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Abstract
A sensitive new plate reader assay has been developed showing that adult mammalian blood
serum contains circulating soluble sulfhydryl oxidase activity that can introduce disulfide bonds
into reduced proteins with the reduction of oxygen to hydrogen peroxide. The activity was purified
5000-fold to > 90% homogeneity from bovine serum and found by mass spectrometry to be
consistent with the short isoform of Quiescin-sulfhydryl oxidase 1 (QSOX1). This FAD-
dependent enzyme is present at comparable activity levels in fetal and adult commercial bovine
sera. Thus cell culture media that are routinely supplemented with either fetal or adult bovine sera
will contain this facile catalyst of protein thiol oxidation. QSOX1 is present at approximately 25
nM in pooled normal adult human serum. Examination of the unusual kinetics of QSOX1 towards
cysteine and glutathione at low micromolar concentrations suggests that circulating QSOX1 is
unlikely to significantly contribute to the oxidation of these monothiols in plasma. However the
ability of QSOX1 to rapidly oxidize conformationally mobile protein thiols suggests a possible
contribution to the redox status of exofacial and soluble proteins in blood plasma. Recent
proteomic studies showing that plasma QSOX1 can be utilized in the diagnosis of pancreatic
cancer and acute decompensated heart failure, together with the overexpression of this secreted
enzyme in a number of solid tumors, suggest that the robust QSOX assay developed here may be
useful in the quantitation of enzyme levels in a wide range of biological fluids.
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Introduction
In 1999 Hoober et al. recognized the existence of a family of flavin-dependent sulfhydryl
oxidases [1] whose first member was partially purified from skin more than 50 years ago
[2]. These QSOX enzymes (named after a human growth factor, Quiescin Q6 [3]) can
catalyze the rapid and direct generation of disulfides in a wide range of thiol-containing
species – from small monothiols and peptides to large unfolded reduced proteins [4–6]:
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QSOX enzymes are found in one or more isoforms in all higher eukaryotes for which
genome sequences are available [2, 7–9]. The enzymological properties of QSOX have been
studied extensively in our laboratory (reviewed in [2, 7–9]). Only conformationally flexible
proteins are facile substrates of QSOX; cysteine residues within well-structure proteins are
inefficiently oxidized by the enzyme [4, 5]. Reduced protein disulfide isomerase is not a
substrate of QSOX, but these two enzymes can cooperate in the efficient oxidative folding
of proteins with complex disulfide connectivity [10].

While the substrate specificity of QSOX in vitro has been extensively investigated, the
likely contribution of this oxidase to disulfide bond formation in biological contexts has only
begun to emerge. Early studies revealed that QSOX is associated with cells with a heavy
secretory load [7, 9, 11], and QSOX has been found in the endoplasmic reticulum [9, 12,
13], Golgi [9, 12–15], and secretory granules [12, 15]. QSOX is also found at the cell
surface and is secreted [3, 13, 16–22]. Bulleid and coworkers have suggested that QSOX1
may function late in the secretory pathway or following secretion from the cell [13, 14]. In
the latter role, Fass and coworkers have recently shown that QSOX1 is involved in the
integration of laminin into the extracellular matrix generated by human lung fibroblasts [23].
QSOX1 has been found to be highly up-regulated in cancers of prostate [24, 25], pancreas
[26] and breast [27, 28]. Depressing levels of QSOX1 by RNAi, or by using an inhibitory
antibody, leads to a marked decline in invasiveness in cell migration assays [23, 27, 29, 30].

Two recent studies have also revealed the potential for QSOX to be a diagnostic marker for
diseases including pancreatic cancer [26, 29] and heart failure [31]. In 2008 Lake and
colleagues first identified a QSOX1 peptide in plasma that was strongly correlated with
pancreatic cancer patients but not to patients without this disease [26, 29]. More recently,
Mebazaa et al. reported that mass spectroscopic analysis of plasma QSOX1 peptide levels,
in combination with quantitation of B-type natriuretic peptide, significantly improved the
accuracy of diagnosis for acute decompensated heart failure [31]. While these studies reveal
the potential of plasma QSOX, or peptides there from, as a diagnostic marker, it is unknown
whether circulating QSOX is catalytically active, and what role(s) circulating QSOX may
play in these diseases.

Here, we describe a simple and sensitive microplate assay for QSOX activity which is
suitable for testing small samples of serum, plasma, or other biological fluids. While
evaluating the performance of this assay, we discovered that normal adult bovine serum
contained relatively high levels of sulfhydryl oxidase activity. Zanata et al. had already
found QSOX1 in fetal bovine serum; they reported that the oxidase activity and protein
levels declined rapidly after birth to become undetectable in sera from 60-day old animals
[19]. Our finding of sulfhydryl oxidase activity in adult bovine serum prompted us to
reinvestigate the ability of bovine sera to oxidize protein thiols, and our assay facilitated the
purification of sulfhydryl oxidase activity to essential homogeneity from adult bovine
serum. Peptide digests confirmed that this disulfide-generating activity was indeed due to
QSOX1. We further observed comparable enzyme activity levels in adult human serum and
investigated QSOX reactivity with cysteine and glutathione at concentrations relevant to
those that might be encountered by the circulating enzyme. The presence of a facile catalyst
of the oxidation of peptide and protein thiols in mammalian blood provides an additional
dimension to the study of thiol/disulfide transformations in blood.
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Materials and Methods
Materials

Bovine serum albumin, cysteine, dithiothreitol, glutathione, homovanillic acid, horseradish
peroxidase type II, hydrogen peroxide and ribonuclease A were from Sigma-Aldrich.
Amplex UltraRed was from Life Technologies. Tween 80 (Surfact-Amps, low peroxide)
was from Thermo Fisher Scientific. Commercial sera were as follows. Defined fetal bovine
serum, newborn calf serum (less than 10 days old) and donor adult bovine serum were from
Hyclone (Thermo Fisher). Normal human serum and normal adult mouse serum were from
Atlanta Biologicals. Balb C, C57BL6, CD-1 and non-Swiss albino mouse sera were from
Innovative Research.

General Methods
UV-VIS spectra were recorded in self-masking microcells using Agilent 8452A or 8453
instruments. Reduced RNase was prepared, and conveniently stored, as a lyophilized
powder [5]. Solutions of thiols were prepared daily either from concentrated stocks
maintained at −20 °C, or freshly from solid reagents. Quantitation of reagents, including
protein and small molecular weight thiols and hydrogen peroxide, was as described
previously [5]. Protein concentrations were determined using the Bradford assay. Unless
otherwise stated the buffer used in this work was 50 mM potassium phosphate, pH 7.5,
containing 1 mM EDTA.

Sulfhydryl oxidase assays
Fluorescence assays using HVA were conducted in a fluorescence microcell in an SLM
Aminco Bowman Series 2 luminescence spectrometer using 50 μM DTT in 50 mM
phosphate buffer, pH 7.5, containing 1 mM EDTA [32]. The increase in fluorescence
emission was followed at 420 nm with excitation at 320 nm. The Amplex UltraRed assay
used a BMG POLARstar OMEGA plate reader with 96-well black flat-bottomed
polystyrene plates from Corning. The following reagents were used in a total volume of 150
μL in phosphate buffer: 10 μM AUR, 50 nM HRP and 0.5% v/v low-peroxide Tween 80
(included for serum samples; see Results). Typically, 125 μL of a cocktail formed by mixing
AUR, HRP and Tween 80 in buffer was delivered to each well, followed by 5 μL of the
sample. The reaction was started by the addition of 20 μL of 0.75 mM thiols (e.g. 0.375 mM
DTT, 94 μM reduced RNase, or 0.75 mM GSH) in buffer to give a final concentration of
100 μM thiols in each well. Care was taken throughout this procedure to minimize exposure
of the AUR reagent to light [33] by wrapping stock solutions and the cocktail mixture with
aluminum foil, as well as shading the 96-well plate with foil where practical. Because this
assay provides very sensitive detection of hydrogen peroxide, the non-enzymatic oxidation
of thiols by traces of copper and iron [34] provide a detectable background signal that can be
suppressed, but not eliminated, by the inclusion of 1 mM EDTA. This background can be
further minimized by the preparation of fresh thiol stock reagents, and by mixing the
reagents for the plate-reader assay immediately before measurement. Assays were conducted
in fluorescence intensity mode (using excitation filter 544 and emission filter 590-10) with
measurement every 0.5 min for 10 min. Rates were typically determined over the first 3 min
of data acquisition. The instrument sensitivity was set following the addition of excess
hydrogen peroxide to 10 μM AUR in 150 μL of assay solution. The assay was calibrated by
adding increasing concentrations of H2O2 (0–1.6 μM) per well in the presence of the assay
cocktail and thiol substrate; the linear fluorescence increase with added peroxide enabled
conversion of relative fluorescence to μM hydrogen peroxide.

It is important to note that while the plate reader assay represents a convenient way to
measure sulfhydryl oxidase activity levels in a range of biological fluids, it is unsuited to
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determine Km values for thiol substrates. This is because thiols depress fluorophore
generation (Supplementary Figure S1), likely by intercepting the radical intermediates in the
generation of the resorufin-like fluorophore [32]. The concentrations of thiols used in these
assays (100 μM) provides for sufficient linearity of hydrogen peroxide production while
avoiding excessive non-enzymatic metal-catalyzed thiol oxidation (see above).

Purification of QSOX1 from bovine sera
Adult non heat-treated bovine donor serum from Atlanta Biologicals (500 mL) was diluted
with 2 L of distilled water at 4 °C and centrifuged for 8 min in a GS3 rotor at 13,700 RCF
(Sorvall RC-5B) to remove a small amount of flocculent precipitate. Two 5 mL HiTrap SP
HP cation exchange columns were connected in series and equilibrated at 1.5 mL/min at 4
°C with a 5-fold diluted solution of phosphate buffered saline solution (0.2X PBS)
containing 1.62 mM Na2HPO4, 0.38 mM K2HPO4 and 29.8 mM NaCl. The diluted serum
was then applied to the columns at 2 mL/min using a peristaltic pump at 4 °C. The combined
columns were then connected to an ÄKTA FPLC operated at room temperature and
developed at 1 mL/min using a 200 min linear gradient from 0.2X PBS to 100% of buffer B
(50 mM potassium phosphate, pH 7.5, containing 500 mM NaCl and 1 mM EDTA)
followed by a further 20 min of buffer B. Sulfhydryl oxidase assays (using 5 μL from each 5
mL fraction) were performed using the plate reader as above, except that at this stage of the
work, Tween 80 was not included in the wells. The peak oxidase fractions were analyzed by
UV-VIS spectroscopy and by SDS-PAGE. Three fractions containing 77 % of activity
recovered from the column were pooled and brought to 40% saturation with ammonium
sulfate at room temperature. The solution was clarified by centrifugation (2 min at 2700
RCF) and the supernatant applied at 0.3 mL/min to a 1 mL HiTrap Butyl HP hydrophobic
interaction column equilibrated with 40% saturated ammonium sulfate in 50 mM phosphate
buffer, pH 7.5, containing 1 mM EDTA. The column was developed with a decreasing
linear gradient to phosphate buffer alone at 1 mL/min over a total volume of 20 mL.
Fractions (of 0.5 mL) were analyzed for sulfhydryl oxidase activity as before. The three
peak fractions were pooled and dialyzed at 4 °C against 50 mM phosphate buffer, pH 7.5,
containing 1 mM EDTA. The dialyzed pool was diluted with an equal volume of water and
then applied at 0.5 mL/min to a 1 mL HiTrap SP XL cation exchange column equilibrated
with 25 mM phosphate buffer, pH 7.5, containing 1 mM EDTA. The column was then
developed at 0.5 mL/min with a 40 min linear gradient starting with 100% of 25 mM Tris
buffer, pH 7.4, containing 1 mM EDTA, and ending with the same buffer adjusted to pH
9.4. Sulfhydryl oxidase activity was then eluted with a 4 mL wash using the pH 9.4 buffer
supplemented with 200 mM NaCl and active fractions were adjusted to pH 7.5 by the
addition of 50 μL of 1 M Tris buffer pH 7.2. Peak fractions were pooled, concentrated and
washed into 50 mM phosphate buffer, pH 8.0, containing 1 mM EDTA using a Microcon
YM-30 Ultrafiltration device (Millipore). The purified sulfhydryl oxidase was stored at 4 °C
prior to characterization.

Protein digestion and analysis
Samples containing sulfhydryl oxidase activity (~15 μg of protein in 0.1 mL of phosphate
buffer) were incubated in 1.5 mL polypropylene centrifuge tubes for 10 min in a boiling
water bath. The samples were cooled on ice, incubated with 0.75 μg of Promega Sequencing
Grade modified trypsin for 2 h at 37 °C, and stored frozen. The peptide digest was separated
using a Waters Acquity UPLC system equipped with a BEH C18 100 × 1 mm, 1.7 micron
particle size column utilizing a linear gradient composed of 0.1% formic acid in water
(solvent A) and 0.1% formic acid in methanol (solvent B). Following a 3 min isocratic hold
at 5% solvent B, the column was developed with an increasing gradient to 65% solvent B
over an additional 67 min. Peptides were detected using a Thermo Scientific Orbitrap Velos
mass spectrometer. The data were acquired using the data-dependent analysis mode which
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allowed for the collection of both full scan and MS-MS data of the peptides. The MS-MS
data were further analyzed using the SEQUEST peptide search algorithm of Thermo
Scientific Proteome Discoverer (Version 1.3.0.339).

Results and Discussion
Fluorescence assay for sulfhydryl oxidase activity

While oxygen electrode assays remain a reliable staple for determination of sulfhydryl
oxidase levels [35], they are of limited sensitivity and relatively large sample volume
requirement. For this reason we earlier developed an assay in which the generation of
hydrogen peroxide is coupled to the horseradish peroxidase-mediated oxidation of
homovanillic acid (HVA) to yield a fluorescent product [32]. This was the assay employed
by Zanata et al. in their analysis of sulfhydryl oxidase activity in bovine serum samples [19].
Figure 1A shows our application of this assay to commercial fetal, newborn and adult
bovine sera.

During these experiments, several limitations of our original HVA assay method became
apparent. For example, because the HVA assay [32] generates a product that fluoresces in
the blue region of the spectrum (excitation at 320 nm, emission at 420 nm), it is particularly
prone to interference in media with high absorbance or scattering in the near UV. The HVA
assay would also be problematic in high throughput screening applications because a
significant fraction of compounds in many small-molecule libraries fluoresce in the blue
region of the spectrum [36]. The new plate reader assay presented here couples hydrogen
peroxide formation generated by sulfhydryl oxidases to the generation of the strong red
fluorescence formed during HRP-catalyzed oxidation of Amplex UltraRed [37]. A
demonstration of the readout from this assay with recombinant human QSOX1 is included in
Figure 1B together with an indication of the linearity of the assay over the 0–2 nM range.

In preliminary work a variety of pH values were tested; the pH of 7.5 represents a suitable
compromise between maintaining enzyme activity and minimizing the non-enzymatic
oxidation of thiols by trace metals in the reagents (data not shown). At pH 7.5, the presence
of the chelating agent EDTA proved critical in minimizing this background increase in
fluorescence. With these as preliminaries, Figure 1C shows assays of bovine sera with the
Amplex UltraRed method. Again, we found that adult serum has approximately the same
level of activity as that found in fetal animals when the samples are normalized for protein
content (inset Figure 1C).

When serum is analyzed the inclusion of Tween 80 (at 0.5% v/v; see Methods) largely
prevented the suppression of the fluorescence signal in the presence of the high
concentrations of bovine serum albumin (BSA) found in blood serum. Thus, Figure S2
shows that the detergent markedly improved the response of the plate reader assay with
increasing volumes of sera. Figure S3 shows that the response of the AUR assay using
recombinant human QSOX1 is markedly decreased by BSA at 2 mg/mL and that this
apparent inhibition is largely reversed by the inclusion of Tween 80. Presumably this
attenuation reflects the well known ability of albumin to bind a range of aromatic ligands
[38] including, perhaps, the AUR substrate or its fluorescent product.

Purification of a sulfhydryl oxidase from bovine blood serum
We then wished to purify the sulfhydryl oxidase activity from bovine serum to ascertain
whether it reflected the presence of QSOX, or represented a hitherto unrecognized hydrogen
peroxide generating catalyst. While the best characterized eukaryotic sulfhydryl oxidases are
flavin-dependent (such as the Ero1, ERV/ALR and QSOX families of flavoproteins [2, 9,
16, 39–41]) a number of poorly-characterized metal-dependent sulfhydryl oxidases have
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been described in the earlier literature [2, 20, 39]. In developing a purification protocol from
adult bovine sera, we needed an initial step that would conveniently separate the oxidase
activity from the albumin and globulins that are present at an aggregate concentration of
about 70 mg/mL in mammalian sera. The initial cation-exchange step at pH 7.5 (see
Methods, supplementary Figure S4 and Table 1) resulted in a dramatic (~1200-fold)
purification of activity leading to a single peak of enzyme activity as judged by the plate
reader assay. The pooled pale yellow fractions were then applied to a hydrophobic
interaction chromatography column with recovery of a single peak of enzyme activity. A
second cation-exchange step, in which the protein was eluted from the column using Tris
buffer/NaCl at pH 9.4 led to an overall 3-step purification of ~5300-fold (Table 1). The
resulting preparation was ~ 90% pure protein and showed a visible spectrum with
absorbance peaks at 365 nm and 456 nm consistent with that of mammalian flavin-linked
QSOX enzymes (Figure 2; [20, 42]).

The QSOX sulfhydryl oxidases are the only known enzymes that can directly oxidize
unfolded reduced proteins with catalytic efficiencies similar to those observed with the
small, highly reducing, model substrate DTT [2, 4, 18, 42]. While the assay data in Table 1
were collected using DTT, we also compared the rates of hydrogen peroxide production of
the unfractionated serum enzyme with those from the purified enzyme using three
substrates: DTT, reduced RNase, and GSH. These values, normalized to the activity with
DTT, were 1.0: 0.68: 0.0012 in serum, and 1.0: 0.66: 0.0009 after purification, respectively,
suggesting that the sulfhydryl oxidase activity in serum is substantially due to one QSOX-
like enzyme. This was confirmed following trypsin digests of the purified activity (Figure 3
and Methods). The peptides were identified by MS/MS and were confined to the short-form
of the enzyme lacking the ~150 residue C-terminal extension that terminates in a
transmembrane helix [2, 16]. This conclusion is also supported by the apparent molecular
weight deduced from SDS-PAGE analysis (~63 kDa estimated from Figure 2 compared to
>82 kD expected for the full-length form of the oxidase [20].

QSOX in mammalian blood
A survey of bovine fetal, newborn, and adult commercial sera revealed rather similar levels
of QSOX activities irrespective of age (Table 2). While the sulfhydryl oxidase activities are
generally rather comparable between bovine and human samples, mouse sera (Table 2 and
Materials and Methods) reproducibly show an almost 10-fold higher level of activity.
Commercial heat-treated bovine sera (56 °C for 30 min) retained 60–80% of the sulfhydryl
oxidase activity found in untreated sera (data not shown).

The confirmation of QSOX1 activity in mammalian sera raises several issues of general
relevance. One point is that the sulfhydryl oxidase activity of conditioned media derived
from mammalian cell culture will likely include a contribution from the serum used in the
preparation of the growth medium. Thus, any evaluation of secreted QSOX activity in
mammalian cell culture will require accounting for such background activity. A second issue
is that experiments in which small molecular weight thiols, such as β-mercaptoethanol,
cysteine or glutathione, are added to cell culture media containing animal serum may lead to
an exogenous QSOX-dependent depletion of thiols and to the corresponding appearance of
hydrogen peroxide. A third aspect concerns the potential of QSOX to oxidize the low
concentrations of the monothiols cysteine and glutathione that are normally present in blood
plasma [43, 44]. With Km and kcat values for vertebrate QSOX1 enzymes towards these
thiols of about 10 mM and about 2000 thiols/min respectively [18, 20, 42] application of the
Michaelis-Menten equation would predict an apparent turnover number for QSOX1 at 50
μM thiol of approximately 10/min. Hence at a concentration of ~25 nM QSOX (the
concentration of QSOX1 deduced by comparing the activity of human blood serum with that
of the recombinant human enzyme under standard assay conditions using DTT) this would
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imply that there could be significant generation of low molecular weight disulfides and
H2O2 by this circulating oxidase. Since the steady state parameters for cysteine and
glutathione were previously determined using the relatively insensitive oxygen electrode, the
rates at very low thiol concentrations could not be investigated. Figure 4 documents the
behavior of QSOX at these low thiol concentrations revealed with the new assay. Here, the
activity of QSOX with GSH and cysteine is barely detectable but becomes significant as the
thiol concentration is raised into the mM range. Hence GSH and cysteine at 50 μM show
turnover numbers of ~ 0.19 thiols/min and ~ 0.73 thiols/min respectively. This apparently
discrepant behavior is not unique to QSOX; precedent for this type of upward curvature has
recently been observed during the oxidation of β-mercaptoethanol by another flavin-linked
sulfhydryl oxidase, augmenter of liver regeneration [45], and in the oxidation of glutathione
by protein disulfide isomerase [46]. Since QSOX functions in a hit-and-run mode without a
detectable substrate binding site [5], a monothiol substrate must first reversibly generate a
mixed-disulfide intermediate followed by capture of this species with a second monothiol
(Figure 4C; equilibrium 1). The requirement for the sequential intervention of two thiols
leads to the observed upward curvature and to the unexpectedly modest reactivity of QSOX
at low micromolar levels of monothiols. Thus circulating soluble QSOX1 is unlikely to
significantly influence the cysteine or glutathione redox pools in blood directly, although it
could contribute to the accumulation of hydrogen peroxide in stored plasma [47].

Conclusions
This work shows that murine, bovine and human sera contain significant levels of sulfhydryl
oxidase activity. We found similar levels of enzymatic activity between fetal and adult
bovine sera. A three-step purification protocol using adult bovine serum showed that this
activity reflects circulating, soluble QSOX1. While the levels of QSOX1 in blood are
unlikely to significantly contribute to the oxidation of circulating cysteine and glutathione,
there is a wealth of data showing that the redox poise of thiols and disulfides located in
exofacial protein domains on a range of blood cells, including platelets and lymphocytes, are
key modulators of biological function [48–57]. For example, protein secretion, adhesion and
integrin-mediated association in platelets are regulated by the thiol/disulfide exchange and
redox transformations that are modulated by membrane-bound thiol/disulfide
oxidoreductases/isomerases [48–50, 54]. Since QSOX is a direct and facile oxidant of
conformationally mobile protein thiols, some of these proteins may be effective substrates of
QSOX1 and the activities of this oxidase may oppose those of circulating or membrane-
bound reductants.

The finding from mass spectroscopic analyses that the levels of QSOX1 peptides and/or
protein in serum have diagnostic applications in pancreatic cancer [26] and in acute
decompensated heart failure [31] suggests that these approaches may be complemented by
the simple and cost-effective QSOX assay described here. More generally, the observation
that QSOX1 enzyme activity is found in blood plasma of all developmental stages suggests
that renewed consideration should be directed towards the origins, substrate specificity and
physiological roles of this catalytically most proficient stand-alone oxidant of protein and
peptide thiols.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AUR Amplex UltraRed

BSA bovine serum albumin

HVA homovanillic acid

HRP horseradish peroxidase

PBS phosphate buffered saline

RNase ribonuclease A
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• A sensitive new plate-reader assay for Quiescin-sulfhydryl oxidase was
developed

• Assays of serum demonstrated suitability for evaluating biological samples

• Purification from adult bovine serum shows that oxidase activity is due to
QSOX1

• QSOX1 activity towards glutathione and protein thiols in human serum is
discussed
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Fig. 1.
Sulfhydryl oxidase assays of bovine serum. Panel A shows the homovanillic acid (HVA)
assay in phosphate buffer, pH 7.5, containing 1 mM EDTA using 5 μL of fetal (FBS),
newborn (NBS) and adult bovine sera (DBS) in a total assay volume of 150 μL (see
Methods). The inset provides rates corrected for the protein content of the samples (see
Methods). Panel B represents the Amplex UltraRed assay with increasing concentrations of
recombinant human QSOX1. The inset shows the linearity of initial rates, corrected for the
non-enzymatic background oxidation of thiols, as a function enzyme concentration. Panel C
shows the Amplex UltraRed assay using 5 μL of fetal, newborn and adult bovine sera in the
presence of 0.5% Tween 80 (see Materials and Methods). Control assays without serum are
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represented by CON. Two additional controls, lacking either DTT, or both DTT and serum,
showed no detectable increase in fluorescence over the measurement period (data not
shown). The inset presents initial rates normalized to the protein concentration of the serum
samples.
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Fig. 2.
UV-VIS spectrum of the sulfhydryl oxidase purified from adult bovine serum. The main
panel shows the spectrum of the oxidase recorded in 50 mM phosphate buffer, pH 7.5,
containing 1 mM EDTA. The dashed line highlights the flavin region of the spectrum. The
inset shows an SDS-PAGE analysis of the purified protein.
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Fig. 3.
Bovine QSOX1 sequence. The amino acid sequence of Quiescin sulfhydryl oxidase 1
precursor is shown. Peptides identified by MS/MS are underlined, yielding a total coverage
of 59% over the 537 residues remaining after cleavage of the signal sequence (shown
boxed). The cysteine residues from the two redox-active CxxC motifs are indicated in
inverse font.

Israel et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Comparison of the rates of hydrogen peroxide generation by recombinant human QSOX1 in
the presence of sub-millimolar concentrations of glutathione and cysteine. The data were
corrected for background non-enzymatic peroxide generation and for the attenuation of
fluorescence signal that is observed in the presence of increasing thiol concentration
(supplementary Figure S1; see the Text). Panels A and B refer to GSH and cysteine
respectively. Panel C shows that reduction of QSOX by monothiols involves capture of the
mixed disulfide intermediate formed in equilibrium 1 with a second molecule of monothiol
depicted in reaction 2.
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Table 2

QSOX activity levels towards DTT in bovine, human and mouse commercial sera. Assays were conducted as
described in Materials and Methods. Errors represent standard deviations of 3 determinations.

Serum type H2O2 production (nmol/min·mg)

Human normal 0.082 ± 0.011

Mouse1 0.687 ± 0.056

Fetal bovine 0.099 ± 0.002

Newborn bovine 0.070 ± 0.003

Adult donor bovine 0.119 ± 0.011

1
Normal mouse serum; sera from 4 additional mouse strains (see Methods) yield an average of 0.893 ± 0.197 nmol/min per mg.
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