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ABSTRACT: Quiescin sulfhydryl oxidase (QSOX) flavoenzymes catalyze the direct, facile, insertion of disulfide
bonds into reduced unfolded proteins with the reduction of oxygen to hydrogen peroxide. To date, only
QSOXs from vertebrates have been characterized enzymatically. These metazoan sulfhydryl oxidases have
four recognizable domains: a redox-active thioredoxin (Trx) domain containing the first of three CxxCmotifs
(CI-CII), a second Trx domain with no obvious redox-active disulfide, a helix-rich domain, and then an Erv/
ALR domain. This last domain contains the FADmoiety, a proximal CIII-CIV disulfide, and a third CxxC of
unknown function (CV-CVI). Plant and protist QSOXs lack the second Trx domain but otherwise appear to
contain the same complement of redox centers. This work presents the first characterization of a single-Trx
QSOX. Trypanosoma bruceiQSOXwas expressed in Escherichia coli using a synthetic gene and found to be a
stable, monomeric, FAD-containing protein. Although evidently lacking an entire domain, TbQSOX shows
catalytic activity and substrate specificity similar to the vertebrate QSOXs examined previously. Unfolded
reduced proteins are more than 200-fold more effective substrates on a per thiol basis than glutathione and
some 10-fold better than the parasite bisglutathione analogue, trypanothione. These data are consistent with a
role for the protist QSOX in oxidative protein folding. Site-directed mutagenesis of each of the six cysteine
residues (to serines) shows that the CxxCmotif in the single-Trx domain is crucial for efficient catalysis of the
oxidation of both reduced RNase and the model substrate dithiothreitol. As expected, the proximal disulfide
CIII-CIV, which interacts with the flavin, is catalytically crucial. However, as observed with human QSOX1,
the third CxxC motif shows no obvious catalytic role during the in vitro oxidation of reduced RNase or
dithiothreitol. Pre-steady-state kinetics demonstrates that turnover inTbQSOX is limited by an internal redox
step leading to 2-electron reduction of the FAD cofactor. In sum, the single-Trx domain QSOX studied here
shows a striking similarity in enzymatic behavior to its double-Trx metazoan counterparts.

The quiescin sulfhydryl oxidase (QSOX)1 family of enzymes
catalyze the net generation of disulfide bonds with reduction of
oxygen to hydrogen peroxide (1-4):

2R-SHþO2 f R-S-S-RþH2O2

Reduced unfolded proteins are excellent substrates of these multi-
domain flavin-dependent oxidases, suggesting that they contribute
to the net generation of disulfide bonds during oxidative protein
folding. QSOXs are found in the genomes of almost all eukaryotes,
with the notable exception of the fungi (2-4). However, all of our
current insights into the substrate specificity and the mechanism of
these oxidases have come from study of metazoan QSOXs: first
from murine seminal vesicles (5, 6), then from egg white (7, 8) and

bovine milk (9), and, most recently, from a human recombinant
enzyme expressed in Escherichia coli (10).

The domain organization of a metazoan QSOX is shown in
Figure 1A. These enzymes have two N-terminal thioredoxin
domains (Trx1 and Trx2) joined to a C-terminal Erv/ALR
domain by a helix-rich region (HRR) (1, 3, 4, 10, 11). A
transmembrane helix is found at the C-terminus of most QSOX
sequences, although alternately spliced transcripts lacking this
feature have been identified (1, 4). Collectively, the Trx1 andTrx2
domains are similar to a and b domains of the protein disulfide
isomerase (PDI) (12-15), with only the first containing a redox-
active CxxC motif. Following the second thioredoxin domain in
metazoan QSOXs is the HRR domain: an apparently unique
feature of these oxidases. The Erv/ALR domain was first
described as a yeast growth factor, essential for respiration and
viability (Erv1) (16), and later found to be a small stand-alone
flavin-linked sulfhydryl oxidase (17). Crystal structures of yeast
Erv2 (18), rat augmenter of liver regeneration (ALR) (19), and
other Erv/ALR family members (18, 20-22) show that the flavin
ring is bound at the mouth of a compact four-helix bundle.
Additionally, the Erv/ALR domain houses a second redox
center: a proximal CxxC disulfide that relays reducing equi-
valents from dithiol substrates, or from distal dithiol motifs, to
the isoalloxazine ring. While the roles of thioredoxin and
proximal disulfides in QSOX catalysis are established (10), there
is a third CxxCmotif of unknown function that is also conserved
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in all QSOX sequences available to date (1, 10). It lies at the
C-terminus of the Erv/ALR domain and is not catalytically
essential for the in vitro oxidation of DTT or reduced RNase
(rRNase) by the recombinant human QSOX1 (10). It might play
a role in the regulation of catalytic activity (10).

Plant and protist QSOXs lack all, or parts, of the second
thioredoxin domain found in their metazoan counterparts
(Figure 1B) (1, 3, 4). Since all of our current insights into the
QSOX family have come from oxidases with two thioredoxin
domains, we wanted to investigate a representative example of a
structurally simpler QSOX. We chose the enzyme from Trypa-
nosoma brucei, a protozoan pathogen (family Trypanosomatidae,
order Kinetoplastida) that causes African sleeping sickness. In its
predominant blood-stream phase, the parasite counters the
host immune response with the help of a monolayer of variable
surface glycoproteins (VSG) anchored to the outer leaflet of the
plasmamembrane by a glycosylphosphatidylinositol moiety (23).
Although this coating is highly immunogenic, at each division
cycle a proportion of the daughter cells change their VSG coat
and thus evade detection by the human immune system. These
highly variable VSGs do however contain multiple conserved
disulfide bonds (24-28), and hence the ability of the parasite to

generate these structural disulfides would be expected to be
important for pathogenicity.

Trypanosoma are known to have an unusual redox biology, in
which a bisglutathione derivative, trypanothione, plays a major
role (29, 30). However, we know very little about the ways these
parasites catalyze the net generation of disulfide bridges during
oxidative protein folding. Three flavin-linked sulfhydryl oxidases
can be identified from theT. brucei genome. One is homologous to
yeast Ero1p and itsmetazoan counterparts; these flavoproteins are
resident in the endoplasmic reticulum and are thought to play
significant roles in disulfide bond generation (31-35). A second,
TbALR, is the counterpart of yeast Erv1p and human ALR and
hence would be expected to support oxidative protein folding in
the mitochondrial intermembrane space (36-39). The third is a
QSOX sequence of the type discussed above with three, not four,
recognizable domains.

As part of our effort to understand catalytic strategies in the
QSOX family of proteins, we report the first enzymatic charac-
terization of a protist QSOX. The protein was expressed using a
synthetic gene, and its behavior was analyzed by a range of static
methods, together with steady-state and rapid-reaction studies.
These approaches reveal striking commonalities of behavior
between these evolutionarily distant and structurally diverse
representatives of the QSOX family.

EXPERIMENTAL PROCEDURES

Materials. Chemical reagents were obtained as described
previously (40). Primers for subcloning of all constructs and for
mutagenesis were from Integrated DNA Technologies. Protein
and DNAmolecular mass standards and all of the enzymes used
for subcloning were from Promega. All bacterial culture media
components were from Fisher Scientific.
TbQSOX Constructs. A synthetic gene encoding TbQSOX

protein (NCBIAccessionNumber XP_845306) codon-optimized
for expression in E. coli was designed using Gene Designer
software (DNA 2.0, www.dna20.com) and was obtained from
DNA 2.0 in a pJ201 vector (see Supporting Information,
Figure S1). All protein expression constructs were then obtained
by subcloning the desired region into a pET-28a(þ) vector
(Novagen) using appropriate PCR primers (Supporting Infor-
mation, Table S1). DNA sequences of all of the inserts were
confirmed by sequencing to ensure in-frame ligation and the
absence of unwantedmutations. Specific cysteinemutations were
introduced by using the QuikChange site-directed mutagenesis
kit (Stratagene) with the primers shown in Table S1. All mutant
constructs were also sequenced to verify mutations.
Expression of TbQSOX Constructs and Mutants. Full-

length TbQSOX constructs started at either amino acid residues
S20 orG32 and ended at G485. Initial attempts at expression and
purification from E. coli BL21 Star (DE3) (Invitrogen) cells
induced at either 15 or 37 �C were unsuccessful. However, a full-
length construct starting at residue S20 was expressed in a soluble
form in E. coli Origami2 (DE3) (Novagen) cells. Thereafter, all
TbQSOXconstructs were expressed in this strain. Starter cultures
were grown overnight at 37 �C in LB broth containing 15 μg/mL
kanamycin and 12.5 μg/mL tetracycline. A 5 mL volume of
starter culture was used to inoculate 500 mL of Terrific broth
containing the same levels of antibiotics, and the media were
incubated at 37 �C until an absorbance of 0.8-1.0 at 600 nm was
reached. Protein expression was induced with 0.5 mM IPTG at
15 �C for 24 h. Cells were then harvested by centrifugation at
5000g at 4 �C and stored at -20 �C.

FIGURE 1: Domain organization of human and trypanosomal QSOX
proteins and amino acid sequence of TbQSOX. Panels A and B show
thedomain organizationof humanand trypanosomalQSOXproteins,
respectively. CxxC motifs are shown as red bars, labeled as pre-
viously (10) and using the modified nomenclature implemented in this
work. The flavin ring system of FAD is shown above the Erv/ALR
label. Panel C represents the amino acid sequence (NCBI Accession
Number XP_845306) and predicted secondary structure of TbQSOX.
The predicted signal sequence is underlined. Trx, HRR, and Erv/ALR
domains are highlighted in blue, orange, and yellow, respectively. A
predicted transmembrane region is highlighted in pink. CxxC motifs
are highlighted in red and underlined in boldface. The remaining
cysteine residues are shown against a gray background.



Article Biochemistry, Vol. 49, No. 9, 2010 2077

Purification of TbQSOX Constructs and Mutants. Cell
pellets from 2 L of culture were resuspended in 20 mL of 50 mM
potassium phosphate buffer, pH 7.5, containing 300 mM NaCl,
100 μMFAD, and two tablets of protease inhibitor cocktail for His-
tagged proteins (Complete, Mini, EDTA free; Roche). Cells were
lysed by two passages through aFrench press (at 10000 psi) followed
by brief sonication to shear DNA. The resulting lysate was centri-
fuged at 17000g for 30 min at 4 �C. The supernatant was carefully
removed and added to Pro Bond Ni-NTA resin (Invitrogen)
previously equilibrated in 50mMphosphate buffer, pH 7.5, contain-
ing 300 mM NaCl. The suspension was rocked at 4 �C for 3 h and
poured into an empty column. Flow-through was collected for
further analysis, and the column was washed with four column
volumes of 50 mM phosphate buffer, pH 7.5, containing 300 mM
NaCl followed by four column volumes of 50mMphosphate buffer,
pH 6.0. Protein bound to the resin was eluted using a gradient of
imidazole in 50 mM phosphate buffer, pH 6.0, and collected in
1.5mLaliquots. Fractions containingTbQSOXenzymewere pooled
and further purified using hydrophobic interaction chromatography.
Here, ammonium sulfate was added to 40% saturation at 4 �C and
the solution clarified by centrifugation at 17000g for 30 min. The
supernatant was then loaded onto a butyl-Sepharose column (6 �
2 cm) previously equilibrated with 50mMphosphate buffer, pH 7.5,
containing40%saturatedammoniumsulfate and1mMEDTA.The
columnwaswashedwith three columnvolumesof 50mMphosphate
buffer, pH 7.5, containing 40% saturated ammonium sulfate and
1 mM EDTA. TbQSOX was eluted with a decreasing gradient of
ammonium sulfate. Fractions (5 mL) were pooled and concentrated
using Amicon Ultra centrifugal filter devices (Millipore).
UV/Vis Spectroscopy, Determination of Extinction

Coefficients, and Thiol Titers. All absorption spectra were
collected on an Agilent 8453 UV/vis spectrophotometer, and the
data were analyzed using the ChemStation software (Agilent
Technologies). Extinction coefficients for the bound flavin of
wild-type TbQSOX and the shorter HRR-Erv construct (12250
and 12300M-1 cm-1, respectively) were determined as described
earlier (10). Thiol titer of full-lengthTbQSOXwas determined by
following the reaction of the native and SDS-denatured enzyme
with 0.5 mM DTNB (10).
rRNase Assays. RNase was reduced for 2 h at 37 �C in

50 mM phosphate buffer, pH 7.5, containing 1 mM EDTA, a
10-fold excess of DTT over total thiols, and 6 M GdnHCl. The
mixture (0.6 mL) was applied to a PD10 column (Amersham
Biosciences) equilibrated with 10 mM sodium acetate, pH 4.0,
giving a baseline separation between rRNase and excess DTT.
Thiol titer confirmed complete reduction, and the resulting protein
was stored under anaerobic conditions at 4 �C (10). rRNase assays
were performed as described earlier (10). Briefly, 50 nM TbQSOX
was added to a 300 μL reaction containing varying amounts of
rRNase in 50 mM phosphate buffer, pH 7.5, containing 1 mM
EDTA at 25 �C. Aliquots (20 μL) of the reaction mixture were
transferred into 0.5 mMDTNB in phosphate buffer, pH 7.5, and
thiol titer was monitored at 412 nm. Control reactions were run
under identical conditions in the absence of TbQSOX.
Reduced Riboflavin Binding Protein Assays. Chicken

riboflavin binding protein (a gift from Dr. Harold B. White
III, University of Delaware) was reduced for 3 h at 37 �C in
50 mM phosphate buffer, pH 7.5, containing 1 mM EDTA, a
10-fold excess of DTT over total thiols, and 6 M GdnHCl.
Reduced protein was purified using a PD10 column equilibrated
at 4 �C with 10 mM sodium acetate buffer at pH 5.0 containing
1mMEDTAand1MGdnHCl.The thiol content of reducedRfBP

was measured using DTNB to confirm complete reduction, and
rRfBPwas storedunder anaerobic conditions at 4 �C. rRfBPassays
were performed essentially as above by adding 125 nMTbQSOX to
a 300 μL reaction containing varying amounts of reduced protein in
phosphate buffer containing 1mMEDTAat pH7.5 at 25 �C.Thiol
titers were measured using DTNB to allow calculation of rate of
thiol oxidation and of enzymatic turnover numbers.
Trypanothione Assays. A solution of 14 mg/mL oxidized

trypanothione (Bachem) in 50 mM phosphate buffer at pH 7.5
containing 1 mM EDTA was incubated with an equal amount of
immobilized TCEP disulfide reducing gel (Pierce) for 90 min.
Reduced trypanothione was separated from the matrix by centri-
fugation, and its thiol titer wasmeasured by treatment withDTNB.
Trypanothione assays were performed at 25 �C in a 150 μL reaction
volume containing 2.5, 5, or 10 mM reduced trypanothione in
phosphate buffer, pH 7.5, containing 1mMEDTA.Reactionswere
started by the addition of 1 μM TbQSOX and followed by thiol
titers as above. Control incubations lacked enzyme.
Oxygen Electrode Assays. Catalytic activities of all

TbQSOX constructs were determined using DTT and GSH by
using a Clark-type oxygen electrode as described previously (7).
DTT and GSH were prepared in 50 mM phosphate buffer,
containing 1 mM EDTA. Solutions were readjusted to pH 7.5 as
necessary and standardized using DTNB before use.
pH Dependence of Turnover with DTT and rRNase. The

following 50 mM buffers containing 1 mM EDTA were used:
sodium acetate, potassiumphosphate, Tris-HCl, andCAPS,with
either 5 mMDTTor 30 μMrRNase. Assays were initiated by the
addition of 50 nMTbQSOX, using the oxygen electrode for DTT
and discontinuous thiol titer measurements for rRNase.
Dithionite Titrations. Dithionite titrations were conducted

under anaerobic conditions as before (7).
Stopped-Flow Spectrophotometry. Data were collected

using an SF-61 DX2 double mixing stopped-flow system
(Hi-Tech Instruments) at 25 �C in either diode-array or mono-
chromator modes and analyzed by their KinetAsyst 3 software.
For experiments under aerobic conditions, TbQSOX and DTT
were prepared in air-saturated 50 mM phosphate buffer, pH 7.5,
containing 1 mM EDTA at 25 �C. rRNase was prepared as
described earlier. For experiments under anaerobic conditions,
wild-type ormutantTbQSOXproteins were added to tonometers
containing phosphate buffer, pH 7.5, with 1 mM EDTA, 5 mM
glucose, 5 nM glucose oxidase, and 1 nM catalase. Separate
tonometers contained DTT in the same buffer. The tonometers
were made thoroughly anaerobic by rocking for 20 min using
alternate cycles of vacuum and flushing with nitrogen. For
experiments to determine reactivity toward oxygen, the CIS
TbQSOX mutant dissolved in phosphate buffer was made
anaerobic as before, except that 1 nM glucose oxidase was used.
The mutant enzyme was then reduced by the addition of
2-electron equivalents from a standardized solution of dithionite.
Sequence Analyses. The signalP server was used to predict

signal sequence in TbQSOX (41). The transmembrane helix and
the topology of the protein were predicted by the TMHMM
server (41). Secondary structure predictions for all proteins were
obtained by submitting sequences to PSIPRED (42). Protein
sequence alignments were obtained using ClustalW (43).

RESULTS AND DISCUSSION

TbQSOX Gene and Protein. The single T. brucei QSOX
gene is located on chromosome 6 between a cluster of snoRNA
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genes and a diacylglycerol kinase gene. TbQSOX is 1581 nucleo-
tides long and encodes a 526 amino acid protein starting with an
N-terminal signal sequence with a predicted cleavage site after
residue 22 (Figure 1C). The full-length sequence corresponds to a
type I membrane protein with a single transmembrane helix
(residues 491-513) and a short cytoplasmic C-terminal tail. In
higher organisms, alternate splicing generates soluble QSOX
forms lacking the membrane span (2, 4, 6). Whether the parasite
generates correspondingly truncated QSOX forms is not yet
known. As mentioned earlier, the domain structure of TbQSOX
is distinctly different from its metazoan orthologues. Analysis of
predicted secondary structure (Figure 1C) shows the presence of
an alternating arrangement of strands and helices typical of a
thioredoxin fold. This feature is supplemented by an N-terminal
additional βR motif similar to that of an a domain of PDI.
Following the HRR domain, encompassing residues 168-304
and dominated by R-helices, is the Erv/ALR domain, another
helix-rich domain which serves to bind the FAD moiety and
which houses the proximal disulfide that is critical for commu-
nication with the Trx1 domain in metazoan QSOXs.
The Cysteine Residues of TbQSOX. Table 1 lists the

cysteine residues, and their domain context, in this single-Trx
QSOX. Three CxxC motifs are conserved in all of the available
QSOX sequences, from the smallest free-living eukaryote
(Ostreococcus tauri) to humans (1). For simplicity, we refer to
these cysteine pairs as CI-CII, CIII-CIV, and CV-CVI, together
with their numbering in the context of the full-length protein
(Table 1). CI-CII cysteine residues comprise the CxxC motif
located at the N-terminus of the R1 helix of the thioredoxin
domain. This motif is highly conserved among proteins with
thioredoxin domains; it has been shown to be critical for the
catalytic activity of, among other proteins, human QSOX1 (10)
and PDI (12, 14, 44). This sequence in QSOXs from mammals
and birds is typically CGHC and is immediately preceded by a
tryptophan residue (1). However, the corresponding sequence in
TbQSOX is CGAC (Figure 1C), preceded by a glycine rather
than an aromatic residue. In metazoan QSOXs, this disulfide

receives reducing equivalents from dithiol substrates and then
transmits them to CIII-CIV of the Erv/ALR flavin-binding
domain (10, 11). Site-directed mutagenesis with the human
QSOX1 confirms that CIII-CIV is catalytically essential because
it needs to communicate first with CI-CII in the Trx domain and
then with the adjacent flavin moiety (10). The third CxxC motif,
CV-CVI, is also invariant; however, mutation of either, or both,
of the CV-CVI cysteine residues did not result in a major change
in activity toward small molecule or protein substrates in
QSOX1 (10). The role of this conserved disulfide is currently
cryptic.

In addition to the three CxxC disulfides mentioned above, a
further eight cysteines, likely in disulfide linkage (see later), are
present in full-length TbQSOX. A Cx6C motif (C105-C112) is
placed comparably to the Cx8C motif present in human QSOX1
protein (10), to the Cx6Cmotif present in yeast Pdi1p (13), and to
theCx6-8Cmotifs from several othermembers of the PDI family.
In yeast Pdi1p, these residues form a disulfide (13) and may be
involved in regulation of catalytic function (45). The Cx11Cmotif
(C305-C317) lies at the beginning of the Erv/ALR domains.
TbQSOX contains an additional four nonconserved cysteine
residues (58, 132, 138, and 180) of uncertain role. This report
will address mutations of only the three CxxC motifs that have
been previously suggested to play catalytic roles in QSOX family
members.
Subcloning, Expression, and Purification of TbQSOX.

The TbQSOX cDNA sequence (NCBI Accession Number
XM_840213) was edited to reflect codon preferences in E. coli
and synthesized as described in Experimental Procedures. We
initially attempted to express TbQSOX with an N-terminal His
tag by starting the QSOX sequence at residue G32. This residue
lies in the middle of a region with no predicted secondary
structure, between the end of the signal sequence and the
beginning of a short β-strand that starts the PDI-like Trx domain
(Figure 1C). This construct failed to express (see Experimental
Procedures). However, the inclusion of an additional 12 residues
at the N-terminus of the oxidase sequence yielded a stable,

Table 1: The Cysteine Residues in TbQSOX

cysteine residue motif corresponding cysteines in related proteins

Trx Domain

58 n/a not conserved

69, 72 CI-CII C70-C73 (CxxCtrx) of human QSOX1b; C61-C64 of yeast Pdi1p

105, 112 Cx6C C101-C110 (Cx8C) of human QSOX1b; C90-C97 (Cx6C) of yeast Pdi1p

132, 138 Cx5C not conserved

HRR Domain

180 n/a not conserved

Erv/ALR Domain

305, 317 Cx11C unique to QSOX family; C393-C405 (Cx11C) of human QSOX1b

350, 353 CIII-CIV C449-C452 (CxxCprox) of human QSOX1b; C121-C124 of yeast Erv2p

405, 408 CV-CVI C509-C512 (CxxCtrm) of human QSOX1b; C176-C178 of yeast Erv2p
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soluble protein in ample amounts for the work described in this
study (see below). The codon-optimized gene sequence and the
amino acid sequence of the wild-type protein, used throughout
this work, are included in Supporting Information (Figures S1
and S2).

The number of anticipated catalytic and structural disulfide
bonds inTbQSOX suggested that expression in E. coli BL21 Star
(DE3) cells might be problematic because this strain does not
favor the cytosolic expression of disulfide-containing proteins.
Indeed, expression trials using this strain led to the accumulation
of QSOX in inclusion bodies (not shown). However, we could
obtain soluble and active protein using a gor/trx mutant strain
(E. coliOrigami2 (DE3)) grown until mid log phase at 37 �C and
then induced with 0.5 mM IPTG at 15 �C for 24 h. Induction at
higher temperatures led to progressively more QSOX appearing
in the insoluble fraction (not shown).TbQSOXwas then purified
utilizing the N-terminal His-tag followed by an additional
purification step using a butyl-Sepharose column to remove a
contaminating flavoprotein (identified as alkyl hydroperoxide
reductase, AhpF; data not shown). Typically, we obtained∼7mg
of pure TbQSOX per liter of culture for wild type and cysteine
mutants. The resulting protein was stable for at least 6 months at
4 �C in 50 mM potassium phosphate buffer containing 1 mM
EDTAat pH 7.5.TbQSOXcould also be stored for at least 1 year
at -20 �C without significant loss of enzyme activity. The puri-
fied protein showed a typical unresolved flavin absorbance in the
visible region with a maximum at 456 nm and an experimentally
determined molar extinction coefficient of 12,250 M-1 cm-1

(Figure 2; see Experimental Procedures). No free thiols were
detected when protein denatured with SDS was incubated
with DTNB (see Experimental Procedures), suggesting that all
14 cysteine residues in TbQSOX comprise 7 disulfide bonds.
SDS-PAGE, performed under reducing and nonreducing con-
ditions, showed a single band at the expected molecular mass of
54 kDa (Figure 2, inset). Analytical ultracentrifugation experi-
ments gave a solution molecular mass of 54.3 kDa (Supporting
Information, Figure S3).
Catalytic Activity of TbQSOX. The divergent redox bio-

logy and the evolutionary distance between T. brucei and meta-
zoan QSOXs justify an examination of thiol substrate specificity
for the parasite oxidase. As for all the other QSOXs investi-
gated (5, 7, 9, 10), DTT proves a useful model substrate of
TbQSOX. Here, TbQSOX shows a pH dependence with a

maximal activity at neutral pH values (with ascending and
descending limbs fit to pK values of 5.7 and 8.9, respectively;
Figure 3). This pH dependence, and the optimal pH value of
about 7, is similar to those of the egg white oxidase (7). We
utilized 50 mM potassium phosphate buffer, pH 7.5, containing
1 mM EDTA for most of the experiments described herein.
Compared to DTT, glutathione is a very poor substrate of
TbQSOX with an approximately 2000-fold lower kcat/Km value
(reflecting a much larger Km term for the monothiol; Table 2).
While glutathione is present in trypanosomes, the dithiol analo-
gue trypanothione [N1,N8-bis(glutathionyl)spermidine] substi-
tutes for many of its intracellular functions (29, 46). While
trypanothione shows a roughly 20-fold increase in catalytic
efficiency over glutathione, this dithiol is approximately 10-fold
poorer as a substrate than two reduced proteins selected for study
(Table 2).

Both reduced proteins, RNase and RfBP, are substantially
unfolded in the absence of denaturant. Reduction of the disulfide
bonds in RNase generates a largely unstructured protein (47) in
which reaction of all 8 thiols with 2 mM polar reagent DTNB is
complete in less than 200 ms (40). Similarly, about 13 of the
18 thiol groups of rRfBP react in 0.5 s under the same condi-
tions (40). The catalytic efficiencies of TbQSOX in oxidizing
rRNase are some 3-6-fold lower than for the avian, milk, and
human enzymes (9, 10, 48). An estimate of the pHdependence for
the oxidation of rRNase shows ascending and descending limbs
with pK values of 6.8 and 9.8, respectively (Supporting Informa-
tion, Figure S4). For rRfBP, the trypanosomal enzyme shows a
catalytic efficiency that is 2-fold lower than that of the avian
enzyme (48). These differences between protist and metazoan
enzymes are largely a reflection of the Km term. In spite of these
rather minor decreases in catalytic efficiency between parasite
andmetazoanQSOXs, the trypanosomal enzyme remains a facile
oxidant of reduced proteins. Hence, TbQSOX may generate
some fraction of secreted protein disulfides in trypanosomes.
Finally, TbQSOX can cooperate with reduced PDI in the
successful oxidative protein folding of RfBP ((49) data not
shown).
Roles of CxxC Motifs in TbQSOX Catalysis. Recent

work with the recombinant human QSOX1 showed that, while
CI-CII and the CIII-CIV disulfides were crucial for the efficient
oxidation of both DTT and rRNase thiols, the conserved

FIGURE 2: UV/vis spectrum of TbQSOX. The spectrum was re-
corded in 50mMphosphate buffer, pH7.5, containing 1mMEDTA.
The inset shows SDS-PAGEofTbQSOXunder reducing (Red) and
nonreducing (NR) conditions together with protein molecular mass
standards in kDa.

FIGURE 3: pH dependence for the oxidation of DTT by TbQSOX.
The ascending and descending limbs for the oxidation of 5 mMDTT
were fit to pK values of 5.7 and 8.9, respectively, setting upper and
lower limits of 2608 s-1 and 0 s-1.
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CV-CVI disulfide was nonessential in vitro (10). These studies,
combined with earlier results from the avian QSOX (11, 50), led
to a revised model for catalysis in which the thioredoxin CI-CII

motif receives reducing equivalents from a protein substrate and
then interacts with CIII-CIV of the Erv/ALR domain within the
same subunit of the oxidase (10). We were thus interested in
comparing the behavior of the single-Trx QSOXwith these prior
results. In particular, we wished to examine whether the CV-CVI

disulfide was catalytically important in this smaller parasite
enzyme.

When CI (C69) or CII (C72) was mutated to serine, catalytic
activity of TbQSOX toward 5 mM DTT decreased to ∼5% of
wild-type protein (Figure 4). This decrease in catalytic activity
was evenmore drastic when rRNase was used as a substrate; now
only∼0.5% of wild-type activity was observed (Figure 4). These
values likely represent the ability of DTT, in the absence of a
functional thioredoxin domain, to directly interact with the Erv/
ALR oxidase domain. Accordingly, we prepared a truncated
protein (HRR-Erv) which lacked the entire Trx domain (the
sequence of this construct is shown in Supporting Information,
Figure S2). HRR-Erv binds FAD with essentially the same
visible spectrum as that for full-length protein (Supporting
Information, Figure S5). The turnover number of the HRR-
Erv truncated protein using 5 mM DTT was comparable to the
full-length protein containing either a CIS or a CIIS mutation
(150, 114, and 112 thiols oxidized per minute, respectively).

Replacement of either cysteine of the proximal disulfide
(CIII or CIV) with serine essentially abolished activity toward

both DTT and rRNase (Figure 4). The placement of this
proximal disulfide within the Erv/ALR domain of TbQSOX is
likely to be very similar to that found in the other Erv/ALR
family members (18, 19, 21). CIII is the interchange residue with a
sulfur atom largely exposed to solvent and poised to accept an
incoming mixed disulfide bond from the surface-accessible
CI cysteinyl thiolate of the TbQSOX Trx domain. Following
resolution of this mixed disulfide between Trx and Erv/ALR
domains, the now-reduced CIII-CIV motif can then transfer a
pair of electrons to the flavin probably via the intermediacy of a
C4a adduct (1, 3, 51, 52). Clearly, both CIII and CIV residues
would then be expected to be catalytically critical in TbQSOX.
The visible spectra of the two mutant proteins are noticeably
different. The CIIIS mutant leaves CIV unpaired, and it forms a
thiolate to oxidized flavin charge-transfer complex (showing a
wedge-shaped long-wavelength band; Supporting Information,
Figure S6). In contrast, the corresponding CIVS mutant protein
shows a typical oxidized flavin spectrum, but it is blue shifted by
6 nm compared to the wild-type protein (Supporting Informa-
tion, Figure S6). This behavior likely reflects greater access of
solvent to the flavin when the proximal disulfide is reduced and/
or an increase in polarity when the hydroxyl group of serine
replaces the S atom of CIV.

Finally, mutations of the terminal CxxC disulfide were pre-
pared. The visible spectrum of both CVS and CVIS mutants were
comparable to that of the wild-type protein (Supporting Infor-
mation, Figure S6). In terms of catalysis, neither mutant showed
significant loss of activity toward DTT or rRNase (Figure 4). In
aggregate, these studies show that the first two CxxC redox
centers (CI-CII and CIII-CIV) in TbQSOX are crucial for the
efficient oxidation of rRNase. The third conserved CxxC motif
(CV-CVI) may play an important role in vivo, but it is not
revealed in these in vitro experiments.
Dithionite Titrations of TbQSOX. In preparation for the

rapid reaction experiments to be presented later, we wished to
assess how many redox centers could be revealed during dithio-
nite titrations of the wild-type enzyme. Sodium dithionite solu-
tions were standardized by anaerobic titrations against solutions
of free FAD before being used as redox titrants of the oxidase
(7, 53). The dithionite ion, S2O4

2-, serves as an overall 2-electron
reductant of the flavin, although reduction may proceed via
the intermediacy of the SO2

- radical anion (54). In addition,
disulfides can be reduced indirectly by dithionite (requiring an
additional 2-electron equivalent per disulfide) if these redox
centers can communicate with the flavin ring. Figure 5 shows
that complete reduction of the flavin in TbQSOX occurs with

Table 2: Comparison of Steady-State Parameters for Oxidation of Thiol Substrates between TbQSOX and Three Metazoan QSOXsa

TbQSOX GgQSOX1bb BtQSOX1bc HsQSOX1bc

kcat (s
-1) Km (mM) kcat/Km (M-1 s-1) kcat/Km (M-1 s-1) kcat/Km (M-1 s-1) kcat/Km (M-1 s-1)

DTT 45 0.086 5.2� 105 2.3 � 105 3.7 � 105 2.0 � 105

GSH -d >50 2.7� 102 d 2.3 � 103 5.9 � 103 2.0 � 103

TSH 16 3.23 4.9� 103 nde nd nd

rRNase A 22 0.36 6.0� 104 1.8 � 105 3.7 � 105 2.2 � 105

rRfBP 14 0.30 4.5� 104 1.6 � 105 nd nd

aTurnover numbers are expressed in terms of thiols oxidized, not disulfides generated per second. For comparison between substrates with different numbers
of thiol groups,Km values are expressed on a per thiol basis. The oxidation of trypanothione, rRNase, and rRfBP was evaluated using discontinuous thiol titer
assays with DTNB. Measurement of the turnover with DTT and GSH utilized the oxygen electrode (see Experimental Procedures). bRecalculated in terms
of monothiols using data from avian QSOX enzymes (7). cData taken from the bovine milk (9) and the recombinant human QSOX1 (10). dRates of GSH
oxidation were essentially linear up to 40 mM; the catalytic efficiency is expressed as the apparent second-order rate constant for 10 mMGSH. end: not done.

FIGURE 4: Comparison of the turnover numbers of wild-type
TbQSOXand its CxxCmutants towardDTT and rRNase. Turnover
numbers were measured at 25 �C in phosphate buffer, pH 7.5, using
5 mM DTT and 200 μM rRNase thiols (filled and open columns,
respectively). Data were normalized with the wild-type protein set
at 100%.
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concomitant reduction of a redox-active disulfide. The apparent
stoichiometry of 4.6 electron equivalents per QSOX monomer,
slightly more than the expected 4.0 electron equivalents, might
reflect kinetic sluggishness toward the end of the titration. The
approximate linearity of the absorbance decrease at 456 nm with
reductant added (inset Figure 5) shows that both the flavin and
the redox-active disulfide are almost equipotential. However,
when dithionite titrations are repeated with the CIS mutant,
removing any potential involvement of the Trx redox-active
disulfide (Figure 1B), full reduction of the flavin now requires
only 2-electron equivalents (open circles, inset Figure 5). These
data suggest that the second redox center is CI-CII and that the
proximal CIII-CIV disulfide is considerably more reducing
than either the flavin or the Trx disulfide. Removal of the entire
Trx domain, as in the HRR-Erv construct, again results in a
stoichiometry of 2-electron equivalents for complete reduction of
the flavin prosthetic group (open squares, inset Figure 5).

Consistent with these results using TbQSOX, the proximal
disulfide in a number of other Erv/ALR/QSOX family members
is found to be significantly more reducing than the flavin
prosthetic group. In Erv2p, reducing equivalents from PDI enter
via a CxC shuttle (distal) disulfide and are then passed to the
proximal disulfide, to the adjacent flavin prosthetic group, and
finally to molecular oxygen (18, 55). The 4-electron equivalents
needed to completely bleach the flavin in Erv2p are distributed,
more or less evenly, between a distal disulfide and the isoalloxa-
zine, thereby leaving the proximal disulfide largely oxidized (55).
Second, the cytokine-like form of augmenter of liver regenera-
tion, ALR, has both flavin and proximal disulfide redox centers.
Here, 2-electron reduction of the flavin occurs before significant
reduction of the proximal disulfide, again reflecting their relative
redox potentials (56). Finally, partial proteolysis of avian egg
white QSOX generates a fragment analogous to the HRR-Erv
fragment of TbQSOX mentioned above (11). The subsequent
removal of the redox-active thioredoxin domain in the avian
QSOX causes the stoichiometry required for flavin reduction
to revert from 4- to 2-electron equivalents (11). In all of these
examples, the proximal (CIII-CIV) disulfide is more reducing
than either the isoalloxazine ring or any additional shuttle

disulfides that communicate reducing equivalents from distal
loci to the flavin binding domain.
Monitoring Turnover with DTT and rRNase in the

Stopped-Flow Spectrophotometer. Aerobic solutions of
TbQSOX and saturating concentrations of DTT were mixed in
the stopped-flow instrument, and the evolution of spectral
changes was followed using a diode-array spectrophotometer
(Figure 6). The inset plots the corresponding changes at 456 and
560 nm. Here, the flavin is almost completely oxidized in the
steady state, showing that the reoxidation of reduced flavin
species by molecular oxygen is considerably faster than the
rate-determining steps in the reductive half-reaction (see later).
The small (3%) decline in 456 nmabsorbance in the steady state is
accompanied by a correspondingly rapid formation of a weak
long-wavelength band consistent with a thiolate to oxidized
flavin charge-transfer complex (monitored here at 560 nm and
observed, under static conditions, in the spectrum of the CIIIS
mutant; Supporting Information, Figure S6). The steady state
persists for about 0.6 s before reduced flavin begins to accumulate
as the dissolved oxygen is depleted. While reduction of the flavin
is largely complete by 0.9 s (inset Figure 6), further smaller
decreases in absorbance continue over several seconds. These
minor secondary changes are too slow to be catalytically signi-
ficant; they are also encountered during the reduction of
TbQSOX by DTT under anaerobic conditions (see later).

The area under the curve for the absorbance changes at 560 nm
(inset Figure 6) allows calculation of the turnover values as a
function of remaining oxygen concentration (Supporting Informa-
tion, Figure S7) and shows a Km for oxygen of 10.5 μM, with a
limiting turnover of 43 s-1, in good agreementwith the data obtained
from the oxygen electrode (Table 2). A comparable progression of
changes was seen during the aerobic turnover of rRNase, with the
rapid generation of the charge-transfer band and the eventual
reduction of the flavin (Supporting Information, Figure S8).
Reductive Half-Reaction Using DTT: Kinetic Evidence

for the Importance of a Functional Thioredoxin Domain.
Figure 7 shows that anaerobic reduction of TbQSOX by 0.5 mM
DTT rapidly generates small levels of a charge-transfer species
which decays more slowly to yield reduced flavin (inset). The rate
constant for the appearance of the long wavelength intermediate
is shown in Figure 7B (solid squares; with a limiting rate constant
of 280 s-1 and an apparentKd for DTT of 0.66 mM). This phase

FIGURE 5: Dithionite titrations of wild-type, CIS, and HRR-Erv
forms of TbQSOX. WT TbQSOX in 50 mM phosphate buffer,
pH 7.5, containing 1 mM EDTA, was made anaerobic and titrated
at 25 �C with a standardized solution of sodium dithionite yielding
curves 1-7. The inset plots the reduction of the oxidase as a function
of electron equivalents added per flavin (9) togetherwith comparable
titrations with CIS (O) and HRR-Erv (0) proteins.

FIGURE 6: Enzyme monitored turnover of DTT by TbQSOX. The
oxidase was mixed withDTT to give final concentrations of 18.4 μM
TbQSOX and 2.75 mM DTT in 50 mM phosphate buffer, pH 7.5,
25 �C, containing 240 μM dissolved oxygen. Only selected spectra
between 5ms to 3 s are shown for clarity. The inset shows absorbance
at 456 and 560 nm plotted as a function of time.
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is more than 10-fold faster than overall turnover (23 disulfides/s,
45 thiols/s; Table 2). In contrast, the concentration dependence
and the limiting rate constant of the disappearance of 560 nm
absorbance closely parallel the main reduction phase (Figure 7B,
solid diamonds; 0.31 mM Kd and 18.8 s-1). Comparable values
are observed for the major phase of flavin reduction at 456 nm
(accounting for ∼85% of the total bleaching observed with a Kd

of 0.28 mMDTT and a limiting rate of 17.9 s-1; Figure 7B, open
circles). The average between the two values for this slower phase
(18.4 s-1) is in good agreement with the 22.5 s-1 expected for
overall turnover (disulfides generated) under these conditions.
About 15% of the total bleaching of the flavin observed at
456 nm inFigure 7A requires 50 s for completion and can be fit to
two exponentials with rate constants of approximately 0.8 and
0.1 s-1 (not shown). Both of these slower phases are irrelevant for
aerobic turnover conditions; they likely entail eventual reduction
of all three redox centers in TbQSOX (see later).

Anaerobic stopped-flow experiments were then repeated using
the CIS mutant of TbQSOX so that the CxxC motif of the Trx

domain could no longer participate in reduction of the enzyme by
DTT. The consequences of lack of a functional thioredoxin
domain are profound. Full reduction of the flavin at 456 nm can
be fit to a single exponential and occurs without the formation of
a significant charge-transfer complex (Supporting Information,
Figure S9). Unlike the wild-type protein, these rate constants
show a linear dependence up to 20 mM DTT (Supporting
Information, Figure S10). At 5 mM DTT, the resulting rate
constant of 1.2 s-1 is in good agreement with the overall turnover
number determined in the oxygen electrode (1.25 s-1 and
Figure 4). Removing the Trx domain entirely (as in the HRR-
Erv construct) yields a similar turnover number (0.93 s-1).
Oxidative Half-Reaction. As mentioned previously, dithio-

nite reduction of the wild-type TbQSOX leads to the reduction of
both flavin and CI-CII redox centers (Figure 5). In contrast, the
CIS mutant can be reduced essentially exclusively at the flavin
center (Figure 5), allowing its reaction with molecular oxygen to
be followed without the associated spectral changes involved in

FIGURE 7: Anaerobic reduction of TbQSOX with DTT. Anaerobic
solutions ofTbQSOXandDTT (in 50mMphosphate buffer, pH7.5,
containing 1 mM EDTA, 5 mM glucose, 5 nM glucose oxidase, and
1 nM catalase) were mixed in a stopped-flow spectrophotometer at
25 �C to give final concentrations of 8 μMand 0.5 mM, respectively.
PanelA shows selected spectra fromthe diode-array detector, and the
inset follows the absorbance at 560 nm using a monochromator.
Panel B plots observed rate constants as a function of the concentra-
tion of DTT. Appearance of the long wavelength species at 560 nm
shows a limiting rate constant of 280 s-1 with an apparent Kd of
0.66 mM (9). Disappearance of the long wavelength species ([) and
the reduction of flavin (O) show limiting rate constants of 18.8 and
17.9 s-1, respectively, both with an apparent Kd of 0.31 mM.

FIGURE 8: Simplified model for turnover in TbQSOX. Reduction of
theCI-CII disulfide byDTT (k1) yields formB. A thiolate tooxidized
flavin charge-transfer species (represented by the curved dotted line:
involving either, or both, of forms C and D) then forms with a
limiting rate of 280 s-1 (k2). The charge-transfer absorbance decays
(k3) with a limiting rate of 18 s-1 yielding reduced flavin (formE). The
extent to which the interdomain redox reaction between formsC and
D contributes to this rate-liming step is unknown. The anticipated
C4a adduct in the reduction of the flavin is omitted from the scheme
because it has not been observed experimentally. The second sub-
strate oxygen participates in k4 by converting form E to A. For
simplicity, the schemeomits the possibility thatDTTcould reduce the
CI-CII disulfide in forms D and E to generate 4-electron-reduced
TbQSOX prior to the oxidative half-reaction (k4). A contribution of
4-electron-reduced oxidase to overall turnover would be favored by
high DTT concentrations and low oxygen tensions.
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bringing the second pair of reducing equivalents from the Trx
domain to the flavin. At a final concentration of 120 μMoxygen,
reoxidation is very rapid and proceeds without detectable inter-
mediates (Supporting Information, Figure S11). Assuming that
the TbQSOX reaction with oxygen is bimolecular, as has been
observed for avian QSOX (50) and for most flavin-dependent
oxidases (57), the second-order rate constant would be approxi-
mately 2.5 � 106 M-1 s-1. For comparison, a value of 9 �
105M-1 s-1 was reported for the oxygen reactivity of the reduced
flavin in avian QSOX at 4 �C (50).
A Model for Turnover. Figure 8 presents a simplified

depiction of catalysis with the model substrate DTT. Turnover
is initiated by the reduction of CI-CII disulfide by DTT.
Reducing equivalents from CI-CII are transferred to CIII-CIV

via a mixed disulfide between CI and CIII (form C), allowing CIV

to form a thiolate to oxidized flavin charge-transfer species
(shown by a dotted line from CIV to FAD, forms C and D).
FAD is reduced by the transfer of electrons from CIII-CIV and
then reoxidized by molecular oxygen to complete the catalytic
cycle. In some cases, the molecular basis for the kinetic transients
observed in this work is not certain. For example, while it is clear
that the weak long wavelength band that appears rapidly in
the steady state represents a charge-transfer complex between
the thiolate form of CIV and the flavin (see earlier, Figure 8), the
relative contributions of forms C and D to this absorbance
feature are unclear. The appearance of the C/D charge-transfer
species occurs with a limiting rate of ∼280 s-1 and is half-
saturated at 0.66 mMDTT. What is the significance of this DTT
concentration dependence? In an early kinetic study of avian
QSOX we interpreted a comparable saturation of the apparent
rate constant in terms of a binding site for DTT (50). This prior
work was performed before the realization that these QSOX
enzymes contain at least three redox centers and that input of
reducing equivalents occurred primarily through the CI-CII

disulfide of a thioredoxin domain. While a binding site for
reducing substrates (e.g., DTT or reduced proteins) is certainly
plausible, there is currently no structural or kinetic evidence for
such a site in anymember of theQSOX family. For simplicity, we
have here assumed that the reduction of the enzyme byDTToccurs
by a simple bimolecular encounter with the CI-CII disulfide of the
Trx domain. Assuming that the conversion ofA toC/D reflects two
irreversible steps, k1 and k2 (Figure 8), and analyzing for the
formation of C/D as in Strickland et al. (58), predicts a value for
this bimolecular reduction step of 4.6 � 105 M-1 s-1.

Form D is likely to react via a C4a thiol-flavin adduct (not
shown (51, 59-61)) yielding form E. Currently, it is unknown
whether the rate-limiting step of 18 s-1 reflects a slow inter-
conversion of forms C and D (followed by a rapid reaction
generating reduced flavin) or whether it actually represents the
direct accumulation of form E from D. There is a further
uncertainty in Figure 8: whetherTbQSOX turnover is necessarily
restricted to cycling between 0- and 2-electron reduced states.
Indeed, this seems unlikely. Since DTT reacts rapidly with the
CI-CII disulfide in the Trx domain of form A, it might rereact
with the disulfide in form E (and/or form D) before the reoxida-
tion event (k4). For illustration, using 240 μMoxygen and 5 mM
DTT, form E would be predicted to undergo a second reduction
by DTT in preference to reoxidation by step k4 (with pseudo-
first-order rate constants of 1500 vs 600 s-1, respectively).
Partition in favor of 4-electron reduction of TbQSOX would
be favored by low oxygen tensions. In contrast, low thiol
substrate concentrations would favor the simple 0- to 2-electron

cycling scheme shown in Figure 8. Further work is aimed at a
more detailed examination of the pre-steady-state behavior of
TbQSOX and the possible roles of 4-electron-reduced forms of
the oxidase in turnover.

CONCLUSIONS

This characterization of a single-Trx QSOX shows strong
similarities with the double-Trx enzymes investigated to date.
Lack of the secondTrx domain evidently does not result inmajor
changes in the catalytic specificity of the parasite QSOX. While
TbQSOX is between 3- and 6-fold less efficient at the oxidation of
the rRNase and rRfBP than the metazoan enzymes, reduced
unfolded proteins are its best known substrates. The average
kcat/Km values for themetazoan enzymes for DTT are about one-
half of those for TbQSOX. Both single- and double-Trx QSOXs
oxidize the monothiol GSH very poorly. The dithiol trypano-
thione shows a kcat/Km value per thiol that is at least 10-fold lower
than that for rRNase and rRfBP.

The similarities between single- anddouble-TrxQSOXs extend
to pre-steady-state kinetic behavior. Both enzymes rapidly forma
2-electron-reduced charge-transfer complex with dithiol sub-
strates, and in both cases this species decays to yield reduced
flavin in a process that strongly limits overall turnover. Reoxida-
tion of both enzymes by molecular oxygen does not limit turn-
over, illustrated by the almost exclusively oxidized flavin
component found in the steady state during enzyme-monitored
aerobic turnover experiments (Figure 6 (50)). Finally, both
enzymes show a low Km for oxygen (10.5 and 4.6 μM for
T. brucei and the avian QSOX (50), respectively, when the
reductant is DTT).

The mutagenesis studies reported in this work complement,
and extend, those performed recently with the human en-
zyme (10). Two particular aspects of the behavior of TbQSOX
are of note. First, stopped-flow studies of the recombinant
parasite enzyme reinforce how important the CI-CII motif is
for overall turnover. The observation that complete removal of
the Trx domain by truncation has no more serious catalytic
impact than a CI to serine mutation in full-length TbQSOX
suggests that the thioredoxin domain does not serve additional
effector roles under the conditions of our experiments. A second
issue is that one could envisage that the simpler domain structure
of a protist QSOX would result in an overt catalytic role for the
CV-CVI disulfide: a motif conserved in all QSOX family
members. However, we see no significant impact in TbQSOX:
mutations at this locus behave like the CV-CVI mutations of the
human recombinant QSOX enzyme.

The pathways of oxidative protein folding in Trypanosoma
remain to be uncovered. In addition to QSOX, the parasite has a
typical Ero1 protein and several PDI-like proteins. Neither
parasite flavin-dependent sulfhydryl oxidase has an obvious
ER retention sequence, but it is possible that one, or both, could
be retained in the ER lumen by binding to a PDI homologue (as
has been suggested for humanEro1-LR and -Lβ (62)). In terms of
TbQSOX, we show that GSH and its dithiol analogue, trypa-
nothione, are relatively poor substrates. Thus TbQSOX might
introduce disulfide bonds into client proteins in the secretory
system of Trypanosoma while minimizing collateral perturbation
of the small molecule thiol redox pool and the consequent added
oxidative stress that this may engender (3, 49). Alternatively,
TbQSOXmay function post-ER (1, 4): in theGolgi apparatus (as
has been suggested for the long form of human QSOX1 (63)), on
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the plasma membrane, or following secretion from the cell. Since
trypanosomes seem to contain single paralogues of QSOX and
Ero1, it will be interesting to examine their relative roles in
oxidative protein folding. More generally, oxidative protein
folding pathways in protists might represent an additional target
for antimicrobial therapies including the arsenicals (40) that have
been used for over a century to combat trypanosomiases.
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