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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, medicaliglevant biological roles. Recent studies have
demonstrated the utijitof 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 workwe explore an iwdepth understanding the catalytic mechanism of
the simplest of the QSOX enzymes, frdmypanosoma bruceifter developing a
novel substrate analog, we obtained results that suggest that QSOX does not have a
significant prototypical subsite 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 sugggstinovel 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 deackkpd 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
antibodybased inhibitors. Early achievements toward this cotlatove project are
presented. Finally we adapt and implement the new, sensitive, fluoreszssce

assay for QSOX activity in biological samples. This study found, surprisingly, that

XVi



QSOX activity is relatively abundant in normal adult blood, and previgiglications

for the utilization of our assay for diagnostic purposes.
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Chapters 3, 4, and 5 contain essential work that was collected in fruitful
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Chapter 3
The binding site study was a collaborative effort with Dr. Jennifer Codding.
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Figure 4.3: All data and analysis included, and production of the figure were by Dr.
Timothy Foley.
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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 mogroteins the ability to function properly in their intended
role(s)dependsipon the prerequisite of a correctly folded thdemensional structure
[1]. For cytosolic proteins the process of folding the polypeptide chain comprising the
protein is accomshed primarily through solverdriven 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 protei The native thredimensional structure of agtein thus
corresponds to minimal free potential energy state of the polypeptide cHiin

While also subject to these precepts, secreted proteins often contain additional
posttranslational modificatiomthat 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 importaposttranslational modification found in most secreted

proteins is the disulfide bond. Correctly paired disulfide bonds between cysteine



residues structurally adjacent to one another are essential features for stabilizing
tertiary and quaternary strucés 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 imptant cellular rolesa detailed mechanistimderstanding

of how these post translational modifications are properly insertechyriad

proteinsin vivoremains elusive.

1.1.2 Disulfide Bond Formation

The chemical reaction responsible for the formation ofgin disulfide bonds
is anoxidationreactionwhere two cysteine thiols are oxidizedone disulfide bond

2 RSH + XA RSSR +XH

While oxidation of cysteingto disulfide bondsn proteinshas been attributed
to spontaneous oxidation with oxygersmwlutiori3], this reaction is formally spin
forbidden: molecular oxygen is a groustéte triplet, and thiols are grousthte
singlet$4]. However, trace amounts of mei@ahs such as copper, can catalyze the
oxidation of thiols to disulfide bonds indlpresence of oxygfsj. As trace metal
contaminants often persist on surfaces of labwareside within reagents, metals
likely servetheroleof at al ysts in instances of report.
thiols. Other small molecules, includingdrggen peroxide and oxidized vitamin C
(L-dehydroascorbatey 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 baygheration pathways (discussed later in
this chapter), and can react directly with free thiols to generate additional

disulfideg6]. DHA, likewise, can interact directly with free thiols, accepting a pair of



electrons to generate a disulfide bond. Theatikee contributions of these pathways to
cellular disulfide bond generation have not been characterized, but the biochemical
evidence suggests that neither reaction would contribute signifi¢@8ht[9]. In order
to achievehe required rapid formatioof largenumbersof 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, disulfiel@onded, native conformatioifihis process
occus conceptuallyin two steps (Figure 1.1). In the first step, thducedunfolded
polypeptide chain undergoes meidation generating disulfide bongwith the
transfer of electrons to a terminal electron acceptorSice no known catalyst
ensuresdrmation of the correct disulfide® novojn the second step, repeated cycles
of isomerizatiormustoccuruntil native disulfide connectivity is achieved. Within
eukaryotes the enzymatic pathways responsible for catalyzing these steps vary
depending onthe 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 systemsiWbe discussed.
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Figure 1.1: The conceptual twestep process of oxidative protein foldingln the
first step, a reduced, unfolded protein undergoesxidationto form
disulfide bonds, with the transfer of electrons to some terminal electron
acceptor, X. In the second step, mispaired disulfide bonds must undergo
isomerizatioruntil native disulfide bond connectivity is achieved.

1.2 Oxidative Protein Folding in Prokaryotes

The oxidative protein folding system pifokaryotes has been well studied
using the granmegative bacteriurkschericia colias amodel organismDisulfide
bond formatioroccurswithin therelativelyoxidizing environment of th@eriplasnic
spacea compartmenfoundbetween the plasma and outer membrangsarh
negativebacteria The enzymatic pathways responsible for oxidation and
isomerization are kinetically segregated in prokaryotes, with the oxidation of cysteine
thiols to disulfide bondsc@omplished by the DsbA/DsbB enzyme system, and the
correction of mispaired isomers handled by the DsbC/DsbD sy&@n{11]. A
model of bacterial oxidative protein folding, complete with these enzymatic players, is
depicted in Figure 1.2

DsbA is a solule, monomeric thioredox#old 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. DsbAubsequently docks with, and transfers the electrons to, the



membranebound DsbB enzyme. Here, they are shuttled through a series of twe redox
active disulfide bonds and a noncovalently bound quinone cofactor, and finally into

the electron transport chdibl].
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Figure 1.2: The oxidative protein folding machinery of prokaryotes.Within the
periplasmic space of bacteria DsbA is the net twadantresponsible
for introducing disulfide bonds into folding proteins. DsbA transfers
electrons to membradsound DsB, which, inturn, shuttles electrons
into the electron transport chain. DsbC is the disuiBdenerasdasked
with repairing mispaired disulfide bonds. DsbC is maintained in a
reduced state by membraheund DsbD. Figure frorimaba and Ito
[12], used wih permission from the publisher.




Mispaired disulfide isomers from the DsbA/DsbB system are repaired by
DsbC, the bacterial disulfide isomerase. DsbC isshaped homodimer with each
subunit consisting of a thioredoxfold domain containing one red@ctive CxxC
motif. The disulfide ismerase 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 disu[fl@, [11]. This
releases the secondstgine 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 DgtQJ, [11]. DsbC is maintained in a
reduced state by DsbDn@embraneb o u nd i e | [E3].tDsb® mecelves litso
electrons from théhioredoxin system in the cytoplasm, transporting them across the
plasma membran@d0], [11], [13].

Despite theeritical importance of thiprototypicalDsbsystem of bacterial
odixative protein folding, it is not absolutely conserved among prokarydtese are
several recently discovered variations to this pathviityylogenetic analysesvealed
thatcyanobacteria, mosttinobacteria, and sonpeoteobacteria lack DsbB
compktely, despite retaining oxidative protein folding capabjliy], [14]. In these
examples, DsbA ifound fused to a bacterial homolog of the eukaryateimin K
epoxide reductag® KOR) enzyme This system utilizeanother quinone (vitamin K)
to medide the transfer oglectrondrom DsbAto downstream electron acceptors in

the electron transport chdi4], [15].

1.3 Oxidative Protein Folding in Eukaryotes
Typical eukaryotic cells process more than 25% of their pra@égbnough the

secretory pathway.rBper folding and correct disulfide bonding are required for



maturation of these secreted proteins. During translation, signal peptides within the
nascenpolypeptide chains of secretory proteins trigger their translocatiothato
oxidizing lumen of the affoplasmic reticulum (ERgreen in Figure 1)3where the
majority of disulfide bonds are formed. Other pwanhslational modifications are also
introduced as these proteins transit the ER and then the Golgi apjfeedtusFigure

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

Mitochondrion

Endoplasmic

reticulum Golgi apparatus

Figure 1.3: Schematic of a typical eukaryotic cellThe 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 theGolgi. There are Aamited number of proteins whetisulfide
bondsform instead in the intermembrane space of the mitochondrion, in
the cytoplasm, or in the extracellular environm€ll illustration by
Rachel Israel



While the majority of proteins edaining 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 cytoplasnil6]i [19] (Figure 1.3). In thenitochondrial 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 bindf®lded substrate
proteins and introduces disulfide bonds. Mia40 is then reoxidized by the flavoprotein
sulfhydryl oxidaseessential for respiration and viabiliiRV) (known asALR in
mammas). Extracellularly, multiple processes such as maturatiahe@ECM,
cellular adhesion and blood clotting are among the processes that require disulfide
bond formatiori2], [18], [20]. Here, QSOX and/or PDI have been either
demonstrated or implicated to be involved in these procg2ls4%8], [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 cytoddl]. The mechanism(s)
respondble 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 ER¥amily sulfhydryl oxidases for this purpogE7], [22].

In the followingsectiond 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 understdimg of these enzymatic pathways, and their relative

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



aggregate, are overloaded or malfunction, accumulation of improperly folded proteins
causes cellular stress. Tisisess triggers the unfolded protein response (UPR) in an
effort to restore homeosta$iz3]. Despite the complex quality control mechanisms

that work to ensure homeostasis, accumulation of unfolded proteins in the ER remains
a characteristic of a numbef diseases including diabetes, neurodegeneration, and
some cancerk3], [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 pications from suclknowledge.

1.3.1 PDl-first pathways
Protein disulfide isomerase (PDI) is an oxidoreductase that often gets
mi srepresented in the | [9L Agitariameimplies,s a As ul
PDI is an isomerase that functions in repa@nmispaired disulfide bonds. A
hydrophobic binding site within PDI imparts additional chaperone activity as it
rearranges disulfidg25]. As an oxidoreductase oxidized PDI can accept electrons
from a pair of cysteine residues and then return them thendisulfide moiety. This
first aspect is wusually mischaracterized ¢
oxidase should be reserved for enzymes that directly transfer electrons from a
substrate to molecular oxygen. We refer to oxidative foldingreels in which PDI
serves as the immediate oxidant of client reduced proteins afir§tplathways. 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.Erol, PrxIV, Gpx7/8, DHA, and VKOR constitute tR®I-
first pathways of oxidative protein folding found in the endoplasmic
reticulum. QSOX is distinct in its ability tirectly oxidize substrate
proteins and transfer electrons to molecobaygen. Figurdrom Bulleid
and Ellgaard26], used with permission from the publisher.

The domain organization of PDI consists of four consecutive thioredobin

domains that organize intolashaped tertiary structure (Figure 1.5). The domains

from amineg to carboxyt er mi n al

domains containredex ct i v e

activity,

have been

CxxC motifs

designated

responsi bl e

and doritagn hymroghobit redpoNp fak subsaraterbimding

[25]. The minimum functional unit of PDI that retains full activity consists of the a
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and b domains toget her , Ibigworthin@inglthbfthe nd a Nj c
name PDI is typically utilizetb 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 proteiris5 in yeast, and 20 in humanhsll are ERIocalized

proteins with 16 conserved PDBlike 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 thidkb®® x i n f ol d dmalji ns: a,
(beginning from upper left)rhe first and last domains (a aad\j,
respectivelylime) contain redoxactive CxxC motifshown inred. The b
andb Nj d o(foras) costain hydrophobic patches amenable to
substrate bindig. (PDB: 2B5E).
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1.3.1.1 Endoplasmic reticulum oxidoreductin 1 (Erol)

In the late 199Qsstudies inyeast firstidentified ER-resident endoplasmic
reticulum oxidoreductin 1 (Erol) as a component of the oxidative protein folding
machinery of eukaryotgd27], [28]. Theability of Erol tocatalyzeoxidative protein
folding was shown to occur inRDI-first mechanism: oxidized PDI introduces a
disulfide bond into a nascent polypeptide chainrg therErol reoxidizes PDI and
transferghe electrons to molecular oxygen. The ERL pathway produces
hydrogen peroxidstoichiometricallyfor each disliide bond formed26], [29], [30].
Mechanistically, electrons from PDI enter
e n z y meeininusElectrons are subsequently transferred to a second disulfide
bond in close proximity of the isoalloxazine ring of FAD, then to FAD, and finally to
molecular oxygef31]i [33]. Erol activity has been shown to be modulated by the
redox status of two additi@l noncatalytic disulfide bond31], [34]. Reduction of
these disulfides enhances activity, presumably such that Erol activity is regulated to
ensure the maintenance of an appropriate balance of reduced and oxidif8j PDI
[30], [34], [35] depending o the oxidation and isomerization needs of the cell.

Early work demonstrated that Erol was essential in y2@kt[29], and the
subsequent primacy of this pathway in oxidative protein folding in all eukaryotes was
tacitly assumed. Thus, it was surprgsithen RNA interference (RNAI) depletion of
Erol in the fruit flyDrosophila melanogasteresented only a minor defect in folding
of the NOTCH receptor, with a mild phenotype characterized by subtle defects in
bristle formation and wing developmdB6]. Mammals have two forms of Erol
(ErokU andb)Er odnd a double knockout of both
diabetic phenotypE7]. This study highlighted the importance of the panereas

specificErotb i sof orm f or t he mmals[38]. ddgethemthesef |1 n s u
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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 Erol protein expression in mice dtiéslit

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 thabuld arisdrom the Erd-PDI system and the QSOX
system(see later) is thexidative stresfrom thestoichiometric generation of
hydrogen peroxide as disulfide bonds famned. The recent discovery of
perxiredoxin IV (PrxIV) as an EResident enzyme capable of removing hydrogen
peroxide thus provided a satisfying explanation for the ability of cells to cope with this
apparent burdef89], [40]. In a separate study, Zito et al. used a-P&pping
protocolto discover that PrxIV couples this removal of hydrogen peroxide with the
generation of disulfide bond37]. Further studies suggest both the ERL1l and
PrxIV-PDI systems are dynamically regulated in the ER, as each hydrogen peroxide
produced by Erotan 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 actw site cysteine induces a conformational change, bringing it

14



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 releas¢ another molecule of waté8], [26], [42].

1.3.1.3 Glutathione peroxidase (Gpx)

Glutathione peroxidase 7 (Gpx7) and Gpx8 are &#dresident peroxidases
recently suggested @socontribute to disulfide bond generatioNguyenet al.
showed that these enzymes arefineit glutathione peroxidases; instead, they are
PDI peroxidasesmore closely related to the thioredoxin Gike 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
Gpx7/8catalyzed reaction were enhanced approximatetipltDbeyond the rate afe
novodisulfide generation by hydrogen peroxide alfle[43].

Thesein vitro data, combiad with thein vivodemonstration that Gpx7/8 are
retained in the ER and colocalize with Erol, suggest that Gpik&arxIV, may
directly consume hydrogen peroxide produced by the-Billsystem to generate
additional disulfide bondg], [43]. While the mechanisms of Gpx7/8 have not been
fully elucidated, rapigdeaction experiments have provided some chlesithow they
function. An initial reaction with hydrogen peroxide results in sulfenylation of the
catalytic cysteine of Gpx7/8, followdxny 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 regeneratirgduced 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 ERembranebound enzyme
essential for mediating blood coagulation through the vitamin K ¢fdle is another
enzyme that has also been recgstiown to play a role in oxidative protein folding
[45]. During the vitamin K cycle, electrons from vitamin K hydroquinone are used by
vitkaminK-d ependent c acarboaylatyoh & glutamateoresidues in a
number of blood clotting factofd4], [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 PDfamily memberg47]. 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 epdxide
In a series of experiments using mammalian cBllgkevitch and Williams
demonstrated in liver cells that the residual ER oxidation observed when Erol is
knocked down is largely ablated by a double knockdown of Erol and VMBIR A
triple knockdown of Erol, VKOR, and PrxIV proved lethal, whereas egftsessing
any one of these systems individually remained viable, thus suggesting that VKOR is

an important contributor to oxidative protein foldif@d].

1.3.1.5 L - Ascorbate

L-ascorbate, knowoommonlyas vitamin C, is another potential catalyst of
disulfide ond generation. Ascorbate is thought to function as a major antioxidant in
the ER, where the fate of oxidizeddehydroascorbate (DHA) is uncertaiwhile
evidence of aledicatedDHA reductaseesidingin the ER is lackingn vitro

experiments showethat PDI can serve as a DHA reductpge[8], [17], [26].
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However, the slow kinetics of the reaction suggests that this is nottickedyntribute
significantlyto oxidative protein foldingn vivo. Interestingly, he direct oxidation of
unfolded preein thiols by DHA occurs more readily than the Fbé¢diated reaction
by about fifteerfold in vitro [17]. Hence, the possibility remains tHaHA could

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

1.3.2 QSOX

While a number of studiegported sulfhydryl oxidase activity that, in
retrospectwaslikely causedy Quiescin sulfhydryl oxidase (QSOX), it was not until
purification and characterization of the enzyme from avian egg whater labthat
QSOX was first identified9], [48], [49]. QSOXgenes are found in all eukaryotes
from the smallest frebving protists to humans, with a notable absence in f(seg
later)[50]. Protistsand some plantsave onlyoneQSOXgene however sme
eukaryotes possess multiple paraloBsosophla have4 QSOX genes
Caenorhabditidras3, and humans arttle model plan&rabidopsiseach have
QSOXs[9], [50].

This family of proficient catalysts of disulfide bond formatiomimimally
characterized at the domain level by atelkminal PDilike thioredoxinfold domain
followed by a conserved hetixch region (HRR), and a-€&rminalERV-fold domain
[51], [52] (Figure 1.6 A). Whereas plant and protist QSOXs consighef minimal
domain architecture, metazoans have a secatalyticallyinactive thioredoxin
domain immediatelfC-terminal to the firs{9], [50], [53]. Although fungi have
apparently losQSOX another sulfhydryl oxidase, ERV2, consisting of a standalone
ERV domain that selassociates as a homodimer, is foemdlusivelyin fungi and

likely fulfills roles that might otherwise bsarried out by QSOX26], [54].
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Figure 1.6: Catalytic mechanism and xray crystal structures of QSOX from
Trypanosoma bruceilA, during catalysis electrons from a substrate first
enter the CxxC in the #&rminal 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 oxygem
the open conformation @ibQSOX the first CxxC redox center is more
than 40 Angstroms from the second CxxC, the closed crystal structure
shows the conformational change that must occur diiQBEOX
catalysis.
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Unlike the othesulfhydryl oxidase systendiscussed thus far, QSOX is
capable oboth efficiently generating disutfes within client proteinde novoand
directly transferring electrorts the final electron acceptor, oxygéfigure 1.5 and
Figure 1.6 A). During catalysis, electrorisom a substratare transferrethrough
three redox centers within QS@p¢fore reaching moleculaxygen [55]i [57] (Figure
1.6,A). Electrons first enter the enzyme in the conserved radtixe GxCiyx motif
in theN-terminal thioredoxin domainNext, they are transferred tioge CxxCprox motif
proximal to the noncovalentlyound FAD cofactor in the BRdomain. Finally, the
electrons are passed to FAD auadder aerobic conditionthey rapidly reducexygen
to generate hydrogen peroxide

While QSOX carcatalyze the oxidation @ wide range of small thiol
containing compondsin vitro, it is catalytically most efficient at oxidizing reduced,
unfolded proteins or the dithiol model substrate Q9T [48], [56], [57] As
mentioned earlier, iall sulfhydryl oxidase systemsyispaired disulfide isomers can
result, and they st be addressed through isomerizaf@n[58]. Mispaired
disulfides generated by QSOX wdoaindto be effectively repaired throbg
cooperation with PDin vitro; proteins with many disulfide bondgere able to be
completely refoldedo their native conformations by QSOX and Ribthe absence of
redox bufferg59].

Through a collaboration between our lab and the Fass group at the Weizmann
Institute, the first published-ray crystal structures of QSOX enzymes recently
appeared in Biture[52], [53]. The crystaktructureof the loneQSOX fromthe protist
Trypanosoma brucgifrbQSOX) reveaddthat the Nterminal thioredoxin domain is

connected to the HRERV domains via a flexible linker that acts as a hinge during
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catalysigFigure 16,BandC). Theiopeno <c¢rystal structure

dynamic orientationthat would potentially encounter potential substrgg8$ (Figure
1.6,B). In this structure the CxX3y is over 40Angstroms away from th&xxCprox in
theERV domain[53], revealing that a substantial conformational change would be
required during catalysisA double mutant oTbQSOX permitted trapping and
crystall i zat istauctureof the enzyméFigucel 1.6 S).eTHistructure
revealsthe conformatiomml changehat must occuwhen electrons are transferred from
the GxCyy to the &xCprox Via a mixeddisulfide intermediat¢s3].

While enzymological studiesuggest that QSOX would be a competent
catalyst of oxidative protein folding in the ER, there is no obviousdi&tion
peptide in QSOX51]. Further, although QSOX genes contain a predictéer@inal
transmembrane domain, alternative spliadhgometranscripts yields a shorter
isoform presumed to be solublen humans, both long and short isoforms of QSOX1
arepresentalthough the functional relevance of thésens is unknowrj60]. Human
QSOX1been found to localizeithin the ER and th&olgi, but it is alsosecreted
from cells[19], [61]. Human QSOX2 was found to be localized to the perinuclear
region and the plasma membrane of human neuroblastomgeglisiVhile erly
work revealed that QSOX1 was particularly abundanissues withheavysecretory
loads[19], it was also found extracellularly inates, seminal vesicle fluids, egg white,
milk, and fetal bovine seruif®], [63]. A number of more recent studies suggest that
the primary role of QSOX may be in the late stages of secretiontside the cell9],
[19], [49], [61], [63] [70]. The importance of QSOX in biological contexts is only
beginning to emerge, amdcent discoveries will béiscussed 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 thaQB®Xfamily of enzymes
are competent catalysts of disulfide bond formation, able to cooperate with PDI
vitro to fully refold proteins containing many disulfide bortlk [2].

Characterization of QSOX fro avian, bovine, human, and trypanosome sources has
revealed that all have similar kinetic paramef2ts Compared to other sulfhydryl
oxidase systems, turnover numbers for reduced, unfolded proteins &wel @0-fold
higher for QSOX (average of 700 disulfides per minute), and with, pe«£ thiol of

~150 uM, 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, unfoldedascent 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 QSOXEFigure 2.1) All of the core domains of QSOX1 are retained
by QS0X2, and sequence conservation is particularly high in the catalytic domains
(~60% identity)[2]i [4]. Since studies of QSOX paralogs from protists to humans
reveal similar enzymological properties and kinetic parameters, QSOX2 is assumed to
retaincomparale 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 type$2], but at this poinit is unknown whether or not the physiological

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

Sig. ™
HsQsOX1a (W [ Tl T2 ] HRR % ]

1 s° b 747
HsQsoxib (W [J Tl | T2 ] HRR & ]

TR - 604
Hsasox2 (W I Tma | T2 ] HRR % ]

1 e A 698

Figure 2.1: Domain organization of human QSOX1 and QSOX2Human QSOX
exists in two splice variants. QSOX1a contains a predictegti@inal
transmembrane domain, whereas QSOX1b lacks this domain and is
truncated by 133 amino aciddottom panel Human QSOX2 retains all
of the domains and functional features foim@SOX1. A signal
sequence (Sig.) is located at theddminii.

Despite their catalytic proficiendwg vitro, the biological roles of QSOX in
oxidative protein folding remain poorly characterized. New studies published in the
last few years have begumghed light on the physiological roles of QSOX both inside
and outside of cells. New links between QSOX and a number of diseasdmbkave
discoveredand regulatory mechanisms are being explored. In this chapter we will
discuss the bodgf literatureunderpinningour currentunderstanding of the biological
roles of QSOXwith important potential implications for diagnosis and therapeutic

intervention insomediseases.
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2.2 QSOXBiology at theCellular Level

2.2.1 Cellular localization of QSOX

Early studiegprobing the cellular localization of QSOX revealed mammalian
QSOX1 to be in the endoplasmic reticul{sh, [6] and the Golgi apparatiS]i [9]
(Figure 2.2)with at least a portion of the enzyralsosecreted outsidef the cell[2],
[10]i[16]. QSOX1 exiss$ 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 mgb&er Work by Bulleid and
colleagues found that wh&SOXla wasoverexpressed in Chinese hamster ovary
(CHO) cells,it accumulatedn theGolgi [7]. A more recent study by the group found,
surprisingly, that both splice variants were located in the ER and Golgi (Figure 2.2),
andthatboth were efficientlysecreted17]. Work by Illani et al. also found QSOX1 to
be located in the Golgi and secreted by cultured human fibroblasfi&ilisThe lone
biological study of QSOX2 found its intracellular localization to be confined to the

perinuclear region and tgasma membrane of human neuroblastoma [&lls
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riGiantin

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 thmttom panel QSOX (green)
colocalizes with giantin (red), a marker specific fioe Golgi apparatus.
Imagefrom Rudulf et al[17], used with permission from publisher.

2.2.2 Intracellular roles of QSOX

While the enzymological evidence suggests @a0OX would be ideally suited
for particpating in oxidative protein folding in the ERere is no obvious ER
retention peptide in QSOP]. Regardlessa portion of cellular QSOX1 is located in
the ER, at least transien{ly], [6], [17], (Figure 2.2)and biological studieand
cytochemical nalyseshave shown that QSOX is particularly abundant in the epithelia
of tissues with heavy secretory lod@§ [9], [19], [20]. Overexpression of human
QSOX1la in yeast rescued Erdéficient yeast from lethality, demonstrating the
ability of QSOX to catalyze essential disulfide bond formation in secreted proteins

vivo[7].
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In Drosophila,QSOX complements the oxidative protéahding ability of
Erol in the ER. Knockdowns of Erol or QSOX independently led to minor defects in
the NOTCH receptor, where Erol was found to be specifically responsible for the
oxidation of thiols in the LNR domains and QSOX was found to generatésthiéd®
bonds in the multiple epidermal growth factor (EGF) domgag A double
knockout of both of these sulfhydryl oxidases remained vi@ile The lack of any
significant phenotype suggests that, in the ERmsophila,QSOX is one of a
numberof redundant pathways catalyzing oxidative protein foldiA¢though 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 suggestieat the main role(s) of QSOX might be in
late stages of the secretory pathway or outside th§¢e]b]1[8], [10]i [16]. For
example, it wasuggested that QSOX may imeportant for modulating the
extracellular matrix (ECM) by crodsking disulfides to generate structutést are
too largefor assembly during secreti¢@]. Until recently ndoona fidephysiological
QSOX substrates had been identified, and it hathe®h demonstrated that
extracellular QSOX was biologically important. However, a very recent study by llani
et al. showed a requirement of QSOX activity in the biogenesis of the ECM and for
modulating its biochemical and physical properfies. In thatstudy, 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 aly tedtie
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ECM in the absence of extracellular QSOX (Figure 2a8)d2). Addition of

exogenous redeactive QSOX, but not an inactive mutant enzyme, restored laminin
incorporation and cellular adhesi@figure 2.33 and4) [18]. These findings

confirmead 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 cancejl&}|If22], [23]

where QSOXikely contributes through a mechanism involving the activation of

matrix metalloproteases (MMPR)2] (see later).

3 4
1 2 siQSOX1 siQSOX1

siCONTROL siQSOX1 +rQS0OX1 +rQSOX1-AA

Figure 2.3: QSOX activity is required for cellular adhesion to the extracellular
matrix . DAPI staining of the nuclei of W38 fibroblast cells adhered to
an extracellular matrix. When QSOX expression is depl@gdewer
cells adhere compared to a con{fl Addition of redoxactive
recombinant QSOX3) restores adhesion, whereas additba redox
inactive mutant enzyme did not rescue the QSOX deplétipkigure
from llani et al.[18], used with permission from the publisher
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2.3 Rolesof QSOX in Normal Biological Processes

2.3.1 QSOX expression during normal development

Early studies identiid QSOX1 as a gene product whose expression and
secretion were induced when cells enter quiesciicfL6]. Several additional
reports in recent years have also indicated that QSOX1 expression meyabieely
correlated with cell growtfR4]i [26]. However, the majority of recent studies have
shown that QSOX1 expression is associated antimncedellular proliferation and
migration[18], [22], [23], [27], [28] llani et al. found that extracellular QSOX was
required for efficient incorporation ofrtanin 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 developrfiejt [29], [30].
Thus it would not be surprising if QSOX playscderduring 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 s¢t@suggesting a
developmental link. In follow up work the gneinvestigated whether QSOX1 may
be involved during the development of various tissues in embryonic[2@iEeThey
observed immunohistochemical staining for QSOX in early stages of fetal
development that appeared to be restricted to the mesoderm aretracti@dm 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 expressi@nreéiuronal
developmenif20], [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 §lult§his 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 stresésnduced apoptosi®6]. Their study usrat PC12 brain tumor cells
and human MC¥H breast tumor cells. When exogenous oxidative stressors were
applied, MCF7 cells overexpressing guinea pig QSOX1 had improved survival.
However, levels of QSOX did not increase until 24 hours-pwesg26] i 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 thgotectiveeffect of QSOX even though MCF
breast cancer cells overexpressing QSOXdemeasedgbroliferation[26]. This
observation led to the conclusion that reduced proliferation of these cells was not due
to apoptotic mechanisms.

In an unrelated proteomicausly, another group discovered that circulating
QSOX levels increased approximatelodd in the blood of individuals prone to acute
mountain sickness (AMS) following at®bur exposure to hypobaric hypoxia (low
pressure and low oxyge[82]. Peroxiredoxiré and glutathione peroxidase, proteins
with established antioxidant properties, were similarly upregu[8®&d In contrast,
those resistant to AMS lacked increases in serum levels of these three proteins. It has
been previously established that hymeixiduced oxidant levels increase in AMS
sufferers relative to contro|83], and thus the authors of the present study cite the

apparent protective role of QSOX1 reported by Morel §R26l.for the claim of
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Aanti oxi dant 0 .pTheygrchde that gpreguifationoStieX

Aanti oxidantso QSOX, peroxiredoxin 6, and

compensates for hypoxiaduced oxidant production in sufferers of AMS.
Theevidence suggesting that QSOX may actaB ann t i oixliketa nt 0

spuriousas it is incongruenwith enzymological studiesAlthoughQSOX does have

three redoxactive CxxC motifs, they are completely oxidized in purified recombinant

enzymeg34], [35]. Furthermore, the conversion of reduced protein thiols to disulfide

bonds byQSOX produces one molecule of hydrogen peroxide for each disulfide bond

formedi making QSOX a net oxidant produdgervitro. In addition, the initial report

demonstrating the protective effeftQSOXfor cells exposed to oxidative streigw

the conclsion from a correlation where tihelationship betwee@SOXexpression

levels and the biological responsedancer cell$26] was directly opposed to the

observationslescribed in a numbef other cancer studig8], [22], [23], [27], [28]

Thus, upreglation of circulating QSOX in AM$s likely due to a need for QSOX in

some norantioxidant 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 d 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 igypanosoma brucea unicellular eukaryotic parasite.
Bloodstream forms of these parasites evade the host immune system via a dense

monolayer of variant surface glycoproteins (VSBgure 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 bofaéruceicohortchanges the

variant VSG expressed. This permits the population expressing this new variant to
become estdished before the immune system adapts. This strategy, and the presence
of more than 1,000 VSG genes, permitdruceipopulations to persist in the host in

perpetuity[36].

Figure 2.4: Molecular model of the VSG cell surface coat ofrypanosoma brucei
(A) Side view of the VSG coatB) Top view of the VSG surface coat
demonstrating the dense packing of VSHgure fromMehlert et al.
[37], used with permission from the publisher.

Despite their highly variable nature, VSGs contain several conservetustiu
disulfide bondg38]. Experimental evidence that VSGs may account for up to 30% of
the total protein output daf. brucei[39] suggests that the disulfide bond formation
load of these organisms is likely to be quite high. The single QSOX fouind in
bruceiis very efficient at oxidizing unfolded, reduced protemsitro [35]. Given

that mammalian QSOX enzymes are found throughout the secretory pathway, with
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confirmed physiological roles in the extracellular environnf2ht{17], [18], it is

likely that ThQSOX participates in the generation of these disulfide bonds. In light of
the presumed importance of properly disulfimnded VSGs for host immune
evasion,ThQSOX and other participants in oxidative protein folding machinefy in
bruceirepresent potential therapeutic targets. Further investigation into the roles of

TbQSOX isclearly warranted.

2.4.2 Heart Failure

Acute decompensated heart failure (ADHF) is the medical term used to
describe cases of heart failure characterized by agsfmoea (breathlessnep#)],
[41]. Currently, Btype natriuretic peptides (BNPs) are the standard plasma biomarker
for diagnosis of ADHH40], [41]. The disadvantage of using BNPs, which are
released into circulation by stressed cardiomyocytes, ishtbg 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, Mebazaaset alut to identify novel
plasma biomarkers that would be more specific. QSOX1 emerged as the best
candidatg40].

In their evaluation of QSOX1 as a biomarker for ADHF, Mebazaa et al. found
that levels of plasma QSOX1 alone performed as well as BNsafgmostic
purposes. Further, the combined evaluation of QSOX1 and BNP significantly
i mproved both the accuracy and specificity
BNP levelsi where they are not of diagnostic valueombinatorial analysis of
QSOXand BNP levels provided 93% accuracy in diagnosing heart failure, with over

80% specificity for ADHH40]. To validate the link between QSOX and ADF
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vivooa Apr-essmnulread model 0 procdgMuThs was
procedure leads to tmapid 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 anifdals These experiments confirmed

that the elevated plasma QSOX1 originatethe 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

dyspnoeato ensure the accurate diagnosis and@ppate treatment of ADHF.

2.4.3 Cancer

QSOX has been shown to be overexpresseaMariety of different cancers
A review of the NCI 60 tumor cell line database fotimathigher QSOX mRNA
expressionevelscorrelated with increasés expression ofeveraECM components,
includng@® | | agen |V U1][9%a[#2H Inla ghengrosaroorma atlblisee
MRNA levels deduced frofBST databases alsevealed significant upregulation of
QSOX[2]. Cell culture studies have found that QSOX is secretesbbgradifferent
cancer cells, including those derived from bone, breast, and prostate ¢ahdé63,
[44].

While most studies have found a correlation betweereased)SOX
expression and tumor progressisayeral studies, using endothelial or breastar
cells, have found evidence suggesting instead that QSOX1 expression is hegative
correlated with cancer severi34]i [26]. In the last few yeara number ofjroups
have started to more closayaluateQSOX expression by canceellsto interrogate

more precisely the roles thaxpressed and secret®@$OX contribute tdhe
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respective diseas¢b8], [22], [23], [27], [45], [46] Recent advances in our knowledge

will be discussed in the following sections.

2.4.3.1 Pancreatic Cancer
Pancreaticancer patientgypically face a dire prognosigijth fewer than 5%
of patients survivindor more than 5 yeansostdiagnosig22], [47]. One of the
factors contributingo such a poor outcome is the failure to diagnose the digeése
early stages, whetherapeutignterventionis most successfulThus, the discovery of
a low molecular weight peptid@omarker in the plasma of pancreatic cancer patients
by Doug Lakeds group wap8].alhepeptide deuvech gi ng d e
from a Gterminal region of QSOXIshowed 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. Immunolustanical analyses of pancreatic
biopsies from patients revealed strong staining80OX1 in malignant pancreatic
ducts, bunot in adjacenhon-malignant pancreatic ducasd stromdg22], [45], [48]
(Figure 2.5) Using Western blot analyses, four estsiiidid pancreatic cancer cell
lines had high levels of QSOX protein expression compared to a control non
tumorigenic pancreatic cell lif@2], [48]. A modest knockdown of endogenous
QSOX expression decreased cellular growth and proliferatidnimportany, caused
afour-fold decrease itheinvasiveness ahesecultured pancreatic cancer cell lines
[22]. This decrease in invasiveness was directly correlated to a reduction in activity of
matrix metalloproteases. There were no corresponding decredisesnRRNA levels
of the MMPs, suggesting that QSOX1 is involved in either the direct or indirect

activation of MMR2 and MMRS9 in the extracellular environmej#2]. Addition of
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exogenousecombinant QSOX1 to the culture medium rescued the prolifeiati/e
invasive properties of theompromisegancreaticancef22]. These studiegromote

the possibility that, in addition to being a novel potential diagnostic biomarker,
extracellular QSOX1 could be a viable therapeutic target for the treatment of
pancre#ic cancer patients. More work is necessary to elucidate whether inhibition of
the enzyme could attenuate proliferation and metastasis of tumanceils, and

whether this might improve the dismal prognosis for these patients.

Malignant ducts
Normal ducts {brown = QSOX)

ape b . -~ Ay
|..?.n LA Al 2

Pancreas

e R Y- -
l’ ven 'Z‘Rr-".-";::;-,h'. 2

Figure 2.5: Immunohistochemistry of QSOX in pancreatic cancerWithin the
same pancreatic tissue sample, QSOX staining (brown) is very strong in
malignant ducts, but not in adjacent normal ducts or strBigare
adapted fromAntwi et al.[48], with permission from t& 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 wasund to be secreted lspme breast tumor
cells[2], [44], while another eayl study demonstrated an inverse relationship between
QSOX1 expression argtoliferationof estrogen receptaregative breast cancer cell
lines[44], [49]. Morel et al.observed &imilar negative correlation wheguinea pig
QSOX1was overexpresedn MCF-7 breast cancer cslland further observed an
apparent role of QSOX in protectiagainst oxdative stressnduced apoptosi6].
Several recent studies have continued to showictng resultsin one case high
QSOX1 expression seemedraalucetumorigenesi$24] and in two other studidsgh
QSOX1lexpression had the opposite effegromoting proliferation, invasion, and
tumorigenesi$23], [27], [45] Recent studies focusing on the roles of QSOX1 in

breast cancer will be discussedhe following sections.

2.4.3.2.2 Recent support for QSOX as aepressorof breast cancer severity
Pernodet et al. recentfvaluatedQSOX1 mRNA expression levels &n

collection 0f217 invasive ductal carcinomas (IDC) of the IstedJsing their method

for categorizing disease severity, it wamcluded that QSOX1Ixpression levels were

inverselycorrelated with disease severétgd prognosif24], [45]. Consistent with

studies from other labs using pancref] and lung tumor cellgL8], their follow up

experimental work using MGF breast tumor cells demonstrated increased adhesion

when QSOX1 is overexpressgtdl]. Howeverjn contrast to those other studies, they

found that QSOX expression levels wareerselycorrelated with proliferation,

invasion,and tumor developmef24]. Whilethesedatainitially seemto support the
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aut horsoé6 concl usi on grpresantediatairdvealthatimangoafal uat i c
their conclusions are only superficially suppori#§].

An objective analysis of the wotky Pernodet et al. reveals methodological
shortcomings that undermine thssertion that QSOX supprestumorigenesi$45].
For examplein theexperimentsvhereQSOX1was overexpressad MCF-7 breast
tumor cells, owwhereQSOX1was repressed by shdrirpin RNA 6hRNA) in MDA -
MB-231 cells they foundan inverse correlation between cellular turgenic
properties and QSOX expressienels. Howeverthese experiments were carried out
with two differentbreast tumor celines. Examination of theanalysis of QSOX1
MRNA levelsrevealsthat even when MGF cells are overexpressing QS@Kd
expression of QSOX1 is repressed in MIBB-231 cellsthelatter cells retain at
least 2.6015-fold higherQSOX1 mRNA levelgref[24], pp. 4-5). Further,
substatial differences in the proliferation rat@sfold) of thetwo tumorcell types
when QSOX1 expression is unaltergere not accounted for (r§24], Fig. 4Aand
4B). Finally, theconclusionsdrawn from immunohistochemical analysgsiormal
and malignanbreast tissues are ndearly supporteth thepresented micrographs

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

2.4.3.2.3 Recent support for QSOX as aontributor to breast cancer severity

In contrast to the study detailed above, investigatoyrisatchman et al[23]
and independently, b$oloviev et al[27] arein agreemenivith reportsfrom studies
of other forms of cancewhere QSOXIverexpression correlated wittancer cell
invasiveness animor grae [18], [22], [45], [46] In the work bySolovievetal.
QSOX1 mRNA levels werexaminedrom expressed sequence tag (EST) aadal

analysis of gene expression (SAGE) databases mMRNA levels were experimentally
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determined irb0 additionalclinically-graded normal and malignant breast tissue
sampleg27]. Using the established Nottingham prognostic ineavaluate their
results, Soloviev et al. foundsagnificant carelationi consistent across all data sets
where higherelative QSOX1 mRNA levels paralleled severity in clinical tumor grade
[27]. It was noted that this correlatiomas independerdf estrogernreceptorand

epidernal growth factorreceptor2 statussuggesting that QSOXtay potentially be
useful as a new prognosticarker.

Similarly, the recent study by Katchman et al. corroborthisselationship
between QSOX1 expression and tumor sevidy. Theirevaluation of over 1,800
molecularlytyped breast cancer cases from the Gene expreisagad Outcome of
Breast cancer Online (GOBO) database revealed a highly signiizdistical
relationship wher@igherQSOX1 levelscorrelated with poor prognosis luminal B
breast cancer patie@&3], [45]. In their studyfollow-up cellular experimentlso
showed that suppressing QSOX expression in breast tumor cells significantly
decreasegroliferation and invasiorgndalsosuppressed the aaty of extracellular

MMPs [23].

2.5 Biological Mechanisms forRegulating QSOX Expression

As the medicallyrelevant biological roles of QSOX1 continue to emerge, an
improved understanding of how QSOX4pression is regulated will be imperative.
While mammals have two splice variants of QS(Kiure 2.1) there is scant
information regarding whether or not there is differential expression of these variants,
and correspondingly, it is unknown if they ynalso 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 autoplsaglhypoxia 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 MGF breast cancer cells found decreases in mRNA of
QSOX1 and a number of other genes in response to estrogen trda®hemn other
studies a similar estrogatependent decrease in QSOX levels was observed in the
endometrium of guinea pig$2], and also in cultured MDMB-231 breast cancer
cells[49]. In this latter study MCH cells were also used during an evaluation of
genes that are estrogegsponsive. Interestingly, the authors note that expression
levels of some genes were strikingly regulatedgpositedirections in MDAMB-231
cells and MCF7 breast cancer cell49]. In their data from the MGF cell line,
QSOX1 levels are not represented. Finally, another study showed that QSOX1
MRNA levels in rat pituitary glands were upregulated by estrfigjen
Since humans and rodents have two splargants of QSOX1, it is possible
that they are differentially regulated by estrogetowever, 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 gstrbeyond 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 interesing recent study suggests that autophagy may be another process

linked to QSOX1 expression in breast cancer ¢Bll$ Autophagy is a catabolic
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process through which cells actively degrade and recycle certain cellular components
Surprisingly, dual role for autophagy have been described in cancers depending on
the state of tumorigenedi1]i [53]. In nonrtumor cells andh earlytumorigenesis the
restoration otellular homeostasis during strégsautophagys apparently tumor
suppressivgbl], [52]. By contrast, durintater stages of tumor growth, autophagyy
purportedly preoncogenicpromotng tumor cell surviva[51], [53]. In their study,

Poillet et alfound that QSOX expression increases following starvatidnced
autophagy in MCH breast tumor cellsyettheyalso found tat QSOX1 inhibits
autophagy, apparently through inhibition of autophagosome/lysosome [a$jon

Clearly, more work needs to be done to tease out the mechanisms responsible for the
dual roles of autophagy, and taeildate 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 Ststedaed
that QSOX1 was upregulated during hypoxia by approximatéyin two
pancreatic tumor cell lindd6]. When hypoxignducible factor 1 alpha (HEE U) wa s
overexpressed in these same cell lines during normoxic conditions, QSOX1 mRNA
levels incrased ~7fold, suggesting a direct link. Subsequent evaluation of the
QSOX1 gene sequence revealed two hypoxia response elements (HREsyithin
the first exon, and another within the first intron of the gene (Figurd46k) The
independent deletioof each HRE substantially decreased hypaxiacible QSOX
expression, and deletion of both HREs completely abolished expression in a luciferase

reporter assal#6]. Finally, hypoxia exposure triggered dodd enhancement of
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invasion relative to cellassayed during normoxia, and depletion of QSOX1
expression significantly reduced the number of invading cells under hypoxic

conditiong[46].

—>
HRE2 HRE1
Qsox1 —@—( @ —
EXON1

Figure 2.6: Locations of hypoxia response elements (HRES) in the QSOX1 gene.
Filled black circles represent the locas of HRE1in the first excon of
the QSOX1 gene, and HRHE2the first intron of the gendhe rest of the
gene is not shown in thfggure. Figure fronShi et al [46], used with
permission from the publisher

2.5.4 Summary of our current understanding of QSOXregulation

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 chaper. 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 malignanib4]. Similarly, during acute decompensated heart failure,
hypoxia may ocur as a result of heart failure, and/or due to the accompanying
shortness of breath that is characteristic of the di§é8%e Sufferers of acute
mountain sickness also present symptoms following exposure to the low oxygen
concentrations typical of hinger altitudeg§32]. Although the role of QSOX has not yet
been explored directly in ischerieperfusion injury, it is well known that hypoxia

triggers the HIFL Ginduced upregulation of many genes during ischemperfusion
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injury. EPO is one of the ajor 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 HHiiduced genes,

require disulfide bond formation by Q3Qit 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 medicaliglevant enzyme is upregulated inwamber of
diseases, from heart failure to a variety of different cancers. Recent protéaseck
approaches have demonstrated the utility of plasma QSOX peptides as a biomarker for
pancreatic cancg#8], and as an accurate and specific biomarker foeacut
decompensated heart failyd®]. Emerging QSOxXlisease 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
expressin 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

TheQSOX familyof sulfhydryl oxidase§l]i[7] are capable of thefficient,
direct oxidation of client proteinsee Chapters 1 and 2 for detailed discussidms)
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 flexiblg8], [9]. This study deals with the QSOX found in
Trypanosoma bruceTbQSOX proves especially tractable to expresgatherichia
coli [10], and its threelomain structure represents the minimal architecture for this
family of multidomain sulfhydryl oxidasd$], [10]i [12]. Figure 3.1A shows the
domain organization ofFbQSOX together with key catalytic steps deduced from
studies of both metazo§h3]i [15] and protis{8], [10], [12] QSOXs. Crystal
structures offbQSOX in open and closed conformations are shown in FRjlr&
andC [12]. Catalysis is initiated with the transfefrreducing equivalents from the
client protein to the @xC" motif of the thioredoxin (TRX) domain (Figufel,A,
step 1). The TRX domain appears to be capable of rapidly sampling multiple open
conformations while tethered to the relatively rigid heloh region (HRR)ERV
domaing12] via a flexible linker (shown asdashed linen Figure3.1, B andC).
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 &Cys' mixed

57



disulfide with the redoactive C'xxC" disulfide proximal to the flavin cofactor
within the ERV domain (Figurd.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 stdode catalyst of
disulfide band formation. First, we explotbe enzymesubstrate iding interaction
by developing a synthetrecombinanRNase as a rededractive substrate analog that
would compete with reduced RNase for a putative substiraden site. This work
providednew information concerning the likelihood of a binding sitQSOX for
unfolded client proteins. Next, we desired to characterize the thermodynamics of the
catalytic mechanism. Here, we determined the reduction potentissd®l substrate
disulfides andhe three redox centers TibQSOX catalysisand investigad 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
unfavorble 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 dmechanistic convergence.
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Figure 3.1: Domain organization and crystal structures ofTbQSOX. A, the
domain structure ofbQSOX with the TRX, HRR, and ERV domains
shown inlime, light gray, andmaroon respectively, with the two
catalytic GxxC motifs (CxxC" in the TRX domain and 'txC" 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 waittows 1 4. B, the
crystl structure of an open form of the enzyme (Protein Data Bank code
3QCB using the same domain coloring and orientation &s i@ysteine
to alanine mutations at Cyand Cy$’ allowed the oxidative capture of
the interdomain CysCys" mixed disulfide Bown in the closed form of
ThQSOX inC (Protein Data Bank cod®QD9). Thedashed linesn B
andC depict a mobile loop not resolved in the crystal strucfuned the
blue helixhighlights the change in orientation of the TRX domain
between open and closednformations

59



3.2 Experimental Procedures

3.2.1 Materials and reagents

Unless noted, chemical reagents and bacterial culture components were
obtained as described previouElY]. Primers were from Integrated DNA
Technologies. Reduced glutathione (GSH), oxidized glutathione (GSSG), and
oxidized DTT were from Sigma. Reduced DTT and isopragyliogalactopyranoside
were from GoldBio. MethyPEG4-maleimide (MM(PEG),) was from Thamo Fisher

Scientific. 5DeazaFAD was obtained as described previoyshj.

3.2.2 Spectrophotometry, assays, and kinetics

Routine aerobic and anaerobic Wisible spectrophotometric experiments,
QSOX enzyme assays, and rapid reaction studies with-&1 $X2 double mixing
stoppedflow spectrophotometer (Hiech Scientific) were performed as described

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

3.2.3 ThQSOX constructs and mutants

A truncated form containing only the thioredoxin domaib@SOXTRX;
corresponding to residuesiZ®9 in te fulklength protein) was subcloned using the
ThQSOX-FL-Fwd[10] and TrxRev
(GTCCTCGAGTTAGACAGAACGTTTGACCAG) primers. Mutants of the
interveningxx dipeptide of the &xC"trx motif in the context of th&bQSOX-TRX
or full-lengthTbQSOX constructs wergbtained using the QuikChange Il
Mutagenesis kit (Stratagene) with appropriate primers. All final expression constructs
in the pEF28a(+) vector contained-Mrminal His tags and were sequenced to verify

integrity.
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3.2.4 Expression and purification of ThQSOX

Ful-lengthTbQSOX and truncated constructs were expressed and purified as
before[8], [10] with the following minor modifications. The hydrophobic interaction
chromatography step for fuléngth proteins utilized 35%, not 40%, saturated
ammonium sulfate. Tik step was omitted for the purification TBIQSOX-TRX
construct. Protein yields for all constructs were similar to that oftypd ThQSOX

(D7 mglliter of cell culturg10]).

3.2.5 Design of synthetic RNase mutant constructs

A synthetic gene, incorporatirige N- and Gtermini utilized by Raines and
colleagueg53), was designed to encode a septuple cysteine to serine mutant of bovine
RNase while retaining C65 (designated;stRNase). The construct included an N
terminal hexahistidine tag and a nucleotide sequence optimized for expredsion in
coli. Nucleotide and amino acid sequences fogsIRNase are shown ippendixA.
The gene was subcloned into a pE&E28ector using NerminalNcol and Gterminal
Xholrestriction sites and was expressed in BL21*(DE3) cells. A further C65S
mutation to eliminge the final cysteine was generated to create a construct completely
lacking cysteines (designated-&RMNase). We used k&RNase as the template to
reintroducethe first cysteine of RNase (C26) to create the dibasitaining construct,
2Cs 65RNase. Weadditionally created 24 ssrRNase, containing the first and sixth
cysteines of RNase A. Sé@pendixA for final protein sequences of these constructs.
All mutations were generated with appropriate primers using the QuikChange Il

Mutagenesis kit (Stratage).
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3.2.6 Expression andpurification of mutant RNases
Cell s were grown in LB medium suppl emer
37 °C until an Ago of 0.6 was reached. Protein expression was induced by the
addition of 1. mM IPTG and cells were grown for an addiil 35 h. Harvested cells
were resuspended in 50 mM phosphate buffer, pH 7.5, containing 300 mM NacCl, 10
mMBEME, 170 €90 .mL2 PME/IFmL Pefabloc SC, and O
Following French press and sonication steps, the lysate was made 6nG1,G
rocked for 20 min at 4 °C, and centrifuged at 14,000 g for 30 min. The supernatant
was added to a nickehelating 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 mMEB and 6 M GnHCI.
The column was developed with 50 mM phosphate buffer, pH 7.5, containing 10 mM
3-ME and increasing concentrations of imidazole (30 mL each of 50, 100, and 200
mM imidazole and 20 imeach of 300 and 500 mM imidazole). RNase emerged
between 100 200 mM imidazole. Fractions were pooled, concentrated, washed into

phosphate buffer, and stored2® °C (yield: ~ 6 mg/L).

3.2.7 Sulfhydryl oxidaseactivity assays forsubstrate binding study

Reduced RNase (rRNase) was prepared as bj@foke Activity assays were
conducted using rRNase alone, or in the presence-&Ni&se. The QSOXriven
oxidation of protein thiols was monitored discontinuously by quenching aliquots of
the reaction mixtwe into phosphate buffer containing 1 mM DTNB and 6 M GnHCI.
Thiols were quantitated following the absorbance obttigo-2-nitrobenzoatéTNB)

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 imBDpotassium
phosphate buffer, pH 7.0 containingnM EDTA. Stock solutions of reduced and
oxidized glutathione were adjusted to pH 7 using potassium hydroxide: Thiol
containing solutions werstandardized using 5¢bthiobis(2nitrobenzoate) (DTNB).
The fraction of protein containing a particular reduced redox center was plotted
against the composition of the corresponding redox couple ([(SISSG] or
[DTT,d/[DTTox). Redox data were analed using noilinear curve fitting with the
Hill equation in GraphPad Prism 6 (GraphPad Software) to obtain the equilibrium
constantKoy. Standard redox potentials were obtained via the Nernst equation using

ERv al ues of T 240 [18M nfd@FmS8Ges BTG 5.319].

3.2.9 Redox potentials of thioredoxin domainC'xxC" and RNase disulfides

Appr oxi mapgrogeln wasthcubated at 25 °C for 2 h in-inb
centrifuge tubes containing a range of glutathione redox buffers comprising 5 mM
GSSG and 0.09%5mM GSH. The mixtures were then rapidly quenched by the
addition of 100% (w/v) iceold trichloroacetic acid (TCA) while vigorously vortexing
to give a final concentration of 20% TCA. The precipitated protein samples were
recovered by cerifugation (6000 relative centrifugal force for 30 min at 4 °C), and
the pellets were washed twice with-celd acetone and allowed to air dry for 30 min.
The denatured samples were then resuspended in 10 mM MM{REG¥ non
reducing Laemmli buffer befe being analyzed by SEFFAGE using 12% gelfer
TbQSOX-TRX, and 18% gels for RNase mutan@&els were imaged, and bands were
guantitated using a FluorChem Q imaging system améFlilorChem Q software

(ProteirSimple).

63



3.2.10 Redox potential of the C' xxC" proximal disulfide

The 5deazaFAD-substituted enzyme was first generated by reconstituting the
apoprotein with the flavin analog. Witgpe TbhQSOX (45 nmol in 56nM phosphate
buffer, pH 7.5) was bound to 0.5 ml of ProBond niette¢lating resin (Invitrogen)
retained in a small plastic capped column. Flavin release was initiated by the addition
of 1.5 ml of 6M guanidine hydrochloride in 5&M phosphate buffer adjusted to pH
7.5. The column was recapped and incubated with rocking for 15 min at room
temperatue. 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 res. The resin was then rocked overnight at 4 °C with a 1.7
fold molar excess of-BeazaFAD in 1 ml of phosphate buffer, pH 7.5OeazaFAD-
TbQSOX was eluted from the column with 50 imidazole and exchanged into 50
mM phosphate buffer, pH 7.0 contaigih mM EDTA using Amicon Ultra centrifugal
filters (Millipore).

Redox experiments were conducted in open cuvettes includinylsfucose
oxidase and 1hM glucose as a precaution to maintain dissolved oxygen
concentrations to low levels. Aliquotsofrede d DTT wer eMS5ddadeed t o 1!
FAD-enzyme in the presence of 20M oxidized DTT. Spectra were recorded
immediately and found to be unchanged 30 s after mixing. Spectra were-scatter
corrected over 49@00 nm and corrected for dilution. The maximum abaoce
change was centered around 445 nm Bgere3.3,A, inse). However, the
absorbance change over five consecutive wavelength4443im) was averaged to
minimize instrumental noise prior to calculation of the fraction of enzyme carrying the

reduced & xxC" motif.
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3.2.11 ThQSOX-bound FAD redox potential

Wild-typeThQ S O X  M3n@ mEof 50mM phosphate buffer, pH 7.0
containing ImM EDTA, 10mM GSSG, and 1&nM glucose) was deoxygenated by
cycles of vacuum and nitrogen in an anaerobic cuy&teprior to the addition of 50
nM glucose oxidase to ensure continued anaerobiosis. A stock solution of GSH was
delivered via a Hamilton gagght syringe, and UWisible spectra were recorded
immediately and 60 s after each addition. The 60 s spectra eatersorrected (over
700 850 nm), and the fraction of reduced enzyme FAD was calculated from the

dilution-corrected absorbance at 456 nm.

3.3 Results andDiscussion

3.3.1 QSOX lacks a significant binding site for unfolded protén substrates

QSOX is a facile catgbt towards a range of unfolded substrates but exhibits
very low activity with weltordered substrat¢8]. One possible explanation is that
only unfolded substrates can productively access a binding site on QSOX prior to
transferring reducing equivalerttsthe enzyme. If QSOX has a significant binding
site for a protein substrate, a Roysteine containing version of the same protein
should act as a competitive inhibitor of disulfide bond generation, leading to a
decrease in activity during steadtatekinetics experiments. We used nativehdl
rRNase as the substrate and tested an octuple cysteine to serine varRNBEHE] as
the potential inhibitor with both human and parasite oxidases. At protein substrate
concentrations set to their corresgmy K, values (40 and 45 pM for human and
trypanosome QSOX, respectivghy0], [15], no significant inhibition of enzyme
activity was observed with up tefbld higher concentrations of GRNase (Table

3.1).
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Table 3.1: OC-RNase does not inhibit QSOX activitywith wild type RNase”

Inhibitor Activity (% control)
0C-RNaseConcentratior{uM) ThQSOX HsQSOX
180 95.6 £ 0.8 -
200 - 98.7 £ 5.8

QSOX activity was assayed discontinuously
as the substrate (corresponding toKheralue for trypanosome and human QSOX,
respectively) in the absence (control) and presence -&N&se. Norenzymatic rates

of thiol oxidationin the absence of QSOX were subtracted from the Qaitt. Dr.

Jennifer Codding.

It is worth noting that sice 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 represeritrst identical protein sequences, these data do not
support the presence of igraficant binding site for rRNse on either of these diverse
QSOXs. There are threadditionallines of evidence consistent with this conclusion.
First,there was no change fluorescence when a labeledsi®Nase substrate was
used as a substrd®. Second, rapideaction experiments with TN&inctionalized
1Css-RNase showed that increasing substrate concentrations produced a linear
increase in the firsbrder rateconstat for the initial enzymesubstrate interactiof].
Third, the crystal structures ®HQSOX show no obvious binding site for protein or
peptide substratd8], [12]. In sum, these results support a model where QSOX

functi onasdrium 0a mohllysis[8).f c at

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 substratég(re3.1, A). Because the TRX
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domain ofTbQSOX is linked by a mobile andstirdered loop region to the
HRR/ERV pseudodimeiF{gure3.1,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 GxC motif toward the @erminus of the ERV domain. Altlugh this
CYxxC"' motif is conserved in all QSOX sequences examined to[tatd 1], single
or double mutations at this locus have an insignificant impact on the turnover of
protein substrates vitro using either human QSOX1 ®bQSOX[10], [15].
Furthermore, the recent crystal structures of open and closed foffMQ&OX
(Figure3.1, B andC) do not provide an obvious rationale for a catalytic role of the
CYxxC"' disulfide. Hence, this thirdxxC motif will not be considered further in the

present study.

3.3.3 Redox measurement of &xC'" motif

Determining the redox potential of th&x®C" motif requires isolating the
redoxactive TRX domain from the HRERV domains to prevent transfer of
reducing quivalents from the &xC" dithiol to the ¢'xxC" and FAD centers of
TbQSOX Figure3.1,A) . The thioredoxin domakrn with a
helix (colored inimein Figure3.1, B) is tethered to the rigid and structurally
independent HRFEERV domans in TbQSOX by a flexible linker. ThiFbQSOXTRX
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 toteienine the redox potentials of thioredoxin
family memberg21], [22]. TbLQSOX-TRX was equilibrated at pH 7.0 in redox buffers
containing varying ratios of reduced and oxidized glutathione, the mixtures were

guenched by TCA precipitation, and the reducedmanent was labeled with a small
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PEGmaleimide derivative (MM(PEG), adding 1.24 kDa per thiol. Nereducing
SDSPAGE revealed the expected gel shift for the introduction of two maleimide

labels for the reduced protein. As observed by off28]s an intemediate band

appeared (denoted with * in Figure 38, 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 protameseco
overreduced as one of the three structural disulfides present in this construct is
reduced (Figure 3.4 andB). This overreduced protein was included with the

reduced fraction of protein, and the mixed glutathidisellfide bands were excluded

from band analysis. Quantitation of the reduced and oxidized bands by densitometry
yielded the data in Figure 3.2, Four independent experiments gave a redox potential
of 1144 N 1 mV. This relatively oxidizing
redo 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 periplagin (1 2 0 [24),J25])

and thabof the relatively oxidizing two &xC motifs of mammalian proteidisulfide

isomeraseldi 1 7 0 [2@}iy28]) from the endoplasmic reticulum.
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Figure 3.2: Redox potential determination of the thioredoxin domain GxC
motif in ThQSOX. A, SDSPAGE showing the redox equilibration of
TbQSOX-TRX incubated with glutathione redox buffers where the
proportion of reduced glutathione increafes left to right. The portion
of protein containing reducedx&C reacts with MM(PEG), and thus
runs asa 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 ovezduced at high GSH noentrationsB, gel
shift controls using 2&nM GSSG or 20nM GSH.C, the band
intensities of reduced forms and oxidized proteiA were quantified by
densitometryand the fractions of reduced protein from four independent
experiments were plotted. A ndinear fit of the data yielded a redox
potential of-144 + 1 mV.Error bargepresent standard error.
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3.3.4 Redox measurerent of C" xxC"' motif

Upon net transfer aieducing equivalents from protein clients to tHexC"
motif of QSOX family members, the mobile TRX domain then reduces thxaC"
proximal disulfide adjacent to the oxidized flavin cofactor within the ERV domain
(Figure3.1, A) [12], [14], [15]. Seveal lines of evidence suggest that this proximal
disulfide is significantly more reducing than the adjacent flavin. For example,
dithionite titrations of fullengthTbQSOX in which the strongly oxidizing'&xC"
disulfide in the TRX domain is disabled wia CS mutation showed that the FAD
cofactor is stoichiometrically reduced after the addition of 2 electrons before any
reduction of the proximal disulfide occyfd]. Comparable results were obtained in
an HRRERYV truncation construct afbQSOX in whichthe TRX domain is removed
entirely[10]. This behavior is not unique TMQSOX; it was previously encountered
in an HRRERYV fragment of avian QSOX1 that was generated by partial proteolysis
[14] and is found in the ERV domains of several small stodesulfhydryl oxidases
including augmenter of liver regeneration and ERY2Z4], [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
anal@ 5deazaFAD [31], [32]. Substitution of the flavin prosthetic group in full
lengthThQSOX with 5deazaFAD vyields an enzyme with undetectable activity (data
not shown). This is to be expected becaudedraflavins are unreactive in their
reduced formsaward oxygerj31]. Although incubation of substitutdbQSOX with
5mM DTT leads to insignificant reduction of the bound deazaflavin, the oxidized
flavin envelope is blue shifted 5 nm (from 412 to 407 nm; Figure 3/8).

Precedent for such blue shifts upon removal of a disulfide bond proximal to the flavin

was previously observed in lipoamide dehydrogefia®g augmenter of liver
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regeneratio34]; and aviar{35], human15], and trypanosom§l 0] QSOXs.

Reduction ofhie proximal disulfide in fleazaFAD-TbQSOX is then conveniently

followed by changes in absorbance centered around 445 nm (see Figgarsa)

upon the incremental addition of reduced DTT in the presenceraf20xidized

DTT. A plot of the percentagof reduction as a function of the composition of the

ratio DTTedDTToxy i el ds a redox potential of 1273 f
(Figure 3.3B). Thus, the ExxC" proximal disulfide is much more reducing than the

TRX domain; theD130-mV mismatch implies a more thad10,006fold equilibrium

bias in favor of reduction of the thioredoxin domaiThQSOX. A further discussion

of the redox imbalance among the three redox centers in QSOX will be presented after

determination of the redox potent@lthe flavin prosthetic group.
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Figure 3.3: Determination of the redox potential of the proximal GxC disulfide
in ThQSOX. A, the spectrum of-BeazaFAD-substitutedrbQSOX was
recorded before and after reduction witm® DTT (redandbluelines
respectively. TheD5-nm blue shift upon reduction of the proximal
disulfide resulted in maximum differences in absorbance between
oxidized and reduced forms centered around 445imsel, which was
used to calculate the fraction of reduced enzyme witeasing ratios of
reduced to oxidized DTB, the fractions of reduced enzyme were
plotted, and a noefinear fit to the data from three independent
experiments gave a redox potenti al 0 |
disulfide.Error bargepresent standaetror.
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3.3.5 Redox measuremenof the FAD prosthetic group
To evaluate the third redox center, the bound FADBISOX, we utilized the
full-length protein and delivered reducing equivalents using the relatively weak
thermodynamic reductant glutathione. Altigbuthis monothiol is a poor substrate of
both protist and mammalian QSOX enzyrB3], [36], [37], communication between
GSH and the &xC" disulfide is rapid enough to ensure equilibration with the FAD
after several seconds under rigorously anaerobiditons. The corresponding
spectra (Figure 3.4) show a progressive decline in absorbance at 456 nm when
increasing concentrations of GSH are added to a solutionmMGSSG and
all owed calculation of a redoxmVplbus,ent i al f
the flavin and the TRX@xC'mot i f ar e al md&ERQE 9neVy Thisjsot ent i a
consistent with the outcome of dithionite titrationsToQSOX: 4 electrons are
required to completely reduce the flavin with an almost linear decrease in absorbance
at 456 nn{10], implying that both the FAD and théx@C" motif are of comparable

redox potential.
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Figure 3.4: The redox potential of the FAD cofactorin ThQSOX. Full-length
ThQSOX was equilibrated with reduced and oxidized glutathione under
rigorously anaerobic condition&, reduction of the FAD was quantified
by the decline in absorbance at 456 nm with increasing GSH additions.
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3.3.6 Modulating catalysis by mutating the CxxC" motif

Multiple studies have shown that the intervemmglipeptide in @xC motifs
in thioredoxin supedmily members can modulate the redox potential in a predictable
way [24], [38]i [42]. Thus, when the dipeptide Bf colithioredoxin is changed from
GP to PH (a sequence found in the highly oxidizing DsbA protein), the redox potential
becomes about 60 mVare positivg39], [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 oxidi@3,ng 1T122
[44]. One might expect that the potesi 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 ThQSOX using CGPC and CPHC sequences.

3.3.7 Redoxpotentials of mutant TRX domains and steady state kinetics of
corresponding mutant TbQSOX enzymes

We first determined the redox potentials of ThSOX TRX domain
containing the CGPC and CPHC sequences following the gel shift procedure outlined
earlier.As expected, the GP sequence is more reducing than théypédequence
(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 one oxidizing than the wildype domain (Table 3.2).
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Table 3.2: Redox potentials of wild typeThQSOX and CxxC" mutants.

Redox Center Redox Couple Kox E'NjmV)?

C'GAC"wr GSH/GSSG 6.05x 10'M -144 + 0.7
C"KECYwr DTTwedDTTo  1.23x10" -273 + 1.0
FAD GSH/GSSG 1.11x 10°M -153 + 0.3
c'cpcC GSH/GSSG 1.35x 1M -185 + 1.5
C'PHC! GSH/GSSG 458x10°M -113 #1.3

®Redox potentials were calculated from Kag determined from the mean of42
replicates. Uncertainty represents the standard efi®ince DTT is a dithiolKox is
unitless.

3.3.8 Redox potentials of wildtype ThQSOX and CxxC" mutants
Full-lengthTbQSOX constructs incorporating théGPC' and CPHC'
sequences in the TRX domain were purifiedkioeetics 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 tractatuieled reduced protein
substratg8], [9]. A comparison of steady state kinetic parameters is shown in Table
3.3. The GP enzyme shows very modest decreaseghi, for DTT and rRNase
(4.2- and 1.7#fold, respectively) dominated by a small decreadegifTable 3.3). In
contrast, the more oxidizinBoQSOX mutant shows correspondingly larger decreases
in kgt values (of 50and 28fold, respectively), but these values are substantially offset
by a 5.7 and 9fold decrease in th€, term, again leading to a very small overall
decrease in catalytic efficiency when compared with the-tyjpg¢ enzyme. Although
MichaelisMenten behavior was observed for both DTT and rRNase using the three
mutant enzymes, the behavior of th€BC' enzyne is distinctly anomalous at higher

DTT concentrations (Figure 3.5). The rates show a saturable initial phase giving the
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Kmestimate in Table 3.3 followed by a linear dependence from 1taMBDTT

(Figure 3.5, inset). Strikingly, inactivation of the TR¥rdain using the & mutation

in ThQSOX shows a linear dependence on DTT concentration but without the initial
phas€g10]. Hence, the first phase involves saturation of the TRX domain by DTT, and
the limiting rate constant of 0.9 §eflects an internal te-limiting step that is more

than 406fold slower than observed with the WT enzyjh@]. The subsequent linear
phase reflects the ability of DTT to short circuit catalysis by reducing th&-Cys"
proximal disulfide without the obligatory participatiohthe thioredoxin domain. The
protein substrate rRNase does not show this secondary phase because it cannot

efficiently communicate with the ERV domain dirediy].

Table 3.3: Kinetics of wild-type ThQSOX and CxxC" mutants.?

Mutant Kinetics with DTT Kinetics with rRNase
Keat Km Keal K Keat Km KeadKim
(s9 (mM) (M*s?) (s9 (mM) (M*s?)
C'GAC"wt' 45.1+0.7 0.17+.01 26x10 219+1.8 0.36+.06 6.0x1d
Cc'GPC! 13.7+05 0.22+.02 6.2x1¢ 11.0+1.1 0.32+.08 3.5x1d
C'PHC' 09+0.1 0.03%.01 72x1d 0.79+.01 0.04+.01 1.8x1d

% alues for the wiletype protein were adapted from Kodali and Thdfd.
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:
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Turnover number of the C'PHC" mutation of ThQSOX with DTT.
Themain panetepresents turnover numbers up toMl DTT. Theinset
shows the linear dependence of the turnover number of the mutant
enzyme at concentrations abovenl DTT. Error bargepresent
standard error.
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3.3.9 Monitoring turnover with DTT in the stopped -flow spectrophotometer

Although the mutanTbQSOX 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 DBQSOX shows only
modest levels of a charge transfer species in the steadyl&thss shown in Figure
3.6,A with the time course at 456 and 580 nm observed when the oxidase is mixed
with 5mM DTT in aerobic phosphate buffer, pH 7.5 depicted in FigureB3.Bhe
steady state is maintained 100.5 s before depletion of oxygen leads to the
accumulation of the reduced enzyme. The two mutants show strongly contrasting
behavior. The (PHC' enzyme is almost completely oxidized in the steady state with
no detetable charge transfer band at 580 nm (FigureG).6Significant reduction of
this enzyme only occurs after a sharp transition at 5 s. During the subsequent
accumulation of reduced enzyme, no lemgvelength spectral features are evident as
oxygen is deleted from the solution.

In marked contrast, the'GPC' 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 begaesumulate
(Figure 3.6 D). This prominent species is also observed under anaerobic conditions
when the GGPC' mutant is mixed with DTT in the stoppéldw spectrophotometer
(Figure 3.8). Here, the formation of the charge transfer band shows a linpipaceat
rate constant of 936 + 40 Swhich is some 3:%old faster than the 280 $observed
for the wildtype protein10]. In contrastthe rate otonversion of the charge transfer
species to yield reduced flavin is 7.1 + d.3fer the GP mutant, wibh is about 2.6
fold slower than the wildype 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 experime[i8]. Thus, the charge transfgpecies observed
during earlier rapid reaction studies of both Théruceiand avian QSOXELO], [13]

is almost certainly dominated by the formation of a mixed disulfide intermediate in
which the TRX domain is docked against the HRRV fragment (Figur&.10,A).

The crystal structure of the closed conformatiofle®SOX Figure3.1, 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 formatithmso
species is highly responsive to the sequence of XR€ @otifs 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 interveningx dipeptide motif (from CGAC of the wiltlype
enzyme to CPHC and CGPC) may perturb the ability either of thec@steinyl

sulfur to serve as a nucleophile during the formation of th&Cys' mixed disulfide
intermediate or of the CYsulfur to achieve the ifine geometry needed to resolve

this interdomain disulfid€l], [6].
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Figure 3.6: Steady state spectra of wildype, CPHC", and CGPC" mutations of

TbhQSOX during the oxidation of DTT in air -saturated buffer. A,

wild-type ThQSOX shows a small amount of charge transfer absorbance

in the steady state observed when the enzyme is mixed aerobically with 5
mM DTT in 50mM phosphate buffer, pH 7.5, 25 °C. By contrast, the
C'PHC' mutant ted) lacks any detectable charge transfer species, and

the CGPC' mutant plue) shows a strong charge transfer absorbaBice.

D, the corresponding time courses for the absorbance changes at 456 and
580 nm, respectively, are shown.
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1 2 3 4

Figure 3.7 Photographsof the C'GPC" -containing ThQSOX enzymeduring
catalysis.A small amount of concentrated DTT was mixed rapidly into a
cuvette containingoncentrate€'GPC' mutantThQSOXat ambient
conditions. The entire progression occurs in less than 1 second. From left
to rightarescreencaptures from a video clip of the reactidnthe bright
yellow color of the fully oxidized flavoproteir2, and3, various mixtures
of protein with oxidized FAD (yellow) and thiolate chatgansfer FAD
(dark navy), and, the pale yellow of rededd FAD when oxygen has
been depleted from solution.
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Figure 3.8: Reduction of the CGPC" 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 stoppeftbw spectra demonstrating the
formation of a longwvavelength charge transfer intermediate and
subsequent disappearance of this species as flavin is reduced. For clarity,
only select spectra are shown (starting wéti dark red andbrown
traces)B, apparent rate constants for the formatswlid squarésand
decay ¢ray diamondsof the longwavelength charge transfegpecies
characterized at 580 nm. Lines are nonlinear regression fits of the data
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3.3.10 ThQSOX in thermodynamic conext: redox potentials of thiol substrates

The trypanosomal enzynjg0], like other QSOX$8], [9], [15], [37], is
capable of oxidizing a very wide range of mardi-, and multithiol substrates. As we
mentioned earlier, QSOX seems to lack a significanstsate binding site, and
operates in a hiandrun mode of catalysi8]. Conformationally flexible peptides and
proteins containing two or more cysteine residues appear to be excellent substrates of
the enzyme, although there is comparatively little degarding 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 particulisulfide 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 anavere 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 @srRNase) and on-native pairings
(2C6,65sRNase) (Figure 3.9). Gilbej45] has tabulated a wide range of redox
potentials for intramolecular protein strt
A series of dithiolcontaining peptides and unfolded proteins show reguaentials of
1190 t o [43]2[26] Allmf\these values are considerably more reducing than
the 17144 mV observed fToQSOX. msummdry,ther edo xi n ¢
C'xxC" redox disulfide of the TRX domain appears to be much more oxidizing than
the majority of dithiol substrates that QSOX is likely to encoudfe6], [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 3.18\). 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 oR&lase disulfide bond shown.A, SDS
PAGE showing the redox equilibration &€, ssrRNaseincubated with
glutathione redox buffers where the proportion of reduced glutathione
increases fronteft to right. Gel shift controls g using 20nM GSSG or
20mM GSH in the presence or absence of MM(P&EQ)he portion of
protein containing reduced disulfide reacts with MM(P&@nhd thus
runs as a higher molecular weight band than the oxidized protein.
Intermediate bands correspondingprotein containing a mixed disulfide
species with glutathione (*; **) were excluded from analyBisthe band
intensities of reduced and oxidized proteiinvere quantified by
densitometry, and normalized using the controls. The fractions of
reducedprotein from two independent experiments were plotted, and a
nontlinear fit of the data yielded an average redox potential-aB8 mV
for 2Cy6 ssRNase(shown) and®Cys sssRNase(not shown)Error bars
represent standard error.
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3.3.11 Coupled disulfide exchangeeactions 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
periplasnic DsbA (Figure 3.108) must dock with membrarsound DsbB at the
bacterial plasma membrap#9]i [51]. In contrast, QSOX incorporates a tethered, and
oxidizing, Niterminal thioredoxin domairF{gure3.1, 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 andn@ge in DSbB)
is the first observable intermediate in rapid reaction sty@i®s[13], [52]. Fourth,
decomposition of this charge transfer intermediate to yield dihydroflavin or
hydroquinone is ratémiting in overall catalysis in both QSOX and DsbB,
respectivelyf37], [47], [53]. Finally, accumulation of these reduced enzyme species is
believed to occur in both instances via theofactor covalent adduck$], [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). Thuh@SOX, a Cys
Cyd" mixed disulfide traps the closed conformation, thereby allowing’@ygorm a
chargetransfer complex with the flavin (Figure 3.14). Such thiolate to flavin charge
transfer complexes can provide an additional thermodynamic stabilization favoring

product formatior}55]. In the case of DsbB, a recent rapid reaction study showed that
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Cys® of reduced DsbA efficiently captures C$%of DsbB in an interprotein mixed
disulfide[52]. The liberated cysteine Cy8of DsbB can facilely attack CYslocated

on the second mobile periplasmic peptide loop of DsbB, thereby releasing the charge
transkr thiolate to interact with the highly oxidizing quinone cofafs@j, [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 inermediates; 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 reaction§ubsequently, the C&thiolate of DsbB likely forms a covalent
adduct with the quinonf®4] in analogy tahe C4a adducts believed to intervene in the
final step of transfer of reducing equivalents to the flavin cofactor in QRPX
Indeed, both cofactadducts 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 byTbQSOX and DsbA/B.A, a schematic free energy
coordinate foTbQSOX andhe interconversion of selecteekectron
reduced forms iTbQSOX The transfer of electrons fromdueced
substrate to @xC" of ThQSOX is energetically favorable, whereas the
subsequent intramolecular transfer of electrons'texC" is strongly
unfavorable based on free energy coordinates alone. The reduction of the
FAD prosthetic group and the fin@ansfer from dihydroflavin to
molecular oxygef58] are both favored energetically, the
corresponding schemes for DsbA/B. The redox potentials for DsbB
disulfides inB are the average of those of Regeimbal and Barda@]ll
and Inaba and Itp14]. Cysteine residues are labeled by their position in
the sequence of DsbA and DsbB.
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Inabaet al.[54] suggest that the relatively negative potentials of the two loop
disulfides in DsbB (Cy8-Cys* and Cy$%*Cys™% may restrict reactivity witmon-
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 1T273 mV, and this |ikel
communcation 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 astserved with the ®HC' mutant ofThQSOX 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. Boh systems initially receive electrons from thamntaining peptides via a
strongly oxidizing &@xC motif in the context of a thioredoxin fold. Reducing
equivalents are then transferred through a second+atiwe disulfide motif in what
appears to be aghibitive 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 pathwathat 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 thermodynanally 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 hdezn studied extensively in our
laboratory{1]i [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 gesredd disulfides in a wide
range of thiolcontaining speciel from small monothiols and peptides to large
unfolded reduced proteifS]i [7] T in the overall reaction:

2 RSH + QA RSSR +HO;

Although the substrate specificity of QSOX in vitro has beel eharacterized, the
likely contribution of this oxidase to disulfide bond formation in biological contexts
has only begun to emerdef particular interest, studies showing the association of
QSOX with a number of disease states have recently emergeddtailed discussion
in Chapter 2). Circulating QSOX protein and/or peptidiesved from proteolytic
processing of the oxidasave been demonstrated to be a useful biomarker for some
diseases including pancreatic can@&r[9] and acute decompensateshrt failure
[10]. QSOX1 has also been found to be highly upregulated in cancers of the prostate
[11], [12], pancrea$8], and breadtl 3], [14], where QSOX expression provides
cancer cells with enhanced proliferative and invasive abi[@ie$13]i [15].
Depressing QSOX expression levels in pancrg@jidoreas{13], and lung15]

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 sb@wn
decrease the invasiveness of lung cancer [ddls [16]. These studies suggest that
QSOX may be a potentially important therapeutic target in the future.

Here, we describe a simple and sensitive fluoreselbased microplate assay
for QSOX activityfor the purpose of screening dhraolecule libraries fomhibitors
of QSOX. We also develop a new, absorbanased, assay for secondary screening
and followup evaluation of apparent QSOX inhibitors identified during screening.
The implementation of tlse assays for higtihroughput screening (HT®)y the NIH
Chemical Genomics Center (NCGC) in collaboration with Drs. Anton Simeonov and
Timothy Foleyidentified a number of promising inhibitors of both human
(HsQSOX1) and trypanosom&lfQSOX) enzymed-dowe\er, detailedollow up
studies revealethat the apparent inhibition observed was artifactual, and not due to
bona fideinhibition of QSOX. The results of this effort and the underlying causes of
discrepancies between the assays will be discussed inidetad chapter.

Despite the discouraging results from HTS, we still wished to continue to
pursue the discovery and development of inhibitorsuture biochemical and
biological studies. While it seems that the lack of an apparent binding site may
conplicate identification of small -molecul e
andr uno cat al y[@] may bemore basgily inhsbited by large molecules
such as antibodies. Thus, a second approach was initiated to identify inhibitory
antibody fragmaets 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 Materials

Dithiothreitol, glutathione, horseradish peroxidase type Il, hydrogen peroxide,
and ribonuclease A were from Sigiiddrich. Amplex UltraRed AUR) was from
Life TechnologiesThe detergenP-40 was from Thermo Fisher Scientific. 5,5'

Dithiobis-(2-Nitrobenzoic Acid) was from Gold Biotechnology.

4.2.2 General methods

UV Vis spectra were recorded in satfisking microcells using Agilent
8452A or 8453 instruments. Reduced RNase was prepared, and conveniently stored,
as a lyophilized powdd6]. Solutions of thiols were prepared daily either from
concentrated st o°Chkrdresmyaronmsola reagents. Qudntitatich O
of reagents, including protein and lanolecularweight thiols and hydrogen peroxide,
was as described previou$6]. Purified, recombinarnfbQSOX andHsQSOX1 were
obtained as described previoufdy. All PCR amplifications were accomplished using
Tagpolymerase, and all mutagenesis PCR reactions were carried out using the
QuickChange Il mutagenesis kit (Stratagef®@)antitation of proteins was as

described previouslj6], [17].

4.2.3 Amplex UltraRed microplate assay

We developed thAUR assayusing aBMG POLARstar OMEGA plate reader
with 96-well black flatbottomed polystyrene plates from Corning. Initially 50 mM
phospha¢ buffer containing 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 {aeiity
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Appenxid B) assay pedrmance was similar using either buffer. Final assay

conditions in a total volume of 150 pL includeddM A U RiM HBR) 0.01% v/v

low-peroxide NP40, and 1 nMIrbQSOXor 0.5 nMHsQSOX1. The addition of

0.01% NP40 was particularly important in assaysfpaned at the NCGC screening

center using 153@vell plates as it helps prevent adsorption of enzyme to plate wells

due to the high surface area to volume ratio. In-w8bformat, ¥y pi cal | y, 110 ¢
buffer was delivered to each well, followed by2®f a cocktail of 7.5x AUR, HRP,

and NP4 0 , 20 ¢l When inhibioxs we& & évafuatdde buffer volume

was adjusted to compensate for inhibitor addition to maintain alL%0al assay

volume. All inhibitors were iDMSQO, and appropriate controlsing DMSO were

performed where appropriatéor inhibitor evaluation, the plate was mixed for 5

secondst 500 rpm by double orbital shaking in the plate reader, then incubated in the

dark for 10 minutes at room temperature. The assay was dtgrgettit i on of 20 ¢l
0.75 mM RNase (100 &M final concenther ati ons
fluorescence intensity mode (using excitation filter 544 and emission filtet 90

with measurement every Onginutesfor 60 minutes Typically, fluoresence

measurements from 3finutetime points were utilized for evaluation iohibition.

The extent of inhibition was calculated by normalizing results relative to positive and
negative controlsCare was taken throughout this procedure to minimize exposure of

the AUR reagent to ligHtL8] by wrapping stock solutions and the cocktail mixture

with aluminum foil, as well as shading the-@&ll plate with foil where practical.

4.2.4 DTNB microplate assay
The DTNB assay reactions were carried out in a total volume of 150 pL using

50 mM HEPES buffer containing 1 mM EDTA, [
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0.01% NP40, and 20 nMIbQSOXor 10 nMHsQS OX 1. Typi cal |l vy, 125
was delivered to eachwelpfi | owed by 20 €l -46.Whenh. 5x QSOX
inhibitors were evaluated the buffer volume was adjusted to compensate for inhibitor
addition to maintain a 150 ¢L final assay
appropriate controls using DMSO were penied where appropriate. When

evaluating inhibitors, the plate was mixed for Baedsat 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 reastas started by addition

of 20 eI of 0.75 mM RNase (100 &M final <coc
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 fioahcentration 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 casqgpafent

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 valug® at 5

nm were subtracted from values obtained at 435 nm.

4.2.5 Constructs for SAB screening

Using the crystal structure of the HRHRYV domains of human QSOX1 (PDB:
3LLI), we designed a construct that contained the amino acid residues #288 through
#546 of the fullength geng19], [20]. To the Gterminus of this portion of QSOX we
added a TEV cleavage site (amino acid sequence: ENLYFQG), followed by a
hexahistidine tag and an Atag sequence3LNDIFEAQKIEWHE), with a schematic
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depiction of the final construct Figure4.13 in the resul)s These additions were
included in the design of one | arge, rever
DNA Technologiesand designate@-THA-taghQ1-HERV-R (See Appendix £ An

appropriate forward primer,-CHA-taghQ1-HERV-F, was also designed (Appendix

C). The final construct (designate@1-HER\\THA) was amplified by polymerase

chain reaction in one step using tHeQSOX1 gene in the pET28a plasmid as a

template[6].

A construct to bautilizedin the planned countescreening strategy was
designed using the same portiorH#)SOX1 (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 intentionaltg enable its modification with a bulky
maleimide group prior to screening (see later). This construct includadranihal
His-tag, but lacked the TEV site and AVag sequences. To create this construct we
used the same template and forward primer as before, but wits@tieHERV-
HisTagR reverse primergeeAppendixC). The CxxC motif in the ERV domain was
mutated to a CxxS sequence using the pris@SOX1:C4SF andHsQSOX1C4S
R, to yield hQ1C3-HERV. All final construcs were subcloned into the pET28
plasmid using thé&lcd andHindlIl restriction sites and sequenced to verify integrity.
They were then transformed into BL21*(DHEB) colifor expression. The nucleotide
sequences of all the primers used can be found in Appéndind the final amino
acid sequences of h(HERV-THA and hQ1C3-HERYV are included in Appendi®.

TheE. colibiotin ligase gene, BirA, in a pET21a plasmidis a generous gift
from Dr. Anthony Kossiakoff at the University of Chicago. The construct (detailed in

referencg21]) contained a @erminal Histag that hd to be eliminated to prevent
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purification of BirA alongside the coexpressed RERV-THA construct.
Elimination of the Histag was accomplished in a single round of mutagenesis using

an appropriate primer set to insert a stop cdmEforethe Histag seqance.

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 ofFHERV-THA and BirA (in
the pET21a vector, imparting ampicillin refgince) allowed for coexpression in
appropriately selective media. For all constructs, appropriately supplemented media
(15 pg/mL kanamycin and/or 50 pg/mL ampicillin) was inoculated with 10 mL of
overnight starter culture per 1 L expression culture volu@eds were grown to an
ODeoo0f 2-3 and then transferred to a 15°C shaker where expression was induced with
1 mM IPTG. Forin vivo biotinylation of hQHERV-THA, cells coexpressing the
hQ1-HERV-THA and BirA constructs were supplemented with 150 uM biatithe
time of induction. Following induction, cells were grown for an additional 24 hours,
then harvested by centrifugation. Cell pellets were frozeBOAC until purification.
To purify, cells were resuspended by vortexing in 3 mL of lysis buffet pek of
wet pellet. Lysis buffer consisted of 50 mM phosphate buffer, pH 7.5, containing 300
mM NacCl, 50 uM FAD, 1 mM PMSF, and 1 puM 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 NacCl.
The supenatant and nickel resin were rocked fe2 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 NacCl followed by 30 mL of 50 mM phosphate buffer, pH 7.5,
containing 500 mM NaClIThe 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 pootein content and purity by SBS

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 ultraidtralevices
(Millipore), and concentrated proteins were kept at 4°C for short term;20°%4Z for

long term storage.

4.2.7 Streptavidin pulldown assay to quantify biotinylation

Streptavidin paramagnetic particles (Promega) were resuspended, and 50 pl of
resupended particles were transferred to a 1.5 mL centrifuge tube for eactopull
The magnetic particles were washed accordi
Approximately 1.8 pg of protein diluted into a final volume of 20 pyL in phosphate
buffered shne (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 mbound protein, was removed carefully by pipetting and saved for SDS
PAGE analysis. The particles were washed once with 50 pl of 1x PBS, and the PBS
wash was saved for analysis. The particles were then incubated with 20 uL of 0.1 M
glycine, pH 2.1, for 3Gninutes 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 pL of the wash PBS, the elution sample, and the entire sample of
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beads used for the pull dowrere all prepared with reducing Laemmli buffer, boiled
for 5 minutes, and analyzed by SIPAGE 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 deit@metry 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 inhibitoj®2], [23], with several potential
advantages over rational design strategies. First, as its name implies, HTS s a high
throughput method allowing for the screening of hundreds of thousands, to millions,
of small molecules in a short amount of time. Second, HTtBade eliminate
intellectual bias, enabling the possibility of identifying inhibitors with novel
interactions that may not otherwise be intuited from evaluati@nystal structures or
reaction intermediates, etc.

Rigorous, miniaturized microplate asséysa particular target enzyme are
requiredin order to identify inhibitors by HTS. The rigor of an assay is evaluated by
the Zfactor (Z'), a parameter that takes into account the means and standard
deviations of appropriate positive and negative cosifgd]. Calculation of Z' is

accomplished with the equation:
|[Umax T Hmin|

wherel represents the standard deviati on

mean of the assay signal for positive (max) and negative (min) control$a&tt
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that ismaintained abov@.5 indicates aobustassay. HTS assays must also be
appropriatelysensitive; a signal:background ratio greater than 2 for the duration of a
screening run is generally accepted as suffi¢@2it Finally, two suitable assays for
each screening target are recommended, to be implemented for primary and secondary
screeningrespectively. 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 inhibitousd in the primary screen
represent true inhitors 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 labora{@4]. However the HVA assay generates
a producthat fluoresces in the blue region of the spectrum (excitation atr@20
emission at 42@6m), and would be problematic in higfroughput screening
applications because a significant fraction of compounds in many-srakdtule
libraries fluoresce in thelle region of the spectruf@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 duringddRiB/zed oxidation
of Amplex UltraRed (excitation at 544 nm and emissiosS& nm)[25] (Figure 41,
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 Q883Xnes).
However, since this assay is enzyowipled, 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
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guantification assay based on DTNB absorbance as the secondary scassayg
(Figure 41, B). Due to theypically lower sensitivity of absorbance methods, higher
enzyme concentrations are required in this addayever the number of compounds
in secondary@eersis typically much smaller since there is no need tgece2en non

inhibitory compounds.
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Figure 4.1: Schematic representations of the primary and secondary assays
developed forHTS. A, in the primary assay QSOX activity is monitored
by coupling the prodttion of hydrogen peroxide by QSOX to the
generation of the red fluorescence of Amplex UltraRed using horseradish
peroxidaseB, 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 theAmplex UltraRed (AUR) assay
This assay was initially developed and optimized @&-well plate format, and
is performed as describ@dExperimentalProcedures. The optimized assay was
performed using a final assay vol(l@ne of 1E¢E
MM total thiols)and either 1 nMTbQSOXor 0.5 nMHsQSOX. We chose to use
reduced RNase as a substrate since it represents a model priostiatsueadily
oxidized by QSOXand iseasilyprepared and storediits reduced fornj6]. Although
theKnf or RNase thiols for €18]c[26], &chneentmtioe n z' y me s
of 100 €M thiols was used dsweentmnimeimr esent s
the thiokdependent inhibition ahefluorescenceignal[27] andretaining sufficient
activity levels. Since the ¥ixfor RNase is dold higher for human QSOX compared
to the typanosomenzyme, the concentration of human enzyme wascestiin order
to maintain linearity over the duration of the assay period. The assay was developed
such that generation of fluorescence ocalmsostlinearly over 1 hour when
concentrations of human or trypanosome enzyme are equal to or lower than 0.5 nM,
and 1.5 nM, respectivelyigure 42). Thus, the net fluorescence after 1 hour is
proportional to the concentration of QSOX usEdy(re 42, inset).
After conditions were established in-@&ll format at Delaware, transfer of
the assay to our collabooas at the NCGC required some minor modificatitins
maintainrobustperformancehroughout screening rums a miniaturized 4 pl volume
in a1536well forma. This screening protocol is reproduced in AppendiXOBce
adapted fomn 1536well format, theassay was initially implemented and validated in a
pilot screen of the Library of Pharmacologically Active Compounds (LOBPRC
SigmaAldrich). The LOPAC library contains 1280 small molecules witilogically

annotategharmacological activitywhich poentially could prove helpful during
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evaluation of anynitially identified inhibitors. The assay performed well during the
screen oLOPAC® (Figure 43) asthe siqial:background remained abovaa d  Z N;

above 0.5.

112



120000

Fluorescence (RFU) vs. [QSOX] (M)
120000

100000 o0 =

RFU

40000

80000 . e
’ ° lcrso:lrnm ' : f m rRNaseonly

&0000 W .25nM Q50X
W .75nM QS0X

Relative Fluorescence Units{RFU)

;-'.'" 1nM QS0OX
40000 ___F_HIT H.5nM Q50X
_.-=": —1.5nM QSOX
20000 =
0
0 10 20 30 40 50 60
Time (min)

Figure 4.2: Performance of the finalized pimary assay for HTS usingTbQSOX.
The generation of fluorescence was essentially linear over one hour when
ThQSOX concentrations from 0.25 nM to 1.5 nM were used. All traces
from three replicates at each concentratiom®)SOX are shown
causing severdtaces to appear to have increased width bhset, the
relative fluorescence units (RFU) at the one hour time point a linear
function of the enzyme concentration.
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Figure 4.3: Statistical evaluation of the primary assay during LOPACG?*°
screening.TheZ Nyludcircleg remained higher than 0.5 over the course
of screening, demonstratimgbustperformance of the assay. The
correponding signal:background ratigreensquareyalso persisted
above the acceptable cutoff valofe2. With Dr. Timothy Foley.

4.3.1.2 Development of theDTNB assay

ElI'l mandbs reagent, or DTNB, rapidly
thiols, releasing one TNB anion per thj@8] (Figure 44, A). The released TNB can
be quantified by absorbance at 412 nm usdiregeixtinction coefficient of 14150 M
cm*. 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 szdntinuously quantify remaining
substrate thiols following the quenching of samples into DTNB sol{@iprior a
screening assay, the DTNB method has the advantage céquiring a coupling
enzyme (in this case HRP) and so is less prone to artifaesidts (see later).
Typically, DTNB-based activity assays are performed using\iy/

spectrophotometers, where samples are evaluated sequég6iidigr high
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throughput screening applications, we adapted the assay for microplate detection
where thawells arequenched after 30 minutes of incubation and quantified with a
single absorbance reading (see experimental procedures).

During development of the DTNB assag additionally implemented a
modification previously observed by the Thorpe lab (unpublihthat results in a
beneficial resolutiomf the DTNB and TNB absorbance peakiere,addition of the
cationic detergent cetylimethylammonium bromide (CTAB; Figure4B) ata
concentratiorof 1 mM, corresponding to the critical micelle concentration of the
detergent, effects the spectral changes showigure 44, C [29]. The net effect of
this detergent on the DTNB spectrum is fietd i not only is the DTNB absorbance
blue-shifted, butt is also of reduced magnituden Figure 44, C, spectraof the same
concentration of DTNB are shown with, and without, CTAB. Normally, without
CTAB, gquantification of the TNB absorbance peak at 412 nm overlaps the shoulder of
the absorbance peak fromreacted DTNBRigure 44, C, grey and black spectra,
respectively). When CTAB is added to the assay solution the TNB absorbance peak is
red-shifted, centered around 38m [29] (with essentially no change in extinction
coefficient at this new wavelengttand no longeseriouslyoverlaps the background
DTNB absorbance spectrurigure 44 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 absorbancdasedneasurements
requiresapproximately 2€old higher enzyme concentrations to achieve the desired
30-minute assay duration. The finalized-@6ll-optimized assay was performed as

described in experimental procedures.
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4.3.1.3 High-throughput screening results fromLOPAC %%

Using the AUR primary screening assay, efforts to identify inhibitors of QSOX
began with screening of LOPA&? High-throughput screening at the NCG@llows
the qHTS paradigr{B0], where each inhibitor is screenadeight different
concentrationsanging from 3.7 nM to 114 uNR3], [30]. This methodology provides
information about the dostependence of apparent inhibition, with theimgiactof
redwing the number of falspositive result@nd providing information about thedC
T the concentration where 50% of the maximal apparent inhibition occurs. The dose
dependent results from screening the LOPAGmall molecule library foinhibitors
of TbQSOX is illustrated as a waterfallot in Figure 45, A, and as a heat map in
Figure 45, B. The LOPACG* library was also screened feisQSOX1 inhibitors with
similar results (data not shown). Following these initial screens, control plates were
screend 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 fluorescenceeve then subject tion silico informatics filtering steps at the
NIH (parameters not detailed in this study) to eliminate compounds known to be thiol
reactive or otherwise fibad actorso in the
Following these stepsuantitative retesting of the remaining compounds resulted in a
cohort of 19 small molecules that inhibited the assay in adiegendent manner.

These compounds were received for follow up screening in our laboratory éThble
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Figure 4.5: Dosedeg)endent inhibition of TOLQSOX by compoundsin the
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over the tested range of concentrations (3.7 nM to 114 TIM) data are
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screening LOPAC at 8 condeations; darker blue represents stronger
inhibitory activity. With Dr. Timothy Foley.

11€



Table4.1: QSOX inhibitors identified from the LOPAC **®library.

Well Sample Name Tb IC50 Hs IC50 Max Resp
Inhibitors of both ThQSOX and HsQSOX
AO1 Raloxifenehydrochloride 33.6 37.7 -62.9
Cco1 Promethazine hydrochloride 16.8 15.0 -75.4
Cc02 6-Hydroxymelatonin 8.4 8.4 -79.7
Cco3 Dobutamine hydrochloride 9.5 6.7 -50.8
DO1 A-134974 dihydrochloride hydrate 37.7 29.9 -45.0
D02 Ro 907501 33.5 75.2 -67.2
EO1 ( )-PD 128,907 hydrochloride 9.5 23.8 -49.3
EO02 Perphenazine 42.2 33.6 -77.7
FO1 Bepridil hydrochloride 9.5 9.5 -81.3
F02 SB 202190 29.9 29.9 -65.4
Inhibitors of ThQSOX only
HO2 Lansoprazole 59.7 - -45.2
A02 (-)-Physostigmine 75.2 - -63.5
A03 NAN-190hydrobromide 53.2 - -46.8
1-(5-Isoquinolinylsulfonyl}2-methylpiperazine
B dihydrochloride el i 454
GO01 N-p-TosytL-phenylalanine chloromethyl ketone  37.7 - -75.1
HO1 ( )-Bay K 8644 84.4 - -94.2
Inhibitors of HsQSOX only
BO1 BAY 61-3606hydrochloride hydrate - 42.3 -56.6
BO3 Tolazamide - 42.3 -51.3
G02 DAPH - 33.6 -46.4

4.3.1.4 RetestingLOPAC **®hits usingthe AUR assayin 96-well format

Once we received the compounds in Table we wanted to confin our
ability to replicatanhibition in the 96well version of the AUR assay. Multiple
concentrations, up to 200 uM 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 20BuData from thelfbQSOX retest are shown
in Figure 46 (data fromHsQSOX are shown ifrigure 48; see later). We decided to
investigate bepridil hydrochloride (labeleell FOlin Table4.1 andFigure 46), as it

showed strong inhibition (greater than 8Q0%nd acomparativelyow, 9.5 uM 1G5



during primary screening at the NCGC. In our lab we observed no inhibition even at
200 uM in the assaysée FO1 irFigure 46). Massspectrometri@nalysis of the
compound we received was consistent with bepridifdgidoride. Follow up with our
collaborators at the NCGC led to the discoyéyymass spectrometric analydfsat

the LOPAC bepridil hydrochloride sample that had been used for the primary screen
haddegradedApparently the degraded components of themmund were causing

the inhibition observed during the screen (Tablg. Althoughthedegradation
components of bepridil hydrochloride were causing strong inhibitiompiednot to
further follow up on their identity and characterization due to thie likglihood that

HRP, and not QSOX, was being inhibited (see sextion). It is likely that other
discrepancies between our results and those from the NEG@¢ 46) were also

from compromised compound integrity; however, no other compounds were
investigated. Instead, we proceeded with follow up testing of the remadiQRAC

hitsin our lab in the hopes of identifying genuine inhibitors among the remaining

compounds

4.3.1.5 Follow up testing of LOPAC**®*hits using the DTNB secondary assay

Duringfollow up testing of inhibitors using the DTNB secondary assay we
again usedhhibitor concentrations up to 200 pNhitially, several compounds shown
to inhibit TbQSOX in the AUR assay also showed apparent inhibition using the
DTNB method (not shown). Howeveiter correcting for the intrinsic absorbance of
the tested compouna@sd for turbidity noneproved to be inhibitorsHigure 47).
Follow up testing wittHsQSOX1 revealed similar resultsnone of the compounds
that inhibitedHsQSOX1 in the AUR assay dte NCGC showed significant inhibition
in the AUR assay or the DTNB assay in our IBlg(re 48). These results

12C



demonstrate that none of the observed apparent inhibition obsesingdthe primary
assay during screening was caused by inhibition of QSQXsaggest that it was

instead caused by inhibition of the coupling enzyme, HRP.

LOPAC Hits - AUR Assay with TbQSOX 4NCGC mUDel
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Figure 4.6: Comparison between inhibition ofTbhQSOX at the NCGC and in the
Thorpe Lab using the primary AUR assay.The AUR assay was
conducted in a 153&ell format at the NCGC (gold) and in a-@&!lI
format in the Thorpe lab (blue). Assay results are presented as percent
activity remaining and normalized to 100% for controls. Taxis is
labeled according to the Waumber of a 96well 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 uM at the NCGC, and up to 200 uM in
the Thorpedb.
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Figure 4.7: Inhibition of ThQSOX by LOPAC compounds using the secondary
DTNB assay.Assay results are presented as percent activity remaining
and normalized to 100% for controls. Thexs is labeled according to
the well number in the plate where eacmpound was stored, as
presented in Table 4.1. The percent activity remaining represents
maximal inhibition observed at 200 uM 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 therimary
AUR assay andsecondaryDTNB assayin the Thorpe lab. Assay
results are presented as percent activity remaining and normalized to
100% for controls. The-axis is labeled according to the well numfoar
each compound as presented in Table 4.1. The percent activity remaining
represents maximal inhibition observed at 200 uM for each compound.
DTNB assay data are corrected for turbidity and intrinsic compound
absorbance.
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4.3.1.6 Summary of HTS

A total of more tan30,000 compounds have been screened in the high
throughput screening center at the NCGC. Adieimg through the data and
application ofseveral informatics filtering stepsomeof the most promising
compounds werthenassayed at the NCGC using ea@condary DTNB assay. The
results of this secondary screen reveadsdye observed iour follow up screening
detailed above, that none of the compounds were genuine QSOX inhibitors (data not
shown). This discouraging result suggests that the majorihhiffition 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 inhibitodiscerned by the
secondary DTNB assay.
While the highthroughput screening and initial follow up testing detailed in
this chapter were being conducted, the results of our binding site study became
apparen{6] (see Chaptes) and the crystal structures 3QSOX and mammalian
QSOX1 became availabJ@dl]. As discussed in Chapter 3, our results were consistent
with the findingthat QSOX lacks a significant substrate binding site and instead
interacts with s uibasdrua®e g6k inhmsappargntrlackpb s ed ff
a binding site provides a possible explanation for our inability to find small molecule
inhibitors Hightthroughput methods generally relgon the precedettatsmall
moleculeswill bind to a substrate binding pock#tuspreventig subsequent binding
of a substrate molecuénd causing inhibition of enzyme activifijhe lackof a
significantbinding site, thereforavould likely significantly decrease the chances of
identifying smal.l mol ecul e-andmithn d i d atrasl. y tling
mechanisnj6] may be more easily inhibited by large molecules such as antibodies.
We discuss our initial efforts using this strategyhia sections belowVe 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 schematally in Figure 49, after a htandrun 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 Gxwe@f in the ERV
domain[31]. This transfer czurs via the formation of a mixed disulfide intermediate

[19], [26], [32] depicted asorm 3 in Figure 49. 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 domawmisQSOX (structures of Trx domains and HRR

ERV domains are depicted figure 410), it can also be regarded as a prefedtein
interaction. Thus, antibodies are an attractive mode for potentially disrupting catalysis
during QSOX turnover.

There are seeral 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 re@dative CxxC maotif. In fact, an
inhibitory monoclonhantibody that binds to this region of human QSOX1 was
recently identified by Fass and coworkgr§]. However, since the thioredoxin
domain fold is found in many abundant human proteins, an antibody targeting this
region may encounter undesired-tdfge effects. A second approach would be to
target the flexible linker regioriF{gure 410) 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 doakinterface of the HREERV domains in an
effort to prevent docking of the reduced thioredoxin domfigufe 49 & Figure
4.10). We rationalize that this would likely provide higher specificity than the first
option, since there are only two other humeaoigins 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 HRRERYV interface of human QSOX1.

This project has been initiated as a collaboration withADthony Kossiakoff
at the University of Chicag®r. Kossiakoff and colleagues have extensively studied

antibodyantigen interactions. Through evaluation efy crystal structures
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demonstratin@ntibodyantigen binding, they have deduced that the majority of
binding interactions occur from serines and tyrosines within the arbigelimg loops

of antibodied33], [34]. As a result of this work, they have developed a plig@ay
library of the atigen binding fragments (fABs) of antibodidsdure 411). The
engineered fABs in the library contaieduced amino acid complexity through altered
distribution of codons in regions coding for antigen bindB8]), [35]. These regions
thuscontain50% oftheir amino acids being comprised afly serine, tyrosine, and
glycine,with the other 50%epresentingqual amounts of all of the other amino acids
except for cysteinf83]i [36]. Synthetic fABsconstituting this librarare referred to

as synthetic aigen binders (sABs). In addition &opphage display library of 18
different sAB clones, the Kossiakoff lab has also developed glfiagky screening
methods to identify conformationalpecific SAB433]. Utilizing their expertise, we
have developed strategy that will allow us to selectively screen for sABs that bind to

our desired HRHERV docking interface of human QSOX1.
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Figure 4.9: Cartoon schematic representation of thadsQSOX catalytic cycle.
Beginning with form(1), the oxidized enzyme encounters a reduced
Ssubstrate pandgstuenion mom ea fhittal yzi ng th
disulfide bond. The reduced thioredoxin CxxC in fq@nhmust transfer
electrons to the ERV CxxC motif by first forming a mixéidulfide
intermediate involving intedomain docking, forn3), before the
electrons are fully transferred, fori#). The electrons are quickly
transferred to FAD, and then to oxygen under aerobic conditions,
regenerating the fully oxidized protein (foith)).
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Figure 4.10 Crystal structures of the thioredoxin domains and HRRERV
domains ofHsQSOX1. While the fultlength crystal structure of human
QSOX1 has not yet been solvediay structures of the rigid TrxIrx2
domains (PDB: 3Q60) and the HRERV domains (PDB: 3LLIhave
been reported. The four cysteine sulfurs involved in catalysis are shown
as yellow spheres and labeled from N to C-terminal. During
catalysis, the first thioredoxin domain (light green) docks at the interface
of the HRRERV domains (gray and mao, respectively), forming a
mixed-disulfide intermediate as between cysteines 1 and 3, as depicted in
Figure 49. The docking interface is approximately indicated by the
dotted grey lines.
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Figure 4.11: Schematic structure of an antibodyAn antibody can be pgesented 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 bindinccurs at the tips of each arm of
the AY0. The fragment of an antibody
retaining antigen binding abilities,
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4.3.2.1 Screening for inhibitory antibodies

Figure 412 shows the overall design of the screening poitm be
implemented33], [37]. Thephagedisplayed sABs with the highest affinity binding
will be identified and subsequent characterization. The screening strategy will involve
incubation of the biotinylated h@HERV-THA construct with an excess of the
alkylated hQiC3-HERV (Figure 412). Inclusion of this alkylated construct in excess
during each round of screening withusenonspecific SABs that may bind to other
surfaces of the proteho besequestered 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 \QHERV-THA. These phage will then be amplified, and



additionalrounds of screening and amplification will occur until only the highest
affinity dockinginterface binders remain. Once inhibitory antibodies are identified,

their binding and inhibitory properties will be further characterized in the Thorpe lab.
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Figure 4.12:Schematic representation of phage display screening protocdlhe
phage display library is screened against the screening construct (red),
immobilized on beads, and a soluble cowsteening construct
(maroon, with blue modification). After incubatiche 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 construajreisid hQIHERV-
THA was designed for identifying inhibitory sABsing thephage display screening
method The construct consists of the residues comprising the resolved crystal
structure of the HREERV domains of human QSOX (PDB: 3LLFKigure 413), with
the addition of a @erminal extension consisting of a TEV protease site (orange)
followed by a hexahistidine tag (blue) and a fifteen amino acidlag sequence
(red), resulting in a 290 amino acid, 33.3 kDa prokgure 413. The Avitag
sequenceGLNDIFEAQKIEWHE) is recognized bi¥t. colibiotin ligase (BirA), and
is selectively biotinylated at the underlined lysine resi@id¢ [38]. When BirA is
coexpressed i&. colialongside a protein containing the Awig,in vivoenzymatic
biotinylation canoccur[21], [38]. Since the BirA used for coexpression in this work
lacks affinity tags, the biotinylated, Hiagged hQ4HERV-THA construct can be
purified in one step using a nickel column.

In order to identify sABs binding specifically to the desiredkiiog interface,
it was necessary to design a cowsereening construct. For this purpose, we
designed a C4S mutant construct of the HRR/ domains that retained a
hexahistinetag, but lacked the TEV site and Awg sequences, designated hC&
HERV. The remaining surfaeaccessible CxxS cysteine (cysteine Figure 413)
can be modified with an alkylation agent of considerable steric bulk, such asa PEG
or fluorophoreconjugated maleimide to prevent binding of dockintgrfacespecific

antibodiesa this countesscreening construct.
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Figure 4.13:Construct for screening phage display libraries for inhibitory sABs.
The resolved crystal structure of the HIERV domains represents a
cartoon depiction of the crystal structure from the 3LLI coordinatesin th
PDB. At the Gterminus of the resolved structure we added a TEV
cleavage sequence (orange), hexahistidine tag (blue) and -daagAvi
sequence (red). Coexpression of Eheolibiotin ligase, BirA, results in
in vivo biotinylation (red diamond) of the lyge residue within the Avi
tag.

4.3.2.3 Expression and Purification

The hQIHERV-THA screening, and hQC3-HERYV counterscreening
constructs were soluble when expressed in BL21*(DE3) cells at 15°C. Expression
attempts at higher temperatures yielded insoluble iprd®airification was
accomplished using a single nickel column step as described in experimental
procedures. Yields of the biotinylated hQE ERV-THA screening construct were
lower, due apparently to a combination of lower expression levels, decreased
solublity, and decreased affinity for the nickel column (data not shown). Yields were

1-2 mg/ml for the hQIHERV-THA construct and ~10 mg/ml for the h@B3-HERV
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construct, respectively. Purity was >95% as judged by-BRSE (hQXHERV-THA
shown inlane 1, Figure 414; hQ1C3-HERV not shown)

4.3.2.4 Quantification of the biotinylation of the screening construct

Biotinylation was assessed through a streptavidingmwn assay using
streptavidin paramagnetic particles (Promega), as described in experimental
procedures. pproximately 1.7 ug of the biotinylated protein was used for the
pulldown depicted ifrigure 414. Pulldown attempts using higher amounts of protein
apparently exceeded the binding capacity of the magnetic particles (data not shown).
Evaluation of the unhand protein, eluted protein, and the magnetic particles from the
pulldown assay by SBDBAGE 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. Lanel, control of the same quantity of protein used for the
pull down. Laneg-6: BioRad Precision Plus duablor protein standard
(2), unbound protein3), PBS wash4), eluted proteinX), streptavidin
paramagnetic particles with bouhibtinylated protein and strepatvidin
bands §). To evaluate the extent of biotinylation the RQERV-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 dekigneressed, and
purified the constructs necessary for screening phegeay libraries for inhibitory
sABs. We have additionally demonstrated that the main screening construct is nearly
completely biotinylated as purified froe coli. Final preparatiomfor 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 faner 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 protoigpl 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 counterscreeningstancts. 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 identifgna fideQSOX1 inhibitors for

ongoing biochemical and biologicstiudies.
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Chapter 5

DETECTING QSOX IN BIOLOGICAL SAMPLES WITH THE AUR ASSAY

5.1 Introduction

A number of studies have suggied that QSOX may be a viable therapeutic
target for some cancej|i [4], and two recent studies have also demonstrated the
value of serum QSOX fdhediagnosis of pancreatic can¢bt and acute
decompensated heart failyfg. Although these studigsveal 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 ofrtwmoplate 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 fluorescdyas=d microplat 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 cegasdi/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 usetWwibiological samples. Important details will be
highlighted in this section, but we ask that the reader refer to refd@&rfoe more i

depth methodologies and results.

5.2.1 Materials
Samples of Dulbeccods Modified mBagl e Me
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 fobiological samples

The assay was adapted as follows: reagents used in a total volumeeof 150 n
phosphate buffer were 20M A U M HBR) and 0.5% v/v loyperoxide Tween
80 (included for serum samples; see Results). TypicallyglP5 of dormeadd c kt ai |
by mixing AUR, HRP, and Tween 80 in buffer was delivered to each well, followed
by5¢el of the sample. The r eaceli oonimMCa.s7 55t ar t
RNase thiols in buffer to give a final concentration of 800 t hi ol s i n each
Assays were conducted in fluorescence intensity mode (using excitation filter 544 and
emission filter 59€10) with measurement every Orbn for 10min. Rates were
typically determined over the firstrin of data acquisition. The assay was calibrated
by adling increasing concentrations 0§® (0i 1.6e M) per wel | i n the p

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 Resultsand Discussion

We know from prior studies that at least a portion of QSOX is secreted by cells
[4], [7]7[15], and when it is secreted by cancer cells it provides them with an increased
invasive potentiall]i [4]. We decided initially to test this assay é&il culture media
to see if it would provide a useful tool for evaluating secretion of QSOX from cultured
mammal i an cel |l s. Unexpectedly, assays of
(DMEM) supplemented with 10% fetal bovine serum (FBS) showed significant
sulfhydryl oxidase activity prior taise for cell culture (Figure 5.4, red trace).
Supplemented DMEM used to culture confluent human embryonic kidney (HEK293
T) cells presented an approximately tfodd increase in this activity (Figure 5A,
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.B).

When serum was analyzed the inclusion of Tween 80%&t 0/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-péatéer assay with increasing
volumes of sera (Figure 5.2). Using recombinant human QSOX1 the response of
the AUR assay is markedly decreased by BSArag&nl and this apparent inhibition
is largely reversed by the inclusion of Tween 80 (FigureBH.2Presumably this
attenuation reficts the wetknown ability of albumin to bind a range of aromatic

ligands[16] including, perhaps, the AUR substrate or its fluorescent product.

144
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Figure 5.1 Sulfhydryl oxidase activity in mammalian cell culture medium. A,
AUR assay traces of unuseéammaliancell culture medium (DMEM)
supplemented with FBS had significant sulfhydryl oxidase activity (red),
while medium used to culture confluent HEK282ells had
approximately twice the activityg, evaluation of unsupplemented
DMEM revealed that the majorityf sulfhydryl oxidase activity
originated from the FBS used routinely to supplement growth media.
Panel Bdatawerecollectedby Lingxi Jiang
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Figure 5.2: Tween 80 largely reverses attenuation of AUR assay signal by bovine
serum albumin. PanelA shows represeative assay traces from serum
samples demonstrating an increased signal when Tween 80 is present. In
panelB 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 includig, 0.5% TweefB0 (greer. Detergent largely reversed
the inhibition of the AUR assay signal by serum albuiiith Lingxi
Jiang.
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Indeed,Zanata et al[11] had previouslfoundQSOX1 in fetal bovine serum,
buttheyreported that the oxidase activity and protein levels declined rapidly after
birth to become undetectable in sera frorrd@§-old animals. Aghe routine inclusion
of exogenously QSOX frorhovine sera supplementetediawould potentially
interfere with stdies of QSOX secretion by cultured mammalian cells, we evaluated
sera from fetal, newborn, and adult bovameircesWewere surprisedn light of the
earlier work to discover that all contained similar levels of QSOX activity (data not
shown, se¢6]). These findingprompted us to reinvestigate the ability of bovine sera
to oxidize protein thiolén greater detail

In collaboratiorwith Lingxi Jiangin our lab, we wished to purify the
sulfhydryl oxidase activity fronadultbovine serum to ascertain whet 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 Erol, ERV/ALR, and QSOX families of flateipso
[7], [17]7 [21]) a number of poorly characterized medapendent sulfhydryl oxidases
have been described in the earlier literafdte[8], [19]. Using our assay to facilitate
the purification of this sulfhydryl oxidase activity, a thhstep procedre (detailed in
[6]) led to an overall purification of ~5360Id (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 flavinked QSOXenzymes (Figre5.3;

[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 lacking1b&residue



C-terminal extension that terminates in a transmembrane[iglipi8] (See
experimental details if6]) (Figure 5.4). This conclusion is also supported by the
apparent molecular weight deduced from $BSGE analysis (~68Da estimated
from Fgure 5.3 compared to >&Da expected for the fulength form of the oxidase
[8]). Further testing revealed that adult hurearum also contains circulating, active
QSOX]6], suggesting that the assay presented in this work may prove useful in

diagnosticapplications when normal baseline QSOX activity levels are accounted for.

Table5.1% Purification of sulfhydryl oxidase activity from adult bovine serum

Total e
Total L : Specific
Steps protein  AzgoAuse i?]trlxg \Etl;/il)d activity purilf:iglaiion
(mg) H,0,/min) (nmol/minxmg)
Serum
(500 mL) 31350 140 4148 100 0.132 1
Cation exchange 2
(salt gradient) 10.3 31 1686 47 164 1240
Hydrophobic 4 55 5 560 135 369 2793
interaction
SEHeN BETENEL g g5 402 10 706 5345

(pH gradient)

"With Lingxi Jiang.?During loading thé&sx diluted serun{2.5 L total), thecaion
exchange column was intentionally overloadsdiescribed if6]. Details of the
purification are described in detail [6].
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Figure 5.3 UV1 Vis spectrum of the sulfhydryl oxidase purified from adilt
bovine serum.The spectrum of the oxidase recorded inr8@
phosphate buffer, pH 7.5, containingnM EDTA is shown. The gray
line highlights the flavin region of the spectrum. The inset shows an
SDS PAGE analysis of the purified proteM/ith Lingxi Jang.
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Figure 5.4: Bovine QSOX1 sequencelhe amino acid sequence of the quiescin
sulfhydryl oxidase 1 precursor is shoviAeptides 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 redastive CxxC maotifs are indicated in

inverse fontWith 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 futhraluate the suitability othe
sensitive AUR microplate assay for testing biolajgamples 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 diagnostidegifmns in pancreatic canc@3]
and in acute decompensated heart failbfesuggests that these approaches may be
complemented by the simple and eeffective QSOX assay described here. More
generally, the observation that QSOX1 enzyme activity is found in blood plasma of all
developmental stages suggests that renewed congdeshbuld be directed toward
the origins, substrate specificity, and physiological roles of this catalytically most

proficient stanealone oxidant of protein and peptide thiols.
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Appendix A

DNA AND PROTEIN SEQUENCES FOR RNASE CONSTRUCTS
A.1 Synthetic 1Gs-RNase DNA sequence

1Css-RNase

1 ATGGGCAGCC ATCATCATCA TCATCACGGT GGTAAAGAAA CCGCGGCGGC
51 GAAATTCGAA CGTCAGCACA TGGACTCTTC TACCTCTGCG GCGTCTTCTT
101 CTAACTACTC TAACCAGATG ATGAAATCTC GTAACCTGAC CAAAGACCGT
151 TCTAAACCGG TTAACACCTT CGTTCACGABTCTGGCGG ACGTTCAGGC

201 GGTTTCTTCT CAGAAAAACG TTGCGTGCAA AAACGGTCAG ACCAACTCTT
251 ACCAGTCTTA CTCTACCATG TCTATCACCG ACTCTCGTGA AACCGGTTCT
301 TCTAAATACC CGAACTCTGC GTACAAAACC ACCCAGGCGA ACAAACACAT
351 CATCGTTGCG TCTGAAGGTA ACCCGTACGT TCCGGTTCKISACGCGT

401 CTGTTTAA
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A.2 Recombinant RNase protein sequences

Hexahistidine tags are highlighted with cyan; cysteines highligle:d

1Css-RNase

MGEHHHHHB G
1 KETAAAKFER QHMDSSTSAA SSSNYSNQMM KSRNLTKDRS KPVNTFVHES
51 LADVQAVSSQ(NV/IKNGQTNSYQSYSTMS ITDSRETGSS KYPNSAYKTT
101 QANKHIIVAS EGNPYVPVHF DASV

0C-RNase

MGSHHHHB G
1 KETAAAKFER QHMDSSTSAA SSSNYSNOQMM KSRNLTKDRS KPVNTFVHES
51 LADVQAVSSQ KNVASKNGQT NSYQSYSTMS ITDSRETGSS KYPNSAYKTT
101 QANKHIIVAS EGNPYVPVHF DASV

2C26’65-RN8.S€

MG$HHHHB G
1 KETAAAKFER QHMDSSTSAA SSS'NQI\/II\/I KSRNLTKDRS KPVNTFVHES
51 LADVQAVSSQ KN\,'KNGQT NSYQSYSTMS ITDSRETGSS KYPNSAYKTT
101  QANKHIIVAS EGNPYVPVHF DASV

2C2634-RNaSG

MGSHHHHB G
1 KETAAAKFER QHMDSSTSAA SSS'NQMI\/I KSRNLTKDRS KPVNTFVHES
51 LADVQAVSSQ KNVASKNGQT NSYQSYSTMS lFEETGSS KYPNSAYKTT
101 QANKHIIVAS EGNPYVPVHF DASV
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Appendix B

HIGH -THROUGHPUT SCREENING PROTOCOL

B.1 Finalized screening protocol for primary screen in 153&vell format*.

Finalized ThQS50X 1536-well screening protocol

step parameter value description
1.33 X Enzyme +coupling system solution in 1.33X Q50X Reaction buffer (1.33 nM
1a ThQSOX solution 3pL TbQSOX, 1.33 U/mL HRP, 66 pM Amplex Ultra Red, 66 mM HEPES, 1.33 mM EDTA,
0.013% NP40, pH 7.5)
1b enzyme buffer 3uL 1.33 X coupling system solution in 1.33X QSOX Reaction buffer | 1.33 U/mL HRP, 66
solution H pM Amplex Ultra Red, 66 mM HEPES, 1.33 mM EDTA, 0.013% NP40, pH 7.5)

2 | compound addition 23nL accomplished via Kalypsys pin transfer tool

3 incubation 10 min compound incubation to allow inhibitors to bind to the enzyme

4 detection read 0 Viewlux detector with resorufin settings

5 | Substrate solution 1pl AX solution in 10 mM NaOAc pH 4 containing 100 uM reduced RNAse A

6 centrifugation 1 min 1000 RPM

7 detection read 1 Viewlux detector with resorufin settings

8 incubation 30 min room temperature incubation, covered with Kalypsys lid

9 detection read 2 Viewlux detector with resorufin settings

step notes
1 plate: untreated Aurora Biotech Black, Square 1536 kalypsys certified plates, 100% CycloOlefin Polymer (COP);
reagents added to 2 cols each (n =64 wells per condition)
: reduced RNAse A was dissolved in 1X RNAse A Dissolution Buffer 10 mM NaOAc, 1 mM EDTA, pH 4.0; quantified by UV-VIS
[£278=9300 cm-M-] and diluted with RNAse A Dissolution Buffer to a concentration of 100 uM
4 to settle samples in the wells and eliminate air bubbles

*with Dr. Timothy Foley at the NCGC
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Appendix C

DNA SEQUENCESOF PRIMERS USED FOR AMPLIFYING ANTIBODY
SCREENING CONSTRUCTS

C.1 DNA sequences of PCR primers used

C-THA -tag-hQ1-HERV-F

TTAGAGcatgg gcagcagc ATAGCTCCCACTGTTTGGAAATTGGC
underlined italics= Ncol restriction site;
BOLD = complementary tbisQSOX1 HRRERV domains

C-THA -tag-hQ1-HERV-R
atgatg AAGCTTCATTCATGCCATTCGATTTTCTGTGCTTCAAAAATATCATTCABACC

atgatgatgatgatg GTCCAGGATGATGTTGCTTGGGG
underlined italics= HindlII restriction siteMAROON = Stop Codon;
RED = AviTag; purple = 6xHis; = Tev Site;

BOLD = complementary t61sQSOX HRRERV domains

HsQ1-HERV-HisTag-R

atgatg AAGCTTCAgtgatgatgatgatgatg GTCCAGGATGATGTTGCTTGGGG
underlined italics= HindlII restriction siteMAROON = StopCodon;
purple = 6xHis; BOLD = complementary teisQSOX1 HRRERYV domains

HsQSOX1-C4ASF
CTTCGGCTGCCGAGACTCCGCTAGCCACTTCGAGCAG

HsQSOX1-C4SR
CTGCTCGAAGTGGCTAGCGGAGTCTCGGCAGCCGAAG



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 LEGOQRLVALKKFVAVLAKYFPGRPLVQNFLHSVNEWLKRQ
81 KRNKIPYSFFKTALDDRKEGAVLAKKVNWIGCQGSEPHFR
121  GFPCSLWVLFHFLTVQAARQNVDHSQEAAKAKEVLPAIRG
161 YVHYFFGCROASHFEQMAMSMHRVGSPNAAVLWLWSSH
201 NRVNARLAGASEDPQFPKEWPPRELCSACHNERLDVPV
241  WDVEATLNHRKAHFSPSNIILDENLYFQEHHHHBLNDI

281 FEAQKIEWHE

D.2 hQ1-C3-HERV protein sequence

(268 aa, 30.6 kDa)

1 MGSSIAPTVWKLADRSKIYMADLESALHYILRIEVGRFPV

41 LEGQRLVALKKFVAVLAKYFPGRPLVOQNFLHSVNEWLKRQ
81 KRNKIPYSFFKTALDDRKEGAVLAKKVNWI@BGSEPHFR

121  GFPCSLWVLFHFLTVQAARQNVDHSQEAAKAKEVLPAIRG
161 YVHYFFGCRDSASHFEQMAAASMHRVGSPNAAVLWLWSSH
201 NRVNARLAGAPSEDPQFPKVQWPPRELCSACHNERLDVPV
241  WDVEATLNFLKAHFSPSNUDHHHHHH
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