NTD.  Unfortunately, one of the missing Glu 13

 

Cδ 

assignments belongs to the active site Glu. 

Proposed next steps for project completion: 

 
1. Prepare and purify uniformly 15N, 13

2. Complete assignment of all Glu 

C-labeled NTD. 
13

 

Cδ chemical shifts using one or more of the 

following approaches: 

a. Collect HBGCBGCCGNCACONNH spectra at different pH values.  
The changed pH values may change exchange regimes, allowing 
broadened peaks to become visible. 

 
b. Use a higher field magnet and a cryoprobe for data collection. 

 
c. As a last resort, return to the traditional methods for side chain 

assignments.  With ~65% of the Glu 13

 

Cδ chemical shifts assigned, the 
process of elimination may allow the spectral overlap issues that made 
side chain assignments impossible earlier, to be overcome.  New 
experiments will need to be collected on fully purifed sample to avoid 
degradation problems. 

3. Monitor Glu 13Cδ and Asp 13Cγ chemical shifts with a pH titration over the 
range of 2-10 for both oxidized and reduced NTD.  This will be preceded by  
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analysis of the effect of pH on the folded structure using fluorescence 
spectroscopy. 

 
4. Perform control titration experiments on an active site Glu to Gln mutant. 

 

Data and samples 

 
 Remaining protein samples are in the Barbar -80 °C freezer.  There are two 

tubes of 15

 The collected data for this project and all processing are stored on the 

computers in the Barbar Lab; ubiquitin data is in the directory “dre/nmr-

data/ubiquitin” and the NTD data is in the directory “dre/nmr-data/arh-38/”.  

Additional 3D H(CA)CO and HCCH-TOCSY data were collected on the same NTD 

sample as the HBGCBGCCGNCACONNH data were collected on.  These data are 

stored in the same location and have not been processed. 

N-labeled NTD stored in 50 mM potassium phosphate, 50 mM potassium 

chloride pH 6.5 at 1 mM.  These samples have been run on a size exclusion column 

for final purification as described in Hall et al. (Hall et al. 2009b) and are labeled 

“arh-27” and “arh-28” from 011508.  There are three tubes of unlabeled wild type 

protein (~300 µL total) and 31 tubes of unlabeled E86Q protein (~1 mL each) at 8.85 

mg/mL.  These unlabeled samples have not gone through the final purification step on 

a size exclusion column.   
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