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ABSTRACT 

In Escherichia coli, bacterioferritin-comigratory protein (EcBCP) by definition is a 

peroxiredoxin (Prx) which catalyzes the reduction of hydrogen peroxide and 

organic hydroperoxides.  EcBCP is a member of the most poorly characterized 

and least studied Prx subfamily.   The experiments and data presented in this 

thesis were undertaken to elucidate the biochemical features of this poorly 

characterized Prx found in E. coli.  EcBCP is one of 3 Prxs utilized by E. coli as 

defenders against oxidative stress.   Contradicting studies claim that EcBCP is 

capable of efficiently scavenging peroxides by two different peroxiredoxin 

mechanisms, 1-Cys and atypical 2-Cys.  However, EcBCP may be capable of 

utilizing either mechanism when needed.  Our investigations using analytical 

ultracentrifugation approaches demonstrated that both oxidized and reduced 

BCP behaved as monomers in solution at concentrations as high as 200 µM, 

thus eliminating the possibility of intermolecular disulfide bond formation and 

typical 2-Cys mechanisms.  In fact, mutational studies of the resolving cysteine 

revealed a 1-Cys peroxidase mechanism was possible.  During thioredoxin-

dependent peroxidase activity studies conducted by stopped flow spectroscopy, 

an increase in Vmax,app was observed with increasing reducing substrate 

concentrations, indicating a nonsaturable interaction with the reductant.  At 

physiologically reasonable thioredoxin 1 (Trx1) concentration of 10 µM, the Km,app 

value for H2O2 is ~80 µM, and overall Vmax/Km for H2O2, which remains constant 

over the various Trx1 concentrations, is about 1.3 x 104 M-1 s-1.  Our kinetic 

analyses demonstrated the ability of BCP to utilize different reducing substrates, 
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including Trx1, thioredoxin 2 (Trx2), glutaredoxin 1 (Grx1) and glutaredoxin 3 

(Grx3).  EcBCP exhibited an unexpectedly high redox potential of – 145.9 ± 3.2 

mV, the highest recorded value for a Prx.    The unusually high redox potential 

increases the versatility of EcBCP by broadening its pool of reductants.  

Moreover, this protein exhibited a broad specificity for peroxides, with 

comparable rates for H2O2 and cumene hydroperoxide.  We have now shown 

that BCP is a stable enzyme exhibiting broad specificity for reductants and 

peroxide substrates, potentially allowing BCP to remain fully active and functional 

under varying cellular conditions.  Additionally, spectroscopic and activity titration 

studies showed that the pKa of peroxidatic cysteine (Cys46) was ~5.8, which is 

common among Prxs.  The combination of these biochemical features and its 

ability to remain active highlights its cellular importance and suggests that 

EcBCP functions as a Prx stop-gap protein during times of increased oxidative 

stress.  
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Chapter 1: Introduction 
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The first prokaryotes lived in an environment devoid of oxygen (Berkner & 

Marshall, 1965).  Approximately 3.5 billions years ago marked the appearance of 

photosynthetic oxygen-producing cyanobacteria.  The introduction of oxygen into 

the atmosphere served as a catalyst for the generation of reactive oxygen 

species (ROS) for many bacteria inhabiting the earth during the proterozoic time 

period (Cloud, 1972, Holland, 1972, Garrels, 1978, Holland, 2002).  In order to 

counter the deleterious effects of ROS, bacteria developed and expressed a wide 

variety of antioxidants.  This thesis investigates the biochemical features of an 

antioxidant found in Escherichia coli, a poorly characterized, widely expressed 

member of the peroxiredoxin (Prx) family known as Bacterioferritin comigratory 

protein (EcBCP).  For the purpose of this thesis future references to E. coli BCP 

will be presented as “EcBCP”. 

ROS Species.  The generation of oxygen-derived toxins occurs during 

cellular respiration, a process in which oxygen normally accepts 4 electrons and 

is directly converted to water.  Oxygen contains two unpaired electrons in its 

outer shell; as a result, reactive byproducts are occasionally formed during 

respiration.  These reactive byproducts, formed from the incomplete reduction of 

oxygen during metabolism, are called reactive oxygen species (ROS). Reactions 

between ROS and macromolecules are unavoidable due the oxygen rich 

environment in which many bacteria exist (Fridovich, 1978, McCord & Fridovich, 

1978, Halliwell & Gutteridge, 1984, Bannister et al., 1987, Farr & Kogoma, 1991).  

Internal sources of ROS include autoxidation of NADH dehydrogenase, succinate 

dehydrogenase, and D-lactate dehydrogenase, and glutathione reductase 
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interaction with NADH (Massey et al., 1969, Imlay et al., 1988, Powell & Jackson, 

2003).  External ROS stem from ultraviolet light, radiolysis of water, and immune 

host response (Eisenstark, 1989, Segal, 2005, Segal, 2006).  Despite their 

deleterious effects, ROS can function in a variety of ways that are beneficial to 

bacteria and mammals; such as cell signaling, apoptosis, gene expression, 

phagocytosis, and redox cycling of xenobiotics (Cha et al., 1995, Hancock et al., 

2001).  The types of ROS responsible for oxidative stress include but are not 

limited to superoxide, hydrogen peroxide, and hydroxyl radicals (Table I). 

The superoxide radical (O2
-·) is formed from the addition of an electron to 

O2 (Haber & Weiss, 1934).  The intracellular concentration of O2
-· in wild type E. 

coli under aerobic growing conditions is approximately 10-9 to 10-10 M ,(Imlay & 

Fridovich, 1991a & b).  Superoxide is moderately reactive and capable of 

diffusing before reacting with its cellular targets and extracellularly generated O2
-· 

can utilize cellular anion channels to traverse membranes and react with cellular 

targets (Ross et al., 1984).  Bacterial enzymes are among the targets of O2
-·, 

especially enzymes involved in the biosynthesis of branched amino acids (Kuo & 

Fridovich, 1988, Haas & Goebel, 1992).  O2
-· can cause inactivation of various E. 

coli dehydratases containing [4Fe-4S] clusters, including aconitase, α,β-

dihydroxyacid dehydratase, 6-phosphogluconate dehydratase, and fumarases A 

and B (Gardner & Fridovich, 1991, Gardner & Fridovich, 1991, Flint et al., 1993, 

Liochev & Fridovich, 1993).  Superoxide can become protonated to form HO2
·, 

under low pH conditions, e.g. at inflammation sites.  HO2
· possesses a higher 

permeability due to its neutral charge and often reacts spontaneously with itself  
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Table 1-I:  Various Reactions with Reactive Oxygen 
Species (Miller & Britigan 1997) 

 

 

 

 

to form hydrogen peroxide and oxygen.  In the presence of the proper iron 

catalysts, O2
-· is capable of producing additional toxic ROS via the Haber-Weiss 

reaction pathway; e.g., hydrogen peroxide and hydroxyl radical (Table I) (Haber 

& Weiss, 1934). 

Hydrogen peroxide (H2O2) can be formed from the divalent reduction of 

O2
-· during Haber-Weiss reactions (Haber et al 1934).  Hydrogen peroxide is 
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highly cell permeable and is responsible for oxidation of enzymes and cellular 

membranes, inhibition of the membrane transport processes, and DNA damage 

and mutagenesis (Weiss, 1986).  Additionally, it is capable of killing E. coli as a 

result of DNA damage in two different ways involving low (1 to 3 mM) and high 

(>20 mM) concentrations of H2O2.  In fact, these levels are more lethal than 

intermediate concentrations (Imlay & Linn, 1988).   These low levels of H2O2 

cause DNA damage by reacting with Fe2+, the second step in the Haber-Weiss 

reaction, to form intermediate ferryl radicals (Imlay et al., 1988).  In response, E. 

coli attempts to combat this exposure by boosting/bolstering recombinational 

DNA repair mechanisms thus increasing resistance to future H2O2 exposure 

(Imlay & Linn, 1987).  The acute H2O2 response pathway inhibits other cellular 

targets in lieu of DNA and does not require an iron electron donor (Hassett, 

1989). 

The hydroxyl radical (OH·) is a more potent oxidizer than the previous two 

species and is sometimes the unassuming/undetected culprit in O2
-· mediated 

cellular damage.  Hydroxyl radicals are generated in the metal catalyzed 

interaction of O2
-· and H2O2, known as the Haber Weiss reaction (Haber & Weiss, 

1934).  Superoxide induced oxidation is further exacerbated by hydroxyl radicals, 

which are capable of oxidizing many biomolecules including, DNA, proteins, and 

lipids.  The diffusion and permeability of OH· is limited due to its high reactivity.  

In fact, its high reactivity is what allows it to be a potent oxidizer despite its limited 

diffusion capabilities.  Therefore, in order to be effective, OH· must be generated 

near its cellular targets (Czapski, 1984). 
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Nitric oxide (NO·) is a water soluble free radical gas formed during the 

conversion of L-Arginine to L-Citrulline by nitric oxide synthase.  It is both 

cytotoxic and cytostatic for prokaryotic (and eukaryotic) cells (Moncada & Higgs, 

1993, Moncada & Martin, 1993, Freeman, 1994).  Nitric oxide is not a ROS, it is 

classified as a reactive nitrogen species (RNS); nevertheless, it is capable of 

potentiating ROS oxidative effects in the cell.  By itself, nitric oxide causes 

damage by interacting with iron-containing moieties in respiratory cycle enzymes 

and by interfering with DNA synthesis resulting in mutagenesis.  Nitric oxide 

forms nitrosothiol groups on proteins causing inactivation and changes in protein 

function (Rockett et al., 1991, Moncada & Higgs, 1993).  Nitric oxide is capable of 

reacting with secondary amines to form alkylating agents.  For example, 

peroxynitrite (ONOO-) is generated by the interaction of O2
-· with NO· (Table I) 

and it is responsible for oxidizing DNA bases and sulfhydryl groups, reacting with 

metals or metalloproteins, and catalyzing iron-dependent membrane lipid 

peroxidation (Beckman et al., 1990, Stark & Jackson, 1990, Radi et al., 1991, 

Radi et al., 1991, Hogg et al., 1992, Imlay & Fridovich, 1992).  During nitrosative 

stress investigations by microarray analysis, researchers exposed E. coli to NO· 

under varying growth conditions and observed a universal increase in expression 

in 3 separate E. coli genes (Mukhopadhyay et al., 2004, Flatley et al., 2005, 

Justino et al., 2005).  Increases in gene expression are in part responsible for 

minimizing toxic effects of NO· exposure in E. coli cells.  However, the 

combination of NO· and H2O2 increased (up to 1000-fold) the H2O2-mediated 

killing of cells/cytotoxicity.  Nitric oxide was also shown to reduce the cellular 



7 
 

concentration of the antioxidant glutathione by 80-85% in E. coli (Pacelli et al., 

1995). 

Antioxidants.  In spite of the deleterious effects caused by ROS, 

organisms have proven themselves to be resilient and resourceful in dealing with 

the byproducts of oxygen metabolism.   One of the ways in which bacteria defend 

themselves is through the expression of antioxidants enzymes, such as 

superoxide dismutase (SOD), catalase, glutathione (GSH), glutathione 

peroxidase (Gpx), and peroxiredoxins (Prx) (Table II). 

Superoxide dismutase (SOD) was discovered in 1969, opening the door to 

investigations in free radical biology and oxidative stress defense (McCord & 

Fridovich, 1969, McCord & Fridovich, 1969).  E. coli possesses 3 types of SODs: 

CuZnSOD, FeSOD, and MnSOD (Keele et al., 1970, Yost & Fridovich, 1973).  

SODs are responsible for the dismutation of superoxide into oxygen and 

hydrogen peroxide (McCord & Fridovich, 1969).  SOD is capable of reducing the 

concentration of O2
-· by as much as 3 orders of magnitude (Imlay and Fridovich 

1991).  FeSOD is encoded by sodB and is mainly found in prokaryotes, while 

MnSOD is encoded by sodA and exists in both prokaryotes and eukaryotes 

(Greenberg et al., 1990, Niederhoffer et al., 1990).  In E. coli, the combined 

concentration of SOD is approximately 10-5 M (Fridovich, 1983, Fridovich, 1983).  

As previously stated, H2O2 is produced as a result of the dismutation of O2
-·, 

which begs the question whether O2
-· is more toxic than H2O2.  Moreover, E. coli 

compensates for this by expressing other antioxidants capable of H2O2 removal, 

e.g. catalase. 
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The catalases in E. coli, HPI catalase (encoded by katG) and HPII 

catalase (encoded by katE and regulated by katF), remove H2O2 by converting it 

into H2O and O2 (Loewen, 1984, Loewen & Triggs, 1984, Loewen et al., 1985, 

Triggs-Raine & Loewen, 1987, Storz et al., 1990).  HPI and HPII are differentially 

localized to the periplasm and cytoplasm, respectively (Heimberger & Eisenstark, 

1988).  The reaction is exothermic, requiring only the presence of H2O2 for 

activation.  Therefore, the lack of requirement for a reducing source or ATP for 

energy activation makes catalase a powerful defender against H2O2.  Studies by 

Hillar et al revealed a kcat/Km of 9 x 105 M-1 s-1 for catalase, but suggest that it is 

most protective against H2O2 concentrations equal to or greater than 5 µM where 

Table 1-II: Antioxidant Proteins in the Escherichia coli Genone 
 
 

Protein family Function Present in 
E.coli  

Peroxiredoxin Reduces hydroperoxides 
(broad specificity) 

1 AhpC group 
1 Tpx group    
1 BCP group 

AhpF Disulfide reductase (AhpC-
specific) 1 

Thioredoxin   Disulfide reductase (general) 
2 
 

TrxR Thioredoxin reductase 1 

Catalase Peroxide scavenger (H2O2 
specific) 2 

Glutathione 
peroxidase 

Reduces hydroperoxides 
(broad specificity) No 

BtuE Bacterial Gpx homologue 1 
Superoxide 
dismutase 

Converts superoxide to 
H2O2 and O2 

3 

Glutaredoxin  Removes glutathione from 
proteins 4 

Glutathione reductase Recycles oxidized 
glutathione 1 

γ-Glutamatecysteine 
ligase 

Biosynthesis protein for 
glutathione 1 
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it demonstrated the ability to degrade high concentrations of H2O2 at a rate of 107 

M-1 s-1 (Hillar et al., 2000, Seaver & Imlay, 2001). 

On the opposite end of the discovery spectrum is glutathione.  The 

tripeptide glutathione is synthesized by glutathione synthetase and capable of 

performing several cellular tasks in addition to functioning as a peroxidase 

(Hopkins, 1921, Kosower & Kosower, 1969, Holmgren, 1976, Meister, 1982, 

Meister, 1983, Meister, 1991).  E. coli maintains high basal levels of GSH and 

concentrations can exceed 10 mM, thus ensuring a reducing environment in the 

cell (Fahey et al., 1978, Loewen, 1979, Ferguson et al., 1995).  In its role as a 

peroxidase, GSH dimerizes upon reacting with H2O2, O2
-·, and hydroperoxides 

(ROOH) forming oxidized glutathione (GSSG) which then requires glutathione 

reductase to shuttle electrons from NADPH in order to return to its active form, 

i.e. GSH (Meister & Anderson, 1983, Cotgreave & Gerdes, 1998, Halliwell, 

2007).  Additionally, a synergistic role of GSH is its ability to reduce the disulfide 

bonds of peroxidase reducing factors, like glutaredoxin (Grx), caused by 

oxidative stress; in limited cases it can reduce peroxiredoxins as well (Holmgren, 

1979, Russel et al., 1990, Clarke et al., 2010). 

Peroxidases.  Peroxidases, unlike catalase, require NADPH or NADH as 

an electron source for reduction (Hofmann et al., 2002, Imai & Nakagawa, 2003, 

Wood et al., 2003, Poole et al., 2004, Arenas et al., 2010).  Unfortunately, the 

requirement for reducing factors serves as limiters for the potential effectiveness 

of peroxidases.  Research has also shown that peroxidases often exhibit 

versatility through their broad specificity, reacting with a variety of ROS 
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(Ferguson & Booth, 1998, Wood et al., 2003).  E. coli utilizes peroxidases against 

oxidative stress, including the small molecule glutathione (GSH), as well as 

enzymes like peroxiredoxins (Prx) and a glutathione peroxidase (Gpx) homolog, 

BtuE.  For years, scientist believed E. coli didn’t possess Gpx family members 

due to the lack of GSH-dependent peroxidase activity; this changed when a 

recent study revealed the presence of BtuE, a Gpx homologue that is capable of 

decomposing H2O2, alkyl and lipid hydroperoxides (Arenas et al., 2010, Arenas et 

al., 2011).  Research surrounding the newly discovered BtuE is in the early 

stages; therefore, its role and impact as a defender against peroxides require 

further investigation. 

Peroxiredoxins.  Peroxiredoxins (Prx) are almost ubiquitous in bacteria 

and mammals and are responsible for a wide range of cellular functions: 

proliferation, differentiation, immune response, and detoxification of peroxides 

(Kang et al., 2005, Veal et al., 2007, Poole & Nelson, 2008, Winterbourn & 

Hampton, 2008).  These thiol-specific peroxidases and peroxynitrite reductases 

have an activated cysteine rather than a selenocysteine, as in the case of many 

glutathione peroxidases, and possess broad specificity for peroxides, such as 

H2O2, alkyl and organic hydroperoxides, and peroxynitrite (Lee et al., 1999, Park 

et al., 2000, Seaver & Imlay, 2001, Hofmann et al., 2002, Comtois, 2003, Wood 

et al., 2003, Cha, 2004, Poole et al., 2004).  Peroxiredoxins are among the most 

abundant classes of proteins in E. coli and typically comprise ~0.1 to 1% of the 

total cellular proteins in mammalian cells (Chae et al., 1994, Link et al., 1997, 

Hofmann et al., 2002).  Prxs range in size from 17 to 29 kDa and can exist as 
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homodimers or higher multimers of monomers (Chae et al., 1999, Wood et al., 

2002, Choi et al., 2005, Sarma et al., 2005).  In eukaryotes, the importance of 

Prxs in oxidative stress defense by H2O2 is underscored by their ability to reduce 

~90% of mitochondrial H2O2 and practically 100% of cytoplasmic H2O2 

(Winterbourn & Hampton, 2008, Cox et al., 2010). 

Peroxiredoxin Mechanisms.  Peroxiredoxins possess a thioredoxin fold 

and PxxxTxxC active site motif centered around a cysteine that reacts with 

peroxide (called the “peroxidatic” cysteine) to form a cysteine sulfenic acid (Cys-

SOH) and may subsequently form a disulfide bonds with the “resolving cysteine”, 

either inter or intramolecular.  Mutations of the peroxidatic cysteine (CP) of 

peroxiredoxins result in a complete loss of activity.  However, mutating the 

resolving cysteine (CR) of various Prxs often still allows for the reduction of 

sulfenic acid; albeit, the reduction reaction experiences decreased activity (Ellis & 

Poole, 1997, Jeong et al., 2000, Rouhier, 2002, Baker, 2003, Rouhier, 2004, 

Trujillo, 2006). 

Three peroxidase mechanisms can be used to describe catalysis by Prxs; 

1-Cys, typical 2-Cys, and atypical 2-Cys mechanisms (Figure 1-1).  This 

mechanistic classification was introduced by Wood et al (2003), where 1-Cys 

enzymes generate cysteine sulfenic acid, Cys-SOH, in the oxidized form, typical 

2-Cys Prxs generate an intersubunit disulfide, and atypical 2-Cys Prxs form an 

intrasubunit disulfide.  Typical 2-Cys Prxs make up the largest class, containing 

bacterial AhpC, mammalian proteins PrxI-IV, and tryparedoxin peroxidase of 

trypanasomatids.  Atypical 2-Cys Prxs are expressed in archae, bacteria, 
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mammals (PrxV), lower fungi and higher plants (PrxQ) (Hofmann et al., 2002).  

Similarities exist across the classes in the form of a universal active site structure 

and a hydroperoxide-reducing mechanism based on the formation of sulfenic 

acid at the active site cysteine.  However, the classes differ in the intermediates 

involved in recycling of the sulfenic acid to regenerate the active dithiol form of 

the Prx (Wood et al., 2003, Poole, 2007). 

The first universal phase of Prx-mediated catalysis is the production of 

sulfenic acid at the CP.  The CP is located in the first turn of the α2 helix (Hall et 

al., 2010) and is positioned at the base of the active pocket making it 

inaccessible to the resolving cysteine in the fully-folded form (Figure 1-2).  It 

requires several residues working in conjunction in order to become active.  

These residues help lower the pKa, promoting nucleophilic attack on the 

hydroperoxide substrate by the stabilized thiolate.  Four absolutely conserved 

residues appear in the active site complex of Prxs: proline, threonine, arginine, 

and the catalytic cysteine.   Mutational studies of some of these residues were 

conducted to determine their function and kinetic contributions, if any.  During 

studies of Prxs in Leishmania donovani, Crithidia fasciculata, and barley; 

resolving cysteine mutants showed a 50% decrease in enzyme activity using a 

thioredoxin (Trx)-dependent assay, although an increase in activity was noted 

when dithiothreitol (DTT) was used as the reductant (Montemartini et al., 1999, 

Flohe, 2002, Konig et al., 2003).  Of the four residues; Cys, Thr, and Pro are 

located within a PxxxTxxC active site motif, with the Thr and the distant (in 

sequence) Arg facilitating activation of the CP (Figure 1-2). 
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A.  1-Cys Prxs  

B. Typical 2-Cys Prxs 

C. Atypical 2-Cys Prxs 
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Figure 1-1. 1-Cys (A), typical 2-Cys (B), and atypical 2-Cys (C) peroxiredoxin 
mechanisms. The first phase of Prx-mediated catalysis is the production of 
sulfenic acid at the peroxidatic cysteine. (A) After sulfenic acid formation, 1-Cys 
Prxs are reduced by reducing substrates and cycled back to their active form.  
(B) In typical 2-Cys Prxs, sulfenic acid is resolved with the formation of a disulfide 
bond between the peroxidatic and resolving cysteine where the red SR 
represents a resolving cysteine on another subunit, forming an inter-subunit 
disulfide bond. Typical 2-Cys Prxs function as dimers.  (C) In atypical 2-Cys Prxs, 
the resolving cysteine comes from the same subunit.  
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Figure 1-2. Location of residues conserved across all Prx subfamilies. The 
structure of Aeropyrum pernix BCP (PDB identifier 2CX4) is shown in the A-
interface (discussed later) with the highly conserved active site residues (Pro42, 
Thr46, Cys49, and Arg122) highlighted.  The CR (Cys54) in A. pernix BCP is 
located in the same helix as the CP (C49) in a CPXXXXCR motif. Monomer A, 
shown in gray, is in the fully folded, reduced structure and monomer B, shown in 
pink, is in the locally unfolded, disulfide bonded conformation. This figure was 
made using Pymol (http://sourceforge.net/projects/pymol/). 
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A local unfolding of the active site loop-helix region is necessary during 

the first phase of catalysis.  During unfolding, a CP-loop is formed housing the CP 

residue from the partially unraveled α2 helix (Wood et al., 2003).  Local 

conformational changes in atypical 2-Cys Prxs involve either helix-to-loop or 

loop-to-helix unfolding (Choi, 2003).  This unfolding is a universal Prx attribute.  

In the absence of disulfide bond formation, a second equivalent of peroxide 

substrate can oxidize the sulfenic acid to its sulfinic acid form (SO2H), inactivating 

the enzyme.  The hydroxyl group of Thr forms a hydrogen bond with the free 

thiol(ate) of CP.  This bond makes the thiol susceptible to proton abstraction by 

an active site base.  The activated S- is then able to attack and ultimately reduce 

its hydroperoxide substrate; the cysteine attacks the -O-O- bond of its peroxide 

(ROOH) substrate creating sulfenic acid (Cys-SOH) on the Prx and the reduced 

ROH product.   

After sulfenic acid formation, 1-Cys Prxs are reduced by external thiols 

and thus cycled back to their active form.  However, in typical and atypical 2-Cys 

Prxs, sulfenic acids are resolved with the formation of a disulfide bond between 

CP and CR.  The CR of typical 2-Cys Prxs resides on a second subunit, thus 

forming intersubunit disulfide bonds.  Atypical 2-Cys Prxs, in contrast, generally 

form intrasubunit disulfide bonds between CP and CR.  Choi et al (2003) further 

classified atypical 2-Cys Prxs based specifically on the “location” of the resolving 

cysteine.  The atypical 2-Cys resolving cysteine is capable of residing in 1 of 4 

places within the protein (α2, α3, α5, and the C-terminal tail) (Choi, 2003, Copley 

et al., 2004, Hall et al., 2011).  It is important to note that each of these regions 
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are capable of undergoing a conformational change, causing some scientists to 

propose that resolving cysteines evolved independently and may potentially 

reside in any region possessing the ability to locally unfold (Copley et al., 2004, 

Hall et al., 2010).  After disulfide formation occurs in the oxidized Prx, it must be 

reduced by combined action of a flavoprotein disulfide reductase and a dithiol 

protein containing a CXXC active site motif (Poole & Ellis, 1996, Poole et al., 

2000, Dietz, 2003).  The reductant uses a thiol(ate) to form a mixed disulfide 

bond with the Prx, after which the mixed disulfide bond is resolved by the second 

Cys in the CXXC active site of the reductant, e.g. Trx.  The freshly reduced Prx is 

capable of completing another round of peroxide removal, while the reductant 

must ultimately be regenerated by NADH or NADPH through action of the flavin-

containing disulfide reductase.  The ability of the active site cysteines of Prxs to 

reversibly form disulfide bonds with the proper reductants allows these proteins 

to play a role in disulfide exchange reactions and help demonstrate the versatility 

of the peroxidase mechanisms utilized by the peroxiredoxins. 

Peroxiredoxin Structure and Subfamilies.  Since Human PrxVI was 

crystalized in 1998, 73 additional Prx structures have been deposited in the 

Protein Data Bank (PDB) spanning all six Prx subfamilies: Prx1/AhpC, Prx5, 

Prx6, Tpx, AhpE, and BCP/PrxQ (Choi et al., 1998, Declercq et al., 2001, Wood 

et al., 2003, Sarma et al., 2005, Clarke et al., 2009, Hall et al., 2009, Horta et al., 

2010).  Prxs are structurally similar with variations in loop lengths, oligomeric 

conformations, and N- and C-terminal conformations; hence structures are able 

to serve as blueprints for other similar Prxs for which no structure has been 
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determined.  The scientific community received its first look at the crystal 

structure of a Prx in 1998 (Choi et al., 1998).  Structurally, all peroxiredoxins 

possess a core of 7 β-strands and 5 α-helices and a universal Trx fold.  The Trx 

fold present in Prxs consist of a four-stranded β-sheet and three flanking α-

helices (Martin, 1995).  Proteins with Trx-like folds exhibit reactivity differences 

based on relatively tiny variations in their overall fold and respective active sites 

(Pan & Bardwell, 2006).   

Prxs exist in a variety of documented quaternary structures, such as 

monomers, dimers, octamers, decamers, and dodecamers (Kim et al., 2003, 

Guimaraes et al., 2005, Li et al., 2005, Clarke et al., 2010).  In non-monomeric 

Prxs, homodimerization and multimerization are the result of 2 types of interfaces 

(A-type and B-type) occuring between different subunits.  The A-type (or 

“ancestral”) interface is widespread among bacterial Prxs and forms as the result 

of a tip-to-tip association with α3 helices from both subunits (Fig 1-2); while the 

B-type (or “beta-sheet”) interface occurs as result of beta strand association, 

forming an extended beta-sheet (Choi et al., 1998, Wood et al., 2002, Choi, 

2003, Sarma et al., 2005, Echalier et al., 2008).  Octameric, decameric, and 

dodecameric Prxs; found in the Prx1/AhpC and Prx6 subfamilies, form dimers via 

B-type interfaces and higher ordered structures through A-type interfaces (Hall et 

al., 2010).  These structures can be affected or disrupted in some instances by 

disulfide bond formation, pH, and ionic strength (Schroder & Ponting, 1998, 

Kitano et al., 1999, Kristensen et al., 1999, Schroder et al., 2000, Chauhan & 

Mande, 2001, Wood et al., 2002, Guimaraes et al., 2005, Papinutto et al., 2005). 
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The original nomenclature for Prx classification was mechanism based 

which led to confusion because multiple mechanisms can be used by members 

of each of the subfamilies.  Hence, a more comprehensive and coherent 

classification system has been developed that segregates Prxs into 6 subfamilies 

(Prx1/AhpC, Prx6, Prx5, Tpx, BCP/PrxQ, and AhpE) based on sequence and 

structural similarities (Table III; (Hall et al., 2010, Nelson et al., 2011). 

The Prx1/AhpC subfamily, also known as group “A” or “typical 2-Cys”, 

(Hofmann et al., 2002, Trivelli et al., 2003) are found in archaea, bacteria, and 

eukaryotes, and include yeast TSA proteins, plant Prxs, tryparedoxin 

peroxidases, AhpC, and human Prx I – IV.  To date, there are 22 known 

structures in databases from 13 different Prxs.  The Prx1/AhpC subfamily is 

comprised of 2-Cys Prxs (~96%) in B-type dimers, with most forming A-type 

interface decamers.  The resolving cysteine is located in the C-terminal extension 

of members of this subfamily. 

The Prx5 subfamily, also known as group “D”, is named after human Prx5 

(HsPrxV) (Declercq et al., 2001).  Prx5 proteins are found in bacteria, fungi, 

mammals, and higher plants (Hofmann et al., 2002).  Members of the Prx5 

subfamily utilize both 1-Cys (most prevalent) and 2-Cys mechanisms (Copley et 

al., 2004, Nelson et al., 2011).  Members of this subfamily form A-type dimers 

and only 17% are 2-Cys proteins with the CR in the α5 helix.  Unique features of 

this subfamily include some members which have fused Grx and Prx 
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Table 1-III: Summary of Prx Subfamilies 

 
Subfamily Canonical subfamily 

members 
Phylogenetic 
Distribution 

Typical Location 
of CR When 
Present a 

Prx1/AhpC  Salmonella typhimurium 
AhpC, Homo sapiens Prx1 
through Prx4 

Archae, 
Bacteria, Plants, 
Unicellular & 
Multicellular 
Eukaryotes 

C-terminus’ (>96%)b 

BCP/PrxQ  Escherichia coli 
bacterioferritin comigratory 
protein, plant PrxQ 

Bacteria, Plants Helix α2 (~50%) or 
α3 (~7%) c 

Prx5  H. sapiens Prx5 
Populus trichocarpa PrxD 
plant type II Prxs,  
bacterial glutaredoxin-Prx5 
fusion proteins 

Bacteria, 
Eukaryotes 

Helix α5 (~17%) c 

Prx6  H. sapiens Prx6 
A. thaliana 1-Cys Prx 

Archae, 
Bacteria, Plants, 
Unicellular & 
Multicellular 
Eukaryotes 

No CR 
a 

Tpx  E. coli Tpx 
Helicobacter pylori 
scavengase p20 

Bacteria  Helix α3 (>96%) c 

AhpE Mycobacterium tuberculosis 
AhpE 

Bacteria Unknown d 

 
a If no CR is present, resolving thiol must come from another protein or small molecule. 
b Near the C-terminus of the partner subunit within the homodimer; upon oxidation, intersubunit 
disulfide forms between the CP and the CR of the two chains. 
c Intrasubunit disulfide formed in oxidized protein (so-called “atypical” 2-Cys Prxs). 
d Canonical member contains no CR, but >50% of sequences include a potential CR in α2, like E. 
coli BCP. 
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domains (~16% of all Prx5 proteins, all bacterial).  Interestingly, the members 

lacking the Grx fusion utilize Trx as a preferred reductant. The 12 known 

structures from this subfamily represent 5 different Prxs. 

The Prx6 subfamily, also known as group “B”, can be found in archaea, 

bacteria, and eukaryotes.  There are 15 known structures from 4 different Prxs.  

They are almost all 1-Cys (~98%) with B-type dimers and in some cases A-type 

interface-containing decamers.  The Prx6 subfamily shares some sequence 

conservation with the Prx1/AhpC subfamily and they also share in common an 

extended C-terminal extension that is even longer in the Prx6 subfamily (50 – 80 

residues) than the Prx1/AhpC subfamily (15 – 40 residues).  By some criteria, 

they have been classified as members of the same subfamily (Copley et al., 

2004).  The rare 2-Cys members (~2%) of this subfamily possess a potential 

resolving cysteine in the C-terminal extension (Deponte & Becker, 2005, Nelson 

et al., 2011).   

Members of the Tpx subfamily, also known as group “E” or p20, function 

through an atypical 2-Cys mechanism, with ~99% of subfamily members 

containing a CR on the C-terminal turn of the α3 helix.  Thus, essentially all Prxs 

found in the Tpx family are classified as atypical 2-Cys.  Catalytic turnover of 

members of this subfamily requires local unfolding of the helices containing the 

peroxidatic cysteine and the resolving cysteine, α2 and α3, respectively (Hall et 

al., 2009, Hall et al., 2010).  The 13 known structures of this subfamily represent 

7 different Prxs.  All structurally characterized Tpx members exist as A-type 
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dimers.  This subfamily possesses a unique feature; it is an N-terminal β-hairpin 

that forms a hydrophobic collar around the active site pocket (Hall et al., 2009). 

The AhpE subfamily includes the fewest representatives, with only 25 

members (Nelson et al., 2011).  They are found in mycobacterial and other 

closely related bacteria species.  AhpE members react favorably with 

peroxynitrite (107 M-1 s-1 second order rate of reaction) as opposed to H2O2 (105 

M-1 s-1).  Only 2 structures exist from this subfamily and both are from 

Mycobacterium tuberculosis.  AhpE members are A-type dimers that share ~30% 

sequence identity with Prx1/AhpC members and ~25% identity with BCP/PrxQ 

subfamily members. 

The sixth and final Prx subfamily, BCP/PrxQ (also known as group “C”), 

are largely bacterial (some archaeal), but some exist in lower eukaryotes like 

yeast and plants (Konig et al., 2003, Nelson et al., 2011).  The lack of a 

universally conserved resolving cysteine resulted in the initial classification of 

BCP-like peroxiredoxins as either 1-Cys or 2-Cys (Chae et al 1994) with the CR 

either lacking altogether, or located in one of two places, within a CPXXXXCR 

motif, or, in ~7% of members, within α3 (like Tpx) (Jeong et al., 2000, Wakita et 

al., 2007).   

Presently, a search of the PDB database yields 9 crystal structures of 

BCP representing 6 organisms; Sulfolobus tokodaii, Sulfolobus solfataricus, 

Xanthomonas campestris, Xylella fastidiosa, Aeropyrum pernix, and 

Saccharomyces cerevisiae (Dot5p) (D'Ambrosio et al., 2009, Liao et al., 2009, 

Horta et al., 2010, Limauro et al., 2010).  Generally, members of the BCP family 
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were believed to exist as monomers, but the dimeric crystal structures of A. 

pernix BCP (2CX4) and S. tokodaii BCP (2ywn) have challenged this notion.  It 

must be noted that these structures have not been published in peer reviewed 

journal articles, and the structure of E. coli BCP has not been determined.  

Although structural data exists for the BCP/PrxQ subfamily, there is much 

remaining to be elucidated by future structural information regarding active site 

pocket accessibility, local unfolding, and substrate docking interactions. 

E. coli Peroxiredoxins.  The oxidative stress defense system in E. coli 

includes 3 Prxs: AhpC, Tpx, and BCP. AhpC is reduced by AhpF in a NADH-

AhpF linked reducing system (Poole, 1996, Poole et al., 2000, Poole, 2005), but 

demonstrated limited capability utilizing Trx as a reductant (Poole 1996).  E. coli 

knockout strains of the ahp genes resulted in increased sensitivity and 

cytotoxicity toward reactive oxygen species, i.e. cumene hydroperoxide (Storz et 

al., 1989).  Based on ROS sensitivity, a Vmax/Km in the range of 107 for H2O2, and 

a micromolar Km for H2O2, (Seaver & Imlay, 2001) demonstrated AhpC to be the 

primary E. coli Prx responsible for the reduction of endogenously-generated 

hydrogen peroxide AhpC also reduces organic hydroperoxides (e.g., cumene 

and t-butyl hydroperoxides), and reactive nitrogen species; although it prefers 

H2O2 as a peroxide substrate (Jacobson et al., 1989, Poole, 1996, Chen et al., 

1998, Bryk et al., 2000, Seaver & Imlay, 2001, Parsonage et al., 2008). 

E. coli Tpx was once thought to be periplasmic until recent studies 

reported cytoplasmic localization of the enzyme (Jacobson et al., 1989, Tao, 

2008).  E. coli Tpx reduced H2O2 in kinetic studies, but demonstrated higher 
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specificity for the bulkier, hydrophobic cumene hydroperoxide, with Km values of 

1.7 mM and 9 μM, respectively, for H2O2 and CHP (Baker, 2003).  Tpx was not 

induced by oxidative stress, although researchers determined it to be critical for 

peroxide defense under anaerobic conditions (Cha et al., 2004). 

Escherichia coli BCP.  If Tpx acts as an organic hydroperoxide peroxidase 

and AhpC efficiently removes low levels of H2O2 from the cytoplasm, what role 

does BCP play in oxidative stress defense (Poole et al., 1997, Cha et al., 2004)?  

We sought to understand the role of EcBCP through elucidation of its 

mechanism, specificity, and any other contributions or protective role it may play. 

The peroxiredoxin central to my research studies, EcBCP, is among those 

responsible for catalyzing the reduction of hydrogen peroxide and alkyl 

hydroperoxides.  Discovered in 1983, BCP receives its name from the protein 

bacterioferritin, because at the time of its discovery the unknown protein co-

migrated with bacterioferritin in SDS/PAGE analysis (Neidhardt et al., 1983).  

EcBCP possesses 3 cysteine residues (Cys45, Cys50, Cys99) and only 

mutations of the absolutely conserved cysteine (Cys45) resulted in complete loss 

of thiol peroxidase activity (Jeong et al., 2000), thus cementing EcBCP as 

member of the Prx family (Chae et al., 1994, Ellis & Poole, 1997, Chen, 2000, 

Flohe, 2002).  It is comprised of 156 amino acids, has a mass of 18.11 kDa, and 

possesses a CPXXXXCR active site.  The importance of BCP’s presence in the 

cell can be seen in studies conducted on the pathogenic bacterium, Helicobacter 

pylori.  In the H. pylori studies, the oxidative stress resistance and the host 

colonization ability of wild type and bcp knockout H. pylori strains was tested.  
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The study pointed to the significance of BCP in both colony survival and colony 

size within the host (Wang et al., 2005). 

Real Time-PCR was used to measure BCP gene expression under 

varying oxidative stresses in Desulfovibrio vulgaris Hildenborough, a ubiquitous 

gram-negative bacterium.  BCP was upregulated following oxygen exposure 

(Fournier et al., 2006).  BCP null mutants in D. vulgaris also demonstrated 

hypersensitivity to oxidants, with sensitivity lessened by bcp gene expression, 

further supporting BCP’s defensive role against peroxides and oxidative stress 

(Fournier et al., 2006). 

In peroxidase activity studies, BCP exhibited very low activity rates when 

assayed in a linked Trx system and demonstrated a 5-fold higher affinity for 

reducing linoleic acid hydroperoxide than for hydrogen peroxide or t-butyl 

hydroperoxide (Jeong et al., 2000).  The relatively low rate calls into question 

BCP’s ability to act as a hydroperoxide scavenger.  Kinetics and substrate 

specificity experiments are important because they provide insights into possible 

physiological roles and functions.  The peroxidase mechanism of EcBCP has 

been investigated by several different groups, utilizing (in our opinion) limited 

kinetic assays.  Previous peroxidase assays used similar BCP and Trx 

concentrations (or substituted DTT for Trx) (Jeong et al., 2000, Clarke et al., 

2009, Clarke et al., 2010) and typically used a fixed amount of reductant and 

varying amounts of peroxide substrate.  Under these conditions for EcBCP, true 

Vmax and Km values cannot be obtained because BCP interacts with 2 substrates, 

a situation that requires a full bisubstrate kinetic analysis for proper evaluation.  
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In those previous assays, several peroxide substrates were investigated, with Trx 

serving as the electron donor to EcBCP, during which Km values of 47.8, 37.4, 

and 11.7 µM were observed for H2O2, t-butyl hydroperoxide (t-BHP), and linoleic 

acid hydroperoxide, respectively.  The Vmax values were 7.0, 1.93, and 8.23 min-1 

for H2O2, t-butyl hydroperoxide (t-BHP), lipid hydroperoxide, respectively.  These 

results yielded a Vmax/Km value of 2.45 x 103 M-1 s-1 with H2O2.  Other kinetically 

characterized subfamily members, the PrxQ proteins from Xylella fastidiosa and 

Populus tremula x Populus tremuloides (poplar), exhibit values of around 104 M-1 

s-1 (Rouhier, 2004, Horta et al., 2010).  The limiting conditions of previous assays 

along with greater reported Vmax/Km values from other subfamily members led us 

to believe that even higher activity levels were possible for EcBCP under 

optimized conditions.  While the multicomponent assay used above is technically 

straightforward and uses relatively small amounts of materials to determine what 

does and doesn’t show activity, determination of the kinetic parameters (kcat and 

Km) of BCP is difficult or impossible with this approach.  

Previous studies utilized SDS-PAGE analysis to investigate the oligomeric 

state of EcBCP, although this method tests only for covalent linkage of subunits 

(Jeong et al., 2000).  Recently, high resolution mass spectometry was used to 

demonstrate the formation of two disulfide-bonded forms of EcBCP, the expected 

form with an intrasubunit disulfide bond (from experiments with the wild type 

enzyme), and a dimeric species (perhaps artifactual) with an intersubunit 

disulfide bond (from experiments with C50S, lacking the CR).  Both forms were 

reportedly capable of being reduced by Trx after incubation of the proteins for 
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several minutes (Clarke et al., 2009).  The mass spectrometry results, as well as 

the appearance in the PDB of dimeric forms of BCP/PrxQ subfamily members, 

encouraged our use of analytical ultracentrifugation to accurately determine the 

molecular weight of reduced and oxidized E. coli BCP in solution.   

Based on recent mass spectrometry results, Clarke and coworkers 

categorized EcBCP as an atypical 2-Cys Prx.  These studies also confirmed 

Cys45 as the CP and Cys50 as the CR using top-down fragmentation of the 

protein in the mass spectrometer to locate SO2H and disulfide bonds within the 

protein (Clarke et al., 2009).  The main deficiency in the experiments performed 

to date with EcBCP, however, is in the lack of information about the catalytic 

competence of each of the redox forms of EcBCP.  Past experience tells us that 

the presence and location of cysteine residues is simply not enough information 

to accurately classify peroxidase mechanisms in Prxs.  For example, 

Plasmodium falciparum Antioxidant protein (AOP) was discovered to contain a 

second cysteine but to use a 1-Cys Prx mechanism (Sarma et al., 2005).  Other 

striking disparities between mechanistic properties of homologues thought in 

advance to be 1-Cys or 2-Cys Prxs have also been reported.  In Toxoplasma 

gondii, a Prx6 subfamily protein named TgPrx2 exhibits a typical 2-Cys Prx 

mechanism by utilizing a cysteine (Cys209) that is apparently unique to TgPrx2 

when compared to other homologous 1-Cys peroxiredoxins (Deponte & Becker, 

2005).  In the case of poplar PrxQ, the wild type is active in turnover with 

peroxides only in the presence of Trx; the C51S mutant (lacking CR) remains 
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active with Trx, but also gains activity with Grx, suggesting that both 1-Cys and 2-

Cys Prx mechanisms can be operative with this protein (Rouhier, 2004). 

BCP Reducing Systems and Pathways.  Trx is the physiological 

reductant for many cellular enzymes, including (but not limited to) ribonucleotide 

reductase I, PAPS reductase, methionine sulfoxide reductase, OxyR, and many 

Prxs (Holmgren, 1976, Krone et al., 1990, Poole & Ellis, 1996, Aslund & 

Beckwith, 1999, Kim et al., 2002, Baker, 2003, Comtois, 2003, Weissbach et al., 

2005, Gon & Beckwith, 2006).  The Trx reducing system is comprised of a 

reduced pyridine nucleotide (NADPH), a flavoprotein disulfide reductase (TrxR), 

and a CXXC-containing Trx protein (Figure 1-3) (Poole et al., 2000, Hofmann et 

al., 2002, Wood et al., 2003). 

 
 
Figure 1-3. Thioredoxin (Trx) reducing system.  When Prxs react with peroxide 
substrates, the active site becomes oxidized.  The Trx reducing system is 
responsible for reductively recycling oxidized intermediates of Prxs formed during 
turnover.  The system is composed of Trx, Trx reductase, and NADPH.  
Electrons flow from NADPH to oxidized BCP. 
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In acting as a protein reductant, the first cysteine in the active site of Trx 

acts as a nucleophile and attacks disulfide bonds within proteins. This attack 

results in a mixed disulfide between Trx and the targeted protein. The resolution 

of this disulfide bond is done by the C-terminal cysteine in Trx, resulting in 

oxidized Trx and a reduced protein substrate (Holmgren, 1985).  Several 

residues surrounding the active site CXXC in Trx1, in particular Asp26 and 

Lys57, form hydrogen bonds with the active site Cys residues, lowering the pKa 

of the N-terminal cysteine; a pKa value of approximately 7.5 was calculated for 

the N-terminal Cys in the Trx CXXC motif, whereas the C-terminal Cys has a pKa 

of approximately 9.2 (Kallis & Holmgren, 1980, Holmgren & Fagerstedt, 1982, 

Dyson et al., 1991, Chivers et al., 1997, Dyson et al., 1997).  Trx1 has been 

identified as a reductant of a number of Prxs, among them is EcBCP (Jeong et 

al., 2000, Clarke et al., 2009). Trx was also identified as the (or a) physiological 

reductant of H. pylori BCP.  In H. pylori, a functional Trx system is needed for 

oxidative stress resistance; however viability is not dependent on this system 

(Comtois, 2003). 

E. coli has several proteins similar to Trx1, including Trx2, Grx1, Grx2, 

Grx3, and Grx4 (Table II).  In studies conducted on the plant homologue of BCP, 

poplar Prx Q, a Trx homologue more closely related to Trx2 than Trx1 of E. coli, 

Trx-h1, was an effective reductant (Rouhier, 2004).  Trx2 (encoded by trxC) in E. 

coli shares a 30% amino acid sequence identity with Trx-h1 (28% sequence 

identity between Trx-h1 and E. coli Trx1), making E. coli Trx2 a candidate as a 

reductant of EcBCP in vivo.  Trx2 contains a WCGPC active site motif that is 
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identical to the active site of Trx1.  Trx2 is constitutively expressed under normal 

growing conditions and is strongly upregulated in response to oxidative stress by 

OxyR activation (Miranda-Vizuete et al., 1997).  In the absence of a peroxide 

stressor, Trx2 concentrations are 5-fold less than Trx1, but its concentration 

increases 20-fold in response to oxidative stress (Miranda-Vizuete et al., 1997, 

Ritz et al., 2000).   

The glutaredoxin system transfers electrons from NADPH to glutathione 

reductase (GR), then to glutathione, and lastly to Grxs 1, 2, and 3 (Figure 1-4) 

(Aslund, 1994, Holmgren & Aslund, 1995, Vlamis-Gardikas et al., 2002).  As 

described above, wild type PrxQ from poplar was unable to use Grx1 as a 

reductant; however, mutant PrxQ (C51S) did exhibit significant peroxidase 

activity in the presence of Grx1.  In fact, peroxidase activity was higher for the 

C51S mutant than for wild type PrxQ in the presence of either Trx-h1 or Grx1, 

suggesting a possible efficient 1-Cys mechanism utilized by an otherwise 2-Cys 

Prx (Rouhier, 2004).  A 41% amino acid sequence identity between EcBCP and 

PrxQ implies structural similarities and suggests that EcBCP may also exhibit 

robust 1-Cys and 2-Cys mechanisms using Grx and/or or Trx proteins (Trx1 and 

Trx2).  
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STATEMENT OF PURPOSE 

The experiments conducted and data presented in this manuscript provide 

a detailed analysis of EcBCP enzyme kinetics, specificity, and overall peroxidase 

mechanisms in order to better understand the physiological role of BCP in vivo.  

Chapter 2 describes the construction, expression, and purification of a novel 

fluorescent, redox–sensitive Grx1 mutant that has allowed us to test the role of 

Grx1 as an electron donor for EcBCP.  Chapter 3 describes detailed kinetic and 

thermodynamic analyses of EcBCP and the insights that have been gained 

regarding its versatility in function.  Chapter 4 addresses the role of the putative 

resolving cysteine on peroxidase mechanism and substrate specificity.  Chapter 

5 is a summary of the conclusions derived from these data, focusing on the 

overall role of BCP in E. coli oxidative stress defense and how it compares to 

other peroxiredoxins in its subfamily. 

Figure 1-4. Glutaredoxin (Grx) reducing system.  Peroxiredoxins like BCP 
react with peroxide substrates leading to oxidation of the active site.  Grx may 
reductively recycle oxidized BCP directly, receiving its electrons in turn from 
glutathione (GSH).  Oxidized  glutathione (GSSG) is recycled by glutathione 
reductase using electrons derived from NADPH. 
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Chapter 2: Engineering a Fluorescent Reporter into Glutaredoxin 1 
 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is excerpted and adapted from a paper published in 2010 in 

Methods of Enzymology.  Development of the following methods came out of the 

need to measure substrate interactions of Escherichia coli BCP (EcBCP) and 

Grx1 directly.  Stylistic differences reflect the format used by Methods in 

Enzymology.  All work with E. coli Grx1 and EcBCP described in this chapter was 

completed by Stacy Reeves, while Dr. Derek Parsonage conducted assays and 

experiments pertaining to Salmonella typhimurium AhpF and AhpC.  
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ABSTRACT 

The rate of electron transfer through multicomponent redox systems is 

often monitored by following the absorbance change due to the oxidation of the 

upstream pyridine nucleotide electron donor (NADPH or NADH) that initiates the 

process. Such coupled assay systems are powerful, but because of problems 

regarding the rate limiting step, they sometimes limit the kinetic information that 

can be obtained about individual components. For peroxiredoxins, such assays 

have led to widespread underestimates of their catalytic power. We show here 

how this problem can be addressed by a protein engineering strategy inspired by 

some bacterial and eukaryotic thioredoxins for which a significant fluorescence 

signal is generated during oxidation that provides a highly sensitive tool to 

directly measure electron transfers into and out of these domains. For 

Escherichia coli glutaredoxin 1 (Grx1) and the N-terminal domain of AhpF (a 

flavoprotein disulfide reductase), two cases not having such fluorescence 

signals, we have successfully added “sensor” tryptophan residues using the 

positions of tryptophan residues in thioredoxins as a guide.  These tools have 

fundamentally changed our understanding of the catalytic power of peroxiredoxin 

systems and should also be widely applicable for improving quantitative assay 

capabilities in other electron transfer systems. 
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Reactive cysteine-containing redox centers within proteins are important 

to cellular metabolic and signaling processes and are often found within the 

CXXC-related motif of the thioredoxin (Trx)-like fold common to a broad range of 

redox proteins [e.g., Trx, Grx, glutathione-S-transferase (GST), peroxiredoxin 

(Prx) and glutathione peroxidase (Gpx) families] (Atkinson and Babbitt, 2009). In 

some members of this group, including E. coli Trx, tryptophan (Trp) residues are 

sufficiently close and appropriately oriented to act as sensitive fluorescent 

reporters of the active site redox state (Holmgren, 1972). In these cases, Trp 

fluorescence provides a powerful way to conduct kinetic studies focused on one 

or a few steps of reaction, without having to rely on linked spectral assays (e.g., 

by including NADPH and Trx reductase with Trx-dependent assays). However in 

many proteins in the group, the conversion between disulfide and dithiol forms is 

spectrally silent or minimally detectable so such assays cannot be used. 

As described herein, sensitive fluorescent reporters of redox activity can 

be engineered into redox domains by utilizing mutation to introduce strategically-

located Trp residues. While these approaches may not be successful in all 

enzymes, they have been quite successful in the bacterial peroxiredoxin systems 

that are the focus of this chapter. In the case of S. typhimurium AhpC, the 

fluorescence-based assays not only allowed insight into mechanistic details, but 

also transformed perceptions in the field by showing that this enzyme had an 

intrinsic activity 100 times greater than had been previously appreciated. 

Peroxiredoxins (Prxs) are a widespread class of thiol-dependent 

peroxidases with roles in the control of damaging and signaling-relevant reactive 
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oxygen species such as hydrogen peroxide, organic hydroperoxides and 

peroxynitrite (Hall et al., 2009a). Structurally, they are Trx fold proteins with 

insertions and modifications that support their peroxidase functions, and include 

conserved Arg, Pro and Thr residues in addition to the peroxidatic cysteine 

(Karplus and Hall, 2007). The catalytic cycle of Prx enzymes is initiated with the 

nucleophilic attack of the thiolate from the peroxidatic Cys on the peroxide 

substrate, forming the alcohol (or water), which is released, and a sulfenic acid at 

the active site Cys (R-SOH) (Poole, 2007). The resolution and reductive recycling 

of the Cys-sulfenic acid back to the thiol form for further catalysis differs in 

various Prx enzymes. Formation of a disulfide bond with a second, resolving Cys 

residue occurs in 2-Cys Prx, whereas 1-Cys enzymes form an intermolecular 

disulfide with a redox donor such as Trx, Grx or glutathione. 

The most widespread and well-characterized category of Prxs is the 

typical 2-Cys Prx group, where the resolving Cys is positioned near the C-

terminus of a second monomer, hence a dimeric (or higher order) form of the 

enzyme is required for activity. Trx is the typical cellular reductant of this class of 

Prx in eukaryotes, whereas in prokaryotes a gene encoding a specialized 

flavoprotein disulfide reductase, AhpF, is typically found downstream of the gene 

for AhpC-like Prx proteins (Wood et al., 2003). Plant Prx proteins may in some 

cases use Grxs as electron donors (Rouhier et al., 2002). With each of these 

reductive recycling systems, reduction of the Prx is linked to the cellular 

reductants NADPH or NADH through a flavoprotein (i.e., Trx reductase, AhpF, or 
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glutathione reductase); the coupled oxidation of NAD(P)H at 340 nm is followed 

to measure the catalytic activity of these Prx enzymes. 

The question: Can Escherichia coli BCP efficiently use Grx1 as a 

reductant?  Previous studies by Jeong et al. (2000) used only DTT and Trx as 

reductants of BCP.  It has since been realized that a group of plant 

peroxiredoxins that are expressed in chloroplasts, called PrxQ proteins, are also 

relatives of BCP (Copley et al 2004).  PrxQ from Populus tremula was shown to 

use a Grx protein, as well as Trx, as the reductant in turnover assays with 

peroxides (Rouhier et al 2004), suggesting that BCP, sharing 40% amino acid 

sequence identity with PrxQ, may also accept electrons from Grx.  Attempts to 

demonstrate that Grx1 could function as a reducing substrate for BCP in the 

presence of hydrogen peroxide using a coupled assay with glutathione, 

glutathione reductase, and NADPH were not informative because of a high 

background rate in the absence of BCP arising from the nonenzymatic reaction 

between reduced glutathione and hydrogen peroxide. Another assay was 

developed that included BCP in high amounts as the terminal electron acceptor 

and left out peroxide altogether; this assay was used to confirm that Grx1 was 

able to reduce BCP, avoiding the problematic background reaction (Figure 2-1).  
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Figure 2-1. Reduction by glutaredoxin (Grx) of oxidized E. coli BCP.  Using a Grx 
and glutathione-containing recycling system, assays to monitor reduction of BCP 
were conducted in the absence of hydrogen peroxide to circumvent the 
peroxidase activity of GSH towards hydrogen peroxide.  Consequently, reduced 
(red) and oxidized (black) EcBCP served as the terminal electron acceptor in 
duplicate assays.  The assay was monitored at 340 nm and conducted in 50 mM 
Hepes-NaOH (pH 7.0), 1 mM EDTA, 150 μM NADPH, 1 U/ml glutathione 
reductase, 1 mM GSH, 2.5 μM Grx1, and 100 μM preoxidized EcBCP.  
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The problem: Low sensitivity and improperly rate-limited assays for 

redox functions of bacterial peroxiredoxin systems.  In the case of AhpC 

from Salmonella typhimurium, using multicomponent assays (e.g., including 

NADH, AhpF, AhpC and peroxide), measurements of the enzymatic activity of 

AhpC revealed no variations in rate for a wide range of concentrations of different 

hydroperoxide substrates (Parsonage et al., 2008; Parsonage et al., 2005; Poole 

and Ellis, 1996).  The rates obtained were shown to be limited by the ability of 

AhpF to reduce the disulfide form of AhpC (Poole et al., 2000b). This provided 

accurate Vmax and Km values for the AhpF-AhpC electron transfer interaction 

(Poole et al., 2000b), but underestimated the reactivity of AhpC with peroxide 

substrates, promoting the view that Prx proteins are poor enzymes in comparison 

with heme-dependent peroxidases and catalases (Dietz et al., 2006; Hofmann et 

al., 2002). Usually, where the coupling enzyme is rate limiting, the solution is to 

increase the concentration of the coupling enzyme in the assay. In this case of 

AhpF, however, the assay is complicated by the high NADH oxidase activity of 

AhpF, whereby the FAD non-covalently bound to the enzyme is reduced by 

NADH and subsequently reacts directly with molecular oxygen to produce 

hydrogen peroxide and oxidized NAD+ (Niimura et al., 1995; Poole and Ellis, 

1996). It is possible to carry out these activity measurements under anaerobic 

conditions to obviate this problem, but only at the expense of making these 

assays very time-consuming. For these and issues of better sensitivity, a more 

direct assay to assess catalytic turnover of bacterial EcBCP and AhpC was 

sought. 
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The solution: Engineering of fluorescent redox reporters into E. coli 

Grx1 and the N-terminal domain of AhpF.  Unlike Trx, which displays an 

increase in intrinsic Trp fluorescence when the enzyme is reduced, Grx1 shows 

no corresponding redox-dependent fluorescence changes. The reason for this is 

apparent in Figure 2-2, which shows an alignment of the amino acid sequences 

surrounding the CXXC motif of Grx1, Trx and several other redox-active Trx-like 

proteins.  A Trp residue is found preceding the CXXC active site in both 

prokaryotic and eukaryotic Trxs, as well as protein disulfide isomerase (Pdi) and 

several extracytoplasmic Trx-like proteins (Tlps). A second Trp residue is also 

located three residues upstream of the first in prokaryotic Trxs and Tlps; in 

Escherichia coli Trx, these residues are Trp28 and Trp31. Mutagenesis of these 

residues in E. coli Trx identified Trp31 as the major contributor to fluorescence of 

oxidized Trx (Krause and Holmgren, 1991), whereas the fluorescence of reduced 

Trx is dominated by the emission from Trp28 (Slaby et al., 1996). Prokaryotic and 

eukaryotic Trxs differ in the extent to which their Trp fluorescence increases 

when they are reduced; E. coli Trx undergoes a greater than 3-fold increase in 

fluorescence, whereas mammalian and yeast enzymes display only a 50-70% 

increase (Merola et al., 1989). 
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Figure 2-2. Sequence alignment of thioredoxin (Trx)-fold proteins. Partial 
sequences surrounding the active CXXC motif of Trx and related redox-active 
proteins were aligned using CLUSTAL (Larkin et al 2007) showing the position of 
Trp residues upstream of the CXXC motif (in bold font). The representative 
structure above the sequences indicates the β–strand (arrow), turn (inverted U), 
and α-helix (zig-zag) of the E. coli Trx 1 structure. Sequences shown are for: 
TrxA, E. coli Trx 1 (THIO_ECOLI); TrxC, E. coli Trx 2 (THIO2_ECOLI); ResA, a 
Trx-like protein involved in cytochrome c maturation in Bacillus subtilis 
(RESA_BACSU ); TlpA, a membrane-anchored protein thiol:disulfide 
oxidoreductase essential for cytochrome aa3 maturation in Bradyrhizobium 
japonicum (TLPA_BRAJA); DspE, an E. coli protein required for cytochrome c 
maturation (DSBE_ECOLI); Pdi, the protein diulfide isomerase from Drosophila 
melanogaster (PDI_DROME); HsTrx1 and HsTrx2, two human thioredoxins 
(THIO_HUMAN and THIOM_HUMAN); and AhpF from Salmonella typhimurium, 
the flavoprotein reductase for AhpC (AHPF_SALTY). Also shown are the 
sequences of one human and three E. coli dithiol-containing glutaredoxins of 
(GLRX1_HUMAN; GLRX1_ECOLI; GLRX2_ECOLI; and GLRX3_ECOLI). 
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Another redox-active enzyme with a Trx fold structure, DsbA (the key prokaryotic 

enzyme responsible for formation of disulfide bonds in periplasmic proteins) 

(Kadokura et al., 2003), also exhibits redox-dependent changes in fluorescence. 

Although DsbA lacks Trp residues adjacent to the CXXC motif or within the Trx-

like domain, two Trp residues are present within a second α-helical domain 

inserted into the Trx fold. Communication between the disufide of the oxidized 

active site and Trp76 is mediated by Phe26, resulting in quenching of the Trp 

fluorescence by the disulfide through an intramolecular, dynamic quenching 

process (Hennecke et al., 1997). This is responsible for the 3-fold increase in Trp 

fluorescence when the active-site disulfide of DsbA is reduced (Wunderlich and 

Glockshuber, 1993). 

As seen in Figure 2-3, placing a Trp residue in E. coli Grx1 corresponding 

to Trp31 of E. coli Trx would involve replacing the smallest possible amino acid 

(Gly) with the largest (Trp). Because this position is adjacent to the redox center, 

it is possible that this Gly contributes to the specificity of each of these redox 

domains for given substrates.  As an alternative, we chose to mutate a nearby 

site in Grx1, adjacent to the location of Trp28 in E. coli Trx, which already 

includes a bulky, aromatic residue, creating the F6W mutant of Grx1 (Figure 2-

3b). Described in this chapter are the characterization and use of this mutant to 

very sensitively and accurately measure EcBCP activity. 

As another potential electron donor to Prx proteins, the NTD of AhpF of S. 

typhimurium was also of interest and was under investigation as reductant of 

another bacterial Prx, AhpC.   Amino acid sequence analysis of AhpF revealed  



74 
 

 

Figure 2-3. Strategies for introducing Trp residues as fluorophores into electron 
transferring proteins. Shown are the original sequences surrounding the active 
site cysteine residues for the N-terminal domain (NTD) of S. typhimurium AhpF 
(A) and E. coli Grx1 (B) as well as their respective mutated forms used to provide 
redox-sensitive fluorophores near the active site, S128W NTD and Grx1F6W, 
respectively. 
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that this protein contains C-terminal domains homologous with those of 

prokaryotic Trx reductase and an N-terminal domain homologous to Trx, fused 

into one polypeptide (Poole et al., 2000a). These two fragments of AhpF could be 

separated by limited proteolysis using trypsin (Poole, 1996), or separately 

expressed and purified as distinct Trx reductase- and Trx-like fragments (Poole 

et al., 2000a). The fold of the N-terminal domain (NTD) of AhpF is, in fact, a 

tandem duplication of Trx folds in which only the second repeat retains the 

characteristic CXXC redox active dithiol motif (Hall et al., 2009b; Wood et al., 

2001). The overall AhpC reductase activity of AhpF could be reconstituted, albeit 

much less efficiently, by mixing the two fragments (Poole et al., 2000a). This 

structural homology of AhpF to Trx and Trx reductase was later confirmed by 

solution of the three-dimensional structure of AhpF by X-ray crystallography 

(Wood et al., 2001).  In order to use the AhpF NTD in fluorescence-monitored 

assays of AhpC-dependent peroxidase activities, we mutated the NTD 

(comprised of residues 1-202 of AhpF) to contain the equivalent of E. coli Trx1 

Trp31, generating S128W NTD (Figure 2-3a) (Parsonage et al., 2005). 

Both Grx1 F6W and AhpF S128W constructs were successful in yielding 

highly active, CXXC-containing redox domains that could be used to directly 

monitor electron transfer reactions in simple, three component (donor – Prx – 

peroxide) assays conducted using a stopped-flow spectrofluorometer, as 

described in detail below. 
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MATERIALS 

Solutions 

25 mM Potassium phosphate, pH 7.0, 1 mM EDTA (standard buffer) 

50 mM Potassium phosphate, pH 7.0, 0.5 mM EDTA, 100 mM ammonium sulfate 

(AhpC reaction buffer) 

50 mM H2O2 (approximately 456 μl 30% solution in 100 ml H2O) 

100 mM Cumene hydroperoxide (concentrate diluted approximately 60-fold into 

dimethyl sulfoxide) 

100 mM t-Butyl hydroperoxide 

~30 mM NADH or NADPH (~2.5 mg per 100 μl 50 mM Tris-HCl, pH 8.0, stored at 

4 °C in the dark for < 1 day) 

100 mM 1,4-Dithio-DL-threitol (DTT), 154.2 g/mole (aliquots stored at –80 °C) 

Glutathione, reduced 

Hydroxyethyldisulfide (HED) (disulfide-bonded form of 2-mercaptoethanol) 

 

Chemical Modification Agents 

 

5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB), 396.4 g/mole 

2-Nitro-5-thiobenzoic acid (TNB) solution, equimolar DTNB and dithiothreitol 

mixed) (Poole and Ellis, 2002) 
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Proteins 

S. typhimurium AhpC purified essentially as described previously (Parsonage et 

al., 2008). Aliquots were stored at -80 °C at a concentration of 10 mg/ml. 

 

S. typhimurium AhpF purified essentially as described previously (Poole and 

Ellis, 1996).  Aliquots were stored at -80 °C at a concentration of 10 mg/ml.  N-

terminal domain (NTD) of S. typhimurium AhpF, and S128W mutant of the NTD, 

were purified as described previously (Poole et al., 2000a). The S128W mutant 

was created using a QuikChange mutagenesis kit (Parsonage et al., 2005). 

Aliquots of purified protein were stored at 10 mg/ml at -80 °C. 

 

E. coli Grx 1 and the F6W mutant of Grx1 were expressed as His-tagged 

versions, purified first using a His-trap chelating column (GE Healthcare), 

cleaved with biotinylated-thrombin (Novagen), then further purified by gel filtration 

chromatography as described previously (Yamamoto et al., 2008). The F6W 

mutant was generated and expressed essentially as described previously for 

S128W NTD, and purified by the same method as wild-type Grx1. 

 

E. coli BCP was expressed in an ahpC-lacking E. coli strain (TA4315) and 

purified by a combination of QSepharose, Superose 12 prep grade and ceramic 

hydroxyapatite columns (see Chapter 3 for details). 

 

Glutathione reductase from baker’s yeast was purchased from Sigma. 
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METHODS and RESULTS 

Generation and testing of the F6W mutant of E. coli Grx1 as an 

electron donor to E. coli BCP.  Generation of the pure, mutated Grx1 protein 

was straightforward. The F6W mutant Grx1 (Grx1F6W) was created using the 

QuikChange method; mutant and wild-type Grx1 were expressed and purified as 

described previously (Yamamoto et al, 2007). Briefly, the protein was expressed 

from a T7 expression vector with a N-terminal His tag. After purification on a His-

Trap chelating column, the His-tag was removed by cleaving with thrombin, 

followed by gel filtration. As had been intended, the F6W mutant displays higher 

overall fluorescence than wild-type Grx1; in addition, Grx1F6W shows a nearly 2-

fold increase in fluorescence upon reduction (Figure 2-4). This allows a dramatic 

increase in the sensitivity in assays where the redox state of Grx1 is monitored. 

 
To evaluate functional features of the new mutant protein, the catalytic 

activities of wild-type and Grx1F6W were compared using an assay based upon 

the ability of Grx to catalyze the reduction of a mixed disulfide formed between 

glutathione and the small molecule hydroxyethyldisulfide (HED) (Holmgren and 

Åslund, 1995). The resulting oxidized glutathione is reduced by glutathione 

reductase, allowing the reaction to be monitored by oxidation of NADPH 

measured spectrophotometrically at 340 nm. The activities of wild-type and F6W 

mutant Grx1 using this assay were found to be essentially identical (Figure 2-5).  

Additionally, Grx1F6W activity with EcBCP was confirmed using a modified version 

of the previously described NADPH-linked assay with CHP serving as the final 

electron acceptor instead of oxidized EcBCP (Figure 2-6). 
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Figure 2-4. Fluorescence emission spectra of oxidized and reduced forms of E. 
coli Grx1 and Grx1F6W. Fluorescence intensity was measured with excitation at 
280 nm using a Varian Cary Eclipse fluorescence spectrophotometer. Proteins in 
50 mM potassium phosphate buffer (pH 7) with 1 mM EDTA included 10 μM 
each oxidized (open blue squares) or reduced (closed blue squares) Grx1, and 
oxidized (open red circles) or reduced (closed red circles) Grx1F6W. 
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Figure 2-5. Grx1 and Grx1F6W activity comparision utilizing β-hydroxyethylene 
disulfide.  A comparison of activity of Grx1 and Grx1F6W with GSH in the GSH-
dependent disulfide reductase assay with hydroxyethyldisulfide (HED) indicates 
tha Grx1F6W is as active as wild-type Grx1. The HED assay (Holmgren and 
Åslund, 1995) couples the reduction of a glutathione-linked mixed disulfide to 
oxidation of NADPH, monitored by the decrease in 340 nm absorbance. The 
reaction mixture (0.5 mL) contained 100 mM Tris-Cl pH 8.0 buffer with 2 mM 
EDTA, 0.7 mM HED, 1 mM GSH, 0.2 mM NADPH, 0.1 mg/ml BSA, 0.12 μM 
glutathione reductase, and 5-100 nM wild-type Grx1 (open circles, blue line) or 
Grx1F6W (closed circles,, red line). 
  



81 
 

 

 
Figure 2-6. A comparison of activity of Grx1 and Grx1F6W in a NADPH-linked 
assay with cumene hydroperoxide.  The glutathione reductase (GR)/GSH system 
was used to compare glutaredoxin as a reductant.  The reaction mixture was 
similar to the previously described method in chapter 3 with 150 µM NADPH, 1 
U/ml of GR, 1 mM GSH, and 10 μM of one of the following reductants: Grx1 or 
Grx1F6W.  Activity was measured by following the oxidation of NADPH at A340. 
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Fluorescence-based peroxidase activity assays of EcBCP with 

Grx1F6W using stopped-flow analysis.  For a bisubstrate kinetic 

characterization of EcBCP, reaction rates have to be determined over varying 

concentrations of both reductant (Grx1F6W) and hydroperoxide. As there is no 

regeneration of the reductant, it is necessary to use a stopped-flow 

spectrofluorometer to measure this reaction as the initial rates are only linear for 

the first few seconds of the reaction. Solutions containing reduced Grx1F6W and 

EcBCP in one syringe are mixed with solutions of different concentrations of 

hydroperoxide (including hydrogen peroxide, ethyl hydroperoxide, cumene 

hydroperoxide and t-butyl hydroperoxide). 

For the stopped-flow experiments shown in this chapter, solutions 

contained 10 μM concentrations of the prereduced Grx1F6W along with 0.5 μM 

EcBCP. The solutions used in the stopped flow are all prepared in 50 mM 

phosphate buffer. Typically, using an Applied Photophysics stopped flow 

instrument, 5 to 7 ml is sufficient to determine the rate of reaction at one 

concentration of Grx1F6W and a range of peroxide substrate concentrations.  If 

the EcBCP has been stored in a buffer containing a component that will interfere 

with the reaction assay, DTT for example, a small desalting column should be 

used to transfer the enzyme into peroxidase reaction buffer, or a compatible 

buffer if necessary. Care should be taken to minimize changes in buffer 

composition during the measurements. Four to five sets of experiments with each 

set at a different concentration of Grx1F6W can be carried out in a normal working 

day. 
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The solutions containing a range of peroxide concentrations are prepared 

from the 50 mM stock or a dilution of the stock in peroxidase reaction buffer. The 

initial 50 mM dilution is freshly prepared and made in water or DMSO in the case 

of cumene hydroperoxide; further dilutions are made using 50 mM phophate 

buffer. Sufficient volumes of each dilution are made for all the sets of 

experiments to be carried out on that day. Aliquots of each concentration are 

removed to load into the drive syringes for each rate determination, then 

discarded. This minimizes any possible contamination of the peroxide solutions 

with enzyme. It is important to remember that stopped flow instruments usually 

mix equal volumes of reactants, so that all solutions need to be made twice the 

final concentration. 

For best performance, the stopped flow instrument should be allowed to 

warm up in order to stabilize the lamp output, photomultiplier detectors and the 

temperature of the mixing chamber. The stopped flow spectrophotometer is set 

up to measure fluorescence with excitation at 280 nm and emission monitored at 

90° and at wavelengths >320 nm using an emission filter.  The solution of 

Grx1F6W and EcBCP is first mixed in the stopped flow with 50 mM phosphate 

buffer and the photomultiplier voltage is set to give 80% of maximum signal. The 

signal should be monitored to ensure that the fluorescence signal is stable in the 

absence of any reaction. The buffer is then replaced by a peroxide solution of 

concentration higher than Grx1F6W, and after temperature equilibration (~5 min) 

mixed with the solution of enzymes. The reaction is followed until no further 

change occurs. After extrapolating the signal back to time = 0 s, the total change 
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in fluorescence is calculated; this is defined as the change in fluorescence (signal 

voltage) caused by the oxidation of the known amount of Grx1F6W. Hence, the 

rates measured in V/s can now be converted to rates in terms of µM Grx1F6W 

oxidized s-1 μM-1 BCP.  This determination should be carried out at least in 

duplicate. The initial rate of fluorescence change for each assay is observed for 

the first 5 s. This reaction is repeated until at least 3 consistent traces are 

obtained. The next concentration of peroxide substrate is loaded into the drive 

syringe and allowed to thermally equilibrate while the previously obtained traces 

are averaged and the initial linear rate calculated by linear regression. This is 

repeated until rates have been measured with all the different peroxide solutions 

or fail to further increase with higher peroxide concentrations. At this point, the 

next concentration of Grx1F6W with EcBCP is loaded into the drive syringe, and 

the photomultiplier voltage adjusted and the calibration of the fluorescence signal 

carried out as before.  Examples of the resulting fluoresence changes are shown 

in Figure 2-7 with varying amounts of hydrogen peroxide. 

The first step in analyzing the data is to determine the appropriate kinetic 

mechanism to apply. This is done by plotting the data using a linearized form of 

the Michaelis-Menten equation, for example the Hanes plot (Cornish-Bowden, 

2004). An example of a Hanes plot of data obtained with wild-type AhpC and t-

butyl hydroperoxide in shown in Figure 2-8. The intersection of the lines at the y-

axis indicates a substituted enzyme (ping-pong) mechanism for AhpC.  

Consequently, all the rate data obtained for one peroxide substrate can be fit to 
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Equation 1:

 

        
 
using the multiple-function nonlinear regression capability of Sigmaplot (Systat 

Software, Inc. San Jose, CA) to calculate a global fit for kcat and Km of the two 

substrates (Figure 2-8). Kinetic analyses of a range of hydroperoxide substrates 

and AhpC mutants have been conducted using these approaches (Parsonage et 

al., 2008; Parsonage et al., 2005). 

 



86 
 

 

Figure 2-7. Reaction of BCP with hydrogen peroxide, monitored by Grx1F6W 
fluorescence. BCP (0.5 µM) and 10 µM Grx1F6W were combined with 0 (red), 5 
(blue), 20 (green), or 200 (black) μM hydrogen peroxide (in order of increasing 
downward slope) in a stopped flow spectrofluorometer. The buffer in both 
syringes was 50 mM potassium phosphate, 0.5 mM EDTA at 25 °C. 
Fluorescence excitation was at 280 nm, with emission measured at >320 nm. 
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Figure 2-8. Kinetics of t-butyl hydroperoxide reduction by AhpC. S128W NTD 
(pre-reduced by dithiothreitol) and 100 nM AhpC were mixed with 10-400 μM 
t-butyl hydroperoxide in a stopped-flow spectrophotometer at 25 °C. All 
concentrations are after mixing. The buffer was 50 mM potassium phosphate 
pH 7.0, 0.5 mM EDTA and 100 mM ammonium sulfate. The reaction rate was 
measured by monitoring the fluorescence change of S128W NTD with 
excitation at 280 nm, and emission >320 nm. The fixed concentrations of 
S128W NTD in assays over a range of t-butyl hydroperoxide were 2.5 μM (○), 
5 μM (●), 10 μM (�) and 20 μM (■). A Hanes plot of the data (panel A) shows 
that lines drawn through the data points intersect on the y-axis, indicating that 
AhpC is following a substituted enzyme mechanism. The rate data with global 
non-linear regression fits to the data are plotted in panel B with calculated 
values for Km (tButylHP) of 119 ± 4 μM, Km (S128W) of 4.1 ± 0.2 μM, and kcat 
of 55 ± 1 s-1. 
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Characterization of the fluorescence and activity of the S128W 

mutant of the NTD of S. typhimurium AhpF.  The S128W mutant of the 

independently-expressed NTD of S. typhimurium AhpF was highly 

overexpressed from a T7 promoter using several E. coli strains, and was readily 

purified in large amounts (Parsonage et al., 2005). Introduction of a third Trp into 

the NTD was expected to increase the 280 nm extinction coefficient, so the 280 

nm absorbance of a solution of S128W NTD was compared to the protein 

content measured by the microbiuret assay. This gave an experimentally 

determined extinction coefficient of 21,250 M-1 cm-1 at 280 nm for S128W NTD, 

higher than the value of 15,100 M-1 cm-1 for wild-type NTD. 

Comparison of the fluorescence of equal concentrations of reduced and 

oxidized S128W NTD revealed that the reduced form was 12% more fluorescent 

than the oxidized form (excitation at 280 nm, emission peak at 343 nm). This is a 

smaller difference between redox states than is seen with E. coli Trx, but was 

sufficient for the measurement of AhpC reacting with 0.5 μM H2O2 in the 

presence of 40 μM S128W (conditions exhibiting the smallest change in 

fluorescence measured).  Therefore; the sensitive, redox-dependent 

fluorescence of S128W NTD can be utilized in stopped-flow spectrophotometric 

assays similar to those conducted with Grx1F6W and EcBCP. Kinetic analyses of 

a range of hydroperoxide substrates and AhpC mutants conducted using these 

approaches have been published elsewhere (Parsonage et al., 2008; Parsonage 

et al., 2005). 
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SUMMARY 

We have described two systems in which an amino acid near the redox-

active CXXC motif has been mutated to Trp, mimicking the Trp(s) at the active 

site of Trx. The resultant redox-dependent changes in fluorescence of the 

introduced Trp allow the oxidation of the protein to be monitored directly. We 

have used these two systems to examine the kinetics of two different 

peroxiredoxin enzymes. These principles could be extended to other 

peroxiredoxins with non-Trx reductants, and also to other redox systems where 

there is little or no detectable spectral signal. 
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ABSTRACT 

 

In Escherichia coli, bacterioferritin-comigratory protein (BCP) is a 

peroxiredoxin (Prx) which catalyzes the reduction of H2O2 and organic 

hydroperoxides.  This protein, along with plant PrxQ, is a founding member of 

one of the least studied subfamilies of Prxs.  Recent structural data have 

suggested that proteins in the BCP/PrxQ group can exist as monomers or 

dimers; we report here that, by analytical ultracentrifugation, both oxidized and 

reduced E. coli BCP behave as monomers in solution at concentrations as high 

as 200 µM.  Unexpectedly, thioredoxin (Trx1)-dependent peroxidase assays 

conducted by stopped flow spectroscopy demonstrated that Vmax,app increases 

with increasing Trx1 concentrations, indicating a nonsaturable interaction (Km > 

100 µM).  At a physiologically reasonable Trx1 concentration of 10 µM, the 

apparent Km value for H2O2 is ~80 µM, and overall Vmax/Km for H2O2, which 

remains constant over the various Trx1 concentrations (consistent with a ping-

pong mechanism), is about 1.3 x 104 M-1 s-1.  Our kinetic analyses demonstrated 

that BCP can utilize a variety of reducing substrates, including Trx1, Trx2, Grx1 

and Grx3.  BCP exhibited a high redox potential of -145.9 ± 3.2 mV, the highest 

to date observed for a Prx.  Moreover, BCP exhibited a broad peroxide 

specificity, with comparable rates for H2O2 and cumene hydroperoxide.  We 

determined a pKa of ~5.8 for the peroxidatic cysteine (Cys45) using both 

spectroscopic and activity titration data.  These findings support an important role 

for BCP in interacting with multiple substrates and remaining active under highly 
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oxidizing cellular conditions, potentially serving as a defense enzyme of last 

resort. 
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Like all aerobic bacteria, Escherichia coli must cope with damaging 

endogenous sources of reactive oxygen species (ROS) that result from 

autoxidation of components of the aerobic respiratory chain and byproducts of 

reactions with ferrous iron (Fenton chemistry) (Imlay, 2008).  In addition, E. coli is 

exposed to endogenous ROS released from other bacteria to ward-off non-

commensal intruders as well as macrophages and neutrophils, which release 

ROS as part of their microbicidal arsenals (Eschenbach et al., 1989; Miller and 

Britigan, 1997; Ryan and Kleinberg, 1995).  In response, E. coli employs a 

variety of antioxidant defense mechanisms including proteins such as superoxide 

dismutase and catalase and small molecules such as glutathione.  Included 

among the defenses are a number of proteins that detoxify hydrogen peroxide 

and/or organic hydroperoxides, including KatG (HPI) and HPII (cytosolic and 

periplasmic catalases, respectively), BtuE (a glutathione peroxidase homologue), 

and three distinct members of the peroxiredoxin (Prx) family (Baker and Poole, 

2003).  

Prxs are fundamentally important, highly expressed, cysteine-dependent 

peroxidases found in nearly all organisms. Unlike catalase, which converts H2O2 

to H2O and O2, Prxs convert H2O2 into two H2O molecules with the reducing 

equivalents ultimately coming from NADPH or NADH. In all Prxs, the active site 

(or peroxidatic) Cys (denoted Cp) is located within a conserved (PXXXTXXCp) 

motif (Nelson et al., 2011). This active site Cys reacts with hydroperoxide 

substrates to generate a sulfenic acid [R-SOH, here denoted Cys(O)]. In many 

Prxs, a second Cys (the so-called resolving Cys, denoted Cr) reacts with the 
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Cys(O) to form a disulfide bond that prevents further damaging oxidation of the 

Cp and provides an accessible, disulfide-bonded substrate for recycling by Trx- or 

Trx-like redoxins (Jönsson et al., 2007; Poole, 2005; Poole et al., 2000b). 

Multiple Prxs are often expressed in a given organism, yet they cannot typically 

substitute for one another in knockout experiments. In eukaryotes, the role of 

Prxs clearly extends beyond simple detoxification into such complex phenomena 

as the regulation of cell signaling, resistance toward radiation treatment, and 

tumor suppression, though precise roles and mechanisms of these aspects are a 

major area of research in this field (Neumann et al., 2003; Winterbourn, 2008; 

Wood et al., 2003; Woolston et al., 2011; Zhang et al., 2009). 

E. coli contains three Prxs from three different subfamilies: AhpC 

(Prx1/AhpC subfamily), Tpx (Tpx subfamily), and BCP (also known as 

bacterioferritin comigratory protein) from the BCP/PrxQ subfamily (Nelson et al., 

2011).  AhpC is highly reactive with H2O2, with a kcat/Km of 1.4 x 107 M-1s-1. 

Although it is also able to reduce bulkier hydroperoxide substrates, the Km for 

cumene hydroperoxide (CHP, 107 μM) and t-butyl hydroperoxide (tBHP, 238 μM) 

are significantly higher than for H2O2 (1.4 μM) (Parsonage et al., 2008).  AhpC 

and other Prx1/AhpC subfamily members form homodimers across the β sheet-

extending B-interface, and these dimers further oligomerize into decamers 

across the A-type interface (for “ancestral” or “alternate”) in a redox-sensitive and 

concentration-dependent manner (Hall et al., 2009; Hall et al., 2011; Wood et al., 

2002).  Reduced AhpC is present as a decamer, whereas disulfide-bonded AhpC 

can dissociate into dimers at lower protein concentrations (Wood et al., 2002). 
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AhpF, the specialized reductant for AhpC, accepts electrons from NADH and 

delivers them to AhpC through three redox centers (FAD and two redox-active 

disulfide centers) within tethered Trx reductase-like and Trx-like domains 

(Jönsson et al., 2007; Poole et al., 2000a).  In contrast, E. coli Tpx preferentially 

reduces the bulkier hydroperoxide, CHP [kcat/Km (for peroxide) = 7.7 x 106 M-1 s-1], 

compared with H2O2 (kcat/Km = 4.4 x 104 M-1 s-1) and forms stable dimers across 

the A-type interface in a non-redox sensitive manner (Baker and Poole, 2003).  

Previous studies have shown that E. coli Tpx is reduced by NADPH through 

thioredoxin reductase and Trx1 and is not reducible by Trx2, Grx1, or AhpF 

(Baker and Poole, 2003).  

Much less is known about the substrates and function of BCP, the third E. 

coli Prx family member. The BCP/PrxQ subfamily is one of the least 

characterized Prx subfamilies overall that nonetheless is present across archaea, 

bacteria, and some eukaryotic organisms, including plants and C. elegans. 

(Horta et al., 2010; Nelson et al., 2011; Rouhier and Jacquot, 2005).  

Bioinformatic analyses of Prxs have been facilitated recently by the increasing 

amount of structural and sequence information available for these proteins and 

various studies have suggested that members of the BCP subfamily are most 

similar to the ancestral Prx protein (Copley et al., 2004; Hall et al., 2011; Nelson 

et al., 2011).  Within the BCP/PrxQ subfamily of proteins, the low redox potential 

PrxQ proteins of plant chloroplasts have been studied by several groups and 

have been shown to be important in maintaining photosynthesis within this 

organelle (Dietz, 2011).  E. coli BCP reportedly exhibits low peroxidase activity 
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with Trx1, raising the question of whether this protein might be more active with 

other peroxide or reducing substrates (Jeong et al., 2000). The functional 

importance of this protein has been demonstrated, at least in the human 

pathogen Helicobacter pylori, where it helps establish long term infections within 

the host’s gastric mucosa (Wang et al., 2005).   

Interestingly, the Cr residue has been found in at least four different 

locations across all Prxs (in helices α2, α3, α5 and the C-terminal tail) and can 

involve either an intrasubunit or intersubunit linkage (Copley et al., 2004; Hall et 

al., 2011).  The presence of a Cr is particularly variable in the BCP/PrxQ 

subfamily (Nelson et al., 2011), with members possessing a Cr in helix α2 (54%) 

(Clarke et al., 2009; D'Ambrosio et al., 2009), α3 (like members of the Tpx 

subfamily, 7%) (Liao et al., 2009), or lacking a Cr altogether (<39%).  Where Cr is 

missing (in the so-called “1-Cys” enzymes), less is understood about the 

reductive recycling pathways, but small molecule thiols like glutathione, or thiol 

groups from other proteins like redoxins may be involved (Clarke et al., 2010; 

Nelson et al., 2011).  E. coli BCP is representative of the largest group of 

BCP/PrxQ proteins, with the Cr located 5 residues after the Cp in helix α2 (Clarke 

et al., 2009; Copley et al., 2004).  Reports to date have concluded that E. coli 

BCP is a monomeric protein, although the recent finding that BCP/PrxQ 

subfamily members can be dimeric suggests that more rigorous studies of the 

oligomeric state of this protein in solution are warranted (Hall et al., 2011).  
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The present study was designed to gather detailed information about the 

peroxidatic function and biochemical underpinnings of the reactivity of E. coli 

BCP.  Its oligomeric and kinetic properties, substrate preferences (for both 

hydroperoxide and reducing substrates), redox potential and pKa for Cp were all 

investigated and found to support a broad substrate specificity and wide 

tolerance of varying cell conditions.  For example, this enzyme is less dependent 

than the other two Prxs (AhpC and Tpx) on specific reducing pathways, which 

may be compromised under conditions that would render other oxidant defenses 

less active.  As a high potential redoxin, it is also poised to remain reduced under 

highly oxidizing conditions that would likely compromise other defense systems 

within the cell.  
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METHODS 

 

Cloning and Mutagenesis of BCP From E. coli.  The BCP structural gene 

(GenBank accession number EU897604.1) was amplified by PCR from E. coli 

XL1-Blue cells. The resulting PCR product was purified from an agarose gel 

using the QIAquick gel extraction kit (QIAGEN) and ligated into the pCR-Blunt-

TOPO PCR cloning vector (Invitrogen) following the manufacturer’s protocol. The 

sequence and orientation of the insert was confirmed by plasmid sequencing. 

The resulting plasmid was digested with EcoRI and BamHI, the digested 

fragments were gel purified and the BCP-encoding fragment was ligated into 

pTrc99A (Amersham Pharmacia Biotech Inc, Piscataway, NJ) to generate the 

wild-type BCP expression construct. 

BCP mutagenesis (C45S, C50S, C99S, and C50S/C99S) was performed 

using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene) following the 

manufacturer’s protocol. All mutations were confirmed by sequencing of the 

entire BCP-encoding insert. 

 

Protein Expression and Purification.  For all protein preparations, cells were 

lysed by passage through an Avestin EmulsiFlex-C5 and cell debris was 

removed by centrifugation at 40,000 × g for 40 min.  Purification procedures were 

carried out at 4 oC, unless indicated otherwise.  All chromatography, unless 

noted otherwise, was accomplished using an Akta Explorer 10S Air FPLC system 

(GE Healthcare).  
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Wild-type E. coli BCP was expressed from TA4315 cells, which lack 

AhpC, the major Prx of E. coli (Storz et al., 1989); all BCP mutants were 

expressed and purified from E. coli  strain JW2465, from the Keio collection, 

which has a confirmed knockout in BCP (Baba et al., 2006). Cells were grown at 

37 oC in 6 L of LB medium containing 100 μg/mL ampicillin to an A600 of 0.6, then 

induced for 18 h with 0.8 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG). 

Cells were harvested and resuspended in 50 mM potassium phosphate with 1 

mM EDTA at pH 7.0 (Buffer A) and lysed as described above.  The nucleic acids 

were removed from the cleared lysate by the addition of 1% (w/v) streptomycin 

sulfate and centrifugation at 18,000 × g for 20 min.  The resulting supernatant 

was applied to a Q-Sepharose HP (GE Healthcare) column equilibrated with 

Buffer A and eluted using a linear gradient from 0 to 1.0 M NaCl. Fractions were 

pooled, concentrated, and loaded onto a 250 mL Superose 12 prep grade (GE 

Healthcare) gel filtration column equilibrated with Buffer A (except lacking EDTA).  

Fractions were pooled and loaded onto a 10 mL CHT Ceramic Hydroxyapatite 

(Bio-Rad Laboratories) gravity-flow column equilibrated with 5 mM sodium 

phosphate at pH 7.0.  The column was washed using a stepwise concentration 

gradient of 50 and 100 mM sodium phosphate, and BCP was eluted at 200 mM 

sodium phosphate.  Fractions containing purified BCP (~180 mg) were pooled 

and stored as 10 mg/mL aliquots at -80 oC.  Mutant BCP proteins were 

expressed and purified essentially as described for wild type, except that 2 mM 

dithiothreitol (DTT) was present during all steps of the purification, as previously 
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required to avoid oxidative damage for similar mutants of AhpC and Tpx lacking 

the resolving Cys (Baker and Poole, 2003; Nelson et al., 2008).  

To obtain pure Trx1, W3110 cells containing pDL59ΔT4 (Veine et al., 

1998), a Trx1-expressing, heat inducible plasmid, were grown at 30 oC in 6 L of 

2×YT media in the presence of ampicillin (100 μg/mL) to an A600 of 0.6, then 

switched to growth at 42 oC for 18 h.  Trx1 was purified as previously described 

(Lennon and Williams, 1995), except that the crude extract was heated at 65 °C 

for 20 min, and then centrifuged before chromatography with Q-Sepharose HP 

and Superose 12 prep grade columns.  Purity was verified by SDS 

polyacrylamide gels and pure Trx1 was concentrated and stored as 10 mg/mL 

aliquots at -80 oC. 

Grx1 was expressed with a removable, N-terminal His tag in E. coli BL21 

(DE3) and purified as described previously (Yamamoto et al., 2008).  Briefly, the 

fusion protein was purified on a HiTrap Chelating HP column (GE Healthcare), 

cleaved with thrombin, and applied to a Superose 12 prep grade column .  The 

F6W mutant of Grx1 (Grx1F6W) was expressed and purified from C41 (DE3) E. 

coli cells as previously described (Parsonage et al., 2010b). 

Trx2 with an N-terminal His-tag was expressed in DHB4 E. coli cells 

transformed with plasmid DR1000 containing trxC in a pET15b vector (Ritz et al., 

2000). Cells were grown at 37 oC to an A600 of 0.6 and induced with 0.8 mM 

IPTG for 18 h. The Trx2 protein was purified and the His-tag was removed 

essentially as described above for Grx1. 
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Grx3 was expressed from pRO1 (grxC in a pBAD33-derived plasmid) 

(Ortenberg et al., 2004) harbored within DHB4 E. coli and purified based on 

previous methods (Åslund et al., 1994; Nordstrand et al., 1999).  Briefly, 6 L of 

cell culture induced for protein expression by addition of 0.02% arabinose were 

harvested, lysed and treated with streptomycin sulfate.  Chromatographic 

separations used Q-Separose (equilibrated and eluted in Buffer A, except at pH 

8) and Superose 12 columns (also using Buffer A at pH 8). 

Expression of DsbA from E. coli XL1-Blue transformed with pBJ41 

(Bardwell et al., 1991) was induced by overnight growth at 37 °C after addition of 

1 mM IPTG when A600 = 1.  The harvested cells were treated with 300 µg/mL 

lysozyme in buffer containing 20 % sucrose, 20 mM Tris-Cl pH 8.0, and 2.5 mM 

EDTA.  The resulting supernatant after centrifugation was dialyzed against 10 

mM Tris-Cl containing 0.25 mM EDTA at pH 8.0, loaded onto a 55 mL Q 

Sepharose HP column equilibrated with the same buffer, and eluted with a 0-0.5 

M NaCl gradient. Peak fractions containing DsbA were pooled, brought to 1 M in 

ammonium sulfate, and loaded onto a 75 mL Phenyl Sepharose HP column 

equilibrated with 1 M ammonium sulfate, 20 mM Tris-Cl pH 8.0, 0.1 M NaCl.  

DsbA was eluted using a 1 to 0 M ammonium sulfate gradient. Fractions 

containing pure protein were pooled, concentrated and frozen in aliquots at 10 

mg/mL. 

E. coli thioredoxin reductase (TrxR) was purified as previously described 

(Poole et al., 2000a).  Yeast glutathione reductase was purchased from Sigma.   
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Analytical Ultracentrifugation.  Multiple concentrations of both oxidized and 

reduced BCP (25, 33, 50 66, 100, and 200 μM) were analyzed by sedimentation 

velocity experiments using an Optima XL-A analytical ultracentrifuge (Beckman 

Instruments, Palo Alto, CA) outfitted with absorbance optics.  Before analysis, 

BCP was treated with 10 mM DTT for 30 to 60 min, then DTT was removed and 

the buffer was exchanged using a PD10 (GE Healthcare) column (reduced BCP 

sample).  Oxidized BCP was prepared from the freshly reduced protein by 

addition of 10 mM H2O2 for 5 min and exchanged into fresh buffer without H2O2 

using a PD10 column.  Samples were analyzed at 20 °C in double-sectored cells 

in 25 mM potassium phosphate buffer, 1 mM EDTA, and 0.15 M NaCl at pH 7; 

reduced BCP buffers also contained 0.1 mM DTT.  Sedimentation data at 280 

nm were collected every 4 min at rotor speeds of 42,000 rpm and a radial step 

size of 0.003 cm.  Values of 0.73445 and 0.73446 cm3/g for the partial specific 

volumes of reduced and oxidized BCP, respectively, were calculated from their 

amino acid compositions (Laue et al., 1992). The molecular weight was 

calculated using the Svedberg equation (Van Holde, 1971) after extrapolation to 

zero concentration of the corrected sedimentation coefficient (s0
20,w) and the 

translational diffusion coefficient (D0
20,w) obtained using SVEDBERG version 6.39 

(www.jphilo.mailway.com) (Philo, 1997; Philo, 2000). 

 

Kinetic Assays.  Previous NADPH-dependent assays conducted by Jeong et al. 

(Jeong et al., 2000) used a single concentration of Trx1 and amounts of BCP that 

were equivalent to or in excess of the concentration of Trx1; under these 
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conditions, BCP turnover is expected to be limited by the rate of reduction. We 

therefore adapted those assays to measure BCP’s activity with various 

reductants so that each reductant was in 10-fold excess over BCP.  Reactions 

were carried out at 25 oC in Buffer A containing 150 μM NADPH, 0.5 μM BCP, 

and 1 mM CHP; CHP rather than H2O2 was used because H2O2 gave a 

significant background rate of reaction with glutathione under these conditions, 

whereas CHP did not.  Assays with 10 μM Trx1 or Trx2 contained 0.1 µM TrxR.  

Assays with 10 μM Grx1, Grx1F6W, or Grx3 instead contained 1 mM glutathione 

and 1 U/mL glutathione reductase.  Assay mixtures were first prepared without 

CHP, monitored for 1 – 2 min to establish the low background rate, then 

supplemented with CHP to start the BCP-dependent peroxidase reaction.  A340 

was followed for the first 2 min of the reaction on an Agilent 8453 diode array 

spectrophotometer, and initial linear rates were determined to calculate the rate 

of NADPH oxidation using an  ε340 of 6220 M-1 cm-1. 

Bisubstrate kinetic analysis varying both Trx1 and hydrogen peroxide 

concentrations as well as studies to determine BCP specificity with H2O2, 

cumene hydroperoxide (CHP), or t-butyl hydroperoxide (tBHP) with both Trx1 

and Grx1 were performed using an Applied Photophysics SX.18MV stopped-flow 

spectrophotometer.  First, Trx1 (or Grx1F6W) and BCP were prereduced by 10 

mM DTT for 1 h, and excess DTT was removed by using a PD10 size exclusion 

column (GE Healthcare).  Pre-reduced BCP was mixed in one syringe with either 

Trx1 or Grx1 and the reaction buffer (Buffer A, present in both syringes); 

peroxide was added to the second syringe.  After mixing, the rate of reaction was 
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measured by monitoring the change in fluorescence of Trx as it is oxidized, with 

excitation at 280 nm and emission >320 nm (using an emission filter).  Initial 

rates for the fluorescence changes at each Trx or Grx concentration were 

converted to µM peroxide reduced per second per µM BCP using Equation 1. 

  

 

 [Trx1] and [BCP] are the final micromolar concentrations of these proteins, and 

ΔF is the maximum Trx1 fluorescence signal change (in V) in the presence of 

excess peroxide for the same Trx1 concentration as that being analyzed. 

The initial rate of fluorescence decrease was determined by linear 

regression of the data during the first 2 seconds of the reaction.  Reported rates 

are averages of three measurements in no less than 3 independent assays 

conducted at 25 oC. 

 

Detemination of Midpoint Reduction (Redox) Potential.  Reduced BCP (50 

μM) was mixed with oxidized DsbA (50 μM) in 100 mM potassium phosphate, 1 

mM EDTA, pH 7.0 and allowed to equilibrate for 6 h at room temperature (an 

equilibration time that was verified to be sufficient in preliminary experiments).  

Although we have previously used a rapid acidification of the sample followed by 

direct separation by HPLC, in this case an additional step of rapid alkylation with 

NEM had to be added to trap free thiol groups and improve separation on HPLC 

[Trx1] 

(ΔF · [BCP]) 
Rate [µM peroxide s-1 (µM BCP)-1]  =  rate (V s-1) ·  
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of the reduced and oxidized species of BCP in the same gradient in which the 

two redox forms of DsbA were resolved.  Thus, samples (50 μL) were quenched 

by adding 50 μL of 200 mM N-ethylmaleimide (NEM) for 2 min, followed by 

addition of a 10% volume of 1 M phosphoric acid, then aliquots were resolved 

using a 4.6 × 250-mm Vydac C4 HPLC column.  Protein components were 

separated using a shallow gradient of acetonitrile (50 to 60% acetonitrile for 60 

min, then 60 to 82% for another 102 min), with 0.08–0.1% trifluoroacetic acid in 

both solvents, at a flow rate of 0.5 mL/min and room temperature.  The locations 

of the peaks for the reduced and oxidized species were determined using 

standards for each protein, and quantitation of the proteins was based on the 

peak area for each species.  The redox potential was calculated by using a 

derivation of the Nernst equation (Equation 2) and a value of -110 mV (range -

122 to -100 mV) for the DsbA redox potential (Hawkins and Freedman, 1991; 

Lundstrom and Holmgren, 1993; Wunderlich and Glockshuber, 1993) . 

In separate experiments, oxidized BCP was mixed with reduced DsbA and 

incubated for 12 and 24 h at room temperature to ensure complete equilibration 

of the two proteins (Parsonage et al., 2008).  

 

Stability and pKa Analysis of BCP.  The pKa of BCP (wild type and mutant) was 

determined by measuring the change in the ε240 between pH 3 and 9, following 

Eo´ (BCP) = Eo´(DsbA) + (RT/nF) ln
[DsbAox] · [BCPred]

[DsbAred] · [BCPox]
Equation 2 
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confirmation that the protein was stable across this pH range (retained full activity 

when shifted back to pH 7), essentially as previously described (Nelson et al., 

2008).  For pKa analysis, BCP was first reduced with 10 mM DTT for 10 min, then 

excess DTT was removed using a PD10 column pre-equilibrated with 5 mM 

potassium phosphate and 1 mM EDTA at pH 7.  The concentration of reduced 

BCP was determined using an ε280 of 15,400 M-1 cm-1.  BCP was diluted to a final 

concentration of 25 µM into citrate-borate-phosphate (CBP) buffer containing 10 

mM of each component (sodium citrate, boric acid, and sodium phosphate), 100 

mM sodium chloride, and 0.1 mM diethylene triamine pentaacetic acid (DTPA) at 

various pH values between 3 and 9; the final pH value of each solution was 

determined after mixing.  At each pH, the absorbance values at 240 and 280 nm 

were measured with an Agilent 8453 diode array spectrophotometer and the ε240 

was calculated assuming that the ε280 value of 15,400 M-1 cm-1 remained 

constant across the pH range.  The ε240 values were plotted versus pH and the 

pKa was determined by direct fit to equation 3: 

 

                    y = [(A x 10pH) + (B x 10pKa)] / (10pKa + 10pH)         Equation 3 

 

where y = ε 240, A = the upper plateau at high pH (ε 240 for the deprotonated 

form), and B = the lower plateau at low pH (ε240 for the protonated form). 

The pKa of BCP was also determined by measuring the pH dependence of 

BCP peroxidase activity. The rate of peroxide disappearance was measured 
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using the FOX assay to assess peroxide levels (Jaeger et al., 1994).  Pre-

reduced BCP was diluted to 40 µM in 2X CBP buffer at various pH values 

between 4.5 and 8 and the assay was started by the addition of an equal volume 

of 80 µM H2O2, resulting in a final volume of 25 µL. The reaction was quenched 

at various times between 0 and 15 s by the addition of 1 mL FOX reagent 

(Jaeger et al., 1994). The absorbance at 560 nm was determined using the 

Agilent spectrophotometer and the amount of peroxide remaining in the solution 

was calculated by comparison with standard solutions of H2O2. 
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RESULTS AND DISCUSSION 

 

E. coli BCP Is a Monomer In Solution Even At Concentrations Up To 

200 µM.  Of the six described subfamilies of Prx proteins, only the proteins within 

the BCP/PrxQ class of Prxs are described as monomeric.  Although this was 

originally thought to be characteristic of the subfamily as a whole, recent 

crystallographic analyses have demonstrated that some members of the 

BCP/PrxQ group are indeed dimeric (Hall et al., 2011).  In fact, the oligomeric 

state of E. coli BCP in solution over a range of concentrations has not been 

rigorously tested, although intersubunit disulfide bond formation was ruled out by 

SDS polyacrylamide gel analysis and high resolution mass spectrometry (MS) 

(Clarke et al., 2009; Jeong et al., 2000).  We therefore used analytical 

ultracentrifugation analyses to determine the oligomeric state of reduced and 

oxidized BCP in solution up to concentrations as high as 200 µM.  As shown in 

Figure 3-1, both redox forms of BCP exhibit sedimentation coefficients around 2 

Svedbergs; together with the diffusion coefficient measured from the same 

experiments, these data and the Svedberg equation yield shape-independent 

molecular masses of 19.4 and 22.2 kDa for reduced and oxidized BCP, 

respectively (given a theoretical mass for E. coli BCP of 17502.7 g/mol).  No 

evidence of higher order species was observed.  Thus, in either redox state, E. 

coli BCP remains monomeric in solution even at very high concentrations. 

As alluded to above, of the structural representatives of the BCP/PrxQ 

subfamily characterized by X-ray crystallography to date, four were monomeric, 
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while two members crystallized as dimers (through the A-type interface 

commonly used to form PrxV and Tpx subfamily dimers).  Unfortunately, no peer-

reviewed publications have resulted from the dimeric structures of these 

Aeropyrum pernix (PDB codes 2cx3 and 2cx4) and Sulfolobus tokadaii BCP 

proteins (PDB code 2ywn), so limited information is available. 
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Figure 3-1. Sedimentation velocity studies of reduced and oxidized wild-type 
BCP. Analytical ultracentrifugation studies of BCP proteins were carried out by 
centrifugation at 42,000 rpm, 20 °C, and neutral pH as described in Experimental 
Procedures.  Global analyses of the 280 nm data employed Svedberg software 
to give the g*(s) distributions for both the reduced and oxidized BCP.  Data for 
reduced (open circles), and oxidized (closed circles) wild-type BCP at 50 µM 
were fit to a single-species model.  Molecular weights derived from extrapolated 
and corrected s and D values the Svedberg equation were 19.4 kDa for reduced 
BCP and 22.2 kDa for oxidized BCP.  Results show no evidence of the formation 
of dimers or higher multimers. 
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E. coli BCP Exhibits Nonsaturable Interactions With Trx1 and Broad 

Specificity For Peroxide Substrates.  Previous assays conducted by Jeong et 

al. (Jeong et al., 2000), which used a single concentration of Trx1 at 0.8 µM and 

amounts of BCP that were equivalent to or in excess of the concentration of Trx1, 

yielded apparent Vmax values for BCP with H2O2 of 7 µM peroxide substrate 

reduced min-1 (µM BCP) -1.  Our initial assays of E. coli BCP with Trx1 in excess 

yielded rates higher than those previously reported; furthermore, rates with Trx1 

concentrations up to 40 µM continued to increase, with no evidence of saturation 

(Table IV).  A range of assays were therefore employed to better establish the 

kinetic attributes of this system. 

As the BCP reaction can monitored directly by the loss of Trx1 

fluorescence as it becomes oxidized, we carried out a bisubstrate kinetic analysis 

of BCP with H2O2 and Trx1 using a stopped-flow spectrofluorometer to monitor 

turnover.  Under these conditions, an increase in Vmax,app and Km,app for H2O2 was 

observed with increasing Trx1 concentrations up to 80 µM, indicating an 

interaction between the reductant and BCP that is non-saturable under 

physiologically reasonable concentrations (Figure 3-2, a and b).  Extrapolated 

values from global fits of all the data for the Km for Trx and for Vmax are far outside 

the range of the data, at about 500 µM and 64 s-1, respectively.  Nonetheless, 

Hanes-Woolf treatment of the data is consistent with a ping-pong mechanism 

(Figure 3-2c).  This lack of saturation with Trx1 demonstrates a major difference 

between BCP and many other Trx-dependent Prxs including Tpx from E. coli; the 

latter protein interacts saturably with Trx1 during turnover with peroxide  
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Table 3-I.  Steady-state Kinetic Parameters of BCP with varying [H2O2] and [Trx]a 

[Trx] Vmax, app Km, app for H2O2 (Vmax/Km)app 

µM (µM/s)/ µM BCP µM M-1 s-1 

10 
1.31 ± 0.05b 92.2 ± 18.5b 1.42 x 104 

1.24 ± 0.02c 76.1 ± 3.9c 1.63 x 104 

20 2.58 ± 0.10 226 ± 31 1.14 x 104 

40 4.65 ± 0.10 332 ± 23 1.40 x 104 

80 8.23 ± 0.23 633 ± 44 1.30 x 104 

 
a Corresponding plot shown in Figure 3-2a. 
b Kinetic parameters obtained at 10 µM Trx with this set of assays (Fig. 1), using 100 to 
2000 µM H2O2. 
c Kinetic parameters obtained at 10 µM Trx in the assays with varying peroxide 
substrates (Table IV), using 25 to 2000 µM H2O2. 
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Figure 3-2.  Steady state kinetic analyses of E. coli BCP with H2O2 and Trx1.  
Peroxidase activity was measured by mixing various concentrations of E. coli 
Trx1 (prereduced by DTT) and BCP (0.5 μM) in 50 mM potassium phosphate at 
pH 7.0 (with 0.5 mM EDTA) with various concentrations of H2O2 in a stopped-flow 
spectrophotometer at 25 °C. The decrease in Trx fluorescence due to oxidation 
was monitored using a stopped flow spectrofluorometer and converted to initial 
rates as described in Experimental Procedures. Fixed concentrations of Trx1 
assayed over a range of H2O2 concentrations were 10 μM (closed circles), 20 μM 
(open circles), 40 μM (closed squares), and 80 μM (open squares).  Data shown 
in A (plus or minus standard error) are the averages of three independent 
replicates.  Lines through the points show the direct fits to the Michaelis-Menten 
equation for each Trx1 concentration.  B.  Hanes-Woolf plot of v/[H2O2] vs. [H2O2] 
from data shown in panel A and Table IV.  Lines intersecting at the y-axis are 
consistent with a substituted (ping-pong) enzyme mechanism.  C.  Secondary 
plot of 1/Vmax,app vs. 1/[Trx] from data shown in panel A and Table IV.  
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substrates (Km for Trx1 ~ 25 µM) (Baker and Poole, 2003).  Two other BCP/PrxQ 

subfamily members, from Xylella fastidiosa and poplar, were examined using 

similar kinetic approaches and also exhibited saturable interactions with both the 

reducing and oxidizing substrates (Km of 7 and 1.5 µM for their Trx reductants, 

respectively) (Horta et al., 2010; Rouhier et al., 2004), indicating that saturability 

by Trx1 is at least sometimes observed for members of the BCP/PrxQ subfamily.   

Although the values for Vmax,app and Km,app for H2O2 changed with the 

concentration of Trx1 used, the (Vmax/Km)app for H2O2 remained constant over the 

various Trx1 concentrations used as expected for a ping pong mechanism, giving 

an overall value of about 1.3 x 104 M-1 s-1 (Table IV).  This matches well with the 

value of Vmax/Km for H2O2 obtained as the reciprocal of the y intercept in the 

Hanes Woolf plot (1.2 x 104 M-1 s-1 ), an alternative way to analyze steady state 

kinetic data (Figure 3-2c). This value is in the same range as the values of about 

4 x 104 M-1 s-1 and 8 x 103 M-1 s-1 obtained for the X. fastidiosa and poplar PrxQ 

proteins, respectively (Horta et al., 2010; Rouhier et al., 2004), and rather higher 

than the original estimate of 2.45 x 103 M-1 s-1 for E. coli BCP reported by Jeong 

et al. (Jeong et al., 2000).  This catalytic efficiency is somewhat modest when 

compared with kcat/Km values obtained for Trx-dependent Prxs from other 

subfamilies, which typically exhibit values for their best substrates as high as 107 

or 108 M-1 s-1 (Ferrer-Sueta et al., 2011; Parsonage et al., 2008).  Interestingly, E. 

coli Tpx, which reduces organic hydroperoxides much more efficiently, has a very 

high Km for H2O2 (~ 1.7 mM) and consequently a very similar kcat/Km value for 

H2O2 (4.4 x 104 M-1 s-1) compared with BCP (Baker and Poole, 2003). 
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In order to directly compare E. coli BCP activity with different peroxide 

substrates, a physiologically reasonable Trx1 concentration of 10 µM was chosen 

for these analyses [based on cellular concentrations of around 10 to 30 µM 

(Holmgren, 1981; Holmgren et al., 1978)].  Using Trx1, the apparent Km value for 

H2O2 is ~80 µM and similar to the value obtained for cumene hydroperoxide; the 

Vmax,app for these two substrates is also very similar (Table IV).  A related 

hydroperoxide substrate lacking the aromatic ring, but with a methyl group in its 

place, t-butyl hydroperoxide, is a very poor substrate under these conditions 

(Table V and Figure 3-3).  The similarity between H2O2 and cumene 

hydroperoxide as substrates, and the demonstration that t-butyl hydroperoxide is 

a worse substrate for E. coli BCP, is quite similar to the trend seen with the 

kinetically-characterized PrxQ enzymes from X. fastidiosa and poplar, although 

the differences between the two organic hydroperoxides were not so striking in 

those cases (Horta et al., 2010; Rouhier et al., 2004). 
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Table 3-II.  Steady-state Kinetic Parameters of BCP Using 10 µM Trx1 or Grx1F6W  and 

Varying Hydroperoxide Substrates Measured By Stopped Flow Fluorescence Analysis 

Protein 

Reductant, at 

10 µM 

 

ROOH a Vmax, app Km, app for ROOH Vmax/Km 

  (µM/s)/ µM BCP µM M-1 s-1 

Trx1 H2O2 1.24 ± 0.02 76.1 ± 3.9 1.6 x 104 

 CHP 1.21 ± 0.02 99.5 ± 5.2 1.2 x 104 

 t-BHP (1.6 ± 2.2)b (6800 ± 11000)b 2.3 x 102 

Grx1F6W H2O2 0.104 ± 0.006 14.6 ± 4.9 7.1 x 103 

 CHP 0.128 ± 0.002 21.6 ± 1.3 5.9 x 103 

 t-BHP 0.124 ± 0.039 574 ± 294 2.2 x 102 

a Abbreviations for hydroperoxide substrates are CHP for cumene hydroperoxide and t-
BHP for t-butyl hydroperoxide. 
b Because of a very high apparent Km, these values are poorly determined; data 
gathered included t-BHP concentrations up to 2 mM. 
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Figure 3-3. Stopped-flow spectral analysis of E. coli BCP peroxidase activity 
utilizing various ROOH and either Trx1 or Grx1F6W as reductant.  The rates of 
reaction were measured by monitoring the change in fluorescence of oxidized 
Trx1 (panel A) or Grx1F6W  (panel B) with excitation at 280 nm and emission > 
320 nm.  The reaction was initiated (with both syringe contents in 50 mM 
phosphate buffer with 1 mM EDTA) by mixing 10 µM of reductant (Trx1 or 
Grx1F6W plus 0.5 µM BCP in one syringe with varying concentrations of the 
hydroperoxide substrate in the other syringe (all concentrations given are after 
mixing).  Shown are the initial rates (average ± standard error) plotted against the 
various peroxide substrate concentrations used for H2O2 (▲, 25-500 µM), 
cumene hydroperoxide (●, 25-500 µM), and t-butyl hydroperoxide (■,100-500 
µM).  The steady state parameters obtained from these plots are given in Table 
IV. 

A 

B 
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Multiple Trx and Grx Proteins Are Functionally Relevant Reductants 

of E. coli BCP.  Although most Prxs which use Trx substrates for reductive 

recycling do not show significant activity with Grx proteins (smaller, CXXC-

containing Trx-fold proteins present in many organisms), some degree of 

overlapping substrate specificity between these reductants and specific Prxs has 

been observed, e.g. in a plant PrxII subgroup member from poplar phloem (in the 

PrxV subfamily) (Rouhier et al., 2002; Rouhier et al., 2001) and in members of 

the BCP/PrxQ subfamily (Clarke et al., 2010; Rouhier et al., 2004).  Other cases 

where a Grx is or may be the physiological reductant of a Prx include the 

bacterial Prx-Grx hybrid proteins within the Prx5 subfamily (Kim et al., 2003; 

Rouhier and Jacquot, 2003), and an unusual system from Clostridium 

pasteurianum where the Prx1/AhpC protein (denoted Cp20) is recycled by Trx 

reductase (Cp34) and Grx (Cp9) related proteins expressed from the same 

operon (Reynolds et al., 2002).  There is also a second Trx protein in E. coli, 

Trx2, which has distinct properties from Trx1 (El Hajjaji et al., 2009) and has not 

previously been investigated as a potential BCP reductant.  To quantitatively 

evaluate the specific contributions of Trx- and Grx-linked pathways to recycling of 

E. coli BCP during turnover with peroxides, we expressed and purified both Trx 

proteins (Trx1 and Trx2), as well as the two small, CXXC-containing Grx proteins 

from E. coli (Grx1 and Grx3).  The two Grx proteins that were not evaluated were 

Grx2, which is much larger and more closely related to the glutathione S-

transferases (Ladner et al., 2004; Xia et al., 2001), and Grx4, which is a 

“monothiol” Grx with CXXS at the active site instead of CXXC (Fernandes et al., 
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2005).  Multicomponent, NADPH-dependent assays were used, keeping 

conditions as nearly identical as possible.  These assay mixtures all contained 

NADPH, a low amount of BCP (0.5 µM), 1 mM cumene hydroperoxide, and 10 

µM of the reductant being tested; assays also included either TrxR (0.1 µM), or 

glutathione (1 mM) and glutathione reductase (1 U/mL), as the recycling systems 

for Trx and Grx, respectively.  AhpF, the physiological reductant of AhpC, was 

also tested in similar assays but exhibited no detectable activity with BCP (not 

shown).  Under these conditions, the most active reductant (Trx1) differed less 

than 6-fold from the least active (Grx3) in rate of turnover (Figure 3-4a).  In order 

to get an idea of how much each reductant might be expected to contribute 

toward the reductive recycling of E. coli BCP in vivo, previously published data 

regarding the abundance of each reductant during exponential or stationary 

phases of growth (Potamitou et al., 2002) were combined with these rates to 

estimate their relative contributions in E. coli (Figure 3-4b).  Thus, because of its 

abundance, Grx3 is likely to contribute more toward BCP reduction than Grx1 

even though it exhibits a more moderate rate of turnover with BCP (Figure 3-3a 

and b).  This data treatment does not take into account, however, that under high 

oxidative stress conditions, when OxyR is activated and transcriptionally 

upregulating trxC (Trx2) expression, the level of Trx2 can actually rise to a point 

where it becomes more abundant than Trx1 (Ritz et al., 2000), thus suggesting 

that all four of these reductants may contribute meaningfully to the cellular 

reducing power that sustains BCP peroxidase activity.  
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Figure 3-4.  Reductants of E. coli BCP.  Thioredoxin (Trx) and glutaredoxin (Grx) 
proteins from E. coli were assayed with BCP in a common buffer that differed only in the 
appropriate regeneration system for each (Trx reductase, or glutathione reductase and 
glutathione, respectively).  Assays were conducted in 50 mM phosphate buffer (pH 7.0) 
with 1 mM EDTA, 150 μM NADPH, 0.5 μM BCP, 1 mM cumene hydroperoxide, and 10 
μM Trx1, Trx2, Grx1 or Grx3.  For Trx-linked assays, 0.3 µM E. coli Trx reductase was 
also added; the Grx-linked assays were supplemented instead with 1 mM reduced 
glutathione and 1 U/mL glutathione reductase.  Activity was monitored 
spectrophotometrically at 340 nm and initial rates were used to calculate the amount of 
NADPH oxidized per min normalized to the amount of BCP added.  Shown are averages 
from at least three experiments ± standard error.  Also tested was a reductant system 
including NADH and AhpF in addition to the BCP and peroxide, but no activity was 
observed and thus this result is not included in the plot.   In panel B, abundance in 
ng/mL for each protein (Potamitou et al., 2002) was multiplied by the rate reported in 
panel A, and the product was normalized to 1.0 for Trx1.                                             
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As previously established in studies of AhpC and other Prxs, assays which 

utilize only one concentration of reductant and/or one concentration of peroxide  

may give somewhat deceptive results (Parsonage et al., 2008).  Therefore, we 

focused our efforts on conducting a full kinetic analysis with E. coli Grx1 varying 

both reductant and peroxide, as was done above for Trx1.  Initial experiments 

established, however, that the low fluorescence emission of Grx1, in combination 

with a similar fluorescence signal being contributed by BCP, even at low 

concentration, obviated use of a similar approach to that used with Trx1 (Figure 

3-2) (Parsonage et al., 2010b).  To circumvent this problem, we engineered a 

new fluorescent tryptophan into Grx1 in a position near the active site CXXC 

where a bulky residue was already present, creating the F6W mutant of this 

protein.  This mutant is highly fluorescent, and the fluorescence changes 

substantially with redox state (Parsonage et al., 2010b).  As verified by the 

commonly used HED assays for Grx proteins, the mutant Grx1F6W exhibited 

equivalent activity compared with the wild type protein using this small molecule 

substrate (Parsonage et al., 2010b).  In an extension of these studies, the same 

multiprotein assays used above to compare the various Trx and Grx reductants 

(Figure 4-3) established that the mutation caused little, if any, change in activity 

in a full peroxidase assay with BCP and peroxide (15.8 ± 1.5 for the F6W mutant 

compared with 17.4 ± 1.9 µM s-1 (µM BCP)-1 for the wild type Grx1).  Using the 

full bisubstrate analysis of BCP with various concentrations of Grx1F6W and 

peroxides, we found that the catalytic efficiency (Vmax/Km) of BCP with H2O2 is 

within about two-fold of this value with Trx1 (7.1 x 103 M-1 s-1), and the relative 
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reactivities with the different hydroperoxide substrates using Grx1 mirrors that 

with Trx1 (Table IV and Figure 3-2).  Nonetheless, the Vmax,app and the Km,app 

values for peroxides are both lower with Grx1 than with Trx1; this may reflect a 

greater limitation in the reductive recycling of BCP by Grx1 than by Trx1, yielding 

an “artificially” lower Km,app value for H2O2 than would be observed with a better 

reductant or poorer peroxide substrate (supported by data in Table V). 

Previous studies have demonstrated that the E. coli Prx with greatest 

activity on organic hydroperoxides, Tpx, is functional only with Trx1 and not Trx2 

or Grx1 (Baker and Poole, 2003).  To establish whether or not broad reductant 

specificity is unique (among the E. coli Prxs) to BCP, we also investigated the 

ability of S. typhimurium AhpC (closely related to the E. coli enzyme) to function 

with Trx1 and Grx1 as alternatives to its native reductant, AhpF.  Although 

turnover with H2O2 can be observed with AhpC in the presence of E. coli Trx1, 

the interaction between these two proteins to support catalysis is non-saturable 

using Trx1 concentration up to 30 µM.  Picking a single concentration of 10 µM 

for Trx1 and the S128W mutant of C-terminally truncated AhpF used in stopped 

flow assays with AhpC (Parsonage et al., 2005), the apparent Vmax with H2O2 is 

much lower with Trx1, at about 1.7% of the value with the AhpF derivative.  The 

rate of reaction of AhpC with H2O2 in the presence of Grx1 is even lower.  

The Midpoint Reduction Potential of BCP is Very High, Consistent 

With High Reactivity of This Protein Toward Multiple Reductants.  The 

midpoint reduction (redox) potentials of the two Trx and two Grx proteins studied 

above vary widely (-198 mV for Grx3, -221 mV for Zn-replete Trx2, -233 mV for 
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Grx1 and -284 or -270 mV for Trx1) (Åslund et al., 1997; El Hajjaji et al., 2009), 

but all act as rather efficient reductants of BCP during turnover with peroxides.  

However, the only known redox potential for members of this Prx subfamily is for 

the poplar PrxQ protein, at -325 mV  (Rouhier et al., 2004), a very low redox 

potential that would hinder electron transfer from all but the most reducing of the 

Trx/Grx proteins.  In the plant chloroplast, this redox potential is well suited to the 

role of Prxs in protection against oxidants where the Prx must be compatible with 

the unique, light-driven redox cycles of this photosynthetic organelle (Dietz, 2011; 

König et al., 2002).  As BCP functions, instead, in the cytoplasm of E. coli, it was 

important to determine the redox potential for E. coli BCP to better understand its 

functional attributes contributing to catalysis. 

To determine the redox potential of BCP, we modified an approach used 

successfully in our hands to determine the redox potentials of two bacterial AhpC 

proteins (Parsonage et al., 2010a; Parsonage et al., 2008) in which a protein of 

unknown potential is equilibrated with another of known potential and the amount 

of oxidized and reduced species in the equilibrated mixtures can be used to 

calculate the redox potential of the unknown protein using a derivation of the 

Nernst equation (Åslund et al., 1997).  When BCP was equilibrated with Grx1, an 

approach that worked well for the two AhpC proteins, Grx1 was fully oxidized and 

BCP was fully reduced, indicating that the redox potential of the BCP was more 

than 50 mV higher than that of the test protein (data not shown).  We then 

expressed and purified E. coli DsbA for the equilibration as it has a much higher 

redox potential (see Experimental Procedures).  Briefly, reduced BCP and 
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oxidized DsbA at pH 7 and room temperature were mixed, equilibrated for 6 h 

(an equilibration time that was verified to be sufficient in preliminary 

experiments), quenched by addition of NEM followed by acid, then resolved by 

HPLC to quantify the respective redox forms of the two proteins (Figure 3-5, red).  

In three independent replicates, a value for the redox potential of BCP of -152.6 ± 

1.2 mV was obtained.  Similarly, three replicates of the reverse experiment 

(reduced DsbA mixed with oxidized BCP) yielded a redox potential of -139.2 ± 

2.2 mV (Figure 3-5, blue).  Averaging all values yielded a final redox potential 

value of -145.9 ± 3.2 mV for E. coli BCP.  This value is the highest determined 

redox potential for a Prx to date, and strikingly different from the poplar PrxQ in 

the same subfamily, which is the lowest reported value among all Prxs studied so 

far (Dietz, 2011; Dietz et al., 2006; Rouhier et al., 2004).  Like the values 

previously obtained for T. pallidum AhpC and S. typhimurium AhpC (-192 ± 2 and 

-178 ± 0.4 mV) (Parsonage et al., 2010a; Parsonage et al., 2008), this is a 

relatively high redox potential compared with those of many other redox disulfide-

containing proteins, and is consistent with the reduction of BCP being 

thermodynamically favorable with a wide range of reductants. 

  



132 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5.  HPLC profile of the separation of equilibrated reduced and oxidized 
forms of E. coli BCP and DsbA to determine redox potential.  Reduced and 
oxidized TpAhpC and E. coli Grx1 (each at 50 μM) were allowed to equilibrate at 
room temperature in 100 mM potassium phosphate, pH 7.0, with 1 mM EDTA.  
The protein mixtures were quenched with N-ethylmaleimide and phosphoric acid 
and immediately separated by HPLC as described under “Experimental 
Procedures.”  Shown are the chromatograms from mixing reduced BCP with 
oxidized DsbA (red), and, displaced by 7 min and 0.01 absorbance units for ease 
of viewing, reduced DsbA mixed with oxidized BCP (blue).   
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The pKa of the Peroxidatic Cysteine of E. coli BCP Is <6, Similar to X. 

fastidiosa PrxQ, S. typhimurium AhpC and Other Prxs.  To react efficiently 

with peroxides, the Cp in Prxs needs to be deprotonated; therefore Prx activity is 

supported by the lowered the pKa of the Cp.  Before embarking on pKa analyses 

of BCP, we assessed the stability of this protein across a range of pH values to 

avoid conducting uninformative experiments.  Both fluorescence measurements 

to monitor unfolding and experiments to evaluate activity retention after low or 

high pH treatment indicated that BCP is resistant to irreversible denaturation 

across the full pH range from 3 to 9.  This result differs from that with AhpC, 

which showed instability in buffers below pH ~4.2 (Nelson et al., 2008).  

Attempts to measure the pH dependence of BCP activity were made 

through assessment of the competition between BCP and horseradish 

peroxidase (HRP) for hydrogen peroxide (Horta et al., 2010; Nelson et al., 2008; 

Ogusucu et al., 2007), but the apparently slow reaction of BCP under these 

conditions did not allow us to use this approach as it competed very poorly with 

HRP.  We therefore turned to an approach whereby absorbance at 240 nm is 

used to monitor the protonation state of cysteine residues in proteins (Benesch et 

al., 1955; Kortemme et al., 1996; Nelson et al., 2008; Roberts et al., 2005).  

Given the stability results described above, the ε240 was determined for both 

oxidized and reduced wild-type BCP over the pH range between 3 and 9.  While 

the oxidized protein did not exhibit a significant pH-dependent change in ε240, the 

reduced protein exhibited a single apparent pKa value of 5.76 ± 0.08 (Figure 3-

6a).  Although reduced, wild type BCP possesses three cysteinyl residues, data 
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obtained are consistent with titration of only one thiol group, or multiple thiol 

groups with indistinguishable pKa values around 5.8.  As our interest is very 

specifically in the pKa value of the peroxidatic Cys that lies within the active site, 

mutants were prepared removing one (the Cr, Cys50) or both (Cys50 and Cys99) 

of the other Cys residues in the protein by replacing them with Ser.  In each of 

these mutants, the pH dependence of ε240 was shifted slightly to the right, 

yielding values of 6.05 ± 0.07 and 6.16 ± 0.05 for C50S and C50,99S, 

respectively.  In contrast, the mutant lacking Cp (C45S) is much more reminiscent 

of the oxidized protein and seems to lack any clear increase in absorbance as 

the pH increases (Figure 3-6a).  Curiously, the magnitude of the absorbance 

change was very similar for both Cr mutants (C50S and C50,100S) and the wild 

type protein, suggesting that each of these curves reflects primarily, or solely, the 

Cp thiol/thiolate status.  The upward shift of about 0.3 to 0.4 pH units for both 

mutants which lack the Cr likely reflects the moderate influence this residue has 

on the Cp pKa, presumably through structural and electrostatic perturbations near 

the active site imparted by this mutation. 

To provide an independent measure of the pKa of the Cp thiol group, we 

evaluated the rate of reaction of BCP with H2O2 using rapid manual mixing of 

enzyme (20 uM) and substrate (40 uM), quenching of the reaction with the FOX 

reagent, and subsequent spectrophotometric analysis to detect peroxide 

disappearance at time points from 1 to 15 s.  Under these conditions, a first order 

rate of around 0.17 s-1 was obtained at pH 7 which, when divided by the 

concentration of BCP used, yields a second order rate constant of 9 x 103 M-1 s-1, 
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matching well with the Vmax/Km value for peroxide established in the steady state 

assays with Trx1.  As shown in Figure 3-6b, titration of the BCP peroxide 

reactivity gave a remarkably similar pKa value of 5.87 ± 0.16, strongly supporting 

the interpretation that the pKa value of ~5.8 observed for the wild type, reduced 

enzyme by monitoring absorbance changes at 240 nm predominantly reflects 

titration of the Cp thiol group.  This pKa value for BCP is quite similar to those of 

other Prxs studied previously (Ferrer-Sueta et al., 2011), including X. fastidiosa 

PrxQ (at 6.2), and S. typhimurium AhpC (at 5.9) (Horta et al., 2010; Nelson et al., 

2008). 
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Figure 3-6.  Effects of pH on absorbance at 240 nm (panels A and B), and 
activity measured by the FOX assay (panel B) for BCP proteins.  To generate 
data shown in both panels, the A240 and A280 values for reduced BCP (25 μM) 
were measured over a range of pH values and converted to ε240 as described in 
Experimental Procedures.  Assuming the change in absorbance reflects a simple 
thiolate:thiol equilibrium, the pKa values were calculated from the plot of ε240 
versus pH by direct fit to Equation 3.  Values shown are for wild type (red circles), 
C50S (blue squares) and C50,99S (black triangles) BCP, along with the 
respective pKa fit curves (solid red, solid blue and dotted black, respectively).  
Data for C45S (green triangles) and oxidized wild type BCP (open circles) are 
also shown.  In panel B, peroxide reduction rates (right axis) were assessed 
using the Fox assay to measure peroxide levels after rapid mixing with BCP 
(over a time course of 1 to 15 s), monitoring the decrease in absorbance at 595 
nm after addition of the reagent (open circles and dotted line for the fit to 
Equation 3).  These data are overlaid with the data from panel A with wild type, 
reduced BCP (closed circles and solid line) to illustrate the agreement between 
these independently-derived apparent pKa values. 
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CONCLUSIONS 
 

With these studies, wild-type BCP from E. coli joins the ranks of the 

relatively few Prxs across the diverse family which can use glutaredoxins as the 

source of reducing equivalents for peroxide reduction (Clarke et al., 2010; 

Reynolds et al., 2002; Rouhier et al., 2002; Rouhier and Jacquot, 2003).  The 

fact that BCP can take advantage of the availability of multiple forms of both Trx 

and Grx, in part due to its very high redox potential, and exhibits activity with both 

small and large hydroperoxide substrates makes it a potentially very important 

back-up system in cells under stress with compromised redox pathways.  This 

functional flexibility may therefore offset the notably slow turnover (with kcat/Km for 

peroxide ~104 M-1 s-1) catalyzed by BCP in the face of two other E. coli Prxs 

(AhpC and Tpx) with higher peroxide specificities and greater activities with the 

preferred substrates.  Interestingly, the present data indicate that BCP reactivity 

by steady state analysis does reflect a slow rate of reaction of the reduced 

enzyme with H2O2 (Fig. 5b).  This is in contrast to the findings with Xylella 

fastidiosa PrxQ, for which the first step of peroxide reaction is actually much 

faster (~107 M-1 s-1) than its overall kcat/Km for H2O2 (~104 M-1 s-1) (Horta et al., 

2010).  Both E. coli BCP and X. fastidiosa PrxQ do, however, stabilize the 

thiolate form of the peroxidatic Cys in the active site to about the same degree 

(pKa values of about 5.8 and 6.2, respectively) (Horta et al., 2010). 

Although the BCP/PrxQ subfamily members can confidently be grouped 

together based on sequence analyses which emphasize features near the active 

site (Copley et al., 2004; Nelson et al., 2011; Soito et al., 2011), they are a very 
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diverse set of proteins spread across much of the phylogenetic tree.  With the 

present data, we note that E. coli BCP has the highest redox potential (-146 mV 

at pH 7), and poplar PrxQ the lowest redox potential (-325 mV at pH 7), among 

all Prxs studied so far, indicating quite different structural attributes for the 

disulfide bonds in these proteins.  It is now clear that some BCP/PrxQ proteins 

are monomeric, while others are dimeric.  Even the second order reaction rate 

with H2O2 is now known to vary by as much as 3 orders of magnitude across the 

subfamily (Horta et al., 2010).  It is perhaps this very “adaptability” that has led to 

the persistence of this subfamily through much of evolution, adapting to fill a 

need in the various organisms that express it (Atack et al., 2008; Hicks et al., 

2010; Jeong et al., 2000; Wang et al., 2005).   
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Peroxiredoxins possess an active site motif centered around a cysteine 

that reacts with peroxides called the “peroxidatic” cysteine or CP.  During the first 

phase of Prx catalysis the CP attacks its peroxide (ROOH) substrate creating both 

sulfenic acid (Cys-SOH) on the enzyme and the reduced ROH product.  After 

sulfenic acid formation, peroxiredoxins return the CPto its active fully reduced 

form by 3 distinct mechanisms; 1-Cys, typical 2-Cys, and atypical 2-Cys (Figure 

4-1) (Wood et al 2003).  In typical and atypical 2-Cys Prxs, sulfenic acid is 

resolved with the formation of a disulfide bond between CP and the resolving 

cysteine (CR) (Ellis and Poole 1997; Jeong et al 2000, Rouhier et al 2002; 

Rouhier et al 2004; Trujillo et al 2006, Clarke et al 2010).  The major difference 

between both 2-Cys mechanisms is the location of the CR.  The typical 2-Cys 

Prxs are dimeric and form intersubunit disulfide bonds with the CR on a second 

subunit to resolve sulfenic acid.  Conversely, in atypical 2-Cys Prxs, an 

intrasubunit disulfide bond is formed between CP and a CR farther down the 

same polypeptide chain. 

BCP/PrxQ subfamily was originally classified based on the presence of a 

CPXXXXCR motif and a highly conserved TPVCTKE motif spanning the CP 

(Copley et al 2004).  The second cysteine; however, is not universally conserved 

in the BCP subfamily (Copley et al 2004, Hall et al 2010, Nelson 2011).  In 

atypical 2-Cys BCPs, the resolving cysteine can be found in 1 of 2 locations: 5 

residues downstream from the CP (CPXXXXCR) or 35 residues downstream from 

the CP in the α3 helix, akin to the Tpx subfamily (Copley et al 2004, Wakita et al 

2007).  The remainder of the BCP/PrxQ proteins employ a 1-Cys mechanism.   
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Figure 4-1. Examples of peroxiredoxin mechanisms.  Depicted are the 3 types of 
mechanisms utilized by peroxiredoxins.  The formation of sulfenic acid on the CP 
is a universal feature among Prxs.  The differences between the mechanisms 
reflect the variations in sulfenic acid reduction. (A) The 1-Cys Prxs are resolved 
by exogenous reducing substrates for reactivation.  (B) In typical 2-Cys, the 
resolving Cys sulfur (SR, red) comes from a resolving cysteine on another 
subunit, thus forming an inter-subunit disulfide bond.  (C) The CR of atypical 2-
Cys Prxs is found on the same subunit.  In all pathways, the Prxs are typically 
recycled by dithiol-containing reductants. 
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The BCP/PrxQ subfamily is suggested to be most representative of the 

ancestral precursor of modern Prxs (Copley et al 2004, Hall et al 2011).  These 

proteins may initially have begun as 1-Cys Prxs and evolved resolving cysteines 

over time, and in different locations.  Other subfamilies exhibit CR conservation 

as high as 99% as is seen for the AhpC subfamily, while the position of the CR 

varies greatly in the BCP/PrxQ subfamily, with 54% in helix α2 and 7% in helix 

α3, leaving 39% as expected 1-Cys (Nelson 2011).  Virtually half the members of 

this group do not possess a resolving cysteine which calls into question not only 

the mechanism of EcBCP, but also the catalytic competence of active site 

disulfide bonds. 

EcBCP possesses the CPXXXXCR motif.  While it has a total of 3 cysteine 

residues (Cys45, Cys50, Cys99), only the mutation of the absolutely conserved 

cysteine (Cys45) resulted in complete loss of thiol peroxidase activity (Jeong et al 

2000).  Additionally, mutating the resolving cysteine still allows for the reduction 

of sulfenic acid in members of other Prxs subfamilies in which the CR location is 

highly conserved; however the reduction reaction does experience decreased 

activity (Ellis and Poole 1997; Rouhier et al 2002; Baker and Poole 2003; 

Rouhier et al 2004; Trujillo et al 2006).  It is entirely possible that EcBCP may 

function as both a 2-Cys and a 1-Cys peroxiredoxin, even in the presence of the 

second active site cysteine (CR).  Analytical ultracentrifugation studies described 

in the previous chapter using reduced and oxidized EcBCP confirmed the 

monomeric nature of EcBCP in solution. Along with data from other investigators 

(Jeong et al 2000, Clarke et al 2009), these studies eliminated the possibility of 
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BCP forming an intersubunit disulfide bond similar to the typical 2-Cys Prxs (see 

previous chapter).   

In mutational studies conducted on a plant BCP homologue (PrxQ), 

researchers discovered that a second mechanism was operable in the presence 

of certain reducing substrates.  In these studies, a resolving cysteine mutant of 

Poplar PrxQ demonstrated increased activity for a reducing substrate (a Grx) that 

the wild-type enzyme could not use (Rouhier et al 2004).  If this extends to 

EcBCP, this enzyme may utilize either a 1-Cys or an atypical 2-Cys mechanism 

depending on the availability of reducing substrates. 

GSH reportedly inhibited Trx-linked turnover of Burkholderia cenocepacia 

BCP (BcBCP), a naturally occurring 1-Cys BCP, due to the formation of an 

irresolvable GSH-BCP complex (Clarke et al 2010).  Clarke et al contend that the 

GSH/Grx system is not efficient for reducing 2-Cys Prxs, yet it is the preferred 

reductant of 1-Cys BCP subfamily members and is capable of inhibiting the 

TrxR/Trx system (Clarke et al 2010).  However, as described in Chapters 2 and 

3, our studies show that Grx1, not GSH, serves as a direct reductant for EcBCP 

(Parsonage et al 2010).  If the GSH/Grx system is the preferred pathway for 1-

Cys BCPs, then EcBCP resolving cysteine mutants (C50S) should only 

demonstrate increased efficiency in Grx-linked peroxidase experiments.  In 

mutational studies of a resolving cysteine mutant of PrxQ, activity increased for 

all reductants, including thioredoxin (Rouhier et al 2004).  These data suggest 

that the presence of a resolving cysteine may sacrifice overall activity in order to 
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protect the CP against over-oxidation by additional equivalents of peroxide 

substrate. 

The first studies regarding peroxidase activity of EcBCP CR mutants were 

conducted in 2000.  Jeong et al conducted mutational experiments on EcBCP to 

determine the functionality of each cysteine residue in the active site.  The 

experiments were strictly aimed at identifying the catalytic cysteine by measuring 

the antioxidant activity of each cysteine mutants.  Their results verified C45 as 

the catalytic cysteine.  Surprisingly, in those studies, the C50S mutant retained 

~80% of its ability to protect against oxidative stress (Jeong et al 2000).  At the 

time, no true Vmax or Km values were given for this activity as neither substrate 

(reductant or H2O2) was varied, but the data suggested a possible 1-Cys 

mechanism for EcBCP (Jeong et al 2000).  Other studies have examined the 

activity of resolving cysteine mutants of EcBCP (Clarke et al 2009), but only with 

the present work, reported herein, have kinetic parameters for EcBCP CR 

mutants been determined. 

Previous studies confirmed disulfide bond formation in oxidized EcBCP, 

but they have yet to definitely prove its formation during turnover or its catalytic 

competence (Jeong et al 2000, Clark et al 2009).  The experiments were not 

conducted in the presence of a reductant and were primarily designed to trap and 

map disulfide bonds.  The data presented in this chapter calls into question the 

necessity for disulfide bond formation between C45 and C50 during EcBCP 

turnover.  In fact, possible mechanisms may differ based on the type of 

reductant, i.e. Trx and Grx, and its availability in vivo.  The studies described in 
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this chapter tested the hypothesis that EcBCP exhibits a 1-Cys peroxidase 

mechanism, but is not limited to this particular mechanism.  Our strategy has 

been to determine the ability of each reductant to reduce disulfide bonds (k4) and 

to measure the formation rates of each intermediate during turnover of EcBCP 

(Figure 4-2).   The relative rate of intramolecular disulfide (k3) formation 

compared to direct intermolecular disulfide formation with each reductant (k2) will 

determine which mechanism is preferred during turnover. 
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Figure 4-2.  E. coli BCP Kinetic Intermediates. An illustration of the various 
EcBCP intermediates and the corresponding rate of formation.  Currently, the 
proposed EcBCP pathway involves k1, k3, k4, and k6.  The k2 pathway represents 
turnover through a 1-Cys Prx mechanism. 
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METHODS 

Mutagenesis, Expression and Purification of Proteins.  All mutations 

were introduced as described previously in Chapters 2 and 3.  The BCP, Trx1 

and Grx1F6W proteins were expressed and purified as described in Chapter 3.  In 

addition, another mutant of Grx1, the C14S mutant (Grx1C14S, which removes the 

resolving Cys of the CXXC active site), was expressed and purified for these 

studies as previously described (Yamamoto et al 2008). 

Stopped Flow Spectral Analysis to Measure Wild-Type and Mutant 

BCP Turnover With Trx and Grx1F6W.  As previously described in Chapter 2, a 

sensitive assay was developed that monitors Trx and mutant Grx1F6W oxidation.  

Pre-reduced Trx1 or Grx1F6W (10 µM final concentrations after mixing), were 

mixed with 0.5 µM EcBCP and the reaction buffer (50 mM phosphate buffer with 

1 mM EDTA at pH 7) in one syringe while varying concentrations (25 µM – 500 

µM) H2O2 were added to the same buffer in the second syringe of an Applied 

Photophysics SX.18MV stopped-flow spectrophotometer.  E. coli BCP 

peroxidase activity was measured by monitoring the change in fluorescence of 

oxidized reductant, with excitation at 280 nm and emission >320 nm (using an 

emission filter).  Fluorescence changes were calibrated by measuring the total 

change in fluorescence upon oxidation of 10 µM Trx or Grx1F6W by excess 

peroxide, described in more detail in Chapter 2, and converted to µM/min using 

Equation 1 in Chapter 3.  The initial rate of fluorescence decrease was 

determined by linear regression of the data during the first 2 seconds of the 
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reaction at 25ºC.  Values for Vmax and Km for peroxide were obtained by fitting the 

experimental data to the Michaelis-Menten equation using Kaleidagraph. 

Analysis of the Rate of Peroxide Reduction (k1) of Wild-type and 

Mutant BCP.  Peroxide reduction rates were assessed using the FOX assay to 

measure peroxide levels at various time points after the addition of wild-type or 

mutant BCP.  Equal volumes (25 µL) of 50 µM H2O2 were added to 25 μM E. coli 

BCP (final concentrations after mixing) in 10 mM Borate-Phosphate-Citrate buffer 

(pH 7 before quenching with 1 mL of FOX reagent after various time points 

between 1 and 15 s.  A standard curve was created by adding FOX reagent to 

known H2O2 concentrations between 10 and 50 µM.  Samples from each reaction 

along with standard curve samples were transferred to 96 well plates and the 

absorbance at 595 nm was measured on a Tecan Sapphire2 plate reader.  Data 

were fit to an exponential decay curve and rates were calculated based on 

observed rates and peroxide concentrations.   

Measurement of Glutaredoxin Complex Formation with EcBCP 

Sulfenic Acid By Gel Shift Assay.  All proteins were first prereduced by DTT for 

1 hr and excess DTT was removed by PD10 column filtration in 50 mM 

phosphate buffer at pH 7. Equal volumes (50 μl) of equimolar concentrations (60 

µM) of EcBCPC50,99S and Grx1C14S were combined.  Next, 100 μl of 60 µM H2O2 

was added, yielding final concentrations of 15 µM reductant and 30 µM H2O2.  

Aliquots were removed at various time points and quenched with 0.2 M N-

ethylmaleimide (NEM). Grx-BCP complex was visualized by resolving the 

samples on a SDS-PAGE gel and staining with GelCode Blue. 
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Measurement of Glutaredoxin Complex Formation with EcBCP 

Disulfide By A Gel Shift Assay.  Proteins were prereduced by DTT for 1 hr and 

excess DTT was removed by PD10 column filtration in 50 mM phosphate buffer 

at pH 7.  Reduced EcBCP was oxidized by incubation with 10 mM H2O2 for 2 min 

in order to generate disulfide bonds.  Excess H2O2 was removed similarly to DTT.  

Equal volumes (50 μl) of equimolar concentrations (20 µM) of oxidized EcBCP 

and Grx1C14S were combined.  Aliquots were removed at various time points and 

quenched with 0.2 M NEM. Grx-BCP complex was visualized after resolution by 

SDS-PAGE as described above. 
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RESULTS 

EcBCP Behaves as a Robust 1-Cys Prx in the Absence of the 

Resolving Cysteine.  To test the ability of BCP to utilize a 1-Cys mechanism 

and to compare the effectiveness of this mechanism with multiple reducing 

substrates, stopped-flow spectral analyses of wild-type and mutant EcBCP 

proteins were conducted using Trx (Figure 4-3a) and Grx1F6W (Figure 4-3b). The 

rate of reaction was monitored by observing decreasing fluorescence associated 

with oxidation of the reductant.  The Vmax rates for C50S and C50,99S mutants 

were up to 2.5-fold and 19-fold faster than for wild-type EcBCP with Trx and 

Grx1F6W, respectively (Table 4-I).  In the previous chapter, Vmax/Km for ROOH 

remained constant across a range of Trx concentrations for EcBCP, which 

established the validity of using this number to compare reductants, even when 

comparing them at a single reductant concentration.  Values for Vmax/Km (ROOH) 

determined for both mutants were <2-fold different than those for wild-type 

EcBCP with both reductants, Trx1 and Grx1F6W (Table 4-1). Interestingly, the 

Vmax/Km values were very similar when comparing EcBCPC50,99S and Grx1F6W with 

wild-type EcBCP and Trx1, the reportedly preferred reductant of EcBCP.  A 

significant loss of activity was typically observed in mutational studies of other 2 

Cys-containing Prx subfamilies and if the BCP/PrxQ subfamily is reminiscent of 

the precursor of modern day Prxs, then it is possible that even 2-Cys members of 

the BCP/PrxQ subfamily may function more efficiently as 1-Cys Prxs (Ellis and 

Poole 1997;  
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Figure 4-3. E. coli BCP utilizes a robust 1-Cys mechanism in the absence of the 
resolving cysteine.  In panel A, the rate of reaction was measured by monitoring 
the change in fluorescence of 10 μM oxidized Trx1 in the presence of 0.5 µM 
EcBCP (wild-type or mutants), and 25-500 µM H2O2 in 50 mM phosphate and 1 
mM EDTA, at pH 7.  In panel B, 10 µM Grx1F6W was used in place of Trx1.  In 
both panels, red represents the data with wild-type EcBCP, blue with EcBCPC50S, 
and black with EcBCPC50,99S. 
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Table 4-I: Steady-state Kinetics Parameters of Wild-Type and Mutant BCP With 

Varying Concentrations Of H2O2 

Protein 

Reductant, at 

10 µM 

 

BCP 
Vmax, app 

(µM/s)/ µM BCP 

Km, app for ROOH 

µM 

Vmax/Km 

M-1 s-1 

Trx1 Wild-type 1.21 ± 0.02 76.1 ± 3.77 1.6 x 104 

 C50S 1.85 ± 0.05 204 ± 17.31 9.1 x 103 

 C50,99S 3.03 ± 0.08 343 ± 21.10 8.9 x 103 

Grx1F6W Wild-type 0.10 ± 0.006 14.6 ± 4.9 7.2 x 103 

 C50S 1.14 ± 0.002 135 ± 1.3 8.4 x 103 

 C50,99S 1.90 ± 0.039 176 ± 294 1.1 x 104 
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Jeong et al 2000, Rouhier et al 2002; Baker and Poole 2003; Rouhier et al 2004; 

Trujillo et al 2006). 

The Rate of SOH Formation (k1) Is Unaffected By the CR.  We 

predicted that the resolving cysteine does not play a significant role in CP 

activation or peroxide activation for attack; therefore, a rapid mix/acid quench 

assay was used to determine the influence of CR on SOH formation by 

measuring H2O2 disappearance in the presence of wild-type and C50,99S 

EcBCP (Figure 4-4).  Under these pseudo-first order conditions (with H2O2 in 

excess), first order rate constant divided by the H2O2 concentration yielded a 

second order rate constant (k1) of wild-type BCP with peroxide (or formation rate 

of SOH) of 6.76 x 103 M-1 s-1, while EcBCPC50,99S exhibited a slightly slower rate, 

at 5.76 x 103 M-1 s-1.  The comparable rates demonstrated between wild-type and 

mutant EcBCP indicate that Cys50 does not affect active site chemistry.  

Therefore, differences in activity between wild-type and mutant can be attributed 

to changes in the rate of disulfide bond formation or reductant interactions.  This 

experiment provided the rate of sulfenic acid formation (k1 in Figure 4-2). 

Measurement of the Formation of the Grx1 Complex With 1-Cys 

EcBCP (k2) by Gel Shift Analysis.  In recently reported studies, Brown and 

coworkers demonstrated that BcBCP (a naturally occurring 1-Cys BCP) was able 

to use GSH as a reductant in combination with Grx1 to reduce the mixed 

disulfide bond between glutathione and BCP (Clarke et al 2010).  Our data, 

described in the preceding chapter, also demonstrated that the Grx system is 

capable of reducing  
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Figure 4-4. Determination of the rate of SOH formation (k1) for the reaction of 25 
µM EcBCP with 50 µM H2O2, in the absence or presence of the CR.  Peroxide 
disappearance was measured after the addition of wild-type or mutant C50,99S 
EcBCP using the FOX acid quench method as described in Chapter 3. Data were 
fit to a single exponential decay curve for both wild-type EcBCP (red) and 
EcBCPC50,99S (blue). 
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oxidized EcBCP; however, this reduction occurs in the absence of GSH, with 

Grx1 serving as the direct substrate (Parsonage et al 2010).  To determine the 

rate of Grx1 disulfide formation with the BCP sulfenic acid (k2), we monitored 

complex formation using gel shift analysis (Figure 4-5).  The reaction mixture 

containing equimolar concentrations of reduced EcBCPC50,99S and Grx1C14S was 

incubated with H2O2 and rapid complex formation was observed. The rate of 

complex formation under these conditions occured at approximately the same 

rate as sulfenic acid formation (Fig. 4-4).  The rate of reaction measured using 

this method depends on both k1 and k2; therefore, higher concentrations of H2O2 

are needed in order to prevent the reaction from being rate limited by k1.  

However, we have an initial indication from these studies that k2 is greater than ~ 

0.3 s-1.   

By comparing k2 with the rate of k3 and k4 once we have them, we will be 

able to determine if sulfenic acid formation alone is sufficient for turnover of 

EcBCP with Grx1, bypassing disulfide bond formation.  In additional experiments, 

wild-type EcBCP will replace the mutant in order to measure complex formation 

in the presence of the resolving cysteine, although initial efforts to determine k2 

values with wild-type EcBCP, described in the next section, suggest that stopped 

flow kinetic approaches will be required.  The experiment conducted with 

Grx1C14S will also be repeated with mutated Trx (C35S) replacing Grx1C14S. 
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Figure 4-5. Determination of the rate of formation of Grx1 in complex with the 
BCP sulfenic acid (k2). H2O2 (30 µM) was added to 15 µM of pre-reduced EcBCP 
(C50,99S) and 15 µM Grx1C14S.  Aliquots were removed at various time points 
and quenched with 0.2 M NEM.  Proteins were resolved by SDS-PAGE and Grx-
BCP complex formation was visualized after staining with GelCode Blue. 

  

Time, s 
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Measurement of the Resolution of Disulfide Bonds in Oxidized 

EcBCP (k4,) By Trx or Grx1.  The next set of gel shift assays was designed to 

measure the reduction rate (k4) of Grx1C14S for disulfide-bonded EcBCP.  Similar 

to the previous experiment, equimolar concentrations of prereduced Grx1C14S 

were incubated with EcBCP, which in this case was pre-oxidized to form the 

C45-C99 disulfide bond (Figure 4-6).  At various time points, aliquots were 

removed and quenched using 0.2 M NEM.  As shown in Fig. 4-6, no complex 

was observed on the gel, suggesting that either Grx1 is unable to reduce 

disulfide-bonded EcBCP, or the back reaction to yield oxidized BCP and the thiol 

form of GrxC14S is more thermodynamically favorable.  These and other data 

suggest that disulfide bonds may serve as poor substrates for Grx1 (Clarke et al 

2010).   

The next set of experiments will be conducted with mutant TrxC35S instead 

of mutant Grx1C14S and may yield vastly different results (i.e., Trx- EcBCP 

complex formation) given the known propensity for Trx1 to reduce disulfide 

bonds in proteins.  The implications of such results would be that Trx1 is the 

preferred reductant EcBCP when it contains an intramolecular disulfide, but not 

necessarily during turnover.  
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Figure 4-6. Determination of the rate of formation of Grx1 in complex with BCP 
disulfide (k4). Pre-reduced Grx1C14S (20 µM) was added to 20 µM of pre-oxidized 
(disulfide bonded) EcBCP.  Aliquots were removed at various time points and 
quenched with 0.2 M NEM.  Proteins were resolved by SDS-PAGE and Grx-BCP 
complex formation was visualized after staining with GelCode Blue. 
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DISCUSSION 

In this study we established that EcBCP is capable of performing as a 1-

Cys Prx through stopped-flow spectral analysis of EcBCP resolving cysteine 

mutants, highlighting the versatility of the EcBCP mechanism. Pursuing this 

further, another group showed that when a putative resolving cysteine was 

inserted into the active site of a 1-Cys BCP member (BcBCP) to create the L49C 

mutant which resembles EcBCP (Clarke et al 2010), L49C could indeed utilize a 

2-Cys mechanism in the presence of Trx.  

With Trx1 as reductant, the Vmax/Km for hydrogen peroxide decreased less 

than 2-fold from wild-type to C50,99S EcBCP, while the Vmax/Km increased 

slightly from wild-type to the C50,99S mutant with Grx1.  This is consistent with 

previous studies of the poplar PrxQ resolving cysteine mutant (Rouhier et al 

2004), where the corresponding CR mutant demonstrated greatly increased 

activity compared to wild-type PrxQ in the presence of Grx. Together, these data 

suggest that Grx is a relatively poor disulfide bond reductase and is better suited 

for sulfenic acid resolution than for disulfide bond reduction (Rouhier et al 2004, 

Clarke et al 2010). In another study, the 1-Cys BCP from Burkholderia 

cenocepacia (BcBCP, mentioned above) demonstrated higher activity with the 

GSH/Grx system than with the Trx system. Moreover, GSH was able to inhibit 

activity in the presence of the Trx system (Clarke et al 2010).  In addition, 

another group demonstrated that a mitochondrial 1-Cys Prx (Prx1p) in yeast is 

capable of antioxidant defense, but only when coupled with GSH/Grx (Pedrajas 

et al 2010).  Following this further, a 1-Cys Prx (BiPrx1) found in Bombus ignitus 
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is incapable of utilizing Trx as a reductant (Hu et al 2010).  In some cases, 2-Cys 

Prxs prefer the GSH/Grx reducing system, as is the case with SLL1621, a 2-Cys 

Prx found in the cyanobacteria, Synechocystis sp. PCC 6803, which showed 10-

20% more activity with Grx than with Trx (Hosoya-Matsuda et al 2005).  

Conclusions drawn from the aforementioned studies are bolstered by the data 

obtained from CR mutational studies presented in this chapter and other sources 

that also showed increased Grx-dependent activity in the absence of CR (Rouhier 

et al 2004). 

It is entirely possible that intramolecular disulfide bond formation during 

turnover in 2-Cys BCPs will be dependent on reductant concentration and the 

role of the resolving cysteine in the BCP/PrxQ subfamily may be to protect the 

catalytic cysteine from overoxidation in the absence of satisfactory reductant 

levels, even though this may sacrifice some degree of efficiency in turnover, and 

may impose a greater limitation on the reductants that can be used for 

regeneration.  In the Prx catalytic cycle, sulfenic acid forms at the CP as an 

intermediate and is not generally as stable as sulfinic acid (SO2H) or disulfide 

bonds (Yang 2002, Wagner et al 2002, Prouzet-Mauleon et al 2002). As 

presented in Chapter 3, the catalytic efficiency of many Prxs (~107 M-1 s-1) is 

significantly greater than that of EcBCP. Although removing the resolving 

cysteine increased activity during turnover, it did not increase it enough to put 

EcBCP on par with other peroxiredoxins.  Sluggish peroxidase turnover with 

reductants results in generation of a SOH group that is susceptible to 

overoxidation in 1-Cys Prxs, and this susceptibility may have been the driving 
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force behind the evolution of the resolving cysteine in the BCP/PrxQ subfamily. 

Attempts by Clark et al.to trap SOH for mass spectrometric analysis proved 

difficult due to disulfide bond or sulfinic acid (SO2H) formation in EcBCPC50S 

(Clarke et al 2009). Our lab has observed that SOH is readily converted to SO2H 

during mass spectrometry analysis, so it is unclear from the experiments by 

Clarke et al whether sulfinic acid is ever formed during normal turnover. 

Further studies with EcBCP proteins are planned to answer questions 

surrounding the formation and reduction of disulfide bonds.  In order to test for 

proposed preference of Grx1 for SOH reduction, parallel investigations involving 

wild-type and mutant Trx and Grx proteins will be conducted with EcBCP in 

various forms, e.g. reduced, sulfenic acid and disulfide bonded forms.  The data 

generated from the proposed experiments will elucidate the mechanism of 

EcBCP and contribute to our emerging understanding of catalysis among 

members of the BCP/PrxQ subfamily. 
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Chapter 5 

 

CONCLUSIONS 
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Escherichia coli bacterioferritin comigratory protein (EcBCP) is a 

peroxiredoxin which catalyzes the reduction of hydrogen peroxide and alkyl 

hydroperoxides.  EcBCP possesses a conserved Prx active site structure 

centered around the peroxidatic cysteine which forms a cysteine sulfenic acid 

upon reaction with peroxides. This cysteine subsequently forms a disulfide bond 

with an active site resolving cysteine (intramolecular) or a reductant 

(intermolecular) during reductive recycling.  Additionally, EcBCP exhibited a 

broad specificity for reductants and peroxide substrates, potentially allowing BCP 

to remain fully active and functional under varying cellular conditions.  The work 

in this dissertation provides both kinetic and biochemical details surrounding the 

role and function of E. coli BCP. 

Chapter 2 of this dissertation was published in Methods of Enzymology in 

2010.  It reports the discovery of a Grx reducing pathway for EcBCP and 

describes the construction and application of a mutant Grx fluorescent redox 

reporter.  Chapter 3 of this dissertation describes the kinetic and biochemical and 

redox properties of EcBCP; this chapter has been submitted for review and 

publication to Biochemistry. Chapter 4 examines the formation and catalytic 

competence of disulfide bonded BCP. The combined works presented in this 

dissertation better characterize residue functions and rates of reaction of 

Escherichia coli bacterioferritin comigratory protein. 

The Engineering of a Glutaredoxin Fluorescent Redox Reporter.  In 

previous studies of a plant BCP homologue, PrxQ, Grx was able to support as 

low level of peroxidase activity, although substitution of the CR with Ser led to 
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increased peroxidase activity using this same reductant (Rouhier, 2004).  Based 

on a shared sequence identity with poplar PrxQ of ~40%, it was predicted that 

EcBCP would exhibit activity in the presence of Grx.  In NADPH linked 

peroxidase assays, our studies showed that Grx was capable of serving as a 

reductant for EcBCP.  Stopped-flow spectral analysis utilizing wild type Grx1 

proved to be problematic because of low fluorescence mission intensity.  

Therefore, a mutant of Grx1 was created with a redox state-sensitive fluorescent 

reporter (F6W) near the active site, based on the position of the fluorescent 

Trp28 in thioredoxin.  The added Trp residue produced a measurable 2-fold 

difference in fluorescence between reduced and oxidized redox states.  Grx1F6W 

served as a useful tool in subsequent Grx-dependent stopped-flow investigations 

of EcBCP described in Chapter 3. 

EcBCP is a Monomer.  Previous studies utilized SDS PAGE analysis to 

determine oligomeric state, although this method tests only for covalent linkage 

of subunits (Jeong et al., 2000).  Other investigations using high resolution mass 

spectrometry suggested that BCP behaves as a monomer, but these studies also 

did not address the oligomeric state of EcBCP in solution (Clarke et al., 2009).   

Investigations into oligomeric states of other peroxiredoxins have revealed that 

protein concentration can affect the oligomeric state (Wood et al., 2002, 

Parsonage et al., 2005).  Consequently, analytical ultracentrifugation was used to 

accurately determine sedimentation coefficient and the molecular weight of 

reduced and oxidized EcBCP in solution.  During analytical ultracentrifugation 
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studies, BCP behaved as a monomer in solution eliminating the possibility of a 

mechanism including intersubunit disulfide bond formation. 

Broad Substrate Specificity of E. coli BCP.  BCP exists in two states, a 

reduced dithiol state and a chemically modified oxidized state as a direct result of 

peroxide reduction.   A detailed bisubstrate kinetic analysis of EcBCP was 

conducted by stopped-flow investigation using varying amounts of Trx and H2O2 

as substrates. A Hanes-Woolf analysis of the EcBCP kinetic data presented in 

Chapter 3 is consistent with a ping-pong mechanism as expected for this protein.  

From these investigations, a turnover rate was observed that was 67-fold faster 

than those previously recorded and the catalytic efficiency (Vmax/Km) of EcBCP 

was determined to be ~104 M-1 s-1 (Chapter 3).  Furthermore, EcBCP 

demonstrated an increase in rate proportional to Trx1 concentrations suggesting 

the reaction was not saturated even at concentrations as high as 80 μM Trx. To 

put this in perspective, the Km of AhpC, another E. coli peroxiredoxin, toward its 

designated reductant, AhpF, is 5.9 µM (Parsonage et al., 2008). 

As EcBCP exhibited higher activity with H2O2 than had been previously 

appreciated, we also analyzed the ability of EcBCP to reduce other organic 

substrates, and specifically the bulky tertiary hydroperoxides t-butyl 

hydroperoxide (tBHP) and cumene hydroperoxide (CHP).  EcBCP demonstrated 

comparable peroxidase activity when acting upon H2O2 and cumene 

hydroperoxide (CHP). These results show that BCP is equally active with at least 

some organic hydroperoxide substrates. 
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An exploration of other potential reductants of BCP was conducted using 

NADPH-linked assays and stopped-flow spectral analysis, revealing that Grx1, 

Grx3, and Trx2 also act as reductants of EcBCP. The Vmax of BCP and H2O2 

when utilizing Trx1 as an electron donor was noted to be 2.5-fold faster than with 

Trx2 or Grx1, and ~5.6-fold faster than Grx3. Trx1 and Grx1F6W demonstrated 

similar Vmax/Km values despite the large differences in Vmax and Km. 

The versatility of EcBCP activity led us to further investigate underlying 

biochemical features of this enzyme.  One important aspect of redox centers 

within enzymes is their midpoint reduction (redox) potential. The redox potentials 

of the four Trx and Grx redoxins shown to recycle EcBCP range from -198 mV 

(for Grx3) to -284 mV (for Trx1) (Moore et al., 1964, Krause & Holmgren, 1991, 

Krause et al., 1991, Aslund et al., 1997).  Our kinetic studies using Trx and Grx 

proteins provided a starting point for estimating the redox potential of BCP 

because reduction pathways (electron donation) proceed in the direction of 

increasing redox potential (Moore et al., 1964, Aslund et al., 1997).  

Investigations described in Chapter 3 yielded a value for the redox potential of -

146 mV at pH 7 for EcBCP that is higher than any previously reported 

peroxiredoxin.  For example, AhpC proteins from Treponema pallidum and 

Salmonella typhimurium exhibit redox potentials of -192 ± 2 and -178 ± 0.4 mV, 

respectively (Steiner et al., 1981, Parsonage et al., 2008).  This higher value for 

EcBCP partially explains the reducing substrate versatility exhibited by EcBCP. 

Increases In Peroxidase Activity Of EcBCP Via Direct Reduction Of 

Sulfenic Acid By Grx.  Disulfide bonds are about 40% weaker than C-C and C-
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H bonds, making them ideal for serving as redox switches and signaling (Sevier 

& Kaiser, 2002).  In recent studies, EcBCP was described as an atypical 2-Cys 

Prx after the intramolecular disulfide bond in this protein was mapped to C45-

C50 by high resolution mass spectometry (Clarke et al., 2009).  However, the 

findings did not prove formation or catalytic competency of disulfide bonds under 

normal cellular conditions and any assumptions regarding the in vivo formation of 

disulfide bonds should be based on experiments conducted in the presence of 

cellular reducing systems (Jeong et al., 2000, Clarke et al., 2009).  The data 

presented in Chapter 4 shows that BCP is capable of exhibiting a robust 1-Cys 

mechanism in the absence of the resolving cysteine.  Surprisingly, the catalytic 

efficiency of the mutant nearly doubled for EcBCPC50S (compared with wild type) 

with Grx1 serving as the electron donor.  Based on CR mutant studies of EcBCP 

and other subfamily members, it is entirely possible that 2-Cys containing 

members of the BCP/PrxQ subfamily are capable of 1-Cys activity in the 

presence of Grx (Rouhier, 2004, Clarke et al., 2010). Gel shift assays proved that 

EcBCP can efficiently form intermolecular disulfide bonds with mutant Grx1.  

However, mutant Grx1 was incapable of forming a stable complex with oxidized 

(disulfide bonded) wild type EcBCP.  These findings suggest that Grx prefers 

SOH reduction as opposed to disulfide bond reduction. 

E. coli BCP Potentially Serves as a Peroxidase of Last Resort.  E. coli 

possess various H2O2 scavengers, such as catalase, glutathione, superoxide 

dismutase, BtuE, and two other Prxs, Tpx and AhpC. The role of EcBCP has not 

been cleared defined.  The studies conducted and presented in this dissertation 
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shed new light on the possible in vivo role of EcBCP.  While the catalytic 

efficiency of EcBCP is small (104 M-1 s-1) when compared to other Prxs (~106-108 

M-1 s-1), catalase (~106 M-1 s-1), and glutathione peroxidases (~108 M−1s−1), the 

low turnover rates associated with EcBCP do not automatically imply 

unimportance (Hillar et al., 2000, Pineyro et al., 2011, Ross et al., 2011). 

Deletions of bcp in E. coli resulted in hypersensitivity to H2O2, t-BHP, and linoleic 

acid hydroperoxide as measured by decreased colony size and survival rates 

(Jeong et al., 2000, Wang et al., 2005). Ultimately, BCP demonstrated a broad 

specificity for peroxides, with comparable rates for H2O2, a small molecule, and 

the larger CHP.  This suggests the active site of BCP is capable of 

accommodating both large and small substrates resulting in broader specificity 

and potentially higher Km values for peroxide substrates and various reductants. 

In one study, the ability of EcBCP to reduce linoleic acid hydroperoxide was 5-

fold greater than for other substrates; as a result, researchers claimed the role of 

EcBCP was in fatty acid or lipid hydroperoxide reduction (Jeong et al., 2000).  

However, E. coli does not contain the polyunsaturated fatty acids that are most 

prone to lipid peroxidation, making it unclear whether this is a physiologically 

relevant activity. 

The presumed infinite Km and marginal Vmax of E. coli BCP results in a 

somewhat low Vmax/Km around 104 M-1 s-1 (presented in Chapter 3). EcBCP 

demonstrated increasing Vmax with increasing reductant concentrations, while 

maintaining catalytic efficiency.  Under normal conditions, the intracellular 

concentrations of H2O2 are well below the Km of EcBCP forcing it to continually 
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operate under limiting conditions. Since EcBCP is capable of using multiple 

reductants in vivo, then it stands to reason that in vitro assays with a single 

reductant do not accurately depict all of the cytoplasmic interactions of EcBCP 

during turnover.  These assays are necessary for accurately determining Vmax 

and Km for various BCP substrates, but they may be missing something about 

the in vivo function of BCP.  The data presented in this dissertation suggests that 

greater amounts of reductant are available than apparent when measuring each 

individual reductant, resulting in increased H2O2 scavenging (Figure 5-1). 

In studies assessing the importance of Trx and Grx protein in vivo, only 

the monocysteinic Grx4 proved indispensible to E. coli survival (Fernandes & 

Holmgren, 2004).  The remaining genes in the Trx and Grx pathways can be 

knocked out individually without significantly decreasing cell survival (although 

simultaneous Trx and Grx impairment stops cell division).  The lack of necessity 

of each of these may be the reason why EcBCP possesses such broad 

specificity for reductants.  It is able to scour the cytoplasm for all possible 

reductants based on availability (Figure 5-2). Because of the reported decrease 

in levels of Grx1 from exponential to stationary phase, it is unlikely that Grx1 

serves as a major reductant of BCP during stationary phase.  However, Grx1 

expression is upregulated (along with Trx1 and Trx2) in the absence of catalase, 

and in the absence of Trx1 Grx1 cellular levels increase 20~30 fold (Potamitou, 

2002). 
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Figure 5-1. Greater amounts of reductant are available to EcBCP than apparent 
when measuring levels with each individual reductant. Reductant levels of Trx1 
(purple), Trx2, (green), Grx1 (blue), and Grx3 (red) were measured over time in 
Escherichia coli (Meyer et al., 2009) and plotted to indicate the total reductants 
available to BCP over time. 
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Figure 5-2. The reductive recycling pathways for E. coli Prxs.  This figure 
highlights the unique NADH-dependent pathway of AhpC and the redundancy of 
Trx and Grx reductants for BCP.  The thicker arrows indicate preferred reduction 
pathways. 
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Studies show EcBCP is upregulated during peroxide distress (Fournier et 

al., 2006).  The absence of BCP in the oxyR regulon raises questions about the 

effectiveness of gene products from the OxyR regulon as reductants for BCP. 

The transcription factor OxyR is activated by H2O2 during oxidative stress and 

induces the expression of antioxidant machinery (KatG, AhpCF, Tpx) and 

reducing proteins like Grx1, Trx2 and glutathione reductase (Carmel-Harel & 

Storz, 2000, Ritz et al., 2000, Pomposiello & Demple, 2001). 

The BCP/PrxQ Subfamily is the Most Similar to the Progenitor of 

Modern Day Prxs.  The biochemical features associated with EcBCP are 

possible remnants of earlier Prxs.  The first Prxs would have been simple.  They 

would have utilized a 1-Cys mechanism allowing them to behave as a monomer, 

both functionally and structurally, as is the case with EcBCP.  A broad specificity 

for peroxide substrates and reductants imparted versatility, but is associated with 

lower catalytic efficiency linked to high substrate Km values. The high Km of 

EcBCP for peroxides may have evolved as a necessity to prevent substrate 

saturation and because bacteria possessing only one type of Prx needed to have 

that particular Prx function under many oxidative conditions.   The widespread 

nature of the BCP/PrxQ subfamily is probably a byproduct of its origin. 

The complexity of evolution can be seen in comparisons between 

BCP/PrxQ and other Prx subfamilies and this complexity applies not only to 

oxidative stress defense mechanisms, but also to the defenders themselves, i.e. 

peroxiredoxins.  Evolutionary changes occurred over the passage of time 

resulting in several key changes among Prxs.  Firstly, a highly conserved 
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resolving cysteine arose in many Prx subfamilies, while the resolving cysteine is 

only present in ~54% of BCP/PrxQ members.  Secondly, many Prxs developed 

increased specificity and lower Km values for certain substrates at the cost of 

peroxidase versatility.  Finally, peroxiredoxins transitioned from monomeric to 

dimeric quaternary structures (and larger) in a possible attempt to protect active 

site pockets.   

Future studies for E. coli BCP.  Based on the discovery of efficient 

turnover for resolving cysteine mutants with both Trx1 and Grx1F6W, additional 

kinetic studies to elucidate the mechanism of E. coli BCP are warranted. As 

described in Chapters 3 and 4, rapid mix acid quench titrations were used to 

determine the rate of formation (k1) of sulfenic acid, the first intermediate formed 

during catalysis.  Additionally, gel shift assays have been used and will be further 

employed to determine formation rates of some of the remaining EcBCP kinetic 

intermediates (Fig. 4-2).  Disulfide bond reduction rates (k4) will be measured in 

assays combining oxidized EcBCP and resolving cysteine mutants of Trx or 

Grx1. By measuring the formation of EcBCP -reductant complex formation, k4 

can be determined.  Further experimentation may require stopped flow and/or 

quenched flow kinetic analysis to determine these rate constants with wild type 

proteins, as well.  By determining the rates of intermediate formation (k1 - k4), we 

will be able to fully assess the formation and catalytic competence of the C45-

C50 disulfide bond in EcBCP. 

In vitro studies in this dissertation tested for defined interactions under 

defined conditions, while in vivo studies will be of particular value in assessing 
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the physiological functions of EcBCP. With that in mind, in vivo functional assays 

to investigate peroxide scavenging function of EcBCP with and without the 

resolving cysteine would be of great interest. In vivo studies are complicated by 

the presence of catalase, a H2O2 scavenger that may mask the effectiveness of 

EcBCP. Fortunately, catalase cannot degrade organic hydroperoxides; therefore, 

tBOOH and CHP can be used as substrates to more accurately measure the 

activity of EcBCP. These studies may also be complicated by the two Prx 

proteins in E. coli, AhpC and Tpx (Jacobson et al., 1989, Poole & Ellis, 1996, 

Poole et al., 2000, Poole, 2005, Tao, 2008). A deletion strain of E. coli could be 

generated which lacks all three Prx family members, AhpC, Tpx and BCP.  

Although this strain may be hypersensitive to peroxide stress, we still anticipate 

that it can be generated and stable under rich media culture conditions based on 

many other studies of similar mutants.  Expression vectors for wild type and 

mutant BCP could then be transformed into this strain, with C45S serving as a 

negative control, and these strains could then be tested for peroxide 

hypersensitivity and scavenging capacity using complementary assay 

approaches. One approach is disk diffusion assays which measure the level of 

protective peroxidase activity as assessed by small or large zones of bacterial 

killing on plates with H2O2, tBHP or CHP spotted onto paper disks placed at the 

center of each plate (as described by (Seaver & Imlay, 2001). Percentages of 

surviving bacteria expressing wild-type and mutant EcBCP can also be 

statistically analyzed by plating serial dilutions after treatment with multiple 

concentrations of peroxide substrates (Poole & Ellis, 1996). Finally, the in vivo 
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capacity of the bacteria containing wild type and mutant expression plasmids to 

scavenge organic hydroperoxides could be tested using the Fox assay to look at 

disappearance of peroxide over time (Klomsiri 2005). 
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