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ABSTRACT: This work explores the substrate specificity of
the quiescin sulfhydryl oxidase (QSOX) family of disulfide-
generating flavoenzymes to provide enzymological context for
investigation of the physiological roles of these facile catalysts
of oxidative protein folding. QSOX enzymes are generally
unable to form disulfide bonds within well-structured proteins.
Use of a temperature-sensitive mutant of ubiquitin-conjugating
enzyme 4 (Ubc4′) as a model substrate shows that QSOX activity correlates with the unfolding of Ubc4′ monitored by circular
dichroism. Fusion of Ubc4′ with the more stable glutathione-S-transferase domain demonstrates that QSOX can selectively
introduce disulfides into the less stable domain of the fusion protein. In terms of intermolecular disulfide bond generation, QSOX
is unable to cross-link well-folded globular proteins via their surface thiols. However, the construction of a septuple mutant of
RNase A, retaining a single cysteine residue, demonstrates that flexible protein monomers can be directly coupled by the oxidase.
Steady- and pre-steady-state kinetic experiments, combined with static fluorescence approaches, indicate that while QSOX is an
efficient catalyst for disulfide bond formation between mobile elements of structure, it does not appear to have a significant
binding site for unfolded proteins. These aspects of protein substrate discrimination by QSOX family members are rationalized in
terms of the stringent steric requirements for disulfide exchange reactions.

Two types of flavin-linked sulfhydryl oxidases have been
identified as participants in the generation of protein

disulfide bonds in the secretory apparatus of higher eukaryotes.
The endoplasmic reticulum resident sulfhydryl oxidase,
endoplasmic reticulum oxidoreductin 1 (Ero1), operates
indirectly by oxidizing reduced protein disulfide isomerase
(PDI) or a series of related PDI homologues.1−6 The resulting
oxidized PDI proteins serve as the immediate oxidant for
nascent chains undergoing oxidative protein folding. Since no
known oxidant for protein thiols unerringly generates the
correct pairings de novo, PDI must intervene a second time in
an iterative mode to correct mispairings.7,8 While this PDI-first
model of oxidative folding has gained wide currency, Ron and
co-workers recently demonstrated that the Ero1−PDI pathway
appears to be nonessential in the mouse.9 This surprising
finding has stimulated a reconsideration of Ero1-independent
routes for disulfide bond generation in higher eukaryotes.9−12

The quiescin sulfhydryl oxidase (QSOX) family of
flavoproteins provides one potential alternative pathway.12−19

Unlike PDI-first mechanisms for oxidative folding, avian,
human, and protist QSOXs interact with unfolded protein
substrates directly (Figure 1A), oxidizing ∼2000 thiols/min
with Km values of ∼150 μM per thiol. In contrast to the Ero1
proteins, reduced PDI is not a significant substrate of QSOX.20

Hence, oxidant and isomerase functions can be segregated; the
initial oxidation is promoted by QSOX, leaving reduced PDI to
correct mispairings introduced by the oxidase.20 In vitro, this
QSOX−PDI system efficiently refolds reduced pancreatic
RNase (a four-disulfide protein with 105 disulfide isomers for
the fully oxidized protein) and the more complicated riboflavin

binding protein (nine native disulfides from more than 34
million disulfide isomers). Neither oxidized PDI nor gluta-
thione redox buffers are necessary for efficient folding in these
in vitro experiments.20

QSOX enzymes represent an ancient fusion between PDI-
like thioredoxin (Trx) domains and ERV-like oxidase
domains.13,15,21−23 QSOXs have an N-terminal Trx domain
resembling the a domain of yeast PDI1p.12 This domain
contains a CxxC motif which serves as the entry point for
reducing equivalents24 (Figure 1B). Metazoan QSOX sequen-
ces contain an additional redox-inactive PDI-like Trx
domain,22,24 which is largely, or completely, missing in plants,
algae, and protists.12,22 Following the Trx domain(s), QSOXs
contain two helix-rich domains. The domain closest to the C-
terminus houses FAD in redox communication with a second
CxxC motif (Figure 1B). This Erv-like domain is related to a
number of small, stand-alone, dimeric sulfhydryl oxidases
including yeast Erv1p and Erv2p, and mammalian
ALR.19,23,25−28 The central helix-rich domain13 represents a
second Erv-like domain which lacks both the bound flavin
cofactor and the juxtaposed CxxC motif.21 Thus, this
evolutionary fusion of Trx- and Erv-like domains allows
QSOX to efficiently couple the generation of protein disulfide
bonds with the reduction of molecular oxygen to hydrogen
peroxide.12,13,18
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The precise physiological roles of the QSOX enzymes remain
uncertain. Human QSOX1 is abundant in tissues with a heavy
secretory load15,22,29 and is highly up-regulated in prostate30,31

and pancreatic cancer.32,33 Immunohistochemistry showed that
QSOX1 is found in the ER,15,34 in the Golgi,15,34−36 at the cell
surface,37,38 and in the extracellular space.39−44 Of the two
splice variants, QSOX1a retains a C-terminal transmembrane
helix and may remain membrane associated, while the shorter
QSOX1b form transits the ER and at least some fraction is
secreted from cells. Bellen and co-workers suggested that one
of the four isoforms of Drosophila QSOX generates the majority
of the disulfides in the multiple EGF domains of the NOTCH
receptor.45 Chakravarthi et al. showed that a V5-tagged
HsQSOX1a long variant accumulated in the Golgi when
overexpressed in CHO cells.35 Furthermore, they suggested
that the predominant role of this long form is in late-stage
disulfide bond formation, possibly in the maturation of ECM
components and in the formation of higher order structures
between folded domains.35 Lake and co-workers also suggested
that QSOX can function extracellularly in the activation of
matrix metalloproteinases during pancreatic tumor cell
invasion.33

In light of these interesting recent studies, we explore the
reactivity of representative QSOX proteins (avian, human, and
trypanosomal) with model substrates to assess whether QSOX
can readily introduce intra- and intermolecular disulfide bonds
into well-folded protein substrates. Further, we investigate the
conditions that promote QSOX-mediated interprotein disulfide
bond formation. In addition to providing an enzymological
perspective to support ongoing investigation of the biological
roles of the QSOX family of oxidases, this work provides new
information concerning the likelihood of a binding site in
QSOX for unfolded client proteins.

■ MATERIALS AND METHODS
Materials and Reagents. A synthetic gene for 1C65-RNase

and primers for mutagenesis were ordered from Integrated
DNA Technologies. All bacterial culture media components
were from Fisher Scientific. PMSF was from Bethesda Research
Laboratories; thrombin was from Enzyme Research Laborato-

ries; Pefabloc SC was from Fluka; BLUEstain Protein Ladder
was from Goldbio; and IPTG and Broad Range Protein
Molecular Markers were from Promega. 4−20% precast linear
gradient polyacrylamide gels were from Bio-Rad; Benzamidine
Sepharose and PD-10 columns were from GE Healthcare;
Amicon Ultra centrifugal filter units were from Millipore; a
QuikChange Site-Directed Mutagenesis Kit was from Stra-
tagene; and ProBond Nickel-Chelating Resin was from
Invitrogen.

General Methods. Unless otherwise indicated, phosphate
buffer containing 50 mM potassium phosphate and 1 mM
EDTA adjusted to pH 7.5 was used for all experiments.
Proteins were concentrated using Amicon Ultra centrifugal
filter units. Visible and ultraviolet spectra were recorded on
Hewlett-Packard 8452A or 8453 diode-array spectrophotom-
eters. Steady-state and binding data were plotted and fit using
GraphPad Prism software as before.46 Experiments were
performed at least in duplicate. The solvent accessibilities of
cysteine residues were calculated using Naccess.47

Expression and Purification of QSOX. Avian QSOX was
a generous gift from Dr. Karen Hoober and was purified as
described earlier.48 Trypanosoma brucei QSOX (TbQSOX) was
obtained essentially as described previously,49 except that the
cells were grown to an A600 of 3 before induction. HsQSOX1
was obtained as in Heckler et al.50 with the following
modifications which lead to a 5-fold increase in yield. The
QSOX1 construct was transferred to a pET28-a plasmid.50

Following disruption of the Rosetta-gami 2(DE3) cells by
French press, the homogenate was briefly sonicated to shear
DNA. Washing steps using ProBond nickel chelating resin
(Invitrogen) additionally included 10 mM imidazole and were
adjusted to pH 7.5. The additional purification steps described
earlier,50 involving a second pass through Ni-NTA resin and a
cation exchange column, were omitted. Fractions containing
QSOX were concentrated by the addition of ammonium sulfate
to 75% saturation. The yellow pellet was redissolved in
phosphate buffer and dialyzed against the same buffer. Aliquots
(50 μL) of protein supplemented with 20% glycerol were snap
frozen in liquid nitrogen and stored at −80 °C.

Figure 1. Oxidative protein folding catalyzed by QSOX and PDI and the domain structure of a metazoan QSOX. Panel A shows the segregation of
roles between QSOX and reduced PDI. Panel B depicts the domain structure and flow of reducing equivalents in a metazoan QSOX. Reducing
equivalents are transferred from the unfolded protein substrate to the CIxxCII motif in the Trx domain,1 to the CIIIxxCIV motif in the Erv domain,2 to
flavin,3 and finally to molecular oxygen.4
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Initially, the avian QSOX was used for further character-
ization of the substrate specificity of the sulfhydryl oxidases
toward cytosolic proteins18 and for examination of the reactivity
of mutants of E. coli Trx carrying single surface-accessible
cysteine residues (see later). The subsequent availability of the
recombinant human QSOX150 allowed thermal denaturation
and multimerization studies to be performed with this enzyme.
The investigation of a protein binding site for QSOX enzymes
used both human (2-Trx) and trypanosomal (1-Trx) QSOXs.
Rapid reaction kinetic studies required substantial levels of site-
directed mutants and were performed with the more readily
available 1-Trx TbQSOX.
GST-Ubc4′ Expression. A pGEX-2T-Ubc4′ plasmid

(containing the P62S mutation of yeast Ubc4) in TOP10F′
cells was a generous gift from Dr. Kiran Madura, UMDNJ.
Protein was expressed in autoinduction medium (ref 51, LBE-
5052) containing 50 mg/L ampicillin and 12 mg/L tetracycline.
Cells were grown at 25 °C to an A600 of 8−10, harvested by
centrifugation, and stored at −20 °C.
GST-Ubc4′, Ubc4′, and GST Purification. The purifica-

tion of Ubc4′ was modified from a previous procedure.52

Bacterial pellets were resuspended with four volumes of buffer
containing 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.25 mM
DTT, 1 mM EDTA, 0.72 μg/mL Pefabloc SC, and 0.5 μg/mL
leupeptin. The suspension was passed through a French
pressure cell twice (at 10 000 psi) followed by 20 s sonication
to shear DNA. After centrifugation, the supernatant was added
to 2 mL of Glutathione Sepharose beads. The suspension was
rocked for 1 h at 4 °C, poured into a column, and washed with
three column volumes of 50 mM Tris-HCl, pH 7.5, containing
500 mM NaCl, 0.25 mM DTT, and 1 mM EDTA. The
protocols for the purification of GST-Ubc4′, Ubc4′, and GST
are described below.
To purify the GST-Ubc4′ construct, the column was

developed with 25 mL each of 10 and 20 mM GSH in 20
mM Tris-HCl buffer, pH 7.5, containing 1 mM EDTA and 150
mM NaCl. GST-Ubc4′ fractions were concentrated, washed
into phosphate buffer, and stored at −20 °C. To cleave the
GST fusion tag from Ubc4′, 2 mL of Glutathione Sepharose
beads (as above) was rocked for 6 h with 2 mL of 20 mM Tris-
HCl, pH 7.5, containing 150 mM NaCl, 1 mM EDTA, and 30
units of thrombin (Enzyme Research Laboratories). The flow-
through was collected, and the column was washed with a
second aliquot of the same buffer lacking thrombin. The
combined eluates were rocked for 5 min at 4 °C with 60 μL of
packed Benzamidine Sepharose (GE Healthcare) in a micro-
centrifuge tube. After 1 min centrifugation at 14000g, the
supernatant was removed and the procedure was repeated with
the remaining flow-through, using the same Benzamidine
Sepharose beads to minimize loss of Ubc4′ by nonspecific
binding. Pefabloc SC (0.08 μg/mL) was added to the combined
supernatants to inhibit any residual thrombin. The protein was
concentrated and stored in phosphate buffer at −20 °C. GST
was recovered from the Glutathione Sepharose column by
eluting with 20 mL of 20 mM GSH in phosphate buffer, pH
7.5. GST fractions were concentrated and desalted using a PD-
10 column equilibrated with phosphate buffer. Baseline
separation between GST and GSH was confirmed by testing
small aliquots of eluate with 5,5′-dithiobis(2-nitrobenzoate)
(DTNB).20 GST was stored at −20 °C.
Expression and Purification of Mutant RNases. A

synthetic gene, incorporating the N- and C-termini utilized by
Raines and colleagues,53 was designed to encode a septuple

cysteine to serine mutant of bovine RNase while retaining C65
(designated 1C65-RNase). The construct included an N-
terminal hexahistidine tag and a nucleotide sequence optimized
for expression in E. coli. Nucleotide and amino acid sequences
for 1C65-RNase are shown in Figure S1. The gene was
subcloned into a pET28-a vector using N-terminal NcoI and C-
terminal XhoI restriction sites and was expressed in BL21*-
(DE3) cells. A further C65S mutation of the septuple mutant
(designated 0C-RNase) was generated by QuikChange
(Stratagene) mutagenesis.
Cells were grown in LB medium supplemented with 15 μg/

mL kanamycin at 37 °C until an A600 of 0.6 was reached.
Protein expression was induced by the addition of 1 mM IPTG,
and cells were grown for an additional 3−5 h. Harvested cells
were resuspended in 50 mM phosphate buffer, pH 7.5,
containing 300 mM NaCl, 10 mM β-ME, 170 μg/mL PMSF,
0.72 μg/mL Pefabloc SC, and 0.5 μg/mL leupeptin. Following
French press and sonication steps, the lysate was made 6 M in
GnHCl, rocked for 20 min at 4 °C, and centrifuged at 14000g
for 30 min. The supernatant was added to nickel-chelating resin
(10 mL/per 1 mL of packed resin), rocked for 2 h at 4 °C, and
poured into a column. The resin was washed with 30 mL of 50
mM phosphate buffer, pH 7.5, containing 300 mM NaCl, 10
mM β-ME, and 6 M GnHCl. The column was developed with
50 mM phosphate buffer, pH 7.5, containing 10 mM β-ME and
increasing concentrations of imidazole (30 mL each of 50, 100,
and 200 mM imidazole and 20 mL each of 300 and 500 mM
imidazole). RNase emerged between 100 and 200 mM
imidazole. Fractions were pooled, concentrated, washed into
phosphate buffer, and stored at −20 °C (yield: ∼ 6 mg mutant
RNase/L).

Preparation of Dansyl- and TNB-Derivatives of 1C65-
RNase. The thawed RNase mutant protein was incubated at
500 μM with equimolar THP in 2 M GnHCl for 10 min (to
reduce any disulfide bonds formed during storage) before the
addition of 2 mM dansyl-maleimide. After 15 min, the mixture
was applied to a PD-10 column equilibrated with phosphate
buffer containing 2 M GnHCl, yielding Dansyl-1C65-RNase
devoid of free thiol groups. The corresponding TNB analogue
of 1C65-RNase was prepared by adding 2 mM DTNB to 150
μM of 1C-RNase pretreated with 300 μM THP. The product
was recovered from a PD-10 column as before.

Expression and Purification of Wild Type and Mutant
Thioredoxins. E. coli Trx was obtained from the pET32a-
TRXtag vector (Addgene54) and expressed in BL21(DE3)-
pLysS cells. Single cysteine mutants were obtained as before
and confirmed by sequencing. The following modifications
were made to Gross et al.55 Cells were grown in LB medium
containing 50 mg/L ampicillin and 34 mg/L chloramphenicol
and induced with 1.0 mM IPTG. Cell pellets were dissolved in
50 mM phosphate buffer, pH 7.5, containing 300 mM NaCl
and a protease inhibitor cocktail tablet (Complete, Mini, EDTA
free; Roche). The clarified lysate was made 1% in Triton X-100,
combined with nickel affinity resin, and rocked for 2 h at 4 °C.
The resin was washed with 50 mL of 50 mM phosphate buffer,
pH 7.5, containing 300 mM NaCl, 20 mM imidazole, and 10%
glycerol, followed by 20 mL of the same buffer lacking NaCl
and glycerol. Trx eluted from the column between 30 and 50
mM imidazole and was washed against phosphate buffer prior
to storage at −20 °C.

Preparation of Reduced and Oxidized Proteins.
HsPDI,20 wild type and mutant thioredoxins, GST, Ubc4′,
and GST-Ubc4′ were reduced before use by incubating each
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protein with a 10-fold molar excess of DTT over total thiols for
1 h at 25 °C. 1C65-RNase was reduced in the presence of 2 M
GnHCl. Excess reductant was removed using a PD-10 gel
filtration column equilibrated with phosphate buffer. In all
cases, quantitative separation of protein and reductant was
verified by sampling fractions with DTNB.20 The four disulfides
of wild type RNase A (Sigma) were reduced with DTT by
incubation for 1 h at 37 °C in the presence of 6 M GnHCl.
rRNase was desalted using a PD-10 column equilibrated with
0.1% acetic acid. Fractions containing rRNase were pooled,
lyophilized, and stored at −80 °C. Prior to use, reduced RNase
was dissolved in phosphate buffer and standardized for thiol
content using DTNB. Fully oxidized PDI was prepared by
incubating the protein, as purified, with 2 mM potassium
ferricyanide in phosphate buffer for 30 min at 25 °C, followed
by gel filtration on a PD-10 column.
Sulfhydryl Oxidase Activity Assays. Oxygen electrode

assays were performed as described previously56 using 5 mM
DTT and 50 nM QSOX. The QSOX-driven oxidation of
protein thiols was monitored discontinuously by quenching
aliquots of the reaction mixture into phosphate buffer
containing 1 mM DTNB and 6 M GnHCl. Thiols were
quantitated following the absorbance of the TNB anion at 412
nm. Substrate incubations were in phosphate buffer and
contained 10 nM bovine catalase to destroy liberated hydrogen
peroxide. Initial rates were evaluated after the addition of
QSOX.
Thermal Stability. The thermal stability of Ubc4′ was

measured using a JASCO J-810 circular dichroism spectrom-
eter. Far-UV (190−260 nm) CD spectra were collected in a 1
mm path length cell containing 6 μM protein and 100 μM
TCEP in 10 mM potassium phosphate buffer, pH 7.5,
containing 0.2 mM EDTA. A blank was run under identical
conditions in the absence of Ubc4′ and was subtracted from the
experimental spectra. Three scans were collected at 5 °C
increments with 5 min incubation periods at each temperature
from 10 to 70 °C (with two additional spectra recorded at 38
and 43 °C). Mean residue ellipticities (degrees cm2 dmol−1)
were calculated and plotted at 222 nm as a function of
temperature.
QSOX-Mediated Multimerization of Ubc4′. Ubc4′ was

added to a concentration of 10 μM in phosphate buffer at 50
°C containing 10 nM catalase and 0−1 μM HsQSOX.
Reactions were quenched with 4.3 mM NEM at 50 s, and
samples were analyzed by nonreducing SDS-PAGE on a 4−
20% gradient gel.
QSOX-Mediated Generation of Intermolecular Disul-

fides. 1C65-RNase (200 μM) was incubated in phosphate
buffer, 25 °C, containing 10 nM catalase and 500 nM HsQSOX.
Aliquots were removed as indicated, quenched into 5 mM N-
ethylmaleimide (NEM), and analyzed by nonreducing SDS-
PAGE.
Fluorescence Measurements. Oxidized PDI or TbQSOX

was added from concentrated stocks to Dansyl-1C65-RNase
(0.5 or 1 μM, respectively, in phosphate buffer, 25 °C).
Fluorescence emission was monitored using an Aminco
Bowman Series 2 luminescence spectrophotometer (λex =
327; λem = 547). For HsQSOX, 1 μM of the oxidase was
titrated with Dansyl-1C65-RNase and the fluorescence emission
compared to that of a control in the absence of QSOX.
Stopped-Flow Spectrophotometry. The CIIS mutant of

TbQSOX (10 μM in the syringe) was mixed in phosphate
buffer, 25 °C, with 28−114 μM of TNB-1C65-RNase using an

SF-61 DX2 double-mixing stopped-flow spectrophotometer
(Hi-Tech Scientific). Absorbance values at 412 nm were
collected in monochromator mode and analyzed using the
KinetAsyst 3 software.

■ RESULTS AND DISCUSSION
Folded Proteins Are Poor Substrates of QSOX. Typical

cytosolic proteins from metazoans contain about 1.5% cysteine
residues with a range of solvent accessibilities from completely
buried to those that lie at the surface. Such proteins do not
contain disulfide bonds under normal conditions, and their
native folds are not stabilized by these cross-links. While these
proteins represent nonphysiological partners of an enzyme that
is located within the secretory apparatus or released into the
ECM, they present their complement of thiols in a structured
environment and provide a tractable experimental model to
evaluate the role of substrate flexibility in QSOX activity. In the
first part of this work we will examine the reactivity of avian
QSOX toward these folded proteins and evaluate their
reactivity as the fold is destabilized with chaotrophs. Such
experiments cannot be conducted with secreted proteins,
whose disulfides are reduced prior to analysis, because the
proteins largely or completely unfold following removal of their
disulfide bridges. For example, reduction of the four disulfide
bonds in RNase A generates a protein which is substantially
unstructured in the absence of denaturant.57−59 Consequently,
the eight cysteine residues of rRNase are solvent accessible and
react fully with 0.5 mM DTNB in less than 100 ms.46

Figure 2 shows that while several of the eight cysteine
residues of class I aldolase are solvent accessible,60,61 they are

largely unreactive toward avian QSOX. However, thiol
oxidation is markedly accelerated when aldolase and QSOX
are exposed to increasing concentrations of urea. For
perspective, we confirmed that avian QSOX retains from 40
to 60% activity in 5 M urea when assayed using the low
molecular weight substrate DTT and the model protein rRNase
(Figure S2). A previous report18 showed that several denatured

Figure 2. QSOX reactivity toward class I aldolase as a function of urea
concentration. The thiol titer of aldolase (80 μM protein thiols in
phosphate buffer; set to 100%) was measured discontinuously (see
Materials and Methods) at the indicated times in the presence of 100
nM avian QSOX, supplemented with 0, 2, 3, 4, and 5 M urea. The
control incubations following aldolase thiols in the absence of QSOX
(open circles) showed no significant oxidation up to 15 min. Here,
each control time point represents an average over five urea
concentrations.
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cytosolic proteins became oxidizable substrates of avian QSOX,
and we confirm these earlier findings with adenylosuccinate
lyase, alcohol dehydrogenase, lactate dehydrogenase, and
pyruvate kinase (Table S1). In sum, structured thiol-containing
proteins generally appear to be poor substrates of QSOX.
Thermal Denaturation of Ubc4′ Modulates QSOX

Reactivity. As an alternative strategy to disrupting proteins
with chaotropes, we explored the reactivity of QSOX toward a
model protein substrate that can be reversibly unfolded with
increasing temperature.52 For these experiments, we utilized
Ubc4, one of several small ubiquitin-conjugating enzymes from
the cytosol of Saccharomyces cerevisiae.62,63 A P62S mutation of
the protein (here abbreviated Ubc4′) lowered the melting
temperature from 55.9 to 40.5 °C.52 This latter value lies well
within the range of QSOX thermal stability (see later).
Figure 3 shows that folded Ubc4′ is an undetectable substrate

of HsQSOX from 10 to 30 °C, although 2 of its 3 cysteine

residues are appreciably solvent accessible (26 and 55%
exposed; Table S2, see Materials and Methods). However,
Ubc4′ is significantly oxidized above 35 °C, with a striking
transition that closely tracks the cooperative unfolding
evaluated by circular dichroism (Figure 3). The midpoint of
both curves is 43 °C, in reasonable agreement with the thermal
stability reported earlier.52 However, when Ubc4′ is replaced by
rRNase, a protein that is largely a random coil at room
temperature,57−59 a monotonic increase in activity with
temperature is encountered (Figure S3). Thus, Ubc4′ only
becomes a significant substrate of QSOX when unfolded.
The GST-Ubc4′ fusion protein used in the preparation of

Ubc4′ (see Materials and Methods) contains a total of seven
cysteine residues, and it was thus of interest to probe the
reactivity of the larger protein toward QSOX. For perspective,
we first examined the behavior of GST itself. The four cysteine
residues of GST are solvent accessible by both experiment64

and computation (Table S2). This exposure was reported to
rationalize the propensity of the protein to form disulfide
bridged aggregates which retain comparable enzymatic activity
to the monomeric protein.64 Despite the evident exposure of

these surface thiols, HsQSOX shows undetectable reactivity
toward GST at 25 °C (data not shown). However, at 50 °C
there is a slow decline of thiol titer over the corresponding
temperature-matched control in the absence of QSOX (Figure
4) as the thermal transition for unfolding GST is approached.64

In the context of the GST-Ubc4′ fusion protein, a rapid
oxidation of the three cysteine residues of Ubc4′ is observed at
50 °C, followed by a very slow loss of the remaining four
cysteines (compared to the behavior of GST alone; Figure 4).
These data demonstrate that QSOX can differentiate between
groups of thiols residing in domains of differing conformational
stability.

QSOX Generates Interprotein Disulfides in Unstruc-
tured Substrates. The quantitative oxidation of an odd
number of cysteine residues in the Ubc4′ domain argues for the
formation of one or more interprotein disulfide linkages.
Accordingly, Ubc4′ was incubated at 50 °C with increasing
concentrations of HsQSOX, and the products were sampled by
nonreducing PAGE after quenching with excess NEM (see
Materials and Methods). Figure 5 shows the progressive
appearance of dimers and higher-order multimeric structures of
Ubc4′ with increasing QSOX concentrations. At higher oxidase
concentrations a significant portion of Ubc4′ did not enter
these nonreducing gels, suggesting the formation of large
aggregates (data not shown).
Two routes can be envisaged for the covalent association of

flexible polypeptide chains containing multiple cysteine
residues. In the first, QSOX could drive intramolecular disulfide
bond formation, and a subsequent interprotein disulfide
exchange would generate the protein cross-links nonenzymati-
cally (depicted in Figure S4). A contribution from this pathway
appears highly likely given the general promiscuity of thiol−
disulfide exchange reactions between conformationally mobile
participants. A second potential route to multimerization would
involve a direct intermolecular QSOX-mediated cross-linking
between separate chains or assemblies (Figure S4). To
unambiguously test the ability of QSOX to catalyze direct
intermolecular protein disulfide formation, we sought a
substrate that was extensively unfolded at ambient temperatures

Figure 3. Ubc4′ becomes a substrate of HsQSOX upon thermal
unfolding. The thermal denaturation profile for Ubc4′ was monitored
by circular dichroism at 222 nm (squares, see Materials and Methods)
and the change normalized as shown. Initial rates for Ubc4′ oxidation
were established at the indicated temperatures using a discontinuous
assay (circles; see Materials and Methods). Control experiments
omitting QSOX were performed at each temperature and were
subtracted from each reaction. Enzymatic activity was normalized to
1.0 at 60 °C as shown.

Figure 4. QSOX can preferentially oxidize Ubc4′ thiols in a GST-
Ubc4′ fusion protein. The fusion protein (10 μM; 7 total thiols) was
incubated in phosphate buffer at 50 °C in the absence and presence of
100 nM HsQSOX (solid diamonds and triangles, respectively). Open
circles and squares represent the corresponding incubation of GST (10
μM; 4 thiols) with and without QSOX, respectively.
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and contained a single cysteine residue. The tractability of
reduced RNase in a range of experimental approaches led us to
the use of a synthetic gene to express a mutant RNase protein,
which carried only one of the eight cysteine residues in the wild
type protein (see Materials and Methods). In 1C65-RNase,
seven cysteine residues (at positions 26, 40, 58, 72, 84, 95, and
110) were replaced with serine, leaving the remaining cysteine
(C65) intact at approximately the middle of the protein. This
septuple mutant was conveniently expressed in E. coli and
purified using an N-terminal His-tag. The construct showed the
expected single cysteine by DTNB analysis. Further, 1C65-
RNase proved a substrate of HsQSOX and yielded the
corresponding disulfide-bridged dimer (Figure 6). These data
clearly demonstrate that QSOX can generate interprotein
disulfides directly, at least when the participants are flexible.
QSOX Does Not Readily Generate Interprotein

Disulfides between Two Well-Folded Model Proteins.
We have already shown that QSOX does not readily oxidize the
surface-accessible thiols of GST to yield non-native disulfides at
temperatures below the thermal transition for denaturation of
this common fusion tag (Figure 4). To complement these data,
we wanted a robust, small protein with a single solvent-
accessible cysteine residue. We chose E. coli Trx65 because it
remains very stable after removal of the catalytically active
C32−C35 disulfide bond.66 Several single cysteine mutants of
E. coli Trx were prepared (see Materials and Methods and
Table S3). The first (C35A) retains the nucleophilic and
surface-accessible C32.65 For the remaining mutants, both
native cysteines were removed and single surface-accessible
cysteine residues were introduced at positions D10, R73, and
N83. Although DTNB reacted readily with these single cysteine
variants (not shown), all four proteins (at 200 μM) showed
negligible activity with avian QSOX (Table S3). Hence, in the
examples examined, QSOX exhibits a very low propensity to
couple folded/structured proteins via their surface accessible
cysteine side chains. Finally, the inclusion of 3.5 mM reduced

glutathione did not significantly increase QSOX-mediated
oxidation of these thioredoxin single cysteine mutants (data
not shown).

QSOX Lacks a Significant Binding Site for Unfolded
Protein Substrates. The experiments presented earlier
demonstrate that QSOX is a facile catalyst toward a range of
unfolded substrates but exhibits very low activity with well-
ordered substrates. One possible explanation is that only
unfolded substrates can productively access a binding site on
QSOX prior to transferring reducing equivalents to the enzyme
(Figure 1B). Three approaches were utilized to evaluate this
aspect of QSOX catalysis.
The first set of experiments utilized steady-state kinetics.

HsQSOX contains two Trx domains at its N-terminus (Figure
1B), whereas that from T. brucei retains only the redox-active
Trx domain essential for QSOX’s ability to oxidize protein
substrates.12,13,24,49 If either QSOX has a significant binding site
for a protein substrate, a non-cysteine-containing version of the
same protein should act as a competitive inhibitor of disulfide
bond generation. We used native 8-thiol rRNase as the
substrate and tested an octuple cysteine to serine variant
(0C-RNase, see Materials and Methods) as the potential
inhibitor with both human and parasite oxidases. At protein
substrate concentrations set to their corresponding Km values
(40 and 45 μM for human and trypanosome QSOX,
respectively49,50), no significant inhibition of enzyme activity
was observed with up to 5-fold higher concentrations of 0C-
RNase (Table S4). Since both substrate and putative
competitor represent almost identical protein sequences,
these data do not support the presence of a significant binding
site for rRNase on either of these diverse QSOXs.
A second approach comes from static fluorescence measure-

ments. For these experiments we labeled RNase carrying a
single cysteine with a maleimide fluorophore to obtain Dansyl-
1C65-RNase (see Materials and Methods). PDI was used as a
positive control for these experiments because this foldase has
been shown to bind a range of peptides and proteins.8,67 The
addition of aliquots of a concentrated solution of PDI to
Dansyl-1C65-RNase gave the increase in fluorescence shown in
Figure 7. These data were fit to a dissociation constant of 3.9 ±
0.4 μM. In contrast, comparable experiments replacing PDI

Figure 5. QSOX-mediated multimerization of Ubc4′. Ubc4′ (16.4
kDa) was incubated at 50 °C with the indicated concentrations of
HsQSOX. Samples were withdrawn at 50 s, immediately quenched
with NEM, and diluted into nonreducing buffer for analysis by SDS-
PAGE. Disulfide-linkage isomers are evident in monomer and
multimer bands.

Figure 6. Dimerization of single-cysteine RNase by QSOX. 1C65-
RNase (200 μM) was incubated in phosphate buffer at 25 °C with
(triangles) or without (circles) 500 nM HsQSOX. Samples were
withdrawn for measurement of thiol titer and for analysis by
nonreducing SDS-PAGE after quenching residual free thiols using
NEM (see Materials and Methods and inset to the main figure).
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with TbQSOX showed an insignificant change of fluorescence
(Figure 7). The tendency of the human QSOX to aggregate at
high protein concentrations50 precluded using HsQSOX as a
titrant; however, experiments in which the order of addition
was reversed again provided no evidence for a significant
change in fluorescence attributable to complexation (Figure
S5).
The final line of evidence comes from rapid reaction

experiments. The kinetic mechanism of both a metazoan 2-
Trx QSOX50,68 and the parasite 1-Trx QSOX49 involves an
internal redox reaction between the Trx and Erv domains (e.g.,
step 2 in Figure 1B). As the concentration of thiol substrates is
raised, this internal step eventually becomes rate-limiting,
leading to the saturation observed in steady-state kinetics.49,68

For this reason, the limiting rate observed with increasing
concentrations of protein substrates49 may not reflect the
presence of a corresponding binding site on QSOX. To model
the first encounter between a protein substrate and QSOX, we
adopted the approach shown in Figure 8A. In terms of QSOX,
we retained the nucleophilic exchange thiol (CI; Figure 1B)
within the Trx domain of TbQSOX but mutated its partner
(CIIS) to prevent subsequent transfer of reducing equivalents to
the Erv domain. As would be expected, this CIIS mutant
enzyme is essentially inactive with rRNase because the protein
substrate cannot directly access the CIII−CIV disulfide of the Erv
domain.49 For the surrogate protein substrate we chose 1C65-
RNase derivatized so that its sole cysteine residue is activated
by treatment with DTNB (yielding TNB-1C65-RNase). The
Trx thiolate can then capture the substrate-TNB derivative with
the formation of a mixed disulfide bond (Figure 8A). The
generation of a QSOX-RNase mixed disulfide was confirmed by
nonreducing SDS-PAGE experiments (not shown). When
excess TNB-RNase was used, release of the chromophoric TNB
fragment could be fit to a single exponential whose apparent
rate constants varied linearly with TNB-1C65-RNase concen-
tration (Figure 8B), giving a corresponding bimolecular rate
constant of 2.5 × 104 M−1 s−1. The absence of evidence for
saturation under these conditions is again inconsistent with the

presence of a strong binding site for unfolded protein
substrates.

Steric Requirements for Disulfide Exchange Reac-
tions. The data presented here argue that structural rigidity of
protein thiols is a general impediment to their facile oxidation
by QSOX enzymes. A rationalization for these observations is
based on the relatively stringent steric requirements for
disulfide exchange reactions (Figure 9); the attacking thiolate
and the two sulfur atoms of the recipient disulfide bond should
be collinear.13,69−71 The redox-active Trx domain of QSOX
shows notable sequence similarity to yeast PDI1p.12,49,50 Like
multiple other Trx superfamily members, the CI sulfur is
solvent accessible, and the CII sulfur lies buried toward the
interior of the domain. In Figure 9, the nucleophilic sulfur atom
of the substrate (CN) approaches in line with the CI−CII

disulfide of QSOX. The stability of this (CN−CI) mixed
disulfide will reflect, in part, the degree to which it can be
accommodated sterically against the surface of the QSOX-Trx
domain. In step B, a flexible substrate would allow the sulfur
atom of the resolving cysteine residue (CR) to approach along
the CN−CI axis, leading to product formation (step C). This
aspect is likely to provide much of the substrate selectivity
exerted by QSOX family members. If the required colinearity
cannot be achieved, then product formation will be disfavored.
The inability of QSOX to couple surface thiols from two
structured proteins (such as those used in the Trx experiments
described above) likely reflects the acute steric difficulties
associated with resolving the CN−CI mixed disulfide with an
incoming thiolate contributed by a second protein. Such steric
restraints would be less serious when both protein substrates
are flexible, as demonstrated by the QSOX-mediated
dimerization of the 1C-RNase described earlier.

Figure 7. Interaction between Dansyl-1C65-RNase and PDI or
TbQSOX. Dansyl-1C65-RNase (0.5 μM in phosphate buffer) was
titrated with the concentrations of oxidized PDI shown (open circles;
see the text), and the increase in dansyl fluorescence was fit to a Kd
value of 3.9 ± 0.4 μM (see Materials and Methods). A comparable
titration with 1 μM Dansyl-RNase was conducted with TbQSOX
(closed diamonds) and shows a negligible change of fluorescence.

Figure 8. Reactivity of TNB-1C65-RNase toward the CIIS mutant of
TbQSOX. Panel A depicts the reaction between TNB-activated 1C-
RNase and the Trx domain of TbQSOX in which CII was mutated to
serine. Formation of the mixed disulfide generates the TNB thiolate
(absorbing at 412 nm). Panel B plots the pseudo-first-order rate
constants of TNB release from 5 μM of the CIIS mutant of TbQSOX
as a function of the concentration of 1C65-RNase.
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■ CONCLUSIONS
Currently, quiescin sulfhydryl oxidases are the most proficient
catalysts known for the de novo insertion of protein disulfide
bonds.12,13 While the work described here has emphasized the
role flexibility plays in accelerating protein disulfide bond
formation, this does not preclude the existence of predom-
inantly structured protein substrates of QSOX. In these cases,
resolution of the mixed disulfide intermediate would require
either preplacement of the resolving cysteine sulfur behind a
surface-accessible CN sulfur or the ability of CR to attain that
geometry following a conformational change between struc-
tured elements of the protein. We further demonstrate that
QSOX can directly generate interchain disulfide bonds between
predominantly unstructured polypeptide chains and discuss
steric factors likely to prevent a comparable coupling between
thiols on the surface of well-folded proteins. The extent to
which these factors impact the behavior of QSOX isoforms as
they traverse the secretory pathway and enter the extracellular
matrix remains to be established. In sum, this work provides
mechanistic context for ongoing studies of the physiological
roles of these versatile and widely distributed catalysts of
disulfide bond generation in higher eukaryotes.12,13,19,22,29,38
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