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ABSTRACT 

The Quiescin sulfhydryl oxidase (QSOX) enzymes are facile catalysts of 

disulfide bond formation in reduced, unfolded proteins. They are a family of 

flavoenzymes with emerging, medically-relevant biological roles. Recent studies have 

demonstrated the utility of QSOX as a diagnostic biomarker for pancreatic cancer and 

certain types of heart failure, and several reports have begun to characterize the roles 

of QSOX in promoting the invasiveness of a number of different cancers. In the first 

portion of this work we explore an in-depth understanding the catalytic mechanism of 

the simplest of the QSOX enzymes, from Trypanosoma brucei. After developing a 

novel substrate analog, we obtained results that suggest that QSOX does not have a 

significant prototypical substrate binding site. Methods were also developed to 

measure, for the first time, the redox potentials of all three redox centers of QSOX. 

This study revealed an unexpected redox potential mismatch in the mechanism. 

Mutagenesis studies provided data suggesting a novel mechanism that QSOX and the 

unrelated DsbA/B system use to bypass apparent thermodynamic barriers to catalysis. 

Next, work toward the discovery and development of QSOX inhibitors is discussed. 

Two new, sensitive assays for the enzymes are developed and utilized for high-

throughput screening of small molecule libraries. The negative results of this 

screening effort, combined with our earlier mechanistic studies led to our pursuance of 

antibody-based inhibitors. Early achievements toward this collaborative project are 

presented. Finally we adapt and implement the new, sensitive, fluorescence-based 

assay for QSOX activity in biological samples. This study found, surprisingly, that 
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QSOX activity is relatively abundant in normal adult blood, and provides implications 

for the utilization of our assay for diagnostic purposes. 
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Chapter 1 

OXIDATIVE PROTEIN FOLDING  

1.1 Introduction  

1.1.1 Protein Folding 

Within the DNA of every organism resides all of the information necessary to 

ensure that every biological and biochemical process required by that organism is 

achieved.  Many of these processes are carried out and regulated at the biochemical 

level by proteins.  For most proteins the ability to function properly in their intended 

role(s) depends upon the prerequisite of a correctly folded three-dimensional structure 

[1].  For cytosolic proteins the process of folding the polypeptide chain comprising the 

protein is accomplished primarily through solvent-driven interactions. Hydrophobic 

amino acid residues collapse and interact with one another to form the core of the 

protein structure, leaving hydrophilic residues to comprise the majority of the outer 

surface of the protein. The native three-dimensional structure of a protein thus 

corresponds to a minimal free potential energy state of the polypeptide chain [1].  

While also subject to these precepts, secreted proteins often contain additional 

post-translational modifications that are essential for maintaining the stability of their 

native structures.  The folding of secreted proteins is correspondingly more complex, 

and dependent upon additional chaperone and catalytic folding systems to ensure 

proper folding.  One important post-translational modification found in most secreted 

proteins is the disulfide bond.  Correctly paired disulfide bonds between cysteine 
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residues structurally adjacent to one another are essential features for stabilizing 

tertiary and quaternary structures of many secreted proteins.  Disulfides can also serve 

non-structural purposes, as their formation or cleavage is important in processes 

including cellular adhesion, viral fusion, regulation of protein activity, and signaling 

[2]. Despite their many important cellular roles, a detailed mechanistic understanding 

of how these post translational modifications are properly inserted into myriad 

proteins in vivo remains elusive.  

1.1.2 Disulfide Bond Formation 

The chemical reaction responsible for the formation of protein disulfide bonds 

is an oxidation reaction where two cysteine thiols are oxidized to one disulfide bond:  

2 RSH + X Ą RSSR +XH2 

While oxidation of cysteines to disulfide bonds in proteins has been attributed 

to spontaneous oxidation with oxygen in solution[3], this reaction is formally spin-

forbidden: molecular oxygen is a ground-state triplet, and thiols are ground-state 

singlets[4].  However, trace amounts of metal ions, such as copper, can catalyze the 

oxidation of thiols to disulfide bonds in the presence of oxygen[5].  As trace metal 

contaminants often persist on surfaces of labware or reside within reagents, metals 

likely serve the role of catalysts in instances of reported ñspontaneousò oxidation of 

thiols.  Other small molecules, including hydrogen peroxide and oxidized vitamin C 

(L-dehydroascorbate, or DHA) are also capable of catalyzing disulfide bond formation 

[6], [7], although these reactions are kinetically sluggish.  Hydrogen peroxide is a by-

product of several enzymatic disulfide bond generation pathways (discussed later in 

this chapter), and can react directly with free thiols to generate additional 

disulfides[6].  DHA, likewise, can interact directly with free thiols, accepting a pair of 
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electrons to generate a disulfide bond.  The relative contributions of these pathways to 

cellular disulfide bond generation have not been characterized, but the biochemical 

evidence suggests that neither reaction would contribute significantly [8], [9].  In order 

to achieve the required rapid formation of large numbers of disulfide bonds, cells 

utilize a number of enzymatic pathways.  

The term oxidative protein folding is used to describe the process of folding a 

polypeptide chain into its final, disulfide-bonded, native conformation. This process 

occurs conceptually in two steps (Figure 1.1).  In the first step, the reduced, unfolded 

polypeptide chain undergoes net oxidation, generating disulfide bonds, with the 

transfer of electrons to a terminal electron acceptor, X.  Since no known catalyst 

ensures formation of the correct disulfides de novo, in the second step, repeated cycles 

of isomerization must occur until native disulfide connectivity is achieved.  Within 

eukaryotes the enzymatic pathways responsible for catalyzing these steps vary 

depending on the cellular context.  The precise roles and relative importance of each 

of these enzymatic systems remains unclear. In the following sections our current 

understanding of the oxidative protein folding machinery in both prokaryotic and 

eukaryotic systems will be discussed.  
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Figure 1.1: The conceptual two-step process of oxidative protein folding. In the 

first step, a reduced, unfolded protein undergoes net oxidation to form 

disulfide bonds, with the transfer of electrons to some terminal electron 

acceptor, X.  In the second step, mispaired disulfide bonds must undergo 

isomerization until native disulfide bond connectivity is achieved.  

1.2 Oxidative Protein Folding in Prokaryotes 

The oxidative protein folding system of prokaryotes has been well studied 

using the gram-negative bacterium Eschericia coli as a model organism.  Disulfide 

bond formation occurs within the relatively oxidizing environment of the periplasmic 

space, a compartment found between the plasma and outer membranes of gram 

negative bacteria. The enzymatic pathways responsible for oxidation and 

isomerization are kinetically segregated in prokaryotes, with the oxidation of cysteine 

thiols to disulfide bonds accomplished by the DsbA/DsbB enzyme system, and the 

correction of mispaired isomers handled by the DsbC/DsbD system [10], [11]. A 

model of bacterial oxidative protein folding, complete with these enzymatic players, is 

depicted in Figure 1.2 

DsbA is a soluble, monomeric thioredoxin-fold oxidoreductase that inserts 

disulfide bonds into a large array of unfolded substrate proteins.  When a disulfide 

bond is introduced into a substrate protein, electrons are received by DsbA in a redox-

active CxxC motif.  DsbA subsequently docks with, and transfers the electrons to, the 
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membrane-bound DsbB enzyme. Here, they are shuttled through a series of two redox-

active disulfide bonds and a noncovalently bound quinone cofactor, and finally into 

the electron transport chain [11].  
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Figure 1.2: The oxidative protein folding machinery of prokaryotes. Within the 

periplasmic space of bacteria DsbA is the net thiol oxidant responsible 

for introducing disulfide bonds into folding proteins. DsbA transfers 

electrons to membrane-bound DsbB, which, in-turn, shuttles electrons 

into the electron transport chain. DsbC is the disulfide isomerase tasked 

with repairing mispaired disulfide bonds. DsbC is maintained in a 

reduced state by membrane-bound DsbD.  Figure from Inaba and Ito 

[12], used with permission from the publisher. 
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Mispaired disulfide isomers from the DsbA/DsbB system are repaired by 

DsbC, the bacterial disulfide isomerase.  DsbC is a v-shaped homodimer with each 

subunit consisting of a thioredoxin-fold domain containing one redox-active CxxC 

motif.  The disulfide isomerase activity of DsbC corrects mispaired bonds through a 

mechanism where it first forms a mixed disulfide bond between its solvent accessible 

thiol in a CxxC motif and a cysteine of the mispaired client disulfide [10], [11].  This 

releases the second cysteine of the mispaired disulfide and ultimately allows the 

proper, energetically more favorable, disulfide isomer to form.  This process is further 

aided by chaperone activity inherent to DsbC [10], [11].  DsbC is maintained in a 

reduced state by DsbD, a membrane-bound ñelectron hubò [13].  DsbD receives its 

electrons from the thioredoxin system in the cytoplasm, transporting them across the 

plasma membrane [10], [11], [13]. 

Despite the critical importance of this prototypical Dsb system of bacterial 

odixative protein folding, it is not absolutely conserved among prokaryotes ï there are 

several recently discovered variations to this pathway.  Phylogenetic analyses revealed 

that cyanobacteria, most actinobacteria, and some proteobacteria lack DsbB 

completely, despite retaining oxidative protein folding capability [13], [14].  In these 

examples, DsbA is found fused to a bacterial homolog of the eukaryotic vitamin K 

epoxide reductase (VKOR) enzyme.  This system utilizes another quinone (vitamin K) 

to mediate the transfer of electrons from DsbA to downstream electron acceptors in 

the electron transport chain [14], [15]. 

1.3 Oxidative Protein Folding in Eukaryotes 

Typical eukaryotic cells process more than 25% of their proteome through the 

secretory pathway. Proper folding and correct disulfide bonding are required for 
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maturation of these secreted proteins.  During translation, signal peptides within the 

nascent polypeptide chains of secretory proteins trigger their translocation into the 

oxidizing lumen of the endoplasmic reticulum (ER; green in Figure 1.3), where the 

majority of disulfide bonds are formed.  Other post-translational modifications are also 

introduced as these proteins transit the ER and then the Golgi apparatus (red in Figure 

1.3), where they are sorted for secretion and transport to their final destinations.  

 

Figure 1.3: Schematic of a typical eukaryotic cell. The secretory system consists 

primarily of the endoplasmic reticulum (green) and the Golgi apparatus 

(red). Oxidative protein folding occurs primarily within the lumen of the 

endoplasmic reticulum, but is thought to continue to a limited extent 

within the Golgi. There are a limited number of proteins where disulfide 

bonds form instead in the intermembrane space of the mitochondrion, in 

the cytoplasm, or in the extracellular environment. Cell illustration by 

Rachel Israel. 
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While the majority of proteins containing disulfide bonds are folded and 

oxidized in the ER, a limited number receive their disulfide bonds instead in the 

intermembrane space (IMS) of mitochondria, in the extracellular environment, or even 

in the cytoplasm [16]ï[19] (Figure 1.3).  In the mitochondrial IMS a subset of 

reduced, unfolded IMS proteins, following import into this compartment, undergo 

oxidative protein folding via the mitochondrial intermembrane space assembly (MIA) 

pathway [16].  In this pathway the oxidoreductase Mia40 binds unfolded substrate 

proteins and introduces disulfide bonds.  Mia40 is then reoxidized by the flavoprotein 

sulfhydryl oxidase essential for respiration and viability (ERV) (known as ALR in 

mammals).  Extracellularly, multiple processes such as maturation of the ECM, 

cellular adhesion and blood clotting are among the processes that require disulfide 

bond formation [2], [18], [20].  Here, QSOX and/or PDI have been either 

demonstrated or implicated to be involved in these processes [2], [18], [20].  Finally, 

although the cytoplasmic environment is normally maintained in a highly reducing 

state [21], the process of keratinization, which occurs in certain epithelial cells, relies 

on the formation of disulfide bonds within the cytosol [17]. The mechanism(s) 

responsible for the formation of these disulfide bonds remain elusive. Some viral 

proteins also undergo oxidative protein folding in the cytosol, and a number of viruses 

encode their own ERV-family sulfhydryl oxidases for this purpose [17], [22]. 

In the following sections I will be focusing primarily on enzymatic pathways 

responsible for catalyzing oxidative protein folding in the ER (Figure 1.4).  Despite 

the importance of disulfide bond generation in a significant portion of the eukaryotic 

proteome, our understanding of these enzymatic pathways, and their relative 

contributions to the overall process, are surprisingly unclear. When these pathways, in 



 10 

aggregate, are overloaded or malfunction, accumulation of improperly folded proteins 

causes cellular stress.  This stress triggers the unfolded protein response (UPR) in an 

effort to restore homeostasis [23].  Despite the complex quality control mechanisms 

that work to ensure homeostasis, accumulation of unfolded proteins in the ER remains 

a characteristic of a number of diseases including diabetes, neurodegeneration, and 

some cancers [23], [24].  Thus, a more thorough understanding of how each of these 

systems functions and the relative importance of each system are imperative, as there 

are obvious potential medical implications from such knowledge.   

1.3.1 PDI-first pathways 

Protein disulfide isomerase (PDI) is an oxidoreductase that often gets 

misrepresented in the literature as a ñsulfhydryl oxidaseò [9].  As its name implies, 

PDI is an isomerase that functions in repairing mispaired disulfide bonds.  A 

hydrophobic binding site within PDI imparts additional chaperone activity as it 

rearranges disulfides [25].  As an oxidoreductase oxidized PDI can accept electrons 

from a pair of cysteine residues and then return them to another disulfide moiety.  This 

first aspect is usually mischaracterized as an ñoxidaseò function although the term 

oxidase should be reserved for enzymes that directly transfer electrons from a 

substrate to molecular oxygen. We refer to oxidative folding schemes in which PDI 

serves as the immediate oxidant of client reduced proteins as PDI-first pathways.  In 

all of the oxidative protein folding pathways described in this chapter PDI is also 

responsible for repairing mispaired disulfide isomers. 
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Figure 1.4: Enzymatic pathways contributing to oxidative protein folding in 

eukaryotes. Ero1, PrxIV, Gpx7/8, DHA, and VKOR constitute the PDI-

first pathways of oxidative protein folding found in the endoplasmic 

reticulum. QSOX is distinct in its ability to directly oxidize substrate 

proteins and transfer electrons to molecular oxygen. Figure from Bulleid 

and Ellgaard [26], used with permission from the publisher.  

The domain organization of PDI consists of four consecutive thioredoxin-fold 

domains that organize into a U-shaped tertiary structure (Figure 1.5).  The domains 

from amino- to carboxy- terminal have been designated as a, b, bǋ and aǋ.  The a and aǋ 

domains contain redox-active CxxC motifs responsible for PDIôs oxidoreductase 

activity, and the b and bǋ domains contain hydrophobic regions for substrate binding 

[25].  The minimum functional unit of PDI that retains full activity consists of the a 



 12 

and b domains together, or the bǋ and aǋ domains together.  It is worth noting that the 

name PDI is typically utilized to describe the first PDI family member characterized, 

and it is the most abundant family member in cells.  However, the PDI family now 

consists of multiple proteins ï 5 in yeast, and 20 in humans ï all are ER-localized 

proteins with 1-6 conserved PDI-like thioredoxin domain(s) [25]. Most family 

members contain one or more CxxC motifs, and are capable of participating in 

oxidoreductase reactions.   

  

Figure 1.5:  Crystal structure of yeast protein disulfide isomerase (PDI). PDI 

consists of four consecutive thioredoxin fold domains: a, b, bǋ and aǋ 

(beginning from upper left). The first and last domains (a and aǋ, 

respectively, lime) contain redox-active CxxC motifs shown in red. The b 

and bǋ domains (forest) contain hydrophobic patches amenable to 

substrate binding. (PDB: 2B5E). 
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1.3.1.1 Endoplasmic reticulum oxidoreductin 1 (Ero1) 

In the late 1990s, studies in yeast first identified ER-resident endoplasmic 

reticulum oxidoreductin 1 (Ero1) as a component of the oxidative protein folding 

machinery of eukaryotes [27], [28].  The ability of Ero1 to catalyze oxidative protein 

folding was shown to occur in a PDI-first mechanism: oxidized PDI introduces a 

disulfide bond into a nascent polypeptide chain, and then Ero1 reoxidizes PDI and 

transfers the electrons to molecular oxygen.  The Ero1-PDI pathway produces 

hydrogen peroxide stoichiometrically for each disulfide bond formed [26], [29], [30].  

Mechanistically, electrons from PDI enter Ero1 via a ñshuttleò disulfide near the 

enzymeôs C-terminus. Electrons are subsequently transferred to a second disulfide 

bond in close proximity of the isoalloxazine ring of FAD, then to FAD, and finally to 

molecular oxygen [31]ï[33].  Ero1 activity has been shown to be modulated by the 

redox status of two additional noncatalytic disulfide bonds [31], [34].  Reduction of 

these disulfides enhances activity, presumably such that Ero1 activity is regulated to 

ensure the maintenance of an appropriate balance of reduced and oxidized PDI [8], 

[30], [34], [35] depending on the oxidation and isomerization needs of the cell. 

Early work demonstrated that Ero1 was essential in yeast [27], [29], and the 

subsequent primacy of this pathway in oxidative protein folding in all eukaryotes was 

tacitly assumed.  Thus, it was surprising when RNA interference (RNAi) depletion of 

Ero1 in the fruit fly Drosophila melanogaster presented only a minor defect in folding 

of the NOTCH receptor, with a mild phenotype characterized by subtle defects in 

bristle formation and wing development [36].  Mammals have two forms of Ero1 

(Ero1-Ŭ and Ero1-ɓ), and a double knockout of both genes in mice caused only a mild 

diabetic phenotype [37].  This study highlighted the importance of the pancreas-

specific Ero1-ɓ isoform for the maturation of insulin in mammals [38]. Together, these 
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studies suggested a redundancy of oxidative protein folding pathways in the 

endoplasmic reticulum of metazoans, as most oxidative protein folding was not 

measurably impacted by the lack of Ero1 protein expression in mice or fruit flies.  

These observations have led to renewed efforts to identify additional catalysts and 

further characterize the relative contributions of the various pathways that contribute 

to the generation of disulfide bonds during oxidative protein folding.  

1.3.1.2 Peroxiredoxin IV (PrxIV)  

One important issue that could arise from the Ero1-PDI system and the QSOX 

system (see later) is the oxidative stress from the stoichiometric generation of 

hydrogen peroxide as disulfide bonds are formed.  The recent discovery of 

peroxiredoxin IV (PrxIV) as an ER-resident enzyme capable of removing hydrogen 

peroxide thus provided a satisfying explanation for the ability of cells to cope with this 

apparent burden [39], [40].  In a separate study, Zito et al. used a PDI-trapping 

protocol to discover that PrxIV couples this removal of hydrogen peroxide with the 

generation of disulfide bonds [37].  Further studies suggest both the Ero1-PDI and 

PrxIV-PDI systems are dynamically regulated in the ER, as each hydrogen peroxide 

produced by Ero1 can be utilized by PrxIV for the generation of a second disulfide 

bond [26], [41], [42]. 

Structurally, PrxIV consists of a pentamer of dimers, where each dimer 

contains two redox active disulfide bonds between cysteines of opposing subunits 

[40], [42].  Reduced PDI can be reoxidized by one of these bonds, breaking the 

intersubunit disulfide.  PrxIV is then capable of rapidly reacting with hydrogen 

peroxide, generating a sulfenylated active site cysteine and a water molecule.  

Sulfenylation of the active site cysteine induces a conformational change, bringing it 
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in proximity to the resolving cysteine found in the opposing subunit of the dimer. 

Reaction between the active site and resolving cysteines reforms the disulfide bond 

with the concomitant release of another molecule of water [8], [26], [42]. 

1.3.1.3 Glutathione peroxidase (Gpx)  

Glutathione peroxidase 7 (Gpx7) and Gpx8 are two ER-resident peroxidases 

recently suggested to also contribute to disulfide bond generation.  Nguyen et al. 

showed that these enzymes are inefficient glutathione peroxidases; instead, they are 

PDI peroxidases, more closely related to the thioredoxin Gpx-like peroxidase family 

[43].  Both Gpx7 and Gpx8 were shown individually to cooperate with PDI to catalyze 

disulfide bond formation in the presence of hydrogen peroxide.  The rates of the 

Gpx7/8-catalyzed reaction were enhanced approximately 10-fold beyond the rate of de 

novo disulfide generation by hydrogen peroxide alone [6], [43].   

These in vitro data, combined with the in vivo demonstration that Gpx7/8 are 

retained in the ER and colocalize with Ero1, suggest that Gpx7/8, like PrxIV, may 

directly consume hydrogen peroxide produced by the Ero1-PDI system to generate 

additional disulfide bonds [8], [43].  While the mechanisms of Gpx7/8 have not been 

fully elucidated, rapid-reaction experiments have provided some clues about how they 

function.  An initial reaction with hydrogen peroxide results in sulfenylation of the 

catalytic cysteine of Gpx7/8, followed by formation of an unstable mixed disulfide 

between the sulfenylated cysteine and a reduced active site cysteine of PDI.  This 

mixed disulfide would then likely be rapidly resolved by the second active site 

cysteine in PDI, yielding oxidized PDI and regenerating a reduced thiol on GPx7/8 

[8], [43]. 
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1.3.1.4 Vitamin K epoxide reductase (VKOR) 

Vitamin K epoxide reductase (VKOR), an ER-membrane-bound enzyme 

essential for mediating blood coagulation through the vitamin K cycle [44], is another 

enzyme that has also been recently shown to play a role in oxidative protein folding 

[45].  During the vitamin K cycle, electrons from vitamin K hydroquinone are used by 

vitamin K-dependent carboxylase for ɔ-carboxylation of glutamate residues in a 

number of blood clotting factors [44], [46], [47].  To complete the cycle, the vitamin K 

epoxide that results must be converted back to its hydroquinone form by VKOR.  

Schulman et al. first demonstrated that mammalian VKOR receives electrons from any 

of several PDI-family members [47].  PDI initially reduces a disulfide bond in the ER-

luminal domain of VKOR using two electrons, which subsequently are transferred to a 

CxxC motif within a transmembrane domain, and finally to vitamin K epoxide [47].  

In a series of experiments using mammalian cells, Rutkevitch and Williams 

demonstrated in liver cells that the residual ER oxidation observed when Ero1 is 

knocked down is largely ablated by a double knockdown of Ero1 and VKOR [45].  A 

triple knockdown of Ero1, VKOR, and PrxIV proved lethal, whereas cells expressing 

any one of these systems individually remained viable, thus suggesting that VKOR is 

an important contributor to oxidative protein folding [45]. 

1.3.1.5 L - Ascorbate 

L-ascorbate, known commonly as vitamin C, is another potential catalyst of 

disulfide bond generation.  Ascorbate is thought to function as a major antioxidant in 

the ER, where the fate of oxidized L-dehydroascorbate (DHA) is uncertain.  While 

evidence of a dedicated DHA reductase residing in the ER is lacking, in vitro 

experiments showed that PDI can serve as a DHA reductase [7], [8], [17], [26].  
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However, the slow kinetics of the reaction suggests that this is not likely to contribute 

significantly to oxidative protein folding in vivo.  Interestingly, the direct oxidation of 

unfolded protein thiols by DHA occurs more readily than the PDI-mediated reaction 

by about fifteen-fold in vitro [17]. Hence, the possibility remains that DHA could 

participate in some capacity in oxidative protein folding within the ER. 

1.3.2 QSOX 

While a number of studies reported sulfhydryl oxidase activity that, in 

retrospect, was likely caused by Quiescin sulfhydryl oxidase (QSOX), it was not until 

purification and characterization of the enzyme from avian egg white in our lab that 

QSOX was first identified [9], [48], [49].  QSOX genes are found in all eukaryotes 

from the smallest free-living protists to humans, with a notable absence in fungi (see 

later) [50].  Protists and some plants have only one QSOX gene, however some 

eukaryotes possess multiple paralogs.  Drosophila have 4 QSOX genes, 

Caenorhabditis has 3, and humans and the model plant Arabidopsis each have 2 

QSOXs [9], [50].  

This family of proficient catalysts of disulfide bond formation is minimally 

characterized at the domain level by an N-terminal PDI-like thioredoxin-fold domain 

followed by a conserved helix-rich region (HRR), and a C-terminal ERV-fold domain 

[51], [52] (Figure 1.6, A).  Whereas plant and protist QSOXs consist of this minimal 

domain architecture, metazoans have a second catalytically-inactive thioredoxin 

domain immediately C-terminal to the first [9], [50], [53].  Although fungi have 

apparently lost QSOX, another sulfhydryl oxidase, ERV2, consisting of a standalone 

ERV domain that self-associates as a homodimer, is found exclusively in fungi and 

likely fulfills roles that might otherwise be carried out by QSOX [26], [54].  
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Figure 1.6: Catalytic mechanism and x-ray crystal structures of QSOX from 

Trypanosoma brucei. A, during catalysis electrons from a substrate first 

enter the CxxC in the N-terminal thioredoxin domain. They are then 

transferred to a second CxxC proximal to the FAD cofactor in the ERV 

domain, then to the FAD cofactor, and finally to molecular oxygen. B, in 

the open conformation of TbQSOX the first CxxC redox center is more 

than 40 Angstroms from the second CxxC. C, the closed crystal structure 

shows the conformational change that must occur during TbQSOX 

catalysis. 
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Unlike the other sulfhydryl oxidase systems discussed thus far, QSOX is 

capable of both efficiently generating disulfides within client proteins de novo and 

directly transferring electrons to the final electron acceptor, oxygen (Figure 1.5 and 

Figure 1.6, A).  During catalysis, electrons from a substrate are transferred through 

three redox centers within QSOX before reaching molecular oxygen [55]ï[57] (Figure 

1.6, A).  Electrons first enter the enzyme in the conserved redox-active CxxCtrx motif 

in the N-terminal thioredoxin domain.  Next, they are transferred to the CxxCprox motif 

proximal to the noncovalently bound FAD cofactor in the ERV domain.  Finally, the 

electrons are passed to FAD and, under aerobic conditions, they rapidly reduce oxygen 

to generate hydrogen peroxide.   

While QSOX can catalyze the oxidation of a wide range of small thiol-

containing compounds in vitro, it is catalytically most efficient at oxidizing reduced, 

unfolded proteins or the dithiol model substrate DTT [9], [48], [56], [57].  As 

mentioned earlier, in all sulfhydryl oxidase systems, mispaired disulfide isomers can 

result, and they must be addressed through isomerization [9], [58].  Mispaired 

disulfides generated by QSOX were found to be effectively repaired through 

cooperation with PDI in vitro; proteins with many disulfide bonds were able to be 

completely refolded to their native conformations by QSOX and PDI in the absence of 

redox buffers [59].   

Through a collaboration between our lab and the Fass group at the Weizmann 

Institute, the first published x-ray crystal structures of QSOX enzymes recently 

appeared in Nature [52], [53].  The crystal structure of the lone QSOX from the protist 

Trypanosoma brucei (TbQSOX) revealed that the N-terminal thioredoxin domain is 

connected to the HRR-ERV domains via a flexible linker that acts as a hinge during 



 20 

catalysis (Figure 1.6, B and C).  The ñopenò crystal structure represents one of many 

dynamic orientations that would potentially encounter potential substrates [53] (Figure 

1.6, B).  In this structure the CxxCtrx is over 40 Angstroms away from the CxxCprox in 

the ERV domain [53], revealing that a substantial conformational change would be 

required during catalysis.  A double mutant of TbQSOX permitted trapping and 

crystallization of the ñclosedò structure of the enzyme (Figure 1.6, C). This structure 

reveals the conformational change that must occur when electrons are transferred from 

the CxxCtrx to the CxxCprox via a mixed-disulfide intermediate [53].   

While enzymological studies suggest that QSOX would be a competent 

catalyst of oxidative protein folding in the ER, there is no obvious ER-retention 

peptide in QSOX [51].  Further, although QSOX genes contain a predicted C-terminal 

transmembrane domain, alternative splicing of some transcripts yields a shorter 

isoform presumed to be soluble.  In humans, both long and short isoforms of QSOX1 

are present, although the functional relevance of these forms is unknown [60].  Human 

QSOX1 been found to localize within the ER and the Golgi, but it is also secreted 

from cells [19], [61].  Human QSOX2 was found to be localized to the perinuclear 

region and the plasma membrane of human neuroblastoma cells [62].  While early 

work revealed that QSOX1 was particularly abundant in tissues with heavy secretory 

loads [19], it was also found extracellularly in tears, seminal vesicle fluids, egg white, 

milk, and fetal bovine serum [9], [63].  A number of more recent studies suggest that 

the primary role of QSOX may be in the late stages of secretion, or outside the cell [9], 

[19], [49], [61], [63]ï[70].  The importance of QSOX in biological contexts is only 

beginning to emerge, and recent discoveries will be discussed in more depth in the 

next chapter.  
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Chapter 2 

THE BIOLOGICA L ROLES OF QSOX 

2.1 Introduction  

Enzymological studies have demonstrated that the QSOX family of enzymes 

are competent catalysts of disulfide bond formation, able to cooperate with PDI in 

vitro to fully refold proteins containing many disulfide bonds [1], [2].  

Characterization of QSOX from avian, bovine, human, and trypanosome sources has 

revealed that all have similar kinetic parameters [2].  Compared to other sulfhydryl 

oxidase systems, turnover numbers for reduced, unfolded proteins are 10- to 100-fold 

higher for QSOX (average of 700 disulfides per minute), and with a Km per thiol of 

~150 µM, they are among the most efficient of all the sulfhydryl oxidases.  Thus, 

QSOX would seem ideally suited for a role within the ER, where a plethora of 

reduced, unfolded nascent polypeptides must undergo oxidative protein folding in 

order to be efficiently secreted.  

Mammals have, in addition to the two splice variants of QSOX1, a second 

gene encoding QSOX2 (Figure 2.1).  All of the core domains of QSOX1 are retained 

by QSOX2, and sequence conservation is particularly high in the catalytic domains 

(~60% identity) [2]ï[4].  Since studies of QSOX paralogs from protists to humans 

reveal similar enzymological properties and kinetic parameters, QSOX2 is assumed to 

retain comparable biochemical functionality, although no biochemical studies of 

QSOX2 have yet appeared.  Expressed sequence tag (EST) databases reveal the 

general trend that QSOX1 is more abundant than QSOX2 in the majority of human 
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tissue types [2], but at this point it is unknown whether or not the physiological 

functions of QSOX1 and QSOX2 are segregated or serve redundant roles. 

 

Figure 2.1: Domain organization of human QSOX1 and QSOX2. Human QSOX 

exists in two splice variants. QSOX1a contains a predicted C-terminal 

transmembrane domain, whereas QSOX1b lacks this domain and is 

truncated by 133 amino acids. Bottom panel: Human QSOX2 retains all 

of the domains and functional features found in QSOX1. A signal 

sequence (Sig.) is located at the N-terminii. 

Despite their catalytic proficiency in vitro, the biological roles of QSOX in 

oxidative protein folding remain poorly characterized.  New studies published in the 

last few years have begun to shed light on the physiological roles of QSOX both inside 

and outside of cells. New links between QSOX and a number of diseases have been 

discovered, and regulatory mechanisms are being explored.  In this chapter we will 

discuss the body of literature underpinning our current understanding of the biological 

roles of QSOX, with important potential implications for diagnosis and therapeutic 

intervention in some diseases.      
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2.2 QSOX Biology at the Cellular Level 

2.2.1 Cellular localization of QSOX  

Early studies probing the cellular localization of QSOX revealed mammalian 

QSOX1 to be in the endoplasmic reticulum [5], [6] and the Golgi apparatus [5]ï[9] 

(Figure 2.2) with at least a portion of the enzyme also secreted outside of the cell [2], 

[10]ï[16].  QSOX1 exists in two splice variants (Figure 2.1). One study suggests that 

the shorter splice variant (QSOX1b) is expressed ubiquitously, while the longer form 

(QSOX1a) may be expressed in a tissue specific manner [16].  Work by Bulleid and 

colleagues found that when QSOX1a was overexpressed in Chinese hamster ovary 

(CHO) cells, it accumulated in the Golgi [7].  A more recent study by the group found, 

surprisingly, that both splice variants were located in the ER and Golgi (Figure 2.2), 

and that both were efficiently secreted [17].  Work by Ilani et al. also found QSOX1 to 

be located in the Golgi and secreted by cultured human fibroblast cells [18].  The lone 

biological study of QSOX2 found its intracellular localization to be confined to the 

perinuclear region and the plasma membrane of human neuroblastoma cells [3].   
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Figure 2.2: Intracellular localization of QSOX1a. Immunofluorescence shows that 

QSOX1a (green) is colocalized with PDI (red) in the endoplasmic 

reticulum in the top panel. In the bottom panel QSOX (green) 

colocalizes with giantin (red), a marker specific for the Golgi apparatus. 

Image from Rudulf et al. [17], used with permission from publisher. 

2.2.2 Intracellular roles of QSOX  

While the enzymological evidence suggests that QSOX would be ideally suited 

for participating in oxidative protein folding in the ER, there is no obvious ER-

retention peptide in QSOX [9].  Regardless, a portion of cellular QSOX1 is located in 

the ER, at least transiently [5], [6], [17], (Figure 2.2), and biological studies and 

cytochemical analyses have shown that QSOX is particularly abundant in the epithelia 

of tissues with heavy secretory loads [6], [9], [19], [20].  Overexpression of human 

QSOX1a in yeast rescued Ero1-deficient yeast from lethality, demonstrating the 

ability of QSOX to catalyze essential disulfide bond formation in secreted proteins in 

vivo [7].   
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In Drosophila, QSOX complements the oxidative protein folding ability of 

Ero1 in the ER.  Knockdowns of Ero1 or QSOX independently led to minor defects in 

the NOTCH receptor, where Ero1 was found to be specifically responsible for the 

oxidation of thiols in the LNR domains and QSOX was found to generate the disulfide 

bonds in the multiple epidermal growth factor (EGF) domains [21].  A double 

knockout of both of these sulfhydryl oxidases remained viable [21].  The lack of any 

significant phenotype suggests that, in the ER of Drosophila, QSOX is one of a 

number of redundant pathways catalyzing oxidative protein folding.  Although it has 

been suggested that the primary role(s) of QSOX1 may be extracellular, these data 

suggest QSOX1 participates at some level in oxidative protein folding at earlier points 

during the secretion process. 

2.2.3 Extracellular roles of QSOX 

A number of studies have suggested that the main role(s) of QSOX might be in 

late stages of the secretory pathway or outside the cell [2], [5]ï[8], [10]ï[16].  For 

example, it was suggested that QSOX may be important for modulating the 

extracellular matrix (ECM) by cross-linking disulfides to generate structures that are 

too large for assembly during secretion [9].  Until recently no bona fide physiological 

QSOX substrates had been identified, and it had not been demonstrated that 

extracellular QSOX was biologically important.  However, a very recent study by Ilani 

et al. showed a requirement of QSOX activity in the biogenesis of the ECM and for 

modulating its biochemical and physical properties [18].  In that study, RNA 

interference depletion of QSOX in fibroblasts resulted in higher free thiol content 

within the secreted ECM protein network compared to controls.  Further, laminin was 

not incorporated properly, and epithelial tumor cells did not adhere as readily to the 
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ECM in the absence of extracellular QSOX (Figure 2.3, 1 and 2).  Addition of 

exogenous redox-active QSOX, but not an inactive mutant enzyme, restored laminin 

incorporation and cellular adhesion (Figure 2.3, 3 and 4) [18]. These findings 

confirmed that QSOX is important for generating disulfide bonds in this extracellular 

environment.  Extracellular QSOX activity has also been shown to be important for  

promoting invasiveness of lung, breast and pancreatic cancer cells [18], [22], [23] 

where QSOX likely contributes through a mechanism involving the activation of 

matrix metalloproteases (MMPs) [22] (see later).  

 

Figure 2.3:  QSOX activity is required for cellular adhesion to the extracellular 

matrix . DAPI staining of the nuclei of WI-38 fibroblast cells adhered to 

an extracellular matrix. When QSOX expression is depleted (2), fewer 

cells adhere compared to a control (1). Addition of redox-active 

recombinant QSOX (3) restores adhesion, whereas addition of a redox-

inactive mutant enzyme did not rescue the QSOX depletion (4). Figure 

from Ilani et al. [18], used with permission from the publisher. 
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2.3 Roles of QSOX in Normal Biological Processes 

2.3.1 QSOX expression during normal development  

Early studies identified QSOX1 as a gene product whose expression and 

secretion were induced when cells enter quiescence [6], [16].  Several additional 

reports in recent years have also indicated that QSOX1 expression may be negatively 

correlated with cell growth [24]ï[26].  However, the majority of recent studies have 

shown that QSOX1 expression is associated with enhanced cellular proliferation and 

migration [18], [22], [23], [27], [28].  Ilani et al. found that extracellular QSOX was 

required for efficient incorporation of laminin into the extracellular matrix, and 

correspondingly for adhesion and migration of cultured cells.  Laminin has been 

shown to be important for guiding cell migration during development [18], [29], [30]. 

Thus it would not be surprising if QSOX plays a role during the development of 

normal organs and tissues.   

A study by Nakao and coworkers found that active bovine QSOX1 is present 

in fetal and newborn calf sera, but absent in adult serum [13], suggesting a 

developmental link.  In follow up work the group investigated whether QSOX1 may 

be involved during the development of various tissues in embryonic mice [20]. They 

observed immunohistochemical staining for QSOX in early stages of fetal 

development that appeared to be restricted to the mesoderm and ectoderm germ layers, 

but in later stages was extended slightly into the endoderm.  These observations are 

insufficient for unambiguously verifying a developmental role.  However, studies in 

both mice and rats have demonstrated increasing QSOX1 expression during neuronal 

development [20], [31].  Finally, while only one biological study of mammalian 

QSOX2 has surfaced to date, it revealed that QSOX2 expression was higher in human 
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embryonic tissues compared to the same tissues in adults [3].  This advances the 

possibility that the second human QSOX paralog may be involved in some aspect of 

embryonic development. 

2.3.2 QSOX as an antioxidant 

In 2007 Morel et al. reported that QSOX expression protected cells against 

oxidative stress-induced apoptosis [26].  Their study used rat PC12 brain tumor cells 

and human MCF-7 breast tumor cells.  When exogenous oxidative stressors were 

applied, MCF-7 cells overexpressing guinea pig QSOX1 had improved survival. 

However, levels of QSOX did not increase until 24 hours post-stress [26] ï a time 

point where apoptosis would have already begun to occur.  Higher QSOX mRNA and 

protein levels persisted until the cultures fully recovered from oxidative stress.  

Intriguingly, the authors found this protective effect of QSOX even though MCF-7 

breast cancer cells overexpressing QSOX had decreased proliferation [26].  This 

observation led to the conclusion that reduced proliferation of these cells was not due 

to apoptotic mechanisms. 

In an unrelated proteomics study, another group discovered that circulating 

QSOX levels increased approximately 3-fold in the blood of individuals prone to acute 

mountain sickness (AMS) following a 9-hour exposure to hypobaric hypoxia (low 

pressure and low oxygen) [32].  Peroxiredoxin 6 and glutathione peroxidase, proteins 

with established antioxidant properties, were similarly upregulated [32].  In contrast, 

those resistant to AMS lacked increases in serum levels of these three proteins.  It has 

been previously established that hypoxia-induced oxidant levels increase in AMS 

sufferers relative to controls [33], and thus the authors of the present study cite the 

apparent protective role of QSOX1 reported by Morel et al. [26] for the claim of 
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ñantioxidantò properties of QSOX.  They conclude that upregulation of the 

ñantioxidantsò QSOX, peroxiredoxin 6, and glutathione peroxidase, likely 

compensates for hypoxia-induced oxidant production in sufferers of AMS.  

The evidence suggesting that QSOX may act as an ñantioxidantò is likely 

spurious, as it is incongruent with enzymological studies.  Although QSOX does have 

three redox-active CxxC motifs, they are completely oxidized in purified recombinant 

enzymes [34], [35].  Furthermore, the conversion of reduced protein thiols to disulfide 

bonds by QSOX produces one molecule of hydrogen peroxide for each disulfide bond 

formed ï making QSOX a net oxidant producer in vitro.  In addition, the initial report 

demonstrating the protective effect of QSOX for cells exposed to oxidative stress drew 

the conclusion from a correlation where the relationship between QSOX expression 

levels and the biological response by cancer cells [26] was directly opposed to the 

observations described in a number of other cancer studies [18], [22], [23], [27], [28].  

Thus, upregulation of circulating QSOX in AMS is likely due to a need for QSOX in 

some non-antioxidant role that has yet to be defined in AMS, while peroxiredoxin 6 

and glutathione peroxidase are likely upregulated for their antioxidant capabilities. 

2.4 Emerging Roles of QSOX in Disease 

2.4.1 African sleeping sickness 

African sleeping sickness is a disease that, if left untreated, culminates in 

severe and ultimately fatal neurologic and sleep disruptions.  The causative agent of 

African sleeping sickness is Trypanosoma brucei, a unicellular eukaryotic parasite.  

Bloodstream forms of these parasites evade the host immune system via a dense 

monolayer of variant surface glycoproteins (VSGs; Figure 2.4) [36], [37]. Intriguingly, 
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VSGs are antigenic, and thus elicit a host immune response.  However, at the 

population level a small proportion of the blood borne T. brucei cohort changes the 

variant VSG expressed.  This permits the population expressing this new variant to 

become established before the immune system adapts.  This strategy, and the presence 

of more than 1,000 VSG genes, permits T. brucei populations to persist in the host in 

perpetuity [36].   

 

Figure 2.4:  Molecular model of the VSG cell surface coat of Trypanosoma brucei. 

(A) Side view of the VSG coat. (B) Top view of the VSG surface coat 

demonstrating the dense packing of VSGs. Figure from Mehlert et al. 

[37], used with permission from the publisher. 

Despite their highly variable nature, VSGs contain several conserved structural 

disulfide bonds [38].  Experimental evidence that VSGs may account for up to 30% of 

the total protein output of T. brucei [39] suggests that the disulfide bond formation 

load of these organisms is likely to be quite high.  The single QSOX found in T. 

brucei is very efficient at oxidizing unfolded, reduced proteins in vitro [35].  Given 

that mammalian QSOX enzymes are found throughout the secretory pathway, with 
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confirmed physiological roles in the extracellular environment [2], [17], [18], it is 

likely that TbQSOX participates in the generation of these disulfide bonds.  In light of 

the presumed importance of properly disulfide-bonded VSGs for host immune 

evasion, TbQSOX and other participants in oxidative protein folding machinery in T. 

brucei represent potential therapeutic targets.  Further investigation into the roles of 

TbQSOX is clearly warranted.  

2.4.2 Heart Failure 

Acute decompensated heart failure (ADHF) is the medical term used to 

describe cases of heart failure characterized by acute dyspnoea (breathlessness) [40], 

[41].  Currently, B-type natriuretic peptides (BNPs) are the standard plasma biomarker 

for diagnosis of ADHF [40], [41].  The disadvantage of using BNPs, which are 

released into circulation by stressed cardiomyocytes, is that they lack specificity.  

While sufficient diagnostic markers in many cases, BNPs are also elevated in cases of 

chronic heart failure (CHF) and during pneumonia, heart ischemia, and renal failure 

[40].  Using an unbiased proteomics approach, Mebazaa et al. set out to identify novel 

plasma biomarkers that would be more specific. QSOX1 emerged as the best 

candidate [40].  

In their evaluation of QSOX1 as a biomarker for ADHF, Mebazaa et al. found 

that levels of plasma QSOX1 alone performed as well as BNPs for diagnostic 

purposes.  Further, the combined evaluation of QSOX1 and BNP significantly 

improved both the accuracy and specificity of ADHF diagnosis.  In the ñgray zoneò of 

BNP levels ï where they are not of diagnostic value ï combinatorial analysis of 

QSOX and  BNP levels provided 93% accuracy in diagnosing heart failure, with over 

80% specificity for ADHF [40].  To validate the link between QSOX and ADHF in 
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vivo  ̧a ñpressure-overload modelò procedure was performed on rats [40].  This 

procedure leads to the rapid development of ADHF in the animals. When ADHF 

developed, transcript levels of QSOX were elevated in the hearts of rats but were 

unchanged in other organs of the same animals [40]. These experiments confirmed 

that the elevated plasma QSOX1 originates in the hypertrophic portion of the heart 

[40].  Overall, this study presents compelling evidence that dual assays for QSOX1 

and BNP could be particularly useful, especially in emergency situations of acute 

dyspnoea, to ensure the accurate diagnosis and appropriate treatment of ADHF. 

2.4.3 Cancer 

QSOX has been shown to be overexpressed by a variety of different cancers.  

A review of the NCI 60 tumor cell line database found that higher QSOX mRNA 

expression levels correlated with increases in expression of several ECM components, 

including Collagen IV Ŭ1 and lysyl oxidase [9], [42].  In a chondrosarcoma cell line 

mRNA levels deduced from EST databases also revealed significant upregulation of 

QSOX [2].  Cell culture studies have found that QSOX is secreted by several different 

cancer cells, including those derived from bone, breast, and prostate cancers [2], [43], 

[44].   

While most studies have found a correlation between increased QSOX 

expression and tumor progression, several studies, using endothelial or breast tumor 

cells, have found evidence suggesting instead that QSOX1 expression is negative 

correlated with cancer severity [24]ï[26].  In the last few years a number of groups 

have started to more closely evaluate QSOX expression by cancer cells to interrogate 

more precisely the roles that expressed and secreted QSOX contribute to the 
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respective diseases [18], [22], [23], [27], [45], [46]. Recent advances in our knowledge 

will be discussed in the following sections.  

2.4.3.1 Pancreatic Cancer 

Pancreatic cancer patients typically face a dire prognosis, with fewer than 5% 

of patients surviving for more than 5 years post-diagnosis [22], [47].  One of the 

factors contributing to such a poor outcome is the failure to diagnose the disease in its 

early stages, when therapeutic intervention is most successful.  Thus, the discovery of 

a low molecular weight peptide biomarker in the plasma of pancreatic cancer patients 

by Doug Lakeôs group was an encouraging development [48].  The peptide, derived 

from a C-terminal region of QSOX1, showed diagnostic potential as it was present in 

the plasma of pancreatic cancer patients, but not in patients lacking the disease.  

Following up on their discovery, the Lake group searched for evidence of 

direct roles of QSOX in the disease.  Immunohistochemical analyses of pancreatic 

biopsies from patients revealed strong staining for QSOX1 in malignant pancreatic 

ducts, but not in adjacent non-malignant pancreatic ducts and stroma [22], [45], [48] 

(Figure 2.5).  Using Western blot analyses, four established pancreatic cancer cell 

lines had high levels of QSOX protein expression compared to a control non-

tumorigenic pancreatic cell line [22], [48].  A modest knockdown of endogenous 

QSOX expression decreased cellular growth and proliferation and, importantly, caused 

a four-fold decrease in the invasiveness of these cultured pancreatic cancer cell lines 

[22].  This decrease in invasiveness was directly correlated to a reduction in activity of 

matrix metalloproteases. There were no corresponding decreases in the mRNA levels 

of the MMPs, suggesting that QSOX1 is involved in either the direct or indirect 

activation of MMP-2 and MMP-9 in the extracellular environment [22].  Addition of 
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exogenous recombinant QSOX1 to the culture medium rescued the proliferative and 

invasive properties of the compromised pancreatic cancer [22].  These studies promote 

the possibility that, in addition to being a novel potential diagnostic biomarker, 

extracellular QSOX1 could be a viable therapeutic target for the treatment of 

pancreatic cancer patients. More work is necessary to elucidate whether inhibition of 

the enzyme could attenuate proliferation and metastasis of tumor cells in vivo, and 

whether this might improve the dismal prognosis for these patients.  

 

Figure 2.5: Immunohistochemistry of QSOX in pancreatic cancer. Within the 

same pancreatic tissue sample, QSOX staining (brown) is very strong in 

malignant ducts, but not in adjacent normal ducts or stroma. Figure 

adapted from Antwi et al. [48], with permission from the publisher. 
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2.4.3.2 Breast Cancer 

2.4.3.2.1 Apparent opposing roles of QSOX in breast cancer 

Studies focusing on the role(s) of QSOX1 in breast cancer have provided 

conflicting results.  Initially, QSOX1 was found to be secreted by some breast tumor 

cells [2], [44], while another early study demonstrated an inverse relationship between 

QSOX1 expression and proliferation of estrogen receptor-negative breast cancer cell 

lines [44], [49].  Morel et al. observed a similar negative correlation when guinea pig 

QSOX1 was overexpressed in MCF-7 breast cancer cells, and further observed an 

apparent role of QSOX in protecting against oxidative stress-induced apoptosis [26].  

Several recent studies have continued to show conflicting results: in one case high 

QSOX1 expression seemed to reduce tumorigenesis [24] and in two other studies high 

QSOX1 expression had the opposite effect ï promoting  proliferation, invasion, and 

tumorigenesis [23], [27], [45]. Recent studies focusing on the roles of QSOX1 in 

breast cancer will be discussed in the following sections. 

2.4.3.2.2 Recent support for QSOX as a repressor of breast cancer severity 

Pernodet et al. recently evaluated QSOX1 mRNA expression levels in a 

collection of 217 invasive ductal carcinomas (IDC) of the breast.  Using their method 

for categorizing disease severity, it was concluded that QSOX1 expression levels were 

inversely correlated with disease severity and prognosis [24], [45].  Consistent with 

studies from other labs using pancreatic [22] and lung tumor cells [18], their follow up 

experimental work using MCF-7 breast tumor cells demonstrated increased adhesion 

when QSOX1 is overexpressed [24].  However, in contrast to those other studies, they 

found that QSOX expression levels were inversely correlated with proliferation, 

invasion, and tumor development [24].  While these data initially seem to support the 
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authorsô conclusions, a critical evaluation of their presented data reveals that many of 

their conclusions are only superficially supported [45]. 

An objective analysis of the work by Pernodet et al. reveals methodological 

shortcomings that undermine the assertion that QSOX suppresses tumorigenesis [45].  

For example, in the experiments where QSOX1 was overexpressed in MCF-7 breast 

tumor cells, or where QSOX1 was repressed by short hairpin RNA (shRNA) in MDA-

MB-231 cells, they found an inverse correlation between cellular tumorigenic 

properties and QSOX expression levels. However, these experiments were carried out 

with two different breast tumor cell lines.  Examination of their analysis of QSOX1 

mRNA levels reveals that even when MCF-7 cells are overexpressing QSOX and 

expression of QSOX1 is repressed in MDA-MB-231 cells, the latter cells retain at 

least 2.6 to15-fold higher QSOX1 mRNA levels (ref [24], pp. 4-5).  Further, 

substantial differences in the proliferation rates (5-fold) of the two tumor cell types 

when QSOX1 expression is unaltered were not accounted for (ref [24], Fig. 4A and 

4B).  Finally, the conclusions drawn from immunohistochemical analyses of normal 

and malignant breast tissues are not clearly supported in the presented micrographs 

(ref [24], p. 4 and Fig. 1) [45]. 

2.4.3.2.3 Recent support for QSOX as a contributor to breast cancer severity 

In contrast to the study detailed above, investigations by Katchman et al. [23] 

and, independently, by Soloviev et al. [27] are in agreement with reports from studies 

of other forms of cancer, where QSOX1 overexpression correlated with cancer cell 

invasiveness and tumor grade [18], [22], [45], [46].  In the work by Soloviev et al. 

QSOX1 mRNA levels were examined from expressed sequence tag (EST) and serial 

analysis of gene expression (SAGE) databases, and mRNA levels were experimentally 
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determined in 50 additional clinically-graded normal and malignant breast tissue 

samples [27].  Using the established Nottingham prognostic index to evaluate their 

results, Soloviev et al. found a significant correlation ï consistent across all data sets ï 

where higher relative QSOX1 mRNA levels paralleled severity in clinical tumor grade 

[27].  It was noted that this correlation was independent of estrogen receptor and 

epidermal growth factor receptor 2 status, suggesting that QSOX1 may potentially be 

useful as a new prognostic marker.   

Similarly, the recent study by Katchman et al. corroborates this relationship 

between QSOX1 expression and tumor severity [23].  Their evaluation of over 1,800 

molecularly-typed breast cancer cases from the Gene expression-based Outcome of 

Breast cancer Online (GOBO) database revealed a highly significant statistical 

relationship where higher QSOX1 levels correlated with poor prognosis in luminal B 

breast cancer patients [23], [45].  In their study, follow-up cellular experiments also 

showed that suppressing QSOX expression in breast tumor cells significantly 

decreased proliferation and invasion, and also suppressed the activity of extracellular 

MMPs [23]. 

2.5 Biological Mechanisms for Regulating QSOX Expression 

As the medically-relevant biological roles of QSOX1 continue to emerge, an 

improved understanding of how QSOX1 expression is regulated will be imperative.  

While mammals have two splice variants of QSOX1 (Figure 2.1), there is scant 

information regarding whether or not there is differential expression of these variants, 

and correspondingly, it is unknown if they may also be differentially regulated.  

Several early studies suggested that QSOX1 may be regulated by estrogen, with little 

follow up regarding possible mechanisms.  More recently, there have been reports 
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suggesting regulatory mechanisms involving autophagy and hypoxia.  These studies 

will be discussed in this section.  

2.5.1 Evidence for regulation by estrogen 

Several early studies suggested that QSOX1 may be regulated by estrogen.   A 

microarray study of human MCF-7 breast cancer cells found decreases in mRNA of 

QSOX1 and a number of other genes in response to estrogen treatment [50].  In other 

studies a similar estrogen-dependent decrease in QSOX levels was observed in the 

endometrium of guinea pigs [12], and also in cultured MDA-MB-231 breast cancer 

cells [49].  In this latter study MCF-7 cells were also used during an evaluation of 

genes that are estrogen-responsive.  Interestingly, the authors note that expression 

levels of some genes were strikingly regulated in opposite directions in MDA-MB-231 

cells and MCF-7 breast cancer cells [49]. In their data from the MCF-7 cell line, 

QSOX1 levels are not represented.  Finally, another study showed that QSOX1 

mRNA levels in rat pituitary glands were upregulated by estrogen [5].  

 Since humans and rodents have two splice variants of QSOX1, it is possible 

that they are differentially regulated by estrogen.  However, evidence for a direct 

regulatory mechanism in all of these cases is lacking, as none of the studies explored 

the relationship between QSOX expression and estrogen beyond the correlatory level.  

The extant literature lacks any recent follow up to these studies so it is difficult to 

draw any conclusions about the role of estrogen in regulating QSOX expression. 

2.5.2 Evidence for regulation involving autophagy 

An interesting recent study suggests that autophagy may be another process 

linked to QSOX1 expression in breast cancer cells [51].  Autophagy is a catabolic 
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process through which cells actively degrade and recycle certain cellular components. 

Surprisingly, dual roles for autophagy have been described in cancers depending on 

the state of tumorigenesis [51]ï[53].  In non-tumor cells and in early tumorigenesis the 

restoration of cellular homeostasis during stress by autophagy is apparently tumor 

suppressive [51], [52].  By contrast, during later stages of tumor growth, autophagy is 

purportedly pro-oncogenic, promoting tumor cell survival [51], [53].  In their study,  

Poillet et al. found that QSOX expression increases following starvation-induced 

autophagy in MCF-7 breast tumor cells, yet they also found that QSOX1 inhibits 

autophagy, apparently through inhibition of autophagosome/lysosome fusion [51].  

Clearly, more work needs to be done to tease out the mechanisms responsible for the 

dual roles of autophagy, and to elucidate the details of how QSOX expression and 

autophagy may be linked. 

2.5.3 Evidence for regulation by hypoxia 

The most compelling work detailing a regulatory mechanism for QSOX1 

expression was first published just several months ago.  In this work Shi et al. showed 

that QSOX1 was upregulated during hypoxia by approximately 4-fold in two 

pancreatic tumor cell lines [46].  When hypoxia-inducible factor 1 alpha (HIF-1Ŭ) was 

overexpressed in these same cell lines during normoxic conditions, QSOX1 mRNA 

levels increased ~7-fold, suggesting a direct link.  Subsequent evaluation of the 

QSOX1 gene sequence revealed two hypoxia response elements (HREs) ï one within 

the first exon, and another within the first intron of the gene (Figure 2.6) [46].  The 

independent deletion of each HRE substantially decreased hypoxia-inducible QSOX 

expression, and deletion of both HREs completely abolished expression in a luciferase 

reporter assay [46].  Finally, hypoxia exposure triggered a 4-fold enhancement of 
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invasion relative to cells assayed during normoxia, and depletion of QSOX1 

expression significantly reduced the number of invading cells under hypoxic 

conditions [46].   

 

Figure 2.6: Locations of hypoxia response elements (HREs) in the QSOX1 gene. 

Filled black circles represent the locations of HRE1 in the first exon of 

the QSOX1 gene, and HRE2 in the first intron of the gene. The rest of the 

gene is not shown in this figure. Figure from Shi et al. [46], used with 

permission from the publisher 

2.5.4 Summary of our current understanding of QSOX regulation 

While much work remains until we have a clear understanding of the precise 

mechanisms regulating QSOX expression during normal and disease conditions, it 

appears that hypoxia may be a common denominator among the diseases discussed in 

this chapter.  For example, it is well established that during tumorigenesis hypoxia is 

one of the microenvironmental barriers that many cancers must overcome on the way 

to becoming malignant [54].  Similarly, during acute decompensated heart failure, 

hypoxia may occur as  a result of heart failure, and/or due to the accompanying 

shortness of breath that is characteristic of the disease [40].  Sufferers of acute 

mountain sickness also present symptoms following exposure to the low oxygen 

concentrations typical of higher altitudes [32].  Although the role of QSOX has not yet 

been explored directly in ischemia-reperfusion injury, it is well known that hypoxia 

triggers the HIF-1Ŭ -induced upregulation of many genes during ischemia-reperfusion 
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injury.  EPO is one of the major genes upregulated by hypoxia. EPO encodes 

erythropoietin, a protein that contains two disulfide bonds and is a major regulator of 

red blood cell formation.  Thus, if erythropoietin, or other HIF1a-induced genes, 

require disulfide bond formation by QSOX, it is conceivable that QSOX1, containing 

HREs, may be another gene upregulated in this case also.   

2.6 Summary 

As the biological roles of QSOX continue to emerge, it is becoming 

increasingly evident that this medically-relevant enzyme is upregulated in a number of 

diseases, from heart failure to a variety of different cancers.  Recent proteomics-based 

approaches have demonstrated the utility of plasma QSOX peptides as a biomarker for 

pancreatic cancer [48], and as an accurate and specific biomarker for acute 

decompensated heart failure [40].  Emerging QSOX-disease associations should add 

urgency to efforts to probe for the precise physiological functions of these enzymes, 

and efforts to identify and clarify the regulatory mechanisms controlling QSOX 

expression and activity levels are equality important, as these could present additional 

therapeutic targets.  
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Chapter 3 

PROBING THE ROLES OF SUBSTRATE BINDING AND  REDOX 

POTENTIALS IN THE CATALYTIC MECHANISM OF QSOX  

3.1 Introduction  

The QSOX family of sulfhydryl oxidases [1]ï[7] are capable of the efficient, 

direct oxidation of client proteins (see Chapters 1 and 2 for detailed discussions). In 

vitro studies with avian and recombinant human and protozoan QSOXs showed that 

oxidation of protein thiols is facile when substrates are unfolded or at least 

conformationally flexible [8], [9]. This study deals with the QSOX found in 

Trypanosoma brucei. TbQSOX proves especially tractable to express in Escherichia 

coli [10], and its three-domain structure represents the minimal architecture for this 

family of multidomain sulfhydryl oxidases [6], [10]ï[12]. Figure 3.1, A shows the 

domain organization of TbQSOX together with key catalytic steps deduced from 

studies of both metazoan [13]ï[15] and protist [8], [10], [12] QSOXs. Crystal 

structures of TbQSOX in open and closed conformations are shown in Figure 3.1, B 

and C [12]. Catalysis is initiated with the transfer of reducing equivalents from the 

client protein to the C
I
xxC

II
 motif of the thioredoxin (TRX) domain (Figure 3.1, A, 

step 1). The TRX domain appears to be capable of rapidly sampling multiple open 

conformations while tethered to the relatively rigid helix-rich region (HRR)-ERV 

domains [12] via a flexible linker (shown as a dashed line in Figure 3.1, B and C). 

After the reduced TRX domain has disengaged from its protein substrate, it docks at 

the interface of the HRR and ERV domains where it forms a Cys
I
-Cys

III
 mixed 
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disulfide with the redox-active C
III

xxC
IV

 disulfide proximal to the flavin cofactor 

within the ERV domain (Figure 3.1, C). Step 2 is completed by resolution of this 

mixed disulfide with dissociation of the oxidized TRX domain, allowing reducing 

equivalents to migrate to the flavin and thence to molecular oxygen (steps 3 and 4, 

respectively [6], [8], [15]).  

This study probes the mechanism of this proficient stand-alone catalyst of 

disulfide bond formation. First, we explore the enzyme-substrate binding interaction 

by developing a synthetic recombinant RNase as a redox-inactive substrate analog that 

would compete with reduced RNase for a putative substrate binding site.  This work 

provided new information concerning the likelihood of a binding site in QSOX for 

unfolded client proteins. Next, we desired to characterize the thermodynamics of the 

catalytic mechanism. Here, we determined the reduction potentials of model substrate 

disulfides and the three redox centers in TbQSOX catalysis, and investigated the 

consequence of modulating the redox potential of the TRX domain on catalytic 

proficiency using rapid reaction and steady state kinetics. These studies provide the 

first thermodynamic context for a QSOX family member, revealing a surprisingly 

unfavorable thermodynamic barrier in the catalytic mechanism. Finally, our analysis 

identified intriguing parallels with the DsbA/B proteins catalyzing oxidative protein 

folding in the bacterial periplasm and provides a rationalization for this striking 

example of mechanistic convergence.  
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Figure 3.1: Domain organization and crystal structures of TbQSOX. A, the 

domain structure of TbQSOX with the TRX, HRR, and ERV domains 

shown in lime, light gray, and maroon, respectively, with the two 

catalytic CxxC motifs (C
I
xxC

II
 in the TRX domain and C

III
xxC

IV
 in the 

ERV domain) represented by red bars (in domain schematic) and black 

circles. The flow of reducing equivalents from reduced protein substrate 

to molecular oxygen is schematically depicted with arrows 1ï4. B, the 

crystal structure of an open form of the enzyme (Protein Data Bank code 

3QCP) using the same domain coloring and orientation as in A. Cysteine 

to alanine mutations at Cys
II
 and Cys

IV
 allowed the oxidative capture of 

the interdomain Cys
I
-Cys

III
 mixed disulfide shown in the closed form of 

TbQSOX in C (Protein Data Bank code 3QD9). The dashed lines in B 

and C depict a mobile loop not resolved in the crystal structures, and the 

blue helix highlights the change in orientation of the TRX domain 

between open and closed conformations.  
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3.2 Experimental Procedures 

3.2.1 Materials and reagents 

Unless noted, chemical reagents and bacterial culture components were 

obtained as described previously [10]. Primers were from Integrated DNA 

Technologies. Reduced glutathione (GSH), oxidized glutathione (GSSG), and 

oxidized DTT were from Sigma. Reduced DTT and isopropyl d-thiogalactopyranoside 

were from GoldBio. Methyl-PEG24-maleimide (MM(PEG)24) was from Thermo Fisher 

Scientific. 5-Deaza-FAD was obtained as described previously [16].  

3.2.2 Spectrophotometry, assays, and kinetics 

Routine aerobic and anaerobic UV-visible spectrophotometric experiments, 

QSOX enzyme assays, and rapid reaction studies with an SF-61 DX2 double mixing 

stopped-flow spectrophotometer (Hi-Tech Scientific) were performed as described 

earlier [8], [10], [17].  

3.2.3 TbQSOX constructs and mutants 

A truncated form containing only the thioredoxin domain (TbQSOX-TRX; 

corresponding to residues 20ï199 in the full-length protein) was subcloned using the 

TbQSOX-FL-Fwd [10] and Trx-Rev 

(GTCCTCGAGTTAGACAGAACGTTTGACCAG) primers. Mutants of the 

intervening xx dipeptide of the C
I
xxC

II
TRX motif in the context of the TbQSOX-TRX 

or full-length TbQSOX constructs were obtained using the QuikChange II 

Mutagenesis kit (Stratagene) with appropriate primers. All final expression constructs 

in the pET-28a(+) vector contained N-terminal His tags and were sequenced to verify 

integrity.  
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3.2.4 Expression and purification of TbQSOX 

Full -length TbQSOX and truncated constructs were expressed and purified as 

before [8], [10] with the following minor modifications. The hydrophobic interaction 

chromatography step for full-length proteins utilized 35%, not 40%, saturated 

ammonium sulfate. This step was omitted for the purification of TbQSOX-TRX 

construct. Protein yields for all constructs were similar to that of wild-type TbQSOX 

(Ḑ7 mg/liter of cell culture [10]).  

3.2.5 Design of synthetic RNase mutant constructs.   

A synthetic gene, incorporating the N- and C-termini utilized by Raines and 

colleagues (53), was designed to encode a septuple cysteine to serine mutant of bovine 

RNase while retaining C65 (designated 1C65-RNase). The construct included an N-

terminal hexahistidine tag and a nucleotide sequence optimized for expression in E. 

coli.  Nucleotide and amino acid sequences for 1C65-RNase are shown in Appendix A.  

The gene was subcloned into a pET28-a vector using N-terminal NcoI and C-terminal 

XhoI restriction sites and was expressed in BL21*(DE3) cells. A further C65S 

mutation to eliminate the final cysteine was generated to create a construct completely 

lacking cysteines (designated 0C-RNase). We used 1C65-RNase as the template to 

reintroduce the first cysteine of RNase (C26) to create the dithiol-containing construct, 

2C26,65-RNase. We additionally created 2C26,84-RNase, containing the first and sixth 

cysteines of RNase A. See Appendix A for final protein sequences of these constructs. 

All mutations were generated with appropriate primers using the QuikChange II 

Mutagenesis kit (Stratagene). 
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3.2.6 Expression and purification of mutant RNases 

Cells were grown in LB medium supplemented with 15 ɛg/mL kanamycin at 

37 °C until an A600 of 0.6 was reached.  Protein expression was induced by the 

addition of 1 mM IPTG and cells were grown for an additional 3-5 h.  Harvested cells 

were resuspended in 50 mM phosphate buffer, pH 7.5, containing 300 mM NaCl, 10 

mM ß-ME, 170 ɛg/mL PMSF, 0.72 ɛg/mL Pefabloc SC, and 0.5 ɛg/mL leupeptin.  

Following French press and sonication steps, the lysate was made 6 M in GnHCl, 

rocked for 20 min at 4 °C, and centrifuged at 14,000 g for 30 min.  The supernatant 

was added to a nickel-chelating resin (10 mL/per 1 mL of packed resin), rocked for 2 h 

at 4 °C, and poured into a column.  The resin was washed with 30 mL of 50 mM 

phosphate buffer, pH 7.5, containing 300 mM NaCl, 10 mM ß-ME, and 6 M GnHCl.  

The column was developed with 50 mM phosphate buffer, pH 7.5, containing 10 mM 

ß-ME and increasing concentrations of imidazole (30 mL each of 50, 100, and 200 

mM imidazole and 20 mL each of 300 and 500 mM imidazole).  RNase emerged 

between 100 ï 200 mM imidazole.  Fractions were pooled, concentrated, washed into 

phosphate buffer, and stored at -20 °C (yield: ~ 6 mg/L). 

 

3.2.7 Sulfhydryl oxidase activity assays for substrate binding study  

Reduced RNase (rRNase) was prepared as before [10].  Activity assays were 

conducted using rRNase alone, or in the presence of 0C-RNase.  The QSOX-driven 

oxidation of protein thiols was monitored discontinuously by quenching aliquots of 

the reaction mixture into phosphate buffer containing 1 mM DTNB and 6 M GnHCl.  

Thiols were quantitated following the absorbance of the 5-thio-2-nitrobenzoate (TNB)
 

anion at 412 nm.  Initial rates were evaluated after the addition of QSOX.      
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3.2.8 Redox potential determinations 

All redox potential experiments were carried out at 25 °C in 50 mM potassium 

phosphate buffer, pH 7.0 containing 1 mM EDTA. Stock solutions of reduced and 

oxidized glutathione were adjusted to pH 7 using potassium hydroxide. Thiol-

containing solutions were standardized using 5,5-dithiobis(2-nitrobenzoate) (DTNB). 

The fraction of protein containing a particular reduced redox center was plotted 

against the composition of the corresponding redox couple ([GSH]
2
/[GSSG] or 

[DTTred]/[DTTox]). Redox data were analyzed using non-linear curve fitting with the 

Hill equation in GraphPad Prism 6 (GraphPad Software) to obtain the equilibrium 

constant, Kox. Standard redox potentials were obtained via the Nernst equation using 

Eǋ
0
 values of ī240 mV for GSH/GSSG [18] and ī327 mV for DTTred/DTTox [19].  

3.2.9 Redox potentials of thioredoxin domain C
I
xxC

II
 and RNase disulfides 

Approximately 5 ɛM protein was incubated at 25 °C for 2 h in 1.5-ml 

centrifuge tubes containing a range of glutathione redox buffers comprising 5 mM 

GSSG and 0.05ï75 mM GSH. The mixtures were then rapidly quenched by the 

addition of 100% (w/v) ice-cold trichloroacetic acid (TCA) while vigorously vortexing 

to give a final concentration of 20% TCA. The precipitated protein samples were 

recovered by centrifugation (6000 relative centrifugal force for 30 min at 4 °C), and 

the pellets were washed twice with ice-cold acetone and allowed to air dry for 30 min. 

The denatured samples were then resuspended in 10 mM MM(PEG)24 in 2× non-

reducing Laemmli buffer before being analyzed by SDS-PAGE using 12% gels for 

TbQSOX-TRX, and 18% gels for RNase mutants. Gels were imaged, and bands were 

quantitated using a FluorChem Q imaging system and the FluorChem Q software 

(ProteinSimple).  
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3.2.10 Redox potential of the C
III

xxC
IV

 proximal disulfide 

The 5-deaza-FAD-substituted enzyme was first generated by reconstituting the 

apoprotein with the flavin analog. Wild-type TbQSOX (45 nmol in 50 mM phosphate 

buffer, pH 7.5) was bound to 0.5 ml of ProBond nickel-chelating resin (Invitrogen) 

retained in a small plastic capped column. Flavin release was initiated by the addition 

of 1.5 ml of 6 M guanidine hydrochloride in 50 mM phosphate buffer adjusted to pH 

7.5. The column was recapped and incubated with rocking for 15 min at room 

temperature. The column was then allowed to drain and was washed with 4 column 

volumes of the denaturant followed by 3 column volumes of phosphate buffer without 

guanidine hydrochloride. Washes were evaluated spectrophotometrically to follow 

loss of FAD from the resin. The resin was then rocked overnight at 4 °C with a 1.7-

fold molar excess of 5-deaza-FAD in 1 ml of phosphate buffer, pH 7.5. 5-Deaza-FAD-

TbQSOX was eluted from the column with 500 mM imidazole and exchanged into 50 

mM phosphate buffer, pH 7.0 containing 1 mM EDTA using Amicon Ultra centrifugal 

filters (Millipore).  

Redox experiments were conducted in open cuvettes including 50 nM glucose 

oxidase and 10 mM glucose as a precaution to maintain dissolved oxygen 

concentrations to low levels. Aliquots of reduced DTT were added to 15 ɛM 5-deaza-

FAD-enzyme in the presence of 20 mM oxidized DTT. Spectra were recorded 

immediately and found to be unchanged 30 s after mixing. Spectra were scatter-

corrected over 490ï800 nm and corrected for dilution. The maximum absorbance 

change was centered around 445 nm (see Figure 3.3, A, inset). However, the 

absorbance change over five consecutive wavelengths (443ï447 nm) was averaged to 

minimize instrumental noise prior to calculation of the fraction of enzyme carrying the 

reduced C
III

xxC
IV

 motif.  
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3.2.11 TbQSOX-bound FAD redox potential 

Wild-type TbQSOX (30 ɛM in 1 ml of 50 mM phosphate buffer, pH 7.0 

containing 1 mM EDTA, 10 mM GSSG, and 10 mM glucose) was deoxygenated by 

cycles of vacuum and nitrogen in an anaerobic cuvette [17] prior to the addition of 50 

nM glucose oxidase to ensure continued anaerobiosis. A stock solution of GSH was 

delivered via a Hamilton gas-tight syringe, and UV-visible spectra were recorded 

immediately and 60 s after each addition. The 60 s spectra were scatter-corrected (over 

700ï850 nm), and the fraction of reduced enzyme FAD was calculated from the 

dilution-corrected absorbance at 456 nm.  

3.3 Results and Discussion 

3.3.1 QSOX lacks a significant binding site for unfolded protein substrates 

QSOX is a facile catalyst towards a range of unfolded substrates but exhibits 

very low activity with well-ordered substrates [8].  One possible explanation is that 

only unfolded substrates can productively access a binding site on QSOX prior to 

transferring reducing equivalents to the enzyme.  If QSOX has a significant binding 

site for a protein substrate, a non-cysteine containing version of the same protein 

should act as a competitive inhibitor of disulfide bond generation, leading to a 

decrease in activity during steady-state kinetics experiments.  We used native 8-thiol 

rRNase as the substrate and tested an octuple cysteine to serine variant (0C-RNase) as 

the potential inhibitor with both human and parasite oxidases.  At protein substrate 

concentrations set to their corresponding Km values (40 and 45 µM for human and 

trypanosome QSOX, respectively [10], [15], no significant inhibition of enzyme 

activity was observed with up to 5-fold higher concentrations of 0C-RNase (Table 

3.1).   
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Table 3.1: 0C-RNase does not inhibit QSOX activity with wild type RNase
aÀ

. 

Inhibitor  Activity (% control)  

0C-RNase Concentration (µM) TbQSOX HsQSOX 

180 95.6 ± 0.8 - 

200 - 98.7 ± 5.8 
 

a
QSOX activity was assayed discontinuously using either 45 or 40 ɛM native rRNase 

as the substrate (corresponding to the Km value for trypanosome and human QSOX, 

respectively) in the absence (control) and presence of 0C-RNase. Non-enzymatic rates 

of thiol oxidation in the absence of QSOX were subtracted from the data. 
À
with Dr. 

Jennifer Codding. 

 

It is worth noting that since our competitive inhibitor does not contain any free 

thiols it is possible that it may not appropriately compete for the binding site due a 

lack of this essential feature of QSOX substrates.  However, as both substrate and 

putative competitor represent almost identical protein sequences, these data do not 

support the presence of a significant binding site for rRNase on either of these diverse 

QSOXs.  There are three additional lines of evidence consistent with this conclusion. 

First, there was no change in fluorescence when a labeled 1C65-RNase substrate was 

used as a substrate [8]. Second, rapid-reaction experiments with TNB-functionalized 

1C65-RNase showed that increasing substrate concentrations produced a linear 

increase in the first-order rate constant for the initial enzyme-substrate interaction [8]. 

Third, the crystal structures of TbQSOX show no obvious binding site for protein or 

peptide substrates [8], [12]. In sum, these results support a model where QSOX 

functions in a ñhit-and-runò mode of catalysis [8]. 

3.3.2 Overview of redox potential measurements 

We started this work by determining the redox potentials of the centers 

participating in the oxidation of protein substrates (Figure 3.1, A). Because the TRX 
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domain of TbQSOX is linked by a mobile and disordered loop region to the 

HRR/ERV pseudodimer (Figure 3.1, B and Refs. [12] and [20]), truncations of the 

protein allow them to be studied separately. It should be noted that there is an 

additional CxxC motif toward the C-terminus of the ERV domain. Although this 

C
V
xxC

VI
 motif is conserved in all QSOX sequences examined to date [1], [11], single 

or double mutations at this locus have an insignificant impact on the turnover of 

protein substrates in vitro using either human QSOX1 or TbQSOX [10], [15]. 

Furthermore, the recent crystal structures of open and closed forms of TbQSOX 

(Figure 3.1, B and C) do not provide an obvious rationale for a catalytic role of the 

C
V
xxC

VI
 disulfide. Hence, this third CxxC motif will not be considered further in the 

present study.  

3.3.3 Redox measurement of C
I
xxC

II
 motif  

Determining the redox potential of the C
I
xxC

II
 motif requires isolating the 

redox-active TRX domain from the HRR-ERV domains to prevent transfer of 

reducing equivalents from the C
I
xxC

II
 dithiol to the C

III
xxC

IV
 and FAD centers of 

TbQSOX (Figure 3.1, A). The thioredoxin domain with an additional embedded Ŭ-

helix (colored in lime in Figure 3.1, B) is tethered to the rigid and structurally 

independent HRR-ERV domains in TbQSOX by a flexible linker. This TbQSOX-TRX 

construct was expressed independently and was found to contain no free thiols on 

DTNB titration. The small size of this construct (201 residues) allows the use of a gel 

shift procedure commonly used to determine the redox potentials of thioredoxin 

family members [21], [22]. TbQSOX-TRX was equilibrated at pH 7.0 in redox buffers 

containing varying ratios of reduced and oxidized glutathione, the mixtures were 

quenched by TCA precipitation, and the reduced component was labeled with a small 
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PEG-maleimide derivative (MM(PEG)24, adding 1.24 kDa per thiol. Non-reducing 

SDS-PAGE revealed the expected gel shift for the introduction of two maleimide 

labels for the reduced protein. As observed by others [23], an intermediate band 

appeared (denoted with * in Figure 3.2, A), likely reflecting the formation of a mixed 

disulfide intermediate with glutathione. Under conditions where very high 

concentrations of reduced glutathione were present, a portion of the protein becomes 

over-reduced as one of the three structural disulfides present in this construct is 

reduced (Figure 3.2, A and B). This over-reduced protein was included with the 

reduced fraction of protein, and the mixed glutathione-disulfide bands were excluded 

from band analysis. Quantitation of the reduced and oxidized bands by densitometry 

yielded the data in Figure 3.2, C. Four independent experiments gave a redox potential 

of ī144 Ñ 1 mV. This relatively oxidizing potential is consistent with a role of this 

redox center as the initial oxidant for reduced, conformationally mobile protein 

substrates (see later text). Thus, the observed redox potential is intermediate between 

the highly oxidizing DsbA protein of the bacterial periplasm (Ḑī120 mV [24], [25]) 

and that of the relatively oxidizing two CxxC motifs of mammalian protein-disulfide 

isomerase (Ḑī170 mV [26]ï[28]) from the endoplasmic reticulum.  
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Figure 3.2: Redox potential determination of the thioredoxin domain CxxC 

motif in TbQSOX. A, SDS-PAGE showing the redox equilibration of 

TbQSOX-TRX incubated with glutathione redox buffers where the 

proportion of reduced glutathione increases from left to right. The portion 

of protein containing reduced CxxC reacts with MM(PEG)24 and thus 

runs as a higher molecular weight band than the oxidized protein. Minor 

intermediate bands corresponding to protein containing a mixed disulfide 

species with glutathione (*) were excluded from analysis. A portion of 

the protein becomes over-reduced at high GSH concentrations. B, gel 

shift controls using 20 mM GSSG or 20 mM GSH. C, the band 

intensities of reduced forms and oxidized protein in A were quantified by 

densitometry, and the fractions of reduced protein from four independent 

experiments were plotted.  A non-linear fit of the data yielded a redox 

potential of -144 ± 1 mV. Error bars represent standard error. 
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3.3.4 Redox measurement of C
III

xxC
IV

 motif  

Upon net transfer of reducing equivalents from protein clients to the C
I
xxC

II
 

motif of QSOX family members, the mobile TRX domain then reduces the C
III

xxC
IV

 

proximal disulfide adjacent to the oxidized flavin cofactor within the ERV domain 

(Figure 3.1, A) [12], [14], [15]. Several lines of evidence suggest that this proximal 

disulfide is significantly more reducing than the adjacent flavin. For example, 

dithionite titrations of full-length TbQSOX in which the strongly oxidizing C
I
xxC

II
 

disulfide in the TRX domain is disabled with a C
I
S mutation showed that the FAD 

cofactor is stoichiometrically reduced after the addition of 2 electrons before any 

reduction of the proximal disulfide occurs [10]. Comparable results were obtained in 

an HRR-ERV truncation construct of TbQSOX in which the TRX domain is removed 

entirely [10]. This behavior is not unique to TbQSOX; it was previously encountered 

in an HRR-ERV fragment of avian QSOX1 that was generated by partial proteolysis 

[14] and is found in the ERV domains of several small stand-alone sulfhydryl oxidases 

including augmenter of liver regeneration and ERV2p [29], [30].  

Because we wanted to determine the redox potential of the proximal disulfide 

in the context of an oxidized flavin, we explored the use of the highly reducing flavin 

analog 5-deaza-FAD [31], [32]. Substitution of the flavin prosthetic group in full-

length TbQSOX with 5-deaza-FAD yields an enzyme with undetectable activity (data 

not shown). This is to be expected because 5-deazaflavins are unreactive in their 

reduced forms toward oxygen [31]. Although incubation of substituted TbQSOX with 

5 mM DTT leads to insignificant reduction of the bound deazaflavin, the oxidized 

flavin envelope is blue shifted by Ḑ5 nm (from 412 to 407 nm; Figure 3.3, A). 

Precedent for such blue shifts upon removal of a disulfide bond proximal to the flavin 

was previously observed in lipoamide dehydrogenase [33]; augmenter of liver 
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regeneration [34]; and avian [35], human [15], and trypanosomal [10] QSOXs. 

Reduction of the proximal disulfide in 5-deaza-FAD-TbQSOX is then conveniently 

followed by changes in absorbance centered around 445 nm (see Figure 3.3, A, inset) 

upon the incremental addition of reduced DTT in the presence of 20 mM oxidized 

DTT. A plot of the percentage of reduction as a function of the composition of the 

ratio DTTred/DTTox yields a redox potential of ī273 Ñ 3 mV for the proximal disulfide 

(Figure 3.3, B). Thus, the C
III

xxC
IV

 proximal disulfide is much more reducing than the 

TRX domain; the Ḑ130-mV mismatch implies a more than Ḑ10,000-fold equilibrium 

bias in favor of reduction of the thioredoxin domain in TbQSOX. A further discussion 

of the redox imbalance among the three redox centers in QSOX will be presented after 

determination of the redox potential of the flavin prosthetic group.  
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Figure 3.3: Determination of the redox potential of the proximal CxxC disulfide 

in TbQSOX. A, the spectrum of 5-deaza-FAD-substituted TbQSOX was 

recorded before and after reduction with 5 mM DTT (red and blue lines, 

respectively). The Ḑ5-nm blue shift upon reduction of the proximal 

disulfide resulted in maximum differences in absorbance between 

oxidized and reduced forms centered around 445 nm (inset), which was 

used to calculate the fraction of reduced enzyme with increasing ratios of 

reduced to oxidized DTT. B, the fractions of reduced enzyme were 

plotted, and a non-linear fit to the data from three independent 

experiments gave a redox potential of ī273 Ñ 3 mV for the proximal 

disulfide. Error bars represent standard error. 
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3.3.5 Redox measurement of the FAD prosthetic group 

To evaluate the third redox center, the bound FAD of TbQSOX, we utilized the 

full -length protein and delivered reducing equivalents using the relatively weak 

thermodynamic reductant glutathione. Although this monothiol is a poor substrate of 

both protist and mammalian QSOX enzymes [10], [36], [37], communication between 

GSH and the C
I
xxC

II
 disulfide is rapid enough to ensure equilibration with the FAD 

after several seconds under rigorously anaerobic conditions. The corresponding 

spectra (Figure 3.4, A) show a progressive decline in absorbance at 456 nm when 

increasing concentrations of GSH are added to a solution of 10 mM GSSG and 

allowed calculation of a redox potential for the bound flavin of ī153 Ñ 1 mV. Thus, 

the flavin and the TRX C
I
xxC

II
 motif are almost equipotential (ȹEǋ

0
 of 9 mV). This is 

consistent with the outcome of dithionite titrations of TbQSOX: 4 electrons are 

required to completely reduce the flavin with an almost linear decrease in absorbance 

at 456 nm [10], implying that both the FAD and the C
I
xxC

II
 motif are of comparable 

redox potential.  
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Figure 3.4: The redox potential of the FAD cofactor in TbQSOX. Full-length 

TbQSOX was equilibrated with reduced and oxidized glutathione under 

rigorously anaerobic conditions. A, reduction of the FAD was quantified 

by the decline in absorbance at 456 nm with increasing GSH additions. 

B, a non-linear fit of the fraction of reduced FAD yields a redox potential 

of ī153 Ñ 1 mV. Error bars represent standard error. 
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3.3.6 Modulating catalysis by mutating the C
I
xxC

II
 motif  

Multiple studies have shown that the intervening xx dipeptide in CxxC motifs 

in thioredoxin superfamily members can modulate the redox potential in a predictable 

way [24], [38]ï[42]. Thus, when the dipeptide of E. coli thioredoxin is changed from 

GP to PH (a sequence found in the highly oxidizing DsbA protein), the redox potential 

becomes about 60 mV more positive [39], [40]. Conversely, substitution of the PH 

sequence to a GP in the context of the DsbA protein effects a change of redox 

potential from the highly oxidizing ī122 mV to the more reducing ī214 mV [43], 

[44]. One might expect that the potentials for each couple in an enzyme containing 

multiple redox centers would be optimized for its physiological roles. Here, we 

explore the catalytic impact of modulating the redox potential of the TRX CGAC 

motif in TbQSOX using CGPC and CPHC sequences.  

3.3.7 Redox potentials of mutant TRX domains and steady state kinetics of 

corresponding mutant TbQSOX enzymes 

We first determined the redox potentials of the TbQSOX TRX domain 

containing the CGPC and CPHC sequences following the gel shift procedure outlined 

earlier. As expected, the GP sequence is more reducing than the wild-type sequence 

(by 41 mV; Table 3.2). Again, in accord with the trends observed with previous 

thioredoxin family members, replacement of the CGAC sequence by CPHC generates 

a mutant that is 31 mV more oxidizing than the wild-type domain (Table 3.2).  
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Table 3.2: Redox potentials of wild type TbQSOX and C
I
xxC

II
 mutants. 

 

 

 
 

 

a
Redox potentials were calculated from the Kox determined from the mean of 2-4 

replicates. Uncertainty represents the standard error. 
À
Since DTT is a dithiol, Kox is 

unitless. 

3.3.8 Redox potentials of wild-type TbQSOX and C
I
xxC

II 
mutants 

Full-length TbQSOX constructs incorporating the C
I
GPC

II
 and C

I
PHC

II
 

sequences in the TRX domain were purified for kinetics characterization. The mutant 

oxidases showed flavin spectra, purities, and stabilities comparable with those of the 

wild-type protein (data not shown). Both proteins were assayed with the model 

substrate DTT and using reduced RNase as a tractable unfolded reduced protein 

substrate [8], [9]. A comparison of steady state kinetic parameters is shown in Table 

3.3. The GP enzyme shows very modest decreases in kcat/Km for DTT and rRNase 

(4.2- and 1.7-fold, respectively) dominated by a small decrease in kcat (Table 3.3). In 

contrast, the more oxidizing TbQSOX mutant shows correspondingly larger decreases 

in kcat values (of 50- and 28-fold, respectively), but these values are substantially offset 

by a 5.7- and 9-fold decrease in the Km term, again leading to a very small overall 

decrease in catalytic efficiency when compared with the wild-type enzyme. Although 

Michaelis-Menten behavior was observed for both DTT and rRNase using the three 

mutant enzymes, the behavior of the C
I
PHC

II
 enzyme is distinctly anomalous at higher 

DTT concentrations (Figure 3.5). The rates show a saturable initial phase giving the 

Redox Center Redox Couple Kox E
°
ǋ (mV)

a 

C
I
GAC

II
WT GSH/GSSG    6.05 x 10

-4
 M -144  ±  0.7 

C
III

KEC
IV

WT DTTred/DTTox    1.23 x 10
-2À

  -273  ±  1.0 

FAD GSH/GSSG    1.11 x 10
-3

 M -153  ±  0.3 

C
I
GPC

II
 GSH/GSSG    1.35 x 10

-2
 M -185  ±  1.5 

C
I
PHC

II
 GSH/GSSG    4.58 x 10

-5
 M -113  ±  1.3 
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Km estimate in Table 3.3 followed by a linear dependence from 1 to 15 mM DTT 

(Figure 3.5, inset). Strikingly, inactivation of the TRX domain using the C
I
S mutation 

in TbQSOX shows a linear dependence on DTT concentration but without the initial 

phase [10]. Hence, the first phase involves saturation of the TRX domain by DTT, and 

the limiting rate constant of 0.9 s
ī1

 reflects an internal rate-limiting step that is more 

than 40-fold slower than observed with the WT enzyme [10]. The subsequent linear 

phase reflects the ability of DTT to short circuit catalysis by reducing the Cys
III

-Cys
IV

 

proximal disulfide without the obligatory participation of the thioredoxin domain. The 

protein substrate rRNase does not show this secondary phase because it cannot 

efficiently communicate with the ERV domain directly [10].  

Table 3.3: Kinetics of wild-type TbQSOX and C
I
xxC

II
 mutants.

a
  

Mutant  Kinetics with DTT  Kinetics with rRNase 

 kcat 

(s
-1
) 

Km 

(mM) 
kcat/Km 

(M
-1
 s

-1
) 

kcat 

(s
-1
) 

Km 

(mM) 
kcat/Km 

(M
-1
 s

-1
) 

C
I
GAC

II
WT

1 
45.1 ± 0.7 0.17 ± .01 2.6 x 10

5
 21.9 ± 1.8 0.36 ± .06 6.0 x 10

4
 

C
I
GPC

II
 13.7 ± 0.5 0.22 ± .02 6.2 x 10

4
 11.0 ± 1.1 0.32 ± .08 3.5 x 10

4
 

C
I
PHC

II
   0.9 ± 0.1 0.03 ± .01 7.2 x 10

4
 0.79 ± .01 0.04 ± .01 1.8 x 10

4
 

 

a
Values for the wild-type protein were adapted from Kodali and Thorpe [10].  

Turnover numbers are expressed as thiols oxidized per second, with substrate 

concentrations denoted in terms of total thiols. Uncertainty represents standard error.   
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Figure 3.5: Turnover number of the C
I
PHC

II
 mutation of TbQSOX with DTT.  

The main panel represents turnover numbers up to 1 mM DTT. The inset 

shows the linear dependence of the turnover number of the mutant 

enzyme at concentrations above 1 mM DTT. Error bars represent 

standard error. 
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3.3.9 Monitoring turnover with DTT in the stopped -flow spectrophotometer 

Although the mutant TbQSOX enzymes show relatively small decreases in 

catalytic efficiency, they demonstrate marked differences in the ratio of species 

populating the steady state during aerobic turnover with DTT. TbQSOX shows only 

modest levels of a charge transfer species in the steady state [10] as shown in Figure 

3.6, A with the time course at 456 and 580 nm observed when the oxidase is mixed 

with 5 mM DTT in aerobic phosphate buffer, pH 7.5 depicted in Figure 3.6, B. The 

steady state is maintained for Ḑ0.5 s before depletion of oxygen leads to the 

accumulation of the reduced enzyme. The two mutants show strongly contrasting 

behavior. The C
I
PHC

II
 enzyme is almost completely oxidized in the steady state with 

no detectable charge transfer band at 580 nm (Figure 3.6, C). Significant reduction of 

this enzyme only occurs after a sharp transition at 5 s. During the subsequent 

accumulation of reduced enzyme, no long-wavelength spectral features are evident as 

oxygen is depleted from the solution.  

In marked contrast, the C
I
GPC

II
 mutant shows an intense blue color during 

turnover (Figure 3.7); this strong charge transfer band (centered at 580 nm, Figure 3.6, 

A) remains almost unchanged for 1 s before reduced flavin begins to accumulate 

(Figure 3.6, D). This prominent species is also observed under anaerobic conditions 

when the C
I
GPC

II
 mutant is mixed with DTT in the stopped-flow spectrophotometer 

(Figure 3.8). Here, the formation of the charge transfer band shows a limiting apparent 

rate constant of 936 ± 40 s
ī1

, which is some 3.3-fold faster than the 280 s
ī1

 observed 

for the wild-type protein [10]. In contrast, the rate of conversion of the charge transfer 

species to yield reduced flavin is 7.1 ± 0.3 s
ī1

 for the GP mutant, which is about 2.6-

fold slower than the wild-type protein. It is important to note that thiolate to flavin 

charge transfer species are undetectable in the absence of the TRX domain in both 
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static and rapid reaction experiments [10]. Thus, the charge transfer species observed 

during earlier rapid reaction studies of both the T. brucei and avian QSOXs [10], [13] 

is almost certainly dominated by the formation of a mixed disulfide intermediate in 

which the TRX domain is docked against the HRR-ERV fragment (Figure 3.10, A). 

The crystal structure of the closed conformation of TbQSOX (Figure 3.1, C and Ref. 

[12] provides a structural approximation for this critical link between the two catalytic 

modules of QSOX catalysis. Although this work shows that the formation of this 

species is highly responsive to the sequence of the CxxC motifs within the TRX 

domain, it is clearly unwarranted to justify the differences in behavior in terms of 

redox potentials alone. Obviously, the insertion of a proline at the first or second 

position within the intervening xx dipeptide motif (from CGAC of the wild-type 

enzyme to CPHC and CGPC) may perturb the ability either of the Cys
I
 cysteinyl 

sulfur to serve as a nucleophile during the formation of the Cys
I
-Cys

III
 mixed disulfide 

intermediate or of the Cys
II
 sulfur to achieve the in-line geometry needed to resolve 

this interdomain disulfide [1], [6]. 
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Figure 3.6: Steady state spectra of wild-type, C
I
PHC

II
, and C

I
GPC

II
 mutations of 

TbQSOX during the oxidation of DTT in air -saturated buffer. A, 

wild-type TbQSOX shows a small amount of charge transfer absorbance 

in the steady state observed when the enzyme is mixed aerobically with 5 

mM DTT in 50 mM phosphate buffer, pH 7.5, 25 °C. By contrast, the 

C
I
PHC

II
 mutant (red) lacks any detectable charge transfer species, and 

the C
I
GPC

II
 mutant (blue) shows a strong charge transfer absorbance. Bï

D, the corresponding time courses for the absorbance changes at 456 and 

580 nm, respectively, are shown. 
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Figure 3.7: Photographs of the C
I
GPC

II
-containing TbQSOX enzyme during 

catalysis. A small amount of concentrated DTT was mixed rapidly into a 

cuvette containing concentrated C
I
GPC

II 
mutant TbQSOX at ambient 

conditions. The entire progression occurs in less than 1 second. From left 

to right are screen-captures from a video clip of the reaction: 1, the bright 

yellow color of the fully oxidized flavoprotein, 2 and 3, various mixtures 

of protein with oxidized FAD (yellow) and thiolate charge-transfer FAD 

(dark navy), and 4, the pale yellow of reduced FAD when oxygen has 

been depleted from solution.  
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Figure 3.8: Reduction of the C
I
GPC

II
 mutant under anaerobic conditions and 

analysis of the dependence of the apparent rate constants for 

formation and decay of the charge transfer complex on DTT 

concentration. A, anaerobic stopped-flow spectra demonstrating the 

formation of a long-wavelength charge transfer intermediate and 

subsequent disappearance of this species as flavin is reduced. For clarity, 

only select spectra are shown (starting with red, dark red, and brown 

traces). B, apparent rate constants for the formation (solid squares) and 

decay (gray diamonds) of the long-wavelength charge transfer species 

characterized at 580 nm. Lines are nonlinear regression fits of the data.  



 84 

3.3.10 TbQSOX in thermodynamic context: redox potentials of thiol substrates 

The trypanosomal enzyme [10], like other QSOXs [8], [9], [15], [37], is 

capable of oxidizing a very wide range of mono-, di-, and multithiol substrates. As we 

mentioned earlier, QSOX seems to lack a significant substrate binding site, and 

operates in a hit-and-run mode of catalysis [8]. Conformationally flexible peptides and 

proteins containing two or more cysteine residues appear to be excellent substrates of 

the enzyme, although there is comparatively little data regarding their redox potentials 

of potential substrate disulfides. In terms of potential protein clients of QSOX, many 

structural proteins contain multiple disulfides, greatly complicating the determination 

of redox potentials. Thus, values for a particular disulfide bridge would likely depend 

on the number of disulfides that were already introduced and the degree to which 

those predecessors were correctly paired. Here, we utilized recombinant RNase 

mutants containing only 2 of the 8 native cysteine and we were able to apply the gel-

shift method to estimate the redox potentials of a single disulfide bond generated in 

the context of a substantially unfolded client model protein.  We obtained similar 

values of ~180 mV for both the native (2C26,84-RNase) and non-native pairings 

(2C26,65-RNase) (Figure 3.9). Gilbert [45] has tabulated a wide range of redox 

potentials for intramolecular protein structural disulfides spanning ī185 to ī450 mV. 

A series of dithiol-containing peptides and unfolded proteins show redox potentials of 

ī190 to ī220 mV [43], [46]. All of these values are considerably more reducing than 

the ī144 mV observed for the thioredoxin domain of TbQSOX. In summary, the 

C
I
xxC

II
 redox disulfide of the TRX domain appears to be much more oxidizing than 

the majority of dithiol substrates that QSOX is likely to encounter [1], [6], [47], [48]. 

However, this strongly oxidizing couple must now serve as the reductant of the 

proximal disulfide in a reaction that appears to constitute a significant barrier to the 
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overall reaction (Figure 3.10, A). Thereafter, transfer of reducing equivalents to the 

flavin and then to molecular oxygen is very energetically favorable.  
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Figure 3.9: Redox potential determination of a structural RNase disulfide bond. 

Representative data from one RNase disulfide bond is shown. A, SDS-

PAGE showing the redox equilibration of 2C26,84-RNase incubated with 

glutathione redox buffers where the proportion of reduced glutathione 

increases from left to right. Gel shift controls are using 20 mM GSSG or 

20 mM GSH in the presence or absence of MM(PEG)24. The portion of 

protein containing reduced disulfide reacts with MM(PEG)24 and thus 

runs as a higher molecular weight band than the oxidized protein. 

Intermediate bands corresponding to protein containing a mixed disulfide 

species with glutathione (*; **) were excluded from analysis. B, the band 

intensities of reduced and oxidized protein in A were quantified by 

densitometry, and normalized using the controls. The fractions of 

reduced protein from two independent experiments were plotted, and a 

non-linear fit of the data yielded an average redox potential of ~ -180 mV 

for 2C26,84-RNase (shown) and 2C26,65-RNase (not shown). Error bars 

represent standard error. 
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3.3.11 Coupled disulfide exchange reactions promote efficient catalysis: a new 

model for eukaryotic QSOX and bacterial DsbA/DsbB systems 

Figure 3.10 shows, somewhat surprisingly, that two evolutionarily unrelated 

catalysts of oxidative protein folding, QSOX and the bacterial DsbA/DsbB 

oxidoreductase enzyme system, appear to share a common mechanistic strategy. First, 

the oxidation of client proteins in both systems is initiated by a strongly oxidizing 

thioredoxin domain or subunit. After reduction, the soluble and highly oxidizing 

periplasmic DsbA (Figure 3.10, B) must dock with membrane-bound DsbB at the 

bacterial plasma membrane [49]ï[51]. In contrast, QSOX incorporates a tethered, and 

oxidizing, N-terminal thioredoxin domain (Figure 3.1, A). Second, both systems 

apparently show a strongly uphill mismatch associated with reoxidation of their 

cognate thioredoxin partners. Third, in both systems, a charge transfer interaction 

between a thiolate and the oxidized cofactor (flavin in QSOX and a quinone in DsbB) 

is the first observable intermediate in rapid reaction studies [10], [13], [52]. Fourth, 

decomposition of this charge transfer intermediate to yield dihydroflavin or 

hydroquinone is rate-limiting in overall catalysis in both QSOX and DsbB, 

respectively [37], [47], [53]. Finally, accumulation of these reduced enzyme species is 

believed to occur in both instances via thiol-cofactor covalent adducts [1], [54], [55]. 

In terms of charge transfer complex formation, one or two disulfide exchanges 

are required to form a path of communication from the reduced thioredoxin domain to 

the organic cofactor in QSOX and DsbA/B (Figure 3.10). Thus, in TbQSOX, a Cys
I
-

Cys
III

 mixed disulfide traps the closed conformation, thereby allowing Cys
IV

 to form a 

charge transfer complex with the flavin (Figure 3.10, A). Such thiolate to flavin charge 

transfer complexes can provide an additional thermodynamic stabilization favoring 

product formation [55]. In the case of DsbB, a recent rapid reaction study showed that 
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Cys
30

 of reduced DsbA efficiently captures Cys
104

 of DsbB in an interprotein mixed 

disulfide [52]. The liberated cysteine Cys
130

 of DsbB can facilely attack Cys
41

 located 

on the second mobile periplasmic peptide loop of DsbB, thereby releasing the charge 

transfer thiolate to interact with the highly oxidizing quinone cofactor [52], [56].  

It is important to note that an uphill mismatch in redox potential between 

dithiol/disulfide centers is not a disqualification for the efficient formation of mixed 

disulfide intermediates; differences in redox potential cannot be used to predict the 

thermodynamic stability of a mixed disulfide that may form between them (Figure 

3.11). Hence, in the case of DsbA/B, a series of facile disulfide exchange reactions 

[50], [52], [57] provides a covalent pathway for thermodynamic coupling that can link 

the oxidation of a comparatively distal DsbA to a highly oxidizing quinone center in 

DsbB provided that DsbA does not dissociate prior to completion of this series of 

stepwise reactions. Subsequently, the Cys
44

 thiolate of DsbB likely forms a covalent 

adduct with the quinone [54] in analogy to the C4a adducts believed to intervene in the 

final step of transfer of reducing equivalents to the flavin cofactor in QSOX [1]. 

Indeed, both cofactor adducts may provide an additional thermodynamic drive toward 

the accumulation of the reduced cofactor, allowing electrons to be ultimately delivered 

to the respiratory chain or to molecular oxygen directly.  
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Figure 3.10: Schematic of free energy coordinates and equilibria depicting overall 

catalysis by TbQSOX and DsbA/B. A, a schematic free energy 

coordinate for TbQSOX and the interconversion of selected 2-electron 

reduced forms in TbQSOX. The transfer of electrons from reduced 

substrate to C
I
xxC

II
 of TbQSOX is energetically favorable, whereas the 

subsequent intramolecular transfer of electrons to C
III

xxC
IV

 is strongly 

unfavorable based on free energy coordinates alone. The reduction of the 

FAD prosthetic group and the final transfer from dihydroflavin to 

molecular oxygen [58] are both favored energetically. B, the 

corresponding schemes for DsbA/B. The redox potentials for DsbB 

disulfides in B are the average of those of Regeimbal and Bardwell [59] 

and Inaba and Ito [44]. Cysteine residues are labeled by their position in 

the sequence of DsbA and DsbB. 
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Figure 3.11: Hypothetical free energy coordinates for two consecutive disulfide 

exchange reactions.  Although the reaction is depicted as being 

thermodynamically uphill overall, the mixed disulfide intermediate may 

be more, or less, stable than the reactants. 
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Inaba et al. [54] suggest that the relatively negative potentials of the two loop 

disulfides in DsbB (Cys
41

-Cys
44

 and Cys
103

-Cys
130

) may restrict reactivity with non-

cognate potential reductants within the periplasmic space. The same argument may be 

advanced for QSOX within its physiological locales: the proximal disulfide shows a 

redox potential of ī273 mV, and this likely contributes to restricting direct 

communication of potential thiol substrates with the ERV domain. Such short 

circuiting only seems to be evident under forcing conditions with a small non-

physiological substrate when communication between thioredoxin and ERV domains 

is significantly impaired as observed with the C
I
PHC

II
 mutant of TbQSOX described 

earlier (Figure 3.5).  

3.4 Conclusions 

In summary, the evolutionarily unrelated bacterial DsbA/B and eukaryotic 

QSOX systems have apparently adopted a common general strategy for disulfide bond 

formation. Both systems initially receive electrons from thiol-containing peptides via a 

strongly oxidizing CxxC motif in the context of a thioredoxin fold. Reducing 

equivalents are then transferred through a second redox-active disulfide motif in what 

appears to be a prohibitive thermodynamic mismatch, a strategy that likely evolved to 

restrict nonspecific oxidation of extraneous thiols. Rather than the full expression of 

this thermodynamic mismatch, a series of disulfide exchange reactions provides an 

alternate pathway that couples oxidation of the cognate thioredoxin donor with 

reduction of a distal oxidizing cofactor. It seems likely that examination of additional 

oxidoreductases of oxidative protein folding may provide further examples of this 

strategy to thermodynamically couple distal centers with a series of linked thiol-

disulfide exchange reactions.   
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Chapter 4 

SCREENING FOR QSOX INHIBITORS  

4.1 Introduction  

The enzymological properties of QSOX have been studied extensively in our 

laboratory [1]ï[4], and our most recent studies probing the details of the catalytic 

mechanism were presented in Chapter 3. As we discussed in depth in Chapters 1 and 

2, QSOX enzymes can catalyze the rapid and direct generation of disulfides in a wide 

range of thiol-containing species ï from small monothiols and peptides to large 

unfolded reduced proteins [5]ï[7] ï in the overall reaction: 

2 RSH + O2 Ą RSSR +H2O2 

Although the substrate specificity of QSOX in vitro has been well characterized, the 

likely contribution of this oxidase to disulfide bond formation in biological contexts 

has only begun to emerge. Of particular interest, studies showing the association of 

QSOX with a number of disease states have recently emerged (see detailed discussion 

in Chapter 2). Circulating QSOX protein and/or peptides derived from proteolytic 

processing of the oxidase have been demonstrated to be a useful biomarker for some 

diseases including pancreatic cancer [8], [9] and acute decompensated heart failure 

[10]. QSOX1 has also been found to be highly upregulated in cancers of the prostate 

[11], [12], pancreas [8], and breast [13], [14], where QSOX expression provides 

cancer cells with enhanced proliferative and invasive abilities [9], [13]ï[15]. 

Depressing QSOX expression levels in pancreatic [9], breast [13], and lung [15] 

cancer cells results in a marked decline in invasiveness in cell migration assays. 
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Inhibition of extracellular QSOX activity by a monoclonal antibody was also shown to 

decrease the invasiveness of lung cancer cells [15], [16]. These studies suggest that 

QSOX may be a potentially important therapeutic target in the future.  

Here, we describe a simple and sensitive fluorescence-based microplate assay 

for QSOX activity for the purpose of screening small molecule libraries for inhibitors 

of QSOX. We also develop a new, absorbance-based, assay for secondary screening 

and follow-up evaluation of apparent QSOX inhibitors identified during screening. 

The implementation of these assays for high-throughput screening (HTS) by the NIH 

Chemical Genomics Center (NCGC) in collaboration with Drs. Anton Simeonov and 

Timothy Foley identified a number of promising inhibitors of both human 

(HsQSOX1) and trypanosome (TbQSOX) enzymes. However, detailed follow up 

studies revealed that the apparent inhibition observed was artifactual, and not due to 

bona fide inhibition of QSOX. The results of this effort and the underlying causes of 

discrepancies between the assays will be discussed in detail in this chapter.   

Despite the discouraging results from HTS, we still wished to continue to 

pursue the discovery and development of inhibitors for future biochemical and 

biological studies. While it seems that the lack of an apparent binding site may 

complicate identification of small molecule inhibitors of QSOX, the proposed ñhit-

and-runò catalytic mechanism [6] may be more easily inhibited by large molecules 

such as antibodies. Thus, a second approach was initiated to identify inhibitory 

antibody fragments in an ongoing, collaborative project with Dr. Anthony Kossiakoff 

at the University of Chicago. The rationale behind this approach and the initial 

milestones achieved toward this goal will also be discussed in this chapter. 
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4.2 Experimental Procedures 

4.2.1 Mater ials 

Dithiothreitol, glutathione, horseradish peroxidase type II, hydrogen peroxide, 

and ribonuclease A were from SigmaïAldrich. Amplex UltraRed (AUR) was from 

Life Technologies. The detergent NP-40 was from Thermo Fisher Scientific. 5,5'-

Dithiobis-(2-Nitrobenzoic Acid)  was from Gold Biotechnology. 

4.2.2 General methods 

UVïVis spectra were recorded in self-masking microcells using Agilent 

8452A or 8453 instruments. Reduced RNase was prepared, and conveniently stored, 

as a lyophilized powder [6]. Solutions of thiols were prepared daily either from 

concentrated stocks maintained at ī20 °C or freshly from solid reagents. Quantitation 

of reagents, including protein and low-molecular-weight thiols and hydrogen peroxide, 

was as described previously [6]. Purified, recombinant TbQSOX and HsQSOX1 were 

obtained as described previously [6]. All PCR amplifications were accomplished using 

Taq polymerase, and all mutagenesis PCR reactions were carried out using the 

QuickChange II mutagenesis kit (Stratagene). Quantitation of proteins was as 

described previously [6], [17]. 

4.2.3 Amplex UltraRed microplate assay  

We developed the AUR assay using a BMG POLARstar OMEGA plate reader 

with 96-well black flat-bottomed polystyrene plates from Corning. Initially 50 mM 

phosphate buffer containing 1 mM EDTA, pH 7.5 was used to develop the assay, but 

50 mM HEPEs buffer containing 1 mM EDTA, pH 7.5 was later used for follow up 

testing, to be consistent with the adapted protocol used at the NCGC facility (see 
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Appenxid B); assay performance was similar using either buffer. Final assay 

conditions in a total volume of 150 µL included 10 ɛM AUR, 50 nM HRP, 0.01% v/v 

low-peroxide NP-40, and 1 nM TbQSOX or 0.5 nM HsQSOX1. The addition of 

0.01% NP-40 was particularly important in assays performed at the NCGC screening 

center using 1536-well plates as it helps prevent adsorption of enzyme to plate wells 

due to the high surface area to volume ratio. In a 96-well format, typically, 110 ɛl of 

buffer was delivered to each well, followed by 20 ɛl of a cocktail of 7.5x AUR, HRP, 

and NP-40, 20 ɛl of 7.5x QSOX. When inhibitors were evaluated the buffer volume 

was adjusted to compensate for inhibitor addition to maintain a 150 ɛL final assay 

volume. All inhibitors were in DMSO, and appropriate controls using DMSO were 

performed where appropriate. For inhibitor evaluation, the plate was mixed for 5 

seconds at 500 rpm by double orbital shaking in the plate reader, then incubated in the 

dark for 10 minutes at room temperature. The assay was started by addition of 20 ɛl of 

0.75 mM RNase (100 ɛM final concentrations of thiols). Assays were conducted in the 

fluorescence intensity mode (using excitation filter 544 and emission filter 590-10) 

with measurement every 0.5 minutes for 60 minutes. Typically, fluorescence 

measurements from 30 minute time points were utilized for evaluation of inhibition. 

The extent of inhibition was calculated by normalizing results relative to positive and 

negative controls. Care was taken throughout this procedure to minimize exposure of 

the AUR reagent to light [18] by wrapping stock solutions and the cocktail mixture 

with aluminum foil, as well as shading the 96-well plate with foil where practical. 

4.2.4 DTNB microplate assay  

The DTNB assay reactions were carried out in a total volume of 150 µL using 

50 mM HEPES buffer containing 1 mM EDTA, pH 7.5, with 105 ɛM RNase thiols,  
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0.01% NP-40, and 20 nM TbQSOX or 10 nM HsQSOX1. Typically, 125 ɛl of buffer 

was delivered to each well, followed by 20 ɛl of 7.5x QSOX and NP-40. When 

inhibitors were evaluated the buffer volume was adjusted to compensate for inhibitor 

addition to maintain a 150 ɛL final assay volume. All inhibitors were in DMSO, and 

appropriate controls using DMSO were performed where appropriate. When 

evaluating inhibitors, the plate was mixed for 5 seconds at 500 rpm by double orbital 

shaking in the plate reader, then incubated for 10 minutes at room temperature to 

allow for inhibitors to bind to the enzyme. The assay reaction was started by addition 

of 20 ɛl of 0.75 mM RNase (100 ɛM final concentrations of thiols) and allowed to 

proceed for 30 minutes at room temperature. The assay was quenched by the addition 

of a 4x DTNB and CTAB solution in HEPES buffer to yield a final concentration of 

0.5 mM DTNB and 1 mM CTAB. Absorbance was quantified by absorbance at 435 

nm. Percent inhibition was calculated using positive and negative controls lacking, or 

containing QSOX, respectively, without any inhibitors. To eliminate cases of apparent 

inhibition caused by intrinsic absorbance of small molecules, absorbance at 435 from 

controls lacking RNase were subtracted from assays evaluating the corresponding 

molecules. To essentially eliminate the impact of turbidity, absorbance values at 550 

nm were subtracted from values obtained at 435 nm.  

4.2.5 Constructs for sAB screening 

Using the crystal structure of the HRR-ERV domains of human QSOX1 (PDB: 

3LLI), we designed a construct that contained the amino acid residues #288 through 

#546 of the full-length gene [19], [20]. To the C-terminus of this portion of QSOX we 

added a TEV cleavage site (amino acid sequence: ENLYFQG), followed by a 

hexahistidine tag and an Avi-tag sequence (GLNDIFEAQKIEWHE), with a schematic 
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depiction of the final construct in Figure 4.13 in the results). These additions were 

included in the design of one large, reverse ñultimerò primer ordered from Integrated 

DNA Technologies and designated C-THA-tag-hQ1-HERV-R (See Appendix C). An 

appropriate forward primer, C-THA-tag-hQ1-HERV-F, was also designed (Appendix 

C).  The final construct (designated hQ1-HERV-THA) was amplified by polymerase 

chain reaction in one step using the HsQSOX1 gene in the pET28a plasmid as a 

template [6].  

A construct to be utilized in the planned counter-screening strategy was 

designed using the same portion of HsQSOX1 (amino acid residues #288 through 

#546), where the CxxC motif in the ERV domain was mutated to a CxxS motif. The 

unpaired cysteine was left intentionally, to enable its modification with a bulky 

maleimide group prior to screening (see later). This construct included a C-terminal 

His-tag, but lacked the TEV site and Avi-Tag sequences. To create this construct we 

used the same template and forward primer as before, but with the HsQ1-HERV-

HisTag-R reverse primer (see Appendix C). The CxxC motif in the ERV domain was 

mutated to a CxxS sequence using the primers HsQSOX1-C4S-F and HsQSOX1-C4S-

R, to yield hQ1-C3-HERV.  All final constructs were subcloned into the pET28a 

plasmid using the NcoI and HindIII  restriction sites and sequenced to verify integrity. 

They were then transformed into BL21*(DE3) E. coli for expression. The nucleotide 

sequences of all the primers used can be found in Appendix C, and the final amino 

acid sequences of hQ1-HERV-THA and hQ1-C3-HERV are included in Appendix D.  

The E. coli biotin ligase gene, BirA, in a pET21a plasmid, was a generous gift 

from Dr. Anthony Kossiakoff at the University of Chicago. The construct (detailed in 

reference [21]) contained a C-terminal His-tag that had to be eliminated to prevent 
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purification of BirA alongside the coexpressed hQ1-HERV-THA construct. 

Elimination of the His-tag was accomplished in a single round of mutagenesis using 

an appropriate primer set to insert a stop codon before the His-tag sequence.  

4.2.6 Expression and purification of screening constructs 

Both of the final QSOX1 constructs were ligated into the pET28a plasmid, 

which imparts kanamycin resistance. Cotransfection of hQ1-HERV-THA and BirA (in 

the pET21a vector, imparting ampicillin resistance) allowed for coexpression in 

appropriately selective media. For all constructs, appropriately supplemented media 

(15 µg/mL kanamycin and/or 50 µg/mL ampicillin) was inoculated with 10 mL of 

overnight starter culture per 1 L expression culture volume. Cells were grown to an 

OD600 of 2-3 and then transferred to a 15°C shaker where expression was induced with 

1 mM IPTG. For in vivo biotinylation of hQ1-HERV-THA, cells coexpressing the 

hQ1-HERV-THA and BirA constructs were supplemented with 150 µM biotin at the 

time of induction. Following induction, cells were grown for an additional 24 hours, 

then harvested by centrifugation. Cell pellets were frozen at -80°C until purification. 

To purify, cells were resuspended by vortexing in 3 mL of lysis buffer per 1 mL of 

wet pellet. Lysis buffer consisted of 50 mM phosphate buffer, pH 7.5, containing 300 

mM NaCl, 50 µM FAD, 1 mM PMSF, and 1 µM leupeptin. Resuspended cells were 

passed twice through a French press at 10,000 PSI, then sonicated 5x 15 sec, with a 1 

minute rest on ice between pulses. Lysed cells were clarified by centrifugation at 

14,000 g for 30 minutes at 4 °C, and the clarified supernatant was applied to nickel 

resin preequilibrated with 50 mM phosphate buffer, pH 7.5, containing 300 mM NaCl. 

The supernatant and nickel resin were rocked for 1-2 hours at 4 °C. The resin was then 

poured into a column and washed with 30 mL of 50 mM phosphate buffer, pH 7.5, 
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containing 300 mM NaCl followed by 30 mL of 50 mM phosphate buffer, pH 7.5, 

containing 500 mM NaCl. The column was developed with 20 mL each of 50 mM, 

100 mM and 200 mM imidazole, then 10 mL each of 300 mM and 500 mM imidazole 

in 50 mM phosphate buffer, pH 7.5, containing 500 mM NaCl. Eluates were collected 

in 5 mL fractions. Fractions were checked for protein content and purity by SDS-

PAGE, and the appropriate fractions were pooled and dialyzed overnight against 50 

mM phosphate buffer, pH 7.5, containing 1 mM EDTA. Dialyzed proteins were 

concentrated using a 10,000 MWCO Centricon centrifugal ultrafiltration devices 

(Millipore), and concentrated proteins were kept at 4°C for short term, or at -20°C for 

long term storage. 

4.2.7 Streptavidin pulldown assay to quantify biotinylation 

Streptavidin paramagnetic particles (Promega) were resuspended, and 50 µl of 

resuspended particles were transferred to a 1.5 mL centrifuge tube for each pull-down. 

The magnetic particles were washed according to the manufacturerôs suggestions. 

Approximately 1.8 µg of protein diluted into a final volume of 20 µL in  phosphate 

buffered saline (PBS) was added to the washed beads and incubated for 30 minutes at 

room temperature with gentle rotation. Following incubation a magnetic stand was 

used to capture the particles against the side of the tube, and the buffer, containing any 

remaining unbound protein, was removed carefully by pipetting and saved for SDS-

PAGE analysis. The particles were washed once with 50 µl of 1x PBS, and the PBS 

wash was saved for analysis. The particles were then incubated with 20 µL of 0.1 M 

glycine, pH 2.1, for 30 minutes at room temperature with gentle rotation to elute the 

bound protein, and the eluted protein was removed using the magnetic stand. The 

unbound sample, 20 µL of the wash PBS, the elution sample, and the entire sample of 
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beads used for the pull down were all prepared with reducing Laemmli buffer, boiled 

for 5 minutes, and analyzed by SDS-PAGE using 12% gels. To quantify the extent of 

biotinylation attained, gels were imaged and the bands corresponding to the hQ1-

HERV-THA protein were quantified by densitometry using a FluorChem Q imaging 

system and the accompanying FluorChem Q software. 

4.3 Results and Discussion 

4.3.1 High-throughput screening 

High-throughput screening (HTS) is an established method frequently 

employed for identifying enzyme inhibitors [22], [23], with several potential 

advantages over rational design strategies. First, as its name implies, HTS is a high-

throughput method allowing for the screening of hundreds of thousands, to millions, 

of small molecules in a short amount of time. Second, HTS methods eliminate 

intellectual bias, enabling the possibility of identifying inhibitors with novel 

interactions that may not otherwise be intuited from evaluation of crystal structures or 

reaction intermediates, etc.  

Rigorous, miniaturized microplate assays for a particular target enzyme are 

required in order to identify inhibitors by HTS. The rigor of an assay is evaluated by 

the Z-factor (Z'), a parameter that takes into account the means and standard 

deviations of appropriate positive and negative controls [22]. Calculation of Z' is 

accomplished with the equation: 

Z' = 1 ï 
(3ůmax + 3ůmin) 

|µmax ï µmin| 

where ů represents the standard deviation of the assay signal, and Õ represents the 

mean of the assay signal for positive (max) and negative (min) controls. A Z-factor 
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that is maintained above 0.5 indicates a robust assay. HTS assays must also be 

appropriately sensitive; a signal:background ratio greater than 2 for the duration of a 

screening run is generally accepted as sufficient [22]. Finally, two suitable assays for 

each screening target are recommended, to be implemented for primary and secondary 

screening, respectively. The primary assay is typically used for the initial high-

throughput screening of small molecule libraries, whereas the secondary assay is 

utilized to evaluate whether or not apparent inhibitors found  in the primary screen 

represent true inhibitors of the screening target or inhibition of the assay signal due to 

other causes.  

With these parameters in mind, we considered the homovanillic acid (HVA) 

assay previously developed in our laboratory [24]. However, the HVA assay generates 

a product that fluoresces in the blue region of the spectrum (excitation at 320 nm, 

emission at 420 nm), and would be problematic in high-throughput screening 

applications because a significant fraction of compounds in many small-molecule 

libraries fluoresce in the blue region of the spectrum [23]. Thus, we developed a new 

plate reader assay that couples hydrogen peroxide formation generated by QSOX to 

the generation of the strong red fluorescence formed during HRP-catalyzed oxidation 

of Amplex UltraRed (excitation at 544 nm and emission at 590 nm) [25] (Figure 4.1, 

A). As fluorescence represents a sensitive detection mode, we chose to use this new 

assay as the primary screening assay to ensure high sensitivity while concomitantly 

requiring minimal amounts of valuable reagents (e.g. recombinant QSOX enzymes). 

However, since this assay is enzyme-coupled, inhibition of the assay signal could be 

caused by inhibition of either QSOX or HRP. Thus, for a secondary assay we wanted 

to eliminate coupling enzymes. We decided to develop a microplate thiol-



 109 

quantification assay based on DTNB absorbance as the secondary screening assay 

(Figure 4.1, B). Due to the typically lower sensitivity of absorbance methods, higher 

enzyme concentrations are required in this assay. However, the number of compounds 

in secondary screens is typically much smaller since there is no need to re-screen non-

inhibitory compounds.  
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Figure 4.1: Schematic representations of the primary and secondary assays 

developed for HTS. A, in the primary assay QSOX activity is monitored 

by coupling the production of hydrogen peroxide by QSOX to the 

generation of the red fluorescence of Amplex UltraRed using horseradish 

peroxidase. B, in the secondary assay QSOX activity is detected directly 

by quenching a reaction solution of QSOX and reduced RNase with 

DTNB and then quantifying the free substrate thiols that remain by 

absorbance. 
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4.3.1.1 Development of the Amplex UltraRed (AUR) assay 

This assay was initially developed and optimized in a 96-well plate format, and 

is performed as described in Experimental Procedures. The optimized assay was 

performed using a final assay volume of 150 ÕM using 12.5 ɛM reduced RNase (100 

µM total thiols) and either 1 nM TbQSOX or 0.5 nM HsQSOX. We chose to use 

reduced RNase as a substrate since it represents a model protein substrate readily 

oxidized by QSOX, and is easily prepared and stored in its reduced form [6]. Although 

the Km for RNase thiols for each these enzymes is ~340 ɛM [19], [26], a concentration 

of 100 ɛM thiols was used as it represents a suitable compromise between minimizing 

the thiol-dependent inhibition of the fluorescence signal [27] and retaining sufficient 

activity levels. Since the Vmax for RNase is 3-fold higher for human QSOX compared 

to the trypanosome enzyme, the concentration of human enzyme was reduced in order 

to maintain linearity over the duration of the assay period. The assay was developed 

such that generation of fluorescence occurs almost linearly over 1 hour when 

concentrations of human or trypanosome enzyme are equal to or lower than 0.5 nM, 

and 1.5 nM, respectively (Figure 4.2). Thus, the net fluorescence after 1 hour is 

proportional to the concentration of QSOX used (Figure 4.2, inset).   

After conditions were established in 96-well format at Delaware, transfer of 

the assay to our collaborators at the NCGC required some minor modifications to 

maintain robust performance throughout screening runs in a miniaturized 4 µl volume 

in a 1536-well format. This screening protocol is reproduced in Appendix B. Once 

adapted for a 1536-well format, the assay was initially implemented and validated in a 

pilot screen of the Library of Pharmacologically Active Compounds (LOPAC
1280

; 

Sigma-Aldrich). The LOPAC library contains 1280 small molecules with biologically 

annotated pharmacological activity, which potentially could prove helpful during 
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evaluation of any initially identified inhibitors. The assay performed well during the 

screen of LOPAC
1280

 (Figure 4.3) as the signal:background remained above 2 and Zǋ 

above 0.5. 
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Figure 4.2: Performance of the finalized primary assay for HTS using TbQSOX. 
The generation of fluorescence was essentially linear over one hour when 

TbQSOX concentrations from 0.25 nM to 1.5 nM were used. All traces 

from three replicates at each concentration of TbQSOX are shown, 

causing several traces to appear to have increased width due. Inset, the 

relative fluorescence units (RFU) at the one hour time point a linear 

function of the enzyme concentration. 

 



 114 

                          

Figure 4.3: Statistical evaluation of the primary assay during LOPAC
1280

 

screening. The Zǋ (blue circles) remained higher than 0.5 over the course 

of screening, demonstrating robust performance of the assay. The 

corresponding signal:background ratio (green squares) also persisted 

above the acceptable cutoff value of 2. With Dr. Timothy Foley. 

4.3.1.2 Development of the DTNB assay 

Ellmanôs reagent, or DTNB, rapidly and stoichiometrically reacts with free 

thiols, releasing one TNB anion per thiol [28] (Figure 4.4, A). The released TNB can 

be quantified by absorbance at 412 nm using the extinction coefficient of 14150 M
-1 

cm
-1

. DTNB is commonly used for the quantification of thiols in stock reagents 

including DTT and GSH, or to measure the thiol titer of purified proteins. To assay 

sulfhydryl oxidase activity, the reagent is used to discontinuously quantify remaining 

substrate thiols following the quenching of samples into DTNB solution [6]. For a 

screening assay, the DTNB method has the advantage of not requiring a coupling 

enzyme (in this case HRP) and so is less prone to artifactual results (see later). 

Typically, DTNB-based activity assays are performed using UV-Vis 

spectrophotometers, where samples are evaluated sequentially [6]. For high-
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throughput screening applications, we adapted the assay for microplate detection 

where the wells are quenched after 30 minutes of incubation and quantified with a 

single absorbance reading (see experimental procedures).  

During development of the DTNB assay we additionally implemented a 

modification, previously observed by the Thorpe lab (unpublished), that results in a 

beneficial resolution of the DTNB and TNB absorbance peaks. Here, addition of the 

cationic detergent cetyl trimethylammonium bromide (CTAB; Figure 4.4 B) at a 

concentration of 1 mM, corresponding to the critical micelle concentration of the 

detergent, effects the spectral changes shown in Figure 4.4, C [29]. The net effect of 

this detergent on the DTNB spectrum is two-fold ï not only is the DTNB absorbance 

blue-shifted, but it is also of reduced magnitude ï in Figure 4.4, C, spectra of the same 

concentration of DTNB are shown with, and without, CTAB. Normally, without 

CTAB, quantification of the TNB absorbance peak at 412 nm overlaps the shoulder of 

the absorbance peak from unreacted DTNB (Figure 4.4, C, grey and black spectra, 

respectively). When CTAB is added to the assay solution the TNB absorbance peak is 

red-shifted, centered around 435 nm [29] (with essentially no change in extinction 

coefficient at this new wavelength), and no longer seriously overlaps the background 

DTNB absorbance spectrum (Figure 4.4 C, blue and red spectra, respectively). 

Although the addition of CTAB to the assay improves the sensitivity of this DTNB 

method, the lower sensitivity usually inherent in absorbance-based measurements 

requires approximately 20-fold higher enzyme concentrations to achieve the desired 

30-minute assay duration. The finalized 96-well-optimized assay was performed as 

described in experimental procedures.     
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Figure 4.4:  Quantificat ion of thiols using DTNB and CTAB. A, DTNB rapidly 

reacts with free thiols with the stoichiometric release of TNB anions. B, 

structure of the cationic detergent CTAB. C, absorbance spectra of 

unreacted DTNB, and the corresponding TNB released upon addition of 

DTT thiols, in the absence or presence of CTAB. 



 117 

4.3.1.3 High-throughput screening results from LOPAC
1280 

 

Using the AUR primary screening assay, efforts to identify inhibitors of QSOX 

began with screening of LOPAC
1280

. High-throughput screening at the NCGC follows 

the qHTS paradigm [30], where each inhibitor is screened at eight different 

concentrations ranging from 3.7 nM to 114 µM [23], [30]. This methodology provides 

information about the dose-dependence of apparent inhibition, with the net impact of 

reducing the number of false-positive results and providing information about the IC50 

ï the concentration where 50% of the maximal apparent inhibition occurs. The dose-

dependent results from screening the LOPAC
1280

 small molecule library for inhibitors 

of TbQSOX is illustrated as a waterfall plot in Figure 4.5, A, and as a heat map in 

Figure 4.5, B. The LOPAC
1280

 library was also screened for HsQSOX1 inhibitors with 

similar results (data not shown).  Following these initial screens, control plates were 

screened for activation of AUR fluorescence at time 0, prior to addition to substrate 

thiols; compounds that caused significant AUR fluorescence in this screen were 

eliminated from subsequent evaluation. The compounds that did not promote 

anomalous fluorescence were then subject to in silico informatics filtering steps at the 

NIH (parameters not detailed in this study) to eliminate compounds known to be thiol-

reactive or otherwise ñbad actorsò in the context of the primary screening assay. 

Following these steps, quantitative retesting of the remaining compounds resulted in a 

cohort of 19 small molecules that inhibited the assay in a dose-dependent manner. 

These compounds were received for follow up screening in our laboratory (Table 4.1).   
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Figure 4.5: Dose-dependent inhibition of TbQSOX by compounds in the 

LOPAC
1280

 small molecule library. A, waterfall plot showing inhibition 

of activity using the AUR primary screening assay. Blue data points 

represent small molecules which displayed a dose-dependent response 

over the tested range of concentrations (3.7 nM to 114 µM). The data are 

expressed in terms of negative activity toward the generation of assay 

signal, with respect to controls. B, a heatmap of 1536-well plates used for 

screening LOPAC at 8 concentrations; darker blue represents stronger 

inhibitory activity. With Dr. Timothy Foley. 
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Table 4.1: QSOX inhibitors identified from the LOPAC
1280

 library.  

 

Well Sample Name Tb IC50 Hs IC50 Max Resp 

Inhibitors of both TbQSOX and HsQSOX 

A01 Raloxifene hydrochloride 33.6 37.7 -62.9 

C01 Promethazine hydrochloride 16.8 15.0 -75.4 

C02 6-Hydroxymelatonin 8.4 8.4 -79.7 

C03 Dobutamine hydrochloride 9.5 6.7 -50.8 

D01 A-134974 dihydrochloride hydrate 37.7 29.9 -45.0 

D02 Ro 90-7501 33.5 75.2 -67.2 

E01 ( )-PD 128,907 hydrochloride 9.5 23.8 -49.3 

E02 Perphenazine 42.2 33.6 -77.7 

F01 Bepridil hydrochloride 9.5 9.5 -81.3 

F02 SB 202190 29.9 29.9 -65.4 

Inhibitors of TbQSOX only 

H02 Lansoprazole 59.7 - -45.2 

A02 (-)-Physostigmine 75.2 - -63.5 

A03 NAN-190 hydrobromide 53.2 - -46.8 

B02 
1-(5-Isoquinolinylsulfonyl)-2-methylpiperazine 

dihydrochloride 
84.4 - -45.4 

G01 N-p-Tosyl-L-phenylalanine chloromethyl ketone 37.7 - -75.1 

H01 ( )-Bay K 8644 84.4 - -94.2 

Inhibitors of HsQSOX only 

B01 BAY 61-3606 hydrochloride hydrate - 42.3 -56.6 

B03 Tolazamide - 42.3 -51.3 

G02 DAPH - 33.6 -46.4 

 

4.3.1.4 Retesting LOPAC
1280

 hits using the AUR assay in 96-well format  

Once we received the compounds in Table 4.1, we wanted to confirm our 

ability to replicate inhibition in the 96-well version of the AUR assay. Multiple 

concentrations, up to 200 µM of the compounds, were used in this retesting. 

Surprisingly there were a number of these compounds that showed little to no 

inhibition even at concentrations of 200 µM. Data from the TbQSOX retest are shown 

in Figure 4.6 (data from HsQSOX are shown in Figure 4.8; see later). We decided to 

investigate bepridil hydrochloride (labeled well F01 in Table 4.1 and Figure 4.6), as it 

showed strong inhibition (greater than 80%), and a comparatively low, 9.5 µM IC50 
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during primary screening at the NCGC.  In our lab we observed no inhibition even at 

200 µM in the assay (see F01 in Figure 4.6). Mass spectrometric analysis of the 

compound we received was consistent with bepridil hydrochloride. Follow up with our 

collaborators at the NCGC led to the discovery, by mass spectrometric analysis, that 

the LOPAC bepridil hydrochloride sample that had been used for the primary screen 

had degraded. Apparently the degraded components of the compound were causing 

the inhibition observed during the screen (Table 4.1). Although the degradation 

components of bepridil hydrochloride were causing strong inhibition, we opted not to 

further follow up on their identity and characterization due to the high likelihood that 

HRP, and not QSOX, was being inhibited (see next section). It is likely that other 

discrepancies between our results and those from the NCGC (Figure 4.6) were also 

from compromised compound integrity; however, no other compounds were 

investigated. Instead, we proceeded with follow up testing of the remaining LOPAC 

hits in our lab in the hopes of identifying genuine inhibitors among the remaining 

compounds.  

4.3.1.5 Follow up testing of LOPAC
1280

 hits using the DTNB secondary assay 

During follow up testing of inhibitors using the DTNB secondary assay we 

again used inhibitor concentrations up to 200 µM. Initially, several compounds shown 

to inhibit TbQSOX in the AUR assay also showed apparent inhibition using the 

DTNB method (not shown). However, after correcting for the intrinsic absorbance of 

the tested compounds and for turbidity, none proved to be inhibitors (Figure 4.7). 

Follow up testing with HsQSOX1 revealed similar results ï none of the compounds 

that inhibited HsQSOX1 in the AUR assay at the NCGC showed significant inhibition 

in the AUR assay or the DTNB assay in our lab (Figure 4.8). These results 
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demonstrate that none of the observed apparent inhibition observed using the primary 

assay during screening was caused by inhibition of QSOX, and suggest that it was 

instead caused by inhibition of the coupling enzyme, HRP. 

 

 

Figure 4.6: Comparison between inhibition of TbQSOX at the NCGC and in the 

Thorpe Lab using the primary AUR assay. The AUR assay was 

conducted in a 1536-well format at the NCGC (gold) and in a 96-well 

format in the Thorpe lab (blue). Assay results are presented as percent 

activity remaining and normalized to 100% for controls. The x-axis is 

labeled according to the well number of a 96-well plate where each 

compound was stored and labeled, as presented in Table 4.1. Percent 

activity remaining represents maximal inhibition observed over all 

concentrations tested, up to 114 µM at the NCGC, and up to 200 µM in 

the Thorpe lab. 
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Figure 4.7:  Inhibition  of TbQSOX by LOPAC compounds using the secondary 

DTNB assay. Assay results are presented as percent activity remaining 

and normalized to 100% for controls. The x-axis is labeled according to 

the well number in the plate where each compound was stored, as 

presented in Table 4.1. The percent activity remaining represents 

maximal inhibition observed at 200 µM in for each compound. Data are 

corrected for turbidity and intrinsic compound absorbance (see 

experimental procedures).  
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Figure 4.8: Inhibition  of HsQSOX by LOPAC compounds using the primary 

AUR assay and secondary DTNB assay in the Thorpe lab. Assay 

results are presented as percent activity remaining and normalized to 

100% for controls. The x-axis is labeled according to the well number for 

each compound as presented in Table 4.1. The percent activity remaining 

represents maximal inhibition observed at 200 µM for each compound. 

DTNB assay data are corrected for turbidity and intrinsic compound 

absorbance. 

4.3.1.6 Summary of HTS 

A total of more than 30,000 compounds have been screened in the high-

throughput screening center at the NCGC. After sifting through the data and 

application of several informatics filtering steps, some of the most promising 

compounds were then assayed at the NCGC using our secondary DTNB assay. The 

results of this secondary screen revealed, as we observed in our follow up screening 

detailed above, that none of the compounds were genuine QSOX inhibitors (data not 

shown). This discouraging result suggests that the majority of inhibition observed in 

the primary screen is likely caused by inhibition of the coupling enzyme in the assay, 

HRP. While it is not surprising that a number of these compounds would inhibit HRP, 
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it is surprising none of them were genuine QSOX inhibitors as discerned by the 

secondary DTNB assay.  

While the high-throughput screening and initial follow up testing detailed in 

this chapter were being conducted, the results of our binding site study became 

apparent [6] (see Chapter 3) and the crystal structures of  TbQSOX  and mammalian 

QSOX1 became available [31]. As discussed in Chapter 3, our results were consistent 

with the finding that QSOX lacks a significant substrate binding site and instead 

interacts with substrates in a proposed ñhit-and-runò manner [6]. This apparent lack of 

a binding site provides a possible explanation for our inability to find small molecule 

inhibitors. High-throughput methods generally rely upon the precedent that small 

molecules will bind to a substrate binding pocket, thus preventing subsequent binding 

of a substrate molecule and causing inhibition of enzyme activity. The lack of a 

significant binding site, therefore, would likely significantly decrease the chances of 

identifying small molecule inhibitors. Instead, the proposed ñhit-and-runò catalytic 

mechanism [6] may be more easily inhibited by large molecules such as antibodies. 

We discuss our initial efforts using this strategy in the sections below. We describe the 

progress made towards the goal of selecting potent antibody inhibitors of QSOX1 

catalysis and conclude with an outline of the next steps in this collaborative project.  

4.3.2 Screening for inhibitory antibodies using phage display 

As shown schematically in Figure 4.9, after a hit-and-run interaction with a 

substrate, QSOX must undergo a conformational change in order to transfer electrons 

from the reduced CxxC motif in the thioredoxin domain to the CxxC motif in the ERV 

domain [31]. This transfer occurs via the formation of a mixed disulfide intermediate 

[19], [26], [32] depicted as form 3 in Figure 4.9. While the interaction between the 
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first thioredoxin domain and the ERV domain is intramolecular, since it occurs 

between two tethered, rigid domains of QSOX (structures of Trx domains and HRR-

ERV domains are depicted in Figure 4.10), it can also be regarded as a protein-protein 

interaction. Thus, antibodies are an attractive mode for potentially disrupting catalysis 

during QSOX turnover.  

There are several potential strategies for using antibodies to selectively inhibit 

QSOX catalysis. One strategy would be to find an antibody that binds to the surface of 

the thioredoxin domain which harbors the redox-active CxxC motif. In fact, an 

inhibitory monoclonal antibody that binds to this region of human QSOX1 was 

recently identified by Fass and coworkers [16]. However, since the thioredoxin 

domain fold is found in many abundant human proteins, an antibody targeting this 

region may encounter undesired off-target effects.  A second approach would be to 

target the flexible linker region (Figure 4.10) although whether an antibody binding to 

this location would impact catalysis is uncertain. A third, and potentially more robust 

approach, would be to target the docking interface of the HRR-ERV domains in an 

effort to prevent docking of the reduced thioredoxin domain (Figure 4.9 & Figure 

4.10). We rationalize that this would likely provide higher specificity than the first 

option, since there are only two other human proteins that contain the ERV fold (ALR 

and QSOX2), with the QSOXs being the only members to contain the conserved HRR 

domain. Hence, we decided to pursue the identification of inhibitory antibodies that 

would bind to this HRR-ERV interface of human QSOX1. 

This project has been initiated as a collaboration with Dr. Anthony Kossiakoff 

at the University of Chicago. Dr. Kossiakoff and colleagues have extensively studied 

antibody-antigen interactions. Through evaluation of x-ray crystal structures 
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demonstrating antibody-antigen binding, they have deduced that the majority of 

binding interactions occur from serines and tyrosines within the antigen-binding loops 

of antibodies [33], [34]. As a result of this work, they have developed a phage-display 

library of the antigen binding fragments (fABs) of antibodies (Figure 4.11). The 

engineered fABs in the library contain reduced amino acid complexity through altered 

distribution of codons in regions coding for antigen binding [33], [35]. These regions 

thus contain 50% of their amino acids being comprised of only serine, tyrosine, and 

glycine, with the other 50% representing equal amounts of all of the other amino acids 

except for cysteine [33]ï[36]. Synthetic fABs constituting this library are referred to 

as synthetic antigen binders (sABs). In addition to a phage display library of 10
10

 

different sAB clones, the Kossiakoff lab has also developed phage-display screening 

methods to identify conformationally-specific sABs [33]. Utilizing their expertise, we 

have developed a strategy that will allow us to selectively screen for sABs that bind to 

our desired HRR-ERV docking interface of human QSOX1.   
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Figure 4.9:  Cartoon schematic representation of the HsQSOX catalytic cycle. 
Beginning with form (1), the oxidized enzyme encounters a reduced 

substrate protein in a ñhit-and-runò mode, catalyzing the formation of a 

disulfide bond. The reduced thioredoxin CxxC in form (2) must transfer 

electrons to the ERV CxxC motif by first forming a mixed-disulfide 

intermediate involving inter-domain docking, form (3), before the 

electrons are fully transferred, form (4). The electrons are quickly 

transferred to FAD, and then to oxygen under aerobic conditions, 

regenerating the fully oxidized protein (form (1)). 
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Figure 4.10: Crystal structures of the thioredoxin domains and HRR-ERV 

domains of HsQSOX1. While the full-length crystal structure of human 

QSOX1 has not yet been solved, x-ray structures of the rigid Trx1-Trx2 

domains (PDB: 3Q6O) and the HRR-ERV domains (PDB: 3LLI) have 

been reported. The four cysteine sulfurs involved in catalysis are shown 

as yellow spheres and labeled 1-4 from N- to C-terminal. During 

catalysis, the first thioredoxin domain (light green) docks at the interface 

of the HRR-ERV domains (gray and maroon, respectively), forming a 

mixed-disulfide intermediate as between cysteines 1 and 3, as depicted in 

Figure 4.9. The docking interface is approximately indicated by the 

dotted grey lines. 
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Figure 4.11: Schematic structure of an antibody. An antibody can be represented as 

a Y-shaped protein comprised of multiple subunits. Dark blue portions 

are known as heavy chains, with the stem portion having a constant 

amino acid sequence. Heavy and light (pale blue) chains comprise the 

variable region, where antigen binding occurs at the tips of each arm of 

the ñYò. The fragment of an antibody consisting of a single arm, 

retaining antigen binding abilities, is known as a ñfABò.  

4.3.2.1 Screening for inhibitory antibodies  

Figure 4.12 shows the overall design of the screening protocol to be 

implemented [33], [37]. The phage-displayed sABs with the highest affinity binding 

will be identified and subsequent characterization. The screening strategy will involve 

incubation of the biotinylated hQ1-HERV-THA construct with an excess of the 

alkylated hQ1-C3-HERV (Figure 4.12). Inclusion of this alkylated construct in excess 

during each round of screening will cause nonspecific sABs that may bind to other 

surfaces of the protein to be sequestered by this protein. Following incubation with the 

phage display library, the biotinylated protein and attached sABs will be removed 

using streptavidin magnetic particles, and the phage will be released from the beads 

through TEV cleavage of hQ1-HERV-THA. These phage will then be amplified, and 
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additional rounds of screening and amplification will occur until only the highest 

affinity docking-interface binders remain. Once inhibitory antibodies are identified, 

their binding and inhibitory properties will be further characterized in the Thorpe lab. 

 



 131 

 

Figure 4.12: Schematic representation of phage display screening protocol. The 

phage display library is screened against the screening construct (red), 

immobilized on beads, and a soluble counter-screening construct 

(maroon, with blue modification). After incubation, the beads will be 

removed and washed. Any bound phage will be eluted, amplified, and re-

screened for a total of 4 to 5 cycles to identify the highest affinity 

binders. 
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4.3.2.2 Design of screening constructs 

As described in experimental procedures, a construct designated hQ1-HERV-

THA was designed for identifying inhibitory sABs using the phage display screening 

method. The construct consists of the residues comprising the resolved crystal 

structure of the HRR-ERV domains of human QSOX (PDB: 3LLI) (Figure 4.13), with 

the addition of a C-terminal extension consisting of a TEV protease site (orange) 

followed by a hexahistidine tag (blue) and a fifteen amino acid Avi-Tag sequence 

(red), resulting in a 290 amino acid, 33.3 kDa protein Figure 4.13. The Avi-tag 

sequence (GLNDIFEAQKIEWHE) is recognized by E. coli biotin ligase (BirA), and 

is selectively biotinylated at the underlined lysine residue [21], [38].  When BirA is 

coexpressed in E. coli alongside a protein containing the Avi-tag, in vivo enzymatic 

biotinylation can occur [21], [38]. Since the BirA used for coexpression in this work 

lacks affinity tags, the biotinylated, His-tagged hQ1-HERV-THA construct can be 

purified in one step using a nickel column. 

In order to identify sABs binding specifically to the desired docking interface, 

it was necessary to design a counter-screening construct. For this purpose, we 

designed a C4S mutant construct of the HRR-ERV domains that retained a 

hexahistine-tag, but lacked the TEV site and Avi-tag sequences, designated hQ1-C3-

HERV. The remaining surface-accessible CxxS cysteine (cysteine 3 in Figure 4.13) 

can be modified with an alkylation agent of considerable steric bulk, such as a PEG- 

or fluorophore-conjugated maleimide to prevent binding of docking-interface-specific 

antibodies to this counter-screening construct.  
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Figure 4.13: Construct for screening phage display libraries for inhibitory sABs.  
The resolved crystal structure of the HRR-ERV domains represents a 

cartoon depiction of the crystal structure from the 3LLI coordinates in the 

PDB. At the C-terminus of the resolved structure we added a TEV 

cleavage sequence (orange), hexahistidine tag (blue) and an Avi-tag 

sequence (red). Coexpression of the E. coli biotin ligase, BirA, results in 

in vivo biotinylation (red diamond) of the lysine residue within the Avi-

tag.  

4.3.2.3 Expression and Purification 

The hQ1-HERV-THA screening, and hQ1-C3-HERV counterscreening 

constructs were soluble when expressed in BL21*(DE3) cells at 15°C. Expression 

attempts at higher temperatures yielded insoluble protein. Purification was 

accomplished using a single nickel column step as described in experimental 

procedures. Yields of the biotinylated hQ1-HERV-THA screening construct were 

lower, due apparently to a combination of lower expression levels, decreased 

solubility, and decreased affinity for the nickel column (data not shown). Yields were 

1-2 mg/ml for the hQ1-HERV-THA construct and ~10 mg/ml for the hQ1-C3-HERV 
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construct, respectively. Purity was >95% as judged by SDS-PAGE (hQ1-HERV-THA 

shown in lane 1, Figure 4.14; hQ1-C3-HERV not shown)  

4.3.2.4 Quantification of the biotinylation of the screening construct 

Biotinylation was assessed through a streptavidin pull-down assay using 

streptavidin paramagnetic particles (Promega), as described in experimental 

procedures. Approximately 1.7 µg of the biotinylated protein was used for the 

pulldown depicted in Figure 4.14. Pulldown attempts using higher amounts of protein 

apparently exceeded the binding capacity of the magnetic particles (data not shown). 

Evaluation of the unbound protein, eluted protein, and the magnetic particles from the 

pulldown assay by SDS-PAGE revealed that approximately 97% of the protein was 

was biotinylated as determined by densitometry. 
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Figure 4.14: Streptavidin pull -down of the biotinylated hQ1-HERV-THA 

construct. Lane 1, control of the same quantity of protein used for the 

pull down. Lanes 2-6: BioRad Precision Plus dual-color protein standard 

(2), unbound protein (3), PBS wash (4), eluted protein (5), streptavidin 

paramagnetic particles with bound biotinylated protein and strepatvidin 

bands (6). To evaluate the extent of biotinylation the hQ1-HERV-THA 

band in each lane (~33 kDa) was evaluated by densitometry.  
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4.3.2.5 Summary of current and future work 

Here, we have shown that we have successfully designed, expressed, and 

purified the constructs necessary for screening phage-display libraries for inhibitory 

sABs. We have additionally demonstrated that the main screening construct is nearly 

completely biotinylated as purified from E. coli. Final preparations for phage display 

screening are currently in progress in the lab. The work at Delaware is being continued 

by Ms. Celia Foster.  

4.4 Conclusions 

As the roles of QSOX in a number of diseases continue to emerge, we desire to 

identify inhibitors as tools for further studies of the biochemistry and biology of 

QSOX. HTS revealed a number of apparent inhibitors that, in follow up work, proved 

to be likely inhibitors of the HRP in the primary assay, and not QSOX. The realization 

that QSOX lacks a significant prototypical binding site led us to pursue the screening 

of antibodies as an alternative strategy for the identification of QSOX inhibitors. 

Preliminary work toward this goal includes the successful expression and purification 

of screening and counterscreening constructs. In the future, these constructs will be 

utilized for the screening of sAB libraries in the laboratory of Dr. Anthony Kossiakoff 

at the University of Chicago in an effort to identify bona fide QSOX1 inhibitors for 

ongoing biochemical and biological studies.  
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Chapter 5 

DETECTING QSOX IN BIOLOGICAL SAMPLES WITH THE AUR ASSAY  

5.1 Introduction  

A number of studies have suggested that QSOX may be a viable therapeutic 

target for some cancers [1]ï[4], and two recent studies have also demonstrated the 

value of serum QSOX for the diagnosis of pancreatic cancer [5] and acute 

decompensated heart failure [5]. Although these studies reveal the potential of plasma 

QSOX, or peptides therefrom, as a diagnostic marker, it is unknown whether 

circulating QSOX is catalytically active or what role(s) circulating QSOX may play in 

these diseases. 

In Chapter 4 we described the development of two microplate assays for 

QSOX activity. The implementation of these assays for inhibitor discovery has not yet 

yielded any genuine QSOX inhibitors. Here, we will briefly present work 

demonstrating the suitability of the sensitive fluorescence-based microplate assay for 

testing small samples of serum, plasma, or other biological fluids for QSOX activity.  

Our results showed that normal adult serum contains circulating QSOX, and suggest 

that this assay may be useful as a potential diagnostic tool for certain types of heart 

failure, pancreatic cancer, and potentially other diseases where blood QSOX levels 

may prove to be elevated.  
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5.2 Experimental Procedures 

The work in this chapter utilized the assay developed in Chapter 4, with 

several modifications for its use with biological samples. Important details will be 

highlighted in this section, but we ask that the reader refer to reference [6] for more in-

depth methodologies and results.  

5.2.1 Materials 

Samples of Dulbeccoôs Modified Eagle Medium and fetal bovine serum were a 

kind gift from the laboratory of Dr. Catherine Grimes at the University of Delaware. 

Donor adult bovine serum was from Hyclone (Thermo Fisher). 

5.2.2 General methods 

Total protein concentrations were determined using the Bradford assay.  

5.2.3 AUR assay procedure for biological samples 

The assay was adapted as follows: reagents used in a total volume of 150 ɛl in 

phosphate buffer were 10 ɛM AUR, 50 nM HRP, and 0.5% v/v low-peroxide Tween 

80 (included for serum samples; see Results). Typically, 125 ɛl of a cocktail formed 

by mixing AUR, HRP, and Tween 80 in buffer was delivered to each well, followed 

by 5 ɛl of the sample. The reaction was started by the addition of 20 ɛl of 0.75 mM 

RNase thiols in buffer to give a final concentration of 100 ɛM thiols in each well. 

Assays were conducted in fluorescence intensity mode (using excitation filter 544 and 

emission filter 590-10) with measurement every 0.5 min for 10 min. Rates were 

typically determined over the first 3 min of data acquisition. The assay was calibrated 

by adding increasing concentrations of H2O2 (0ï1.6 ɛM) per well in the presence of 

the assay cocktail and thiol substrate; the linear fluorescence increase with added 
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peroxide enabled conversion of relative fluorescence to micromolar hydrogen 

peroxide. 

5.3 Results and Discussion 

We know from prior studies that at least a portion of QSOX is secreted by cells 

[4], [7]ï[15], and when it is secreted by cancer cells it provides them with an increased 

invasive potential [1]ï[4]. We decided initially to test this assay for cell culture media 

to see if it would provide a useful tool for evaluating secretion of QSOX from cultured 

mammalian cells. Unexpectedly, assays of Dulbeccoôs Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) showed significant 

sulfhydryl oxidase activity prior to use for cell culture (Figure 5.1, A, red trace). 

Supplemented DMEM used to culture confluent human embryonic kidney (HEK293-

T) cells presented an approximately two-fold increase in this activity (Figure 5.1, A, 

blue trace). Further evaluation of unsupplemented DMEM revealed that the majority 

of this activity originated from the FBS routinely used to supplement mammalian cell 

culture media (Figure 5.1, B). 

When serum was analyzed the inclusion of Tween 80 (at 0.5% v/v) largely 

prevented the suppression of the fluorescence signal in the presence of high 

concentrations of bovine serum albumin (BSA) found in blood serum. Thus the 

detergent markedly improved the response of the plate-reader assay with increasing 

volumes of sera (Figure 5.2, A). Using recombinant human QSOX1 the response of 

the AUR assay is markedly decreased by BSA at 2 mg/ml and this apparent inhibition 

is largely reversed by the inclusion of Tween 80 (Figure 5.2, B). Presumably this 

attenuation reflects the well-known ability of albumin to bind a range of aromatic 

ligands [16] including, perhaps, the AUR substrate or its fluorescent product. 
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Figure 5.1: Sulfhydryl oxidase activity in mammalian cell culture medium. A, 

AUR assay traces of unused mammalian cell culture medium (DMEM) 

supplemented with FBS had significant sulfhydryl oxidase activity (red), 

while medium used to culture confluent HEK293-T cells had 

approximately twice the activity. B, evaluation of unsupplemented 

DMEM revealed that the majority of sulfhydryl oxidase activity 

originated from the FBS used routinely to supplement growth media. 

Panel B data were collected by Lingxi Jiang. 
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Figure 5.2: Tween 80 largely reverses attenuation of AUR assay signal by bovine 

serum albumin. Panel A shows representative assay traces from serum 

samples demonstrating an increased signal when Tween 80 is present. In 

panel B the assay was carried out with 1 nM recombinant human QSOX1 

with the inclusion of 1 or 2 mg/mL of bovine serum albumin without 

(red), and including, 0.5% Tween-80 (green).  Detergent largely reversed 

the inhibition of the AUR assay signal by serum albumin. With Lingxi 

Jiang. 



 147 

Indeed, Zanata et al. [11] had previously found QSOX1 in fetal bovine serum, 

but they reported that the oxidase activity and protein levels declined rapidly after 

birth to become undetectable in sera from 60-day-old animals. As the routine inclusion 

of exogenously QSOX from bovine sera supplemented media would potentially 

interfere with studies of QSOX secretion by cultured mammalian cells, we evaluated 

sera from fetal, newborn, and adult bovine sources. We were surprised, in light of the 

earlier work, to discover that all contained similar levels of QSOX activity (data not 

shown, see [6]). These findings prompted us to reinvestigate the ability of bovine sera 

to oxidize protein thiols in greater detail. 

In collaboration with Lingxi Jiang in our lab, we wished to purify the 

sulfhydryl oxidase activity from adult bovine serum to ascertain whether it reflected 

the presence of QSOX or represented a hitherto unrecognized hydrogen peroxide-

generating catalyst. Whereas the best characterized eukaryotic sulfhydryl oxidases are 

flavin-dependent (such as the Ero1, ERV/ALR, and QSOX families of flavoproteins 

[7], [17]ï[21]) a number of poorly characterized metal-dependent sulfhydryl oxidases 

have been described in the earlier literature [7], [8], [19]. Using our assay to facilitate 

the purification of this sulfhydryl oxidase activity, a three-step procedure (detailed in 

[6]) led to an overall purification of ~5300-fold (Table 5.1). The resulting preparation 

was ~90% pure and showed a visible spectrum with absorbance peaks at 365 and 

456 nm, consistent with that of mammalian flavin-linked QSOX enzymes (Figure 5.3; 

[8], [22]). 

While these results suggested that the activity was due to QSOX, trypsin 

digests of the purified activity and identification of the peptides by MS/MS confirmed 

that the activity originated from the short form of the enzyme lacking the ~150-residue 
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C-terminal extension that terminates in a transmembrane helix [7], [18] (See 

experimental details in [6]) (Figure 5.4). This conclusion is also supported by the 

apparent molecular weight deduced from SDSïPAGE analysis (~63 kDa estimated 

from Figure 5.3 compared to >82 kDa expected for the full-length form of the oxidase 

[8]). Further testing revealed that adult human serum also contains circulating, active 

QSOX [6], suggesting that the assay presented in this work may prove useful in 

diagnostic applications when normal baseline QSOX activity levels are accounted for. 

Table 5.1
1
:   Purification of sulfhydryl oxidase activity from adult bovine serum. 

Steps 

Total 

protein 

(mg) 

A280/A456 

Total 

activity 

(nmol 

H2O2/min)  

Yield 

(%)  

Specific 

activity 

(nmol/min×mg) 

Fold 

purification  

Serum  

(500 mL) 
31350 140 4148 100 0.132 1 

Cation exchange  

(salt gradient) 
10.3 31 1686 41

2 
164 1240 

Hydrophobic 

interaction 
1.52 22 560 13.5 369 2793 

Cation exchange  

(pH gradient) 
0.57 12 402 10 706 5345 

 
1
With Lingxi Jiang. 

2
During loading the 5× diluted serum (2.5 L total), the cation 

exchange column was intentionally overloaded as described in [6]. Details of the 

purification are described in detail in [6].   
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Figure 5.3: UVïVis spectrum of the sulfhydryl oxidase purified from adult 

bovine serum. The spectrum of the oxidase recorded in 50 mM 

phosphate buffer, pH 7.5, containing 1 mM EDTA is shown. The gray 

line highlights the flavin region of the spectrum. The inset shows an 

SDSïPAGE analysis of the purified protein. With Lingxi Jiang. 

 

Figure 5.4: Bovine QSOX1 sequence. The amino acid sequence of the quiescin 

sulfhydryl oxidase 1 precursor is shown. Peptides identified by MS/MS 

are underlined, yielding a total coverage of 59% over the 537 residues 

remaining after cleavage of the signal sequence (shown boxed). The 

cysteine residues from the two redox-active CxxC motifs are indicated in 

inverse font. With Lingxi Jiang and Dr. Shawn Gannon. 
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5.4 Conclusions 

As QSOX is secreted from cells, and has been shown to be a circulating 

biomarker for some diseases, we wished to further evaluate the suitability of  the 

sensitive AUR microplate assay for testing biological samples for QSOX activity. This 

work led to the surprising discovery that normal adult bovine and human sera contain 

active QSOX. The finding from mass spectroscopic analyses that the levels of QSOX1 

peptides and/or protein in serum have diagnostic applications in pancreatic cancer [23] 

and in acute decompensated heart failure [5] suggests that these approaches may be 

complemented by the simple and cost-effective QSOX assay described here. More 

generally, the observation that QSOX1 enzyme activity is found in blood plasma of all 

developmental stages suggests that renewed consideration should be directed toward 

the origins, substrate specificity, and physiological roles of this catalytically most 

proficient stand-alone oxidant of protein and peptide thiols. 
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Appendix A 

DNA AND PROTEIN SEQUENCES FOR RNASE CONSTRUCTS 

A.1 Synthetic 1C65-RNase DNA sequence 

1C65-RNase  
1  ATGGGCAGCC ATCATCATCA TCATCACGGT GGTAAAGAAA CCGCGGCGGC 

51  GAAATTCGAA CGTCAGCACA TGGACTCTTC TACCTCTGCG GCGTCTTCTT 

101  CTAACTACTC TAACCAGATG ATGAAATCTC GTAACCTGAC CAAAGACCGT 

151  TCTAAACCGG TTAACACCTT CGTTCACGAA TCTCTGGCGG ACGTTCAGGC 

201  GGTTTCTTCT CAGAAAAACG TTGCGTGCAA AAACGGTCAG ACCAACTCTT 

251  ACCAGTCTTA CTCTACCATG TCTATCACCG ACTCTCGTGA AACCGGTTCT 

301  TCTAAATACC CGAACTCTGC GTACAAAACC ACCCAGGCGA ACAAACACAT 

351  CATCGTTGCG TCTGAAGGTA ACCCGTACGT TCCGGTTCAC TTCGACGCGT 

401  CTGTTTAA 
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A.2 Recombinant RNase protein sequences 

Hexahistidine tags are highlighted with cyan; cysteines highlighted red. 

 

1C65-RNase 
MGSHHHHHHG G 

1  KETAAAKFER QHMDSSTSAA SSSNYSNQMM KSRNLTKDRS KPVNTFVHES 

51  LADVQAVSSQ KNVACKNGQT NSYQSYSTMS ITDSRETGSS KYPNSAYKTT 

101  QANKHIIVAS EGNPYVPVHF DASV 

 

0C-RNase 
MGSHHHHHHG G 

1  KETAAAKFER QHMDSSTSAA SSSNYSNQMM KSRNLTKDRS KPVNTFVHES 

51  LADVQAVSSQ KNVASKNGQT NSYQSYSTMS ITDSRETGSS KYPNSAYKTT 

101  QANKHIIVAS EGNPYVPVHF DASV 

 

2C26,65-RNase 
MGSHHHHHHG G 

1  KETAAAKFER QHMDSSTSAA SSSNYCNQMM KSRNLTKDRS KPVNTFVHES 

51  LADVQAVSSQ KNVACKNGQT NSYQSYSTMS ITDSRETGSS KYPNSAYKTT 

101  QANKHIIVAS EGNPYVPVHF DASV 

 

2C26,84-RNase 
MGSHHHHHHG G 

1 KETAAAKFER QHMDSSTSAA SSSNYCNQMM KSRNLTKDRS KPVNTFVHES 

51  LADVQAVSSQ KNVASKNGQT NSYQSYSTMS ITDCRETGSS KYPNSAYKTT 

101  QANKHIIVAS EGNPYVPVHF DASV 
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Appendix B 

HIGH -THROUGHPUT SCREENING PROTOCOL  

B.1 Finalized screening protocol for primary screen in 1536-well format*.  

 

*with Dr. Timothy Foley at the NCGC 
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Appendix C 

DNA SEQUENCES OF PRIMERS USED FOR AMPLIFYING ANTIBODY 

SCREENING CONSTRUCTS 

C.1 DNA sequences of PCR primers used 

 

C-THA -tag-hQ1-HERV-F 
TTAGAGccatgg gcagcagc ATAGCTCCCACTGTTTGGAAATTGGC 

underlined italics = NcoI restriction site;  

BOLD  = complementary to HsQSOX1 HRR-ERV domains 

 

 

C-THA -tag-hQ1-HERV-R 
atgatg AAGCTTTCATTCATGCCATTCGATTTTCTGTGCTTCAAAAATATCATTCAGACCgtg

atgatgatgatgatg ACCCTGGAAGTACAGGTTTTCGTCCAGGATGATGTTGCTTGGGG 

underlined italics = HindIII  restriction site; MAROON  = Stop Codon;  

RED = AviTag; purple = 6xHis; ORANGE = Tev Site;  

BOLD  = complementary to HsQSOX HRR-ERV domains 

 

 

HsQ1-HERV-HisTag-R 
atgatg AAGCTTTCAgtgatgatgatgatgatg GTCCAGGATGATGTTGCTTGGGG   

underlined italics = HindIII  restriction site; MAROON  = Stop Codon;  

purple = 6xHis; BOLD  = complementary to HsQSOX1 HRR-ERV domains 

 

 

HsQSOX1-C4S-F 
CTTCGGCTGCCGAGACTCCGCTAGCCACTTCGAGCAG    

 

HsQSOX1-C4S-R 
CTGCTCGAAGTGGCTAGCGGAGTCTCGGCAGCCGAAG 
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Appendix D 

AMINO ACID SEQUENCES OF FINAL ANTIBODY SCREENING 

CONSTRUCTS 

D.1 hQ1-HERV-THA protein sequence 

(290 aa, 33.3 kDa) 
1  MGSSIAPTVWKLADRSKIYMADLESALHYILRIEVGRFPV 

41  LEGQRLVALKKFVAVLAKYFPGRPLVQNFLHSVNEWLKRQ 

81  KRNKIPYSFFKTALDDRKEGAVLAKKVNWIGCQGSEPHFR 

121  GFPCSLWVLFHFLTVQAARQNVDHSQEAAKAKEVLPAIRG 

161  YVHYFFGCRDCASHFEQMAAASMHRVGSPNAAVLWLWSSH 

201  NRVNARLAGAPSEDPQFPKVQWPPRELCSACHNERLDVPV 

241  WDVEATLNFLKAHFSPSNIILDENLYFQGHHHHHHGLNDI 

281  FEAQKIEWHE 

 

 

 

D.2 hQ1-C3-HERV protein sequence  

(268 aa, 30.6 kDa) 
1 MGSSIAPTVWKLADRSKIYMADLESALHYILRIEVGRFPV 

41 LEGQRLVALKKFVAVLAKYFPGRPLVQNFLHSVNEWLKRQ 

81 KRNKIPYSFFKTALDDRKEGAVLAKKVNWIGCQGSEPHFR 

121  GFPCSLWVLFHFLTVQAARQNVDHSQEAAKAKEVLPAIRG 

161  YVHYFFGCRDSASHFEQMAAASMHRVGSPNAAVLWLWSSH 

201  NRVNARLAGAPSEDPQFPKVQWPPRELCSACHNERLDVPV 

241  WDVEATLNFLKAHFSPSNIILDHHHHHH 
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Appendix E 

COPYRIGHT  PERMISSIONS 
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