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Quiescin Sulfhydryl Oxidase (QSOX), a catalyst of disulfide bond formation, is found in both plants
and animals. Mammalian, avian, and trypanosomal QSOX enzymes have been studied in detail, but
plant QSOX has yet to be characterized. Differences between plant and animal QSOXs in domain
composition and active-site sequences raise the question of whether these QSOXs function by the
same mechanism. We demonstrate that Arabidopsis thaliana QSOX produced in bacteria is folded
and functional as a sulfhydryl oxidase but does not exhibit the interdomain electron transfer
observed for its animal counterpart. Based on this finding, further exploration into the respective
roles of the redox-active sites in plant QSOX and the reason for their concatenation is warranted.
� 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Disulfide bond formation in oxidative protein folding pathways
is often catalyzed by two enzyme types, i.e., oxidoreductases and
sulfhydryl oxidases, acting sequentially to transfer electrons from
substrate thiols to terminal electron acceptors. Dithiol/disulfide
oxidoreductases are often [1–3], but not always [4], members of
the thioredoxin (Trx) fold superfamily. Sulfhydryl oxidases, to-
gether with functionally comparable enzymes that catalyze de
novo disulfide bond formation but transfer electrons to substrates
other than oxygen, belong to a number of different fold families [5–
7]. One sulfhydryl oxidase family, found in the mitochondria [8]
and endoplasmic reticulum [9], is known as Erv (Essential for res-
piration and viability) after the mitochondrial member. Erv do-
mains comprise five helices and bind the cofactor flavin adenine
dinucleotide (FAD) [10].

Although oxidoreductases and sulfhydryl oxidases are typically
separate enzymes, a multi-domain protein family carrying out both
these functions has also emerged. Quiescin sulfhydryl oxidase
(QSOX) catalyzes both substrate oxidation and transfer of electrons
to oxygen, via two redox-active CXXC motifs, one within a Trx do-
main and the second in an Erv domain [11]. Although missing in
fungi, QSOX orthologs are found in metazoans, plants, and many
protists [12] (Fig. 1). QSOX enzymes were first studied in mamma-
lian systems [13–15], and metazoan and parasite QSOXs have since
chemical Societies. Published by E
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been investigated in molecular mechanistic detail [16–21]. How-
ever, only a single report on a plant QSOX has appeared [22], and
low turnover numbers were reported without further investigation.

Substantial dissimilarities in domain architecture and active-
site motif sequences exist between plant and metazoan QSOXs.
Plant QSOXs have a single Trx domain, whereas metazoan QSOXs
have two adjacent Trx domains, the second being non-catalytic.
Furthermore, the two intervening residues in both the Trx and
Erv CXXC motifs differ between metazoans and plants, as previ-
ously reported [23]. Recently, the interdomain electron transfer
mechanism of mammalian and trypanosomal QSOXs was demon-
strated structurally and biochemically [20,21,24]. This research
suggests that regions outside the two catalytic domains are impor-
tant for the structure and dynamics of animal and parasite QSOXs.
Whether plant QSOX, exhibiting different domain architecture and
active-site motifs, has a similar catalytic mechanism and domain
dynamics to those found in other QSOX enzymes should thus be
evaluated. Here we report on the primary structure and biochem-
ical activity of AtQSOX, from the model plant organism Arabidopsis
thaliana.

2. Materials and methods

2.1. Phylogenetics

QSOX RefSeq entries were retrieved from the NCBI protein data-
base, and duplicate entries and isoforms were removed. Align-
ments and neighbor-joining (NJ) trees were performed using
lsevier B.V. All rights reserved.
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Fig. 1. QSOX phylogenetic tree indicates uneven distribution of QSOX enzymes studied biochemically. Consensus maximum likelihood tree is based on concatenated Trx and
Erv domains from QSOX enzymes. Metazoan QSOXs are highlighted in peach color, Trypanosomatidae in blue, Viridiplantae in green. Red dots indicate QSOX enzymes
previously characterized biochemically (R. norvegicus QSOX [14], G. gallus [16,17], B. taurus [19], H. sapiens [23,24], and T. brucei [21]) or described herein (A. thaliana).
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ClustalX [25] with default parameters (seed set to 111 and number
of bootstrap to 1000). QSOX Erv domains were retrieved using the
domain profile PS51324 (http://www.expasy.org). A QSOX-Trx
specific user pattern: [LVEQ]-x(5)-C-[GEP]-[HFNDYA]-C-x(2)-
[FYS]-x(3)-[WYFVI]-x(2)-[LVIAMF]-[AS]-X(20,36)-C-X(8)-P was
used to retrieve QSOX Trx domains. The resulting Trx and Erv do-
mains were concatenated. Maximum likelihood (ML) trees were
constructed using Phylip [26] with Jones-Taylor-Thornton (JTT)
probability models, and 100 replicates (seed was set to 9 and jum-
ble to 3). A consensus tree was established using ‘Consense’ in the
Phylip package.

2.2. Protein production and purification

A synthetic gene encoding A. thaliana QSOX1 (NCBI Accession
number: NP_172955.1, corresponding to gene At1g15020) residues
34–443 was purchased (GeneScript) with codons optimized for
expression in Escherichia coli. The resulting sequence was amplified
using the primers (restriction sites underlined):

AtQSOXf: 50-GGTCAGTACATATGTCGAATGTGGCGGACCAGAAA-
GATAATGCG-30 and AtQSOXr: 50-TAGTGGATCCTCATTATTCACCG
TTTTTTTTGTAGACCGACACCAG-30. The PCR product was cloned
into the pET15b vector (Novagen), encoding an amino-terminal
His6-tag and thrombin cleavage site. The plasmid was transformed
into E. coli Origami B (DE3) pLysS cells (Novagen). Cells were grown
at 37 �C to OD600 �0.5 in LB with 100 lg/ml ampicillin and 30 lg/
ml chloramphenicol, then induced with 0.5 mM isopropyl b-D-1
thiogalactopyranoside and further grown for 36 h at 15 �C. AtQSOX
was purified essentially as for other QSOX enzymes [24], except
that gel filtration was performed in 20 mM sodium phosphate buf-
fer, pH 7.5, 200 mM NaCl. Homo sapiens QSOX (HsQSOX1) and Try-
panosoma brucei QSOX (TbQSOX) were prepared as described [24].
Protein-bound FAD concentration was determined by absor-
bance at 456 nm using an extinction coefficient of 12400 M�1cm�1.
Protein concentration was also calculated at 280 nm using an
extinction coefficient of 98160 M�1cm�1, which includes the absor-
bance of the FAD at this wavelength (21300 M�1cm�1).

2.3. Thiol titers

AtQSOX thiol titer was determined by adding 0.2 mM 5,50-
dithiobis(2-nitrobenzoate) (DTNB) to 4.5 lM enzyme in 4.4 M gua-
nidine-HCl and 50 mM sodium phosphate buffer (pH 7.5). Absor-
bance at 412 nm was recorded relative to a blank prepared
identically but lacking AtQSOX, and the concentration of the result-
ing 2-nitro-5-thiobenzoate (TNB�) was determined using an
extinction coefficient of 14150 M�1cm�1. The calculated absor-
bance of TNB- derived from one thiol per protein molecule under
these conditions would be 0.06 ODU.

2.4. Analytical gel filtration

Purified enzymes were applied to an analytical grade
Superdex™ 75 10/300 GL size exclusion column equilibrated with
50 mM sodium phosphate buffer (pH 7.5), 65 mM NaCl, 1 mM
EDTA, and absorption was monitored at 450 nm.

2.5. Mass spectrometry

AtQSOX, treated with 10 mM N-ethylmaleimide prior to the
addition of gel loading buffer containing SDS, was run on a 10%
SDS–PAGE gel. The AtQSOX band was excised and subjected to
in-gel enzymatic digestion with trypsin or a combination of chy-
motrypsin and AspN protease, without reduction and alkylation.
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Fig. 2. QSOX neighbor-joining tree shows the major partitioning of QSOX enzymes
into those containing and lacking a Trx2 domain. Metazoans are highlighted in gray,
Trypanosomatidae in yellow, Viridiplantae in pink. Maps of QSOX domain compo-
sition are indicated to the right. Trx1 is a redox-active thioredoxin fold. Trx2 is a
thioredoxin fold lacking redox-active cysteines. The wErv region has helix topology
similar to that of the Erv domain but lacks redox-active cysteines and FAD-binding
capability [29]. Erv refers to the Erv family sulfhydryl oxidase fold with redox-active
cysteines and an FAD cofactor.
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Peptide mixtures were extracted with 80% CH3CN, 1% CF3COOH,
and solvent was evaporated in a vacuum centrifuge. The resulting
peptide mixtures were reconstituted in 80% formic acid and
diluted 1:10 with Milli-Q water. Liquid chromatography tandem
mass spectrometry (LC–MS/MS) was performed on an LTQ Orbitrap
(Thermo Fisher Scientific). Raw data files were searched with the
MassMatrix software [27] against the predicted AtQSOX amino
acid sequence.

2.6. Enzyme assays

AtQSOX activity was measured at 25 �C by monitoring oxygen
consumption in a Clarke-type oxygen electrode (Hansatech Instru-
ments Ltd.). Dithiothreitol (DTT) was prepared in 50 mM sodium
phosphate buffer (pH 7.5), 65 mM NaCl, 1 mM ethylenediaminetet-
raacetic acid (EDTA) at 20–100X the final concentration for each
measurement. AtQSOX was diluted into buffer, and reactions were
initiated by injection of DTT to yield 1 ml total volume. Background
oxygen consumption in the absence of enzyme was minimal at all
DTT concentrations.

Experiments with maleimide-functionalized polyethylene gly-
col (mal-PEG) were performed by incubating 50 ll of 1 lM enzyme
with DTT for 10 s, then adding 15 ll trichloroacetic acid (TCA).
After incubation at 4 �C for 1 h, samples were spun at 10,000xg
for 10 min. Supernatant was removed, and the protein pellet
washed three times with 500 ll ice-cold acetone and centrifuged
for 5 min at 10,000xg after each wash. Acetone was removed and
the pellet left to air-dry. The mal-PEG was prepared at a concentra-
tion of 10 mM in phosphate buffered saline, de-salted over a PD-10
column (GE Healthcare) to remove any unconjugated maleimide,
and diluted 1:10 into gel loading buffer, which was then used to
resuspend the TCA-precipitated pellets for application to a poly-
acrylamide gel.

3. Results

3.1. QSOX phylogenetics and redox-active motifs

The divergence of plant and metazoan QSOXs is most evident in
their domain composition. Whereas metazoan QSOXs have two
adjacent Trx domains, plants and protists have a single Trx. Phylo-
genetic trees emphasize this separation, with metazoan and plant
QSOXs clearly clustered apart, as expected (Fig. 2). Metazoan
QSOXs separate into three defined branches: arthropod QSOX,
and QSOX1 and QSOX2 in non-arthropods. Most plants contain a
single QSOX gene and follow a continuous branch starting from
the unicellular Chlorophyta to multicellular Bryophyta, Lycopodio-
phyta, monocotyledons, and eudicotyledons. The two AtQSOX par-
alogs likely result from a recent duplication at the genus level.
AtQSOX1 (hereafter AtQSOX) and AtQSOX2 share 78% amino acid
identity.

AtQSOX used in this study has 16 cysteine residues. Six cyste-
ines are present in three conserved CXXC motifs: one in the Trx do-
main, one in the Erv domain, and one just downstream of the Erv
domain (Fig. 3A). Differences between plant and metazoan CXXC
motifs were previously reported [23]. Whereas the metazoan Trx
domain motif has the pattern CGXC (typically CGHC in chordates),
most plants have a CPXC sequence (CPAC in higher plants). The Erv
CXXC is somewhat more varied, with chordates exhibiting a
C[RK][DE]C pattern and higher plants C[DE][DE]C, specifically
CDDC in AtQSOX. QSOX alignments further reveal that plant QSOXs
are richer in cysteines than metazoan QSOXs. This trend increases
with plant complexity, with eudicotyledons richest in cysteines
(Fig. 3B). The C257/C262 cysteine pair is seen only in Arabidopsis spe-
cies. Interestingly, only one of these cysteines is present in QSOXs
of other eudicotyledons, such as Vitis vinifera and Populus
trichocarpa, which consequently have an odd number of cysteines
in their wErv/Erv regions. No cysteine corresponding to either
C257 or C262 is present in QSOXs from lower plants. The C330/C350

cysteine pair appears in monocotyledons and eudicotyledons but



Fig. 3. QSOX domain organization and plant-specific cysteine residues. Domains are as described in Fig. 2. Cysteine numbering is according to AtQSOX. (A) Known or
predicted secondary structural maps (rectangle = helix; triangle = strand) of mammalian QSOX (upper) and AtQSOX (lower) are juxtaposed. The positions of common
cysteines are indicated by lines extending over both maps. Cysteines present in only plant or mammalian QSOXs are represented with shorter lines. (B) Cysteines, represented
by yellow circles, are compared across various plant species for the wErv/Erv segment.
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is absent from lower plants, and the tight correlation suggests they
form a disulfide bond.

3.2. Expression and purification of AtQSOX

The AtQSOX coding sequence lacking the signal peptide and
transmembrane segment was optimized for expression in E. coli.
The resulting recombinant protein, containing a cleavable amino-
terminal His6-tag, was expressed in soluble form in bacterial cyto-
sol. Purified protein yields were low, typically less than 0.5 mg per
liter of culture.

AtQSOX migration on SDS–PAGE corresponded to the predicted
molecular weight of �47 kDa (Fig. 4A). When studied by analytical
equilibrium ultracentrifugation, AtQSOX showed a slight tendency
toward self-association, which complicated data analysis (not
shown). When assessed by analytical gel filtration, AtQSOX mi-
grated at a position roughly consistent with a monomer but shifted
slightly toward higher solution molecular weight, or a greater as-
pect ratio, relative to other QSOX enzymes. Furthermore, AtQSOX
exhibited an asymmetrical peak in the chromatogram, whereas
other QSOXs showed symmetrical peaks (Fig. 4B).
Fig. 4. Purification and characterization of recombinant AtQSOX. (A) Purified AtQSOX (W
SDS–PAGE stained with Coomassie. (B) Analytical gel filtration profile of AtQSOX vs. oth
3.3. UV/Vis spectroscopy, thiol titers, and disulfide connectivity

Purified AtQSOX showed a typical flavin absorbance spectrum
(Fig. 4C), with a maximum at 456 nm similar to HsQSOX1 [20].
The ratio of protein concentration calculated from absorbance at
456 nm, using the extinction coefficient of the FAD, vs. 280 nm,
using the extinction coefficients of protein aromatic residues and
the contribution of the FAD at this wavelength, was 1.0, consistent
with a protein population fully loaded with co-factor. The absor-
bance measured upon reaction of AtQSOX with DTNB in either
the native or denatured states (Abs412 nm 0.013 and 0.018, respec-
tively) indicated less than one free thiol per protein molecule (cal-
culated to give Abs412 nm 0.06), demonstrating that all cysteines
were oxidized in the recombinant AtQSOX preparation. Tandem
mass spectrometry (LC–MS/MS) was used to confirm protein iden-
tity and determine cysteine pairing (Supplementary Table). The
output data, showing 96% coverage of the recombinant AtQSOX
amino acid sequence, indicated unambiguously the following
crosslinks: C72–C75, C107–C116, C257–C262, C292–C304, C330–C350,
C339–C342, and C403–C406 (Fig. 5). In addition, the data strongly sup-
ported the presence of a crosslink between C242 and C280, but C280
T) and AtQSOX C72A/C75A (AXXA) were analyzed under non-reducing conditions by
er QSOX enzymes. (C) Absorbance spectrum of AtQSOX vs. HsQSOX1 (HsQSOX).
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was also detected in a conflicting crosslink with C107. Inspection of
the fragment ions for the competing crosslink showed poor y ion
series, despite the excellent quality of the data for all other cross-
links, including C242–C280. It should be noted that the plethora of
trypsin recognition sites to either side of C242 (sequence RRC242R)
may limit the options for detecting a crosslink between C242 and
C280 after trypsin digestion. No peptides containing C242 or C280

were observed following digestion with chymotrypsin and Asp-N.

3.4. Catalytic activity of AtQSOX

In contrast to other QSOXs tested in parallel, AtQSOX showed
negligible oxidation of the model protein substrate reduced, un-
folded RNase A (not shown). Sulfhydryl oxidase activity was ob-
served, however, on the small-molecule substrate DTT. Turnover
numbers, monitored by oxygen consumption, were on the same
order of magnitude as other QSOXs [20,21]. However, other QSOXs
have KM values for DTT in the �100 lM range, whereas the activity
of AtQSOX on DTT did not fully saturate up to a substrate concen-
tration of 100 mM (Fig. 6A). High KM values for DTT were seen pre-
viously for QSOXs lacking Trx CXXC cysteines ([21] and
unpublished data). Under these conditions, DTT directly reduces
the FAD-proximal, Erv CXXC disulfide. Our observations suggest
that recombinant AtQSOX, though possessing Trx CXXC cysteines,
catalytically oxidizes DTT directly at the FAD-proximal cysteines
and not via the shuttle mechanism seen in other QSOX orthologs.
Indeed, the C72A/C75A AtQSOX double-mutant showed activity
indistinguishable from wild type (Fig. 6A).

The apparent lack of participation of the AtQSOX Trx CXXC in
catalysis could be due to either of two scenarios. One possibility
is that DTT reduces the Trx CXXC, but that the electrons are not fur-
ther shuttled to the Erv domain. Alternatively, the Trx CXXC is
resistant to reduction by DTT and thus does not acquire electrons.
To distinguish between these possibilities, AtQSOX and the C72A/
C75A double-mutant were incubated for short periods with vary-
ing concentrations of DTT, and the presence of free cysteine thiols
in each enzyme variant was probed. Specifically, solutions of DTT
and enzyme were rapidly acidified by addition of TCA, which
blocked further redox activity and precipitated the protein. En-
zymes were resuspended in the presence of mal-PEG of molecular
weight 5 kDa. In this manner, unpaired cysteines were modified,
and modified protein migrated far above fully oxidized protein
on a gel. A substantial fraction of wild-type AtQSOX reacted with
mal-PEG after treatment with even low DTT concentrations,
whereas AtQSOX C72A/C75A remained un-modified over a wide
range of DTT concentrations (Fig. 6B). We conclude that the AtQ-
SOX Trx CXXC is readily reduced by DTT, but that electrons are
not efficiently transferred from the Trx to the Erv domain.

The apparently poor dithiol/disulfide exchange between the
two AtQSOX redox-active domains, coupled with a slight tendency
to self-associate, raises the possibility that, unlike other QSOX en-
zymes, AtQSOX relies on intermolecular electron transfer for activ-
ity. However, the A. thaliana enzyme showed no concentration-
dependent changes in turnover number between 100 and
800 nM enzyme (Fig. 6C), suggesting that no functionally signifi-
cant changes in self-association occur over this concentration
range.
Fig. 5. Disulfide connectivity of AtQSOX best supported by mass spectrometry data (S
residue, as in Fig. 3.
4. Discussion

Protein disulfide isomerase (PDI) family oxidoreductases, like
QSOX enzymes, often contain tandem Trx domains [1]. Unlike
QSOXs, however, PDIs have highly variable domain contents in dif-
ferent organisms. The PDI family also has widely different numbers
of paralogs in different organisms, suggesting niche roles in oxida-
tive folding of species-specific substrates. In contrast, QSOX do-
main composition is relatively well conserved. The tighter
constraints on the QSOX family are likely due to the requirement,
at least in metazoan and protist QSOXs, for interdomain electron
transfer in the enzyme reaction cycle [18,20,21,24]. The amino-ter-
minal, redox-active Trx domain of QSOX must be tethered to the
remainder of the protein in a manner that allows its CXXC motif
to undergo dithiol/disulfide exchange with the FAD-proximal CXXC
of the Erv domain.

This relatively conserved domain composition lends itself to
speculation regarding the route by which contemporary QSOXs ap-
peared. In principle, plant and animal QSOXs could have arisen by
independent fusion events between Trx and Erv domains. In this
case, plant QSOX may have arisen directly as a single-Trx enzyme,
and animal QSOX with tandem Trx domains. Another scenario is
that both plant and animal QSOXs came from a single precursor,
involving a tandem Trx fusion with an Erv segment, but that the
plant lineage lost a Trx domain. Alternatively, the precursor con-
tained only a single Trx domain, and the metazoan lineage subse-
quently gained a second Trx. It has been noted that particular
composite domain architectures are most likely to have arisen
from single fusion events [28]. However there are exceptions to
this generalization, and the evolutionary relationship between
plant and animal QSOXs remains an open question.

Some parasite QSOXs have single Trx domains like plant QSOXs,
but these enzymes share low sequence identity with both plant
and animal QSOXs. Interestingly, although TbQSOX is different in
domain organization and active-site sequences from mammalian
QSOX, it has similar catalytic properties. For example, the kcat of
TbQSOX [24] and HsQSOX1 [20] are 600 min�1 and 640 min�1,
respectively, and both enzymes show sub-millimolar KM for DTT.
These similarities between highly divergent QSOX enzymes sug-
gested that all QSOXs may have similar catalytic properties,
regardless of their phylogenetic assignment.

A previous study of AtQSOX produced in yeast [22] reported a
turnover number of 14 min�1 on 250 lM DTT, about 2% the activity
typically observed for mammalian and parasite QSOXs. This dis-
crepancy could have been due to lower absolute activity (i.e., kcat

value) of plant vs. animal QSOX, different substrate preference
(i.e., higher KM for DTT), or non-optimal preparation of the plant
enzyme. To resolve this question, we produced recombinant plant
QSOX and characterized thoroughly its folding, monodispersity,
and enzymatic activity. We observed that AtQSOX is oxidized, fully
loaded with cofactor, and displays a uniform and structurally jus-
tifiable disulfide connectivity. Purified AtQSOX is not cleanly
monodisperse like other QSOXs, but rather has a slight tendency
toward self-association, observed by analytical gel filtration and
ultracentrifugation. However, we see no decrease in kcat with
increasing enzyme concentrations, as would be expected if
aggregation were interfering with activity. Neither do we observe
upplementary Table). Numbering indicates the position of each AtQSOX cysteine



Fig. 6. Enzymatic activity of AtQSOX. (A) Activity of AtQSOX (d) or AtQSOX C72A/C75A (s) on various concentrations of DTT, measured by oxygen consumption. AtQSOX
results are averages and standard deviations of three measurements. (B) Modification of AtQSOX and AtQSOX C72A/C75A with mal-PEG after incubation with the indicated
concentrations of DTT. Each mal-PEG addition results in a shift on SDS–PAGE comparable to 15 kD of protein. (C) Activity as a function of AtQSOX concentration, measured on
20 mM DTT, is linear over the indicated enzyme concentration range.
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an increase in activity with increasing enzyme concentrations, as
would be expected if activity depended on multimerization. We
therefore conclude that plant and animal QSOXs have significantly
different properties. Based on the observation that, after incuba-
tion with DTT, AtQSOX shows reactivity with mal-PEG but AtQSOX
C72A/C75A does not, we conclude that the AtQSOX Trx domain is
readily reduced by DTT. However, turnover numbers quantified
by reduction of molecular oxygen do not reflect reactivity of the
Trx domain if there is no redox communication with the Erv do-
main. The previous study of AtQSOX [22] monitored activity at
DTT concentrations far below the KM. In this study we show that
recombinant AtQSOX does not apparently transfer electrons from
its Trx domain to its Erv domain to accomplish rapid oxidation of
highly reducing model dithiol substrates, and the measured sulfhy-
dryl oxidase activity reflects the activity of the Erv domain alone,
limited by a high KM for DTT and likely other thiol substrates.

A number of potential explanations exist for lack of apparent re-
dox communication between the AtQSOX Trx and Erv domains. As
described above, we established that the Trx domain can acquire
electrons. While we cannot rule out partial mis-folding or lack of
an essential post-translational modification as the barrier to elec-
tron relay, one possibility is that the Trx CPAC motif fails to transfer
electrons to the Erv CDDC motif due to inherent lack of reactivity be-
tween these sites. Alternatively, these sites may be chemically capa-
ble of electron transfer, but sterically restricted from interacting in
the AtQSOX structure. For example, the interdomain linker may be
too short or positioned inappropriately for interdomain redox com-
munication. One experiment to distinguish these possibilities re-
quires the Trx and Erv fragments of AtQSOX to be produced
separately, which we have not yet accomplished. It was previously
observed that 250 lM of a HsQSOX1 Trx1/Trx2 fragment could be
supplied to 100 nM HsQSOX1 wErv/Erv fragment to achieve reaction
rates comparable to 100 nM intact HsQSOX1 [24]. If similar concen-
trations of AtQSOX Trx domain supplied to AtQSOX wErv/Erv would
yield turnover numbers of �500 in the presence of sub-millimolar
DTT, one would conclude that the AtQSOX sites are sterically unable
to interact in the intact monomeric enzyme but chemically compe-
tent for electron transfer. In this case, perhaps tethering to the mem-
brane via the transmembrane segment, absent from this and the
previous [22] study of recombinant AtQSOX, contributes to intermo-
lecular redox communication from one Trx domain to the Erv do-
main of a neighboring molecule. Regardless of whether the
AtQSOX Trx and Erv redox-active sites are chemically or sterically
incompatible, it remains to be determined whether there is func-
tional significance to their presence within the same protein.
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