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Abstract

Background: Post-spermiogenesis membrane surface modifications rely on molecules present in the reproductive
tracts. Two isoforms (isoform 1 and 2) from Quiescin Q6-Sulfydryl Oxidase protein family have been identified in the
male reproductive tract of rodent species. However, unlike isoform 1, scarce information is available for isoform 2,
likely due to its lower expression level and lack of proper purification methods to obtain sufficient protein quantity
for further assays.

Results: This study demonstrated the presence of short and long forms of Quiescin Q6-Sulfydryl Oxidase 2 in boar,
likely representing the secretory (short form) and transmembrane (long form) forms of Quiescin Q6-Sulfydryl
Oxidase 2. Immunohistochemistry studies revealed the presence of Quiescin Q6-Sulfydryl Oxidase 2 in a broad
range of porcine tissues; the pronounced vesicle-contained Quiescin Q6-Sulfydryl Oxidase 2 at the apical region of
epididymis and seminal vesicles epithelium suggested its involvement in sperm physiology and its participation in

semen formation. The majority of porcine Quiescin Q6-Sulfydryl Oxidase 2 could be purified via either antibody
affinity column or be salted out using 10%-40% ammonium sulfate. Higher amount of low molecular weight
Quiescin Q6-Sulfydryl Oxidase 2 observed in the seminal vesicle likely represents the secretory form of Quiescin
Q6-Sulfydryl Oxidase 2 and reflects an exuberant secretory activity in this organ.

Conclusions: We demonstrated for the first time, the presence of Quiescin Q6-Sulfydryl Oxidase 2 in porcine
species; moreover, two forms of Quiescin Q6-Sulfydryl Oxidase 2 were identified and exhibited distinct molecular
weights and properties during protein purification processes. This study also provided feasible Quiescin Q6-Sulfydryl
Oxidase 2 purification methods from slaughterhouse materials that could potentially allow obtaining sufficient
amount of Quiescin Q6-Sulfydryl Oxidase 2 for future functional investigations.
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Background

The formation of a functional male gamete is an outcome
of complex events involving biochemical, physiological
and morphological modifications of the spermatocyte.
Spermatogenesis starts in the testis with multiple mitotic
divisions, followed by two subsequent cycles of meiotic
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division, resulting in the formation of a haploid spermato-
cyte [1]. Although the diploid spermatogonium has trans-
ited to a haploid spermatocyte, it is still considered
immature due to the lack of forward movement and oocyte
recognition abilities [2, 3]. Once the spermatozoa leave the
seminiferous tubules, post-spermiogenetic maturation con-
tinues in the epididymis. Epididymal maturation involves
several sequential interactions of the spermatozoa
with the surrounding luminal microenvironment [4]. The
exposure of spermatozoa to a dynamic milieu of the lu-
minal fluid in different epididymal segments alters the net
surface charge, membrane protein, phospholipid and fatty
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acid compositions as well as their immunoreactivity, and
adenylate cyclase activity [5]. Many of these processes are
thought to improve the structural integrity of the sperm
membrane and to increase or to regulate the fertilization
ability of the spermatozoa.

Upon ejaculation, spermatozoa are mixed with secretions
from the accessory glands (prostate gland, vas deferens and
seminal vesicle). Amongst constituent components that
form seminal plasma, proteins are of most important ones
that directly or indirectly regulate sperm functions and
activities. One of the protein families that have been identi-
fied in the seminal plasma is the Quiescin Q6-Sulfydryl
Oxidase (QSOX) family. QSOX protein was first discov-
ered by Otrowoski and co-workers from rat seminal vesi-
cles back in 1979 [6]. It was characterized as a flavoprotein
responsible for converting sulthydryl containing substances
to corresponding disulfides at the expense of molecular
oxygen and generating hydrogen peroxidase as shown in
equation: 2R-SH + O,— R-S = S-R + H,O, [6].

The substrates of QSOXs range from small thiol com-
pounds such as dithiothreitol (DTT) to thiol groups in pro-
teins. The formation of the covalent linkages between thiol
groups is considered as a reversible post-translational modi-
fication process commonly observed in secreted proteins.
Intra molecular disulfide bonds are required for proper pro-
tein folding, function and its stability [7]. Moreover, they
are also crucial for linking different proteins together
through their sulfhydryl groups [7]. Two genes, QSOX1
and QSOX2 are encoded with the QSOX proteins. In the
human genome, QSOXI1 gene is located on chromosome 1.
QSOX1 was first identified from the fibroblasts of human
lung [8, 9] and Benayoun et al. later revealed its sequence
by the use of adult rat seminal vesicle [10]. In different ani-
mal species, an alternative splicing further generates a long
(QSOX1-L, also named QSOX1a) and a short (QSOX1-S,
also known as QSOX1b) transcripts [11-14]. In contrast to
QSOX1la which contains an additional transmembrane
domain, QSOX1b appears as a shorter form due to the
alternative splicing [13, 15, 16]. The second gene that en-
codes a 75 kDa QSOX2 protein is located on chromosome
9. QSOXI1-L, QSOX1-S and QSOX2 constitute of two
thioredoxin domains at the N-terminus followed by a helix-
rich region (function yet to be identified) and a C-terminal
Erv/ALR domain. The last domain represents the oxidative
site for the catalysis of the thiol/disulfide redox pool to
molecular oxygen via/through FAD cofactor [8, 17-20].
QSOX1 and QSOX2 share 40% identity in their primary
structure and 68% in their functional ERV1 and thioredoxin
domains [12]. QSOX1 has been detected both extra- and
intracellularly (in mitochondria), and is related to protein
folding, elaboration of extracellular matrix, redox regula-
tion, and cell cycle control [11, 13, 21, 22]; whereas QSOX2
was observed on the plasma membrane and in the nucleus
[12, 16], showing lower expression level than QSOX1 in
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most of the human tissues [22]. In male genital tract, high
levels of the sulthydryl oxidase activity were first described
in the secretions from the epididymis and the seminal
vesicle of rats and hamsters [23]. They speculated that the
sulfhydryl oxidase might be involved in protecting sperm-
atozoa from endogenous sulthydryl groups and thereby
preserving sperm structure and function [23-25].

Interestingly, despite an early identification (from human
neuroblastoma cells) of QSOX2 protein and its associated
gene [16], up to date, limited information is available on
QSOX2 protein. This is likely due to (1) its low expression
levels when compared with QSOX1 and (2) difficulties on
purification to obtain sufficient amount of QSOX2 protein
for further functional studies. In this study, we first exam-
ined the presence and tissue distribution of QSOX2 in
boar, of which the species with a relatively large quantity
(as compared with both rodent and human species) of ma-
terials can be obtained. We further explored the possibil-
ities for QSOX2 purification from porcine seminal vesicle
and epididymis due to their easy accessibility and relative
large volume (both organs and their secreted fluid) avail-
able from slaughterhouse. In this study, we not only dem-
onstrated for the first time, a pronounced and specific
localization of QSOX2 on the epithelium of porcine repro-
ductive tract, but also provided an alternative approach for
large scale QSOX2 purification from porcine seminal
vesicle and epididymis. Our study may provide new oppor-
tunities for obtaining sufficient amount of QSOX2 from
discarded slaughterhouse materials for further functional
characterizations/assays.

Methods

Chemicals, reagents, antibodies

Chemicals and reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise stated.
Rabbit polyclonal anti-QSOX1 and anti-QSOX2antibodies
were purchased from Abcam (Cambridge, UK). Magnetic
Dynabeads"Protein A Immunoprecipitation Kit was ob-
tained from Thermo Fisher Scientific (MA, USA).

Animals

Tissues used in this study were obtained from slaughter-
house materials upon routine visits for health and meat
production inspections under the guidance of Council of
Agriculture, Taiwan. Tissue sampling for pigs was carried
out under the supervision of a certified slaughterhouse
veterinarian and under IACUC protocol (NTU-103-EL-86).
For porcine analyses, materials from eight male Landrace
pigs, aged between 2 to 2.5 years were collected in late
March. Samples were collected immediately after slaughter.
For murine analyses, 8-week-old male ICR mice were pur-
chased from National Laboratory Animal Center, all experi-
ments were approved by IACUC committee of National
Taiwan University (NTU-103-EL-86, NTU104-EL-00081).
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Tissue preparation

For porcine analyses, reproductive (i.e. testis, seminal
vesicles and the caput epididymis) and non-reproductive
organs (i.e. heart, lung, liver, spleen, small intestine, kid-
ney, and skeletal muscle) were collected from slaughter-
house. Tissue samples were immediately transferred
onto dry ice before further storage at —-80 °C. For murine
analyses, seminal vesicles and caput epididymis from 8-
week-old male ICR mice (n = 4) were collected. After
collection, both porcine and murine samples were di-
vided for immunohistochemistry, immunoblotting ana-
lysis, and protein purification.

Immunohistochemistry

For histo-chemical analysis, representative tissue sam-
ples were collected, fixed in 10% neutral buffered forma-
lin, processed routinely for paraffin blocks and sectioned
at 10 pm. Hematoxylin and eosin (H&E) stain was used
for general histological and morphological examinations.
For IHC staining, tissue sections were deparaffinized
with 100% xylene and rehydrated with 100%—80% etha-
nol. Antigen retrieval was carried out by heating tissue
sections in 10 mM citrate buffer (pH 6.0) using regular
microwave at 95 °C for 2 cycles. Endogenous peroxidase
was subsequently removed by incubating tissue sections
with 3% (v/v) hydrogen peroxide (H,O,) for 30 min at
room temperature (RT). To minimize non-specific sig-
nals, sections were incubated with 2.5% filtered normal
goat serum (NGS) diluted in Tris-buffered saline (TBS,
5 mM Tris, 250 mM sucrose, pH 7.4) for 30 min, RT.
Anti-QSOX2 antibody was used at a dilution of 1:100 and
anti-QSOX1 antibody was in 1:200 dilution as recom-
mended by the company datasheet. Polymer-HRP reagent
(BioGenex HRP kit) was used as secondary antibody after
intensive washes of sections with TBS. Reactions were de-
veloped with 2% diaminobenzidine (DAB, Dako Real
DAB + Chromogen) for 10 min and slides were counter
stained with hematoxylin (Muto Pure Chemicals Co. LTD,
Tokyo, JP) for 30 s.

Immuno-blotting

Immunoblotting procedures were followed as previously
described [26]. For protein homogenate preparation, ma-
terials were homogenized on ice in tissue homogenization
buffer (250 mM sucrose, 1 mM EDTA, 20 mM Tris/
Hepes, 1% Triton X-100, pH 7.4) using glass homogenizer
in the presence of protease inhibitor cocktail tablet (EDTA
free, Roche, Mannheim, Germany). Protein concentrations
were measured according to the Pierce® BCA Protein
Assay Kit (Pierce Biotechnology, Rockford, IL, USA) and
were stored at —-80 °C until use. Equivalent amount of
total protein extract (pg) was re-suspended with an appro-
priate volume of Lithium dodecyl sulfate (LDS) loading
buffer (Invitrogen) in the presence of reducing agent
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(50 mM DTT), samples were heated in a 95 °C dry bath
for 10 min and cooled on ice before loading on gels. Bio-
Rad Mini-PROTEIN® electrophoresis system was used
(Bio-Rad Laboratories Ltd., Hertfordshire, DX) and stand-
ard manufactory protocol was followed. Proteins were
separated by SDS-PAGE (gradient T-Pro EZ Gel Solution,
T-Pro Biotechnology, NTC, TW) and wet-blotted onto a
PVDF membrane (Immobilon-P, Millipore, Billerica, MA,
USA). After blocking for 1 h with blocking buffer (5 mM
Tris, 250 mM sucrose, pH 7.4 with 0.05% v/v Tween-20
[TBST], supplemented with 5% milk powder) at room
temperature, blots were incubated with primary antibody
(1:250 diluted in TBST) for overnight at 4 °C. After three
times washing with TBST, secondary antibody was subse-
quently added and blots were further incubated at RT for
1 h. After rinsing with TBST, protein was visualized by
using chemiluminescence (Merck, Ltd., TW). When ne-
cessary, blots were stripped (Thermo Scientific Restore
Western Blot Stripping Buffer) and re-probed for other
proteins of interests.

Ammonium sulfate protein precipitation and
Immunoprecipitation (IP)

Ammonium sulfate (NH,),SO,) was used for total pro-
tein precipitation from tissue homogenates of epididymis
and seminal vesicle mixture, procedures were followed
by company’s instructions (BioVision Inc.). Cells or tis-
sue debris were span down by centrifugation at 3000 g
for 10 min prior to precipitation processes. Supernatant
was mixed in 1:1 ratio with phosphate buffered saline
(PBS) in the presence of 1 M Tris-HCL. Proteins were
salted out using 10%, 25%, 40%, 60%, 80% and saturated
(100%) ammonium sulfate in this study. Sample homog-
enates were mixed and stirred with different percentages
of ammonium sulfate for 15 min and centrifuged at
15,000 g (20 min at 4 °C). Protein pellets obtained from
each ammonium sulfate concentration were re-dissolved
in PBS and further quantified for total protein concen-
tration as described earlier.

Immunoprecipitation was carried out according to
company’s instructions. In brief, 1.8 pg of anti-QSOX2
antibody was first diluted in 200 pl of filtered antibody
binding buffer (provided in the kit), mixed thoroughly
with 50 pl Magnetic Protein A Dynabeads® on an end-
to-end rotor for 30 min at RT to form beads-Ab complex.
After washing with washing buffer (provided in the kit), tis-
sue homogenate mixtures (containing 1 mg of total protein
in 500 ul volume) were incubated with beads-Ab complex
for 1 h at RT for allowing QSOX2 to bind to the preformed
beads-Ab complex. Beads-Ab-QSOX2 complexes were
subsequently separated from unbound proteins and super-
natant on the magnet holder. Elution of the target antigen
(QSOX?2) was followed by adding 30 ul of elution buffer
(provided in the kit) for 10 min at RT. Elute was quantified
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for protein concentration and stored at —80 °C in the pres-
ence of protease inhibitor as described above.

Results

Immunohistochemistry analyses demonstrated the
presence of QSOX2 in various porcine tissues

To investigate the presence and tissue distribution of
QSOX2 in porcine, IHC studies were carried out. Our re-
sults demonstrated that QSOX2 was present in most of the
tissues tested including in heart, lung, liver, spleen, small
intestine and kidney. In line with previous reports from ro-
dents or human, no signal can be detected in skeletal
muscle; however, unlike in humans, we observed a positive
signal in porcine heart (Fig. 1a), even though its expression
level is low. To further verify signals detected by immuno-
histochemistry studies, Western blotting analyses were car-
ried out as described in the methods and material section.
In agreement with results from immunohistochemical
studies, a distinct band at 75kD was detected in most of
the tissues examined besides skeletal muscle (SM). Weak
signals were detected in heart (H) and liver (LI), whereas
lung (L), spleen (S), small intestine (SI) and kidney (K)
showed significantly strong signals (Fig. 1b). This is, to our
knowledge, the first report on the presence of QSOX2 in
porcine species (Sus scrofa).
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QSOX2 appeared specifically in a vacuole-like structure at
the apical region of the epithelium in the reproductive tract
As early discovery of QSOX2 was made from male re-
productive tracts of rodent species [27], we focused on
examining the presence of QSOX2 in porcine reproduct-
ive organs, namely seminal vesicle and epididymis.
Unlike homogenous distribution observed in other non-
reproductive organs (Fig. 1la), QSOX2 appeared in a
vacuole-like structure located at the apical side of the
reproductive tract epithelium (Fig. 2a. marked with ar-
rows). This pronounced and specific epithelium staining
pattern is similar to our observations in mouse repro-
ductive tracts (Fig. 2a, lower panels). In contrast to a sin-
gle band detected in other tissue homogenates from
non-reproductive organs, two distinct bands at 50kD
and 75kD were detected in both epididymis and seminal
vesicles (Fig. 2b). This likely represents the long (marked
with two arrow heads) and the short (marked with one
arrow head) form of porcine QSOX2. To our knowledge,
both QSOX1 and QSOX2 have been reported in other
mammalian species; however, up to date, no information
has been reported in boar. In most of the mammalian
species, QSOX1 and QSOX2 share 38% (in human) - 47%
(in mouse) similarity in amino acid sequence. We next
compared the differences between porcine QSOX1 and
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Fig. 1 Tissue distribution of porcine QSOX2 IHC and Western blot analysis of various boar tissues using rabbit polyclonal anti-QSOX2 antibody
show. a Most of the tissues examined showed a homogenous distribution. b A single band was detected at 75kD in most of the tissue homogenates.
Heart (H) showed the weakest signal, moderate intensities were detected in lung (L), liver (L/), small intestine (S/) and in kidney (K) when
30 ug of total protein was loaded on gel. A relative strong signal could be detected in spleen (S) with skeletal muscle (SM) appeared
negative for both immunohistochemistry and western-blot detection in boars. Bar = 50 um
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Fig. 2 Immunohistochemical characterization of QSOX2 in boar seminal vesicle and epididymis. a Representative immunohistochemistry images
demonstrated a pronounced epithelium signal in boar reproductive organs. The prominent vesicle-like structure (marked with arrows) contained
QSOX2 was observed specifically at the apical ridge of epithelial cells in porcine reproductive tract. This staining pattern was similar to those in
mouse. b Western-Blotting analysis showed that two distinct bands at 50 kDa (marked with one arrowhead) and 75 kDa (marked with two
arrowheads) can be detected in both boar seminal vesicle (SV) and epididymis (E) suggesting the presence of both long (75 kDa) and short

J

QSOX2 by performing immunohistochemistry and
Western-Blotting analyses. Unlike epithelium-specific
staining pattern observed for porcine QSOX2, porcine
QSOX1 was expressed weakly and homogenously in both
epithelium and interstitial area of porcine seminal vesicle
and epididymis (Fig. 3a), without noticeable vacuole-like
structures as observed for QSOX2. From Western-Blot
analysis of mouse seminal vesicle, a positive signal
was observed at ~82 kDa as predicted by mouse
QSOX1 sequence; however, no signal can be detected
in the porcine tissue homogenates of seminal vesicle
and epididymis (Fig. 3b).

Porcine QSOX2 purification via ammonium sulfate and
immunoprecipitation (IP)

From data presented above, we considered QSOX2 from
male reproductive tracts might share high level of simi-
larities in both tissue distribution (epithelium-specific)
and biochemical properties (contained both long and
short form), which are not the same as the rest of tissues
examined (Fig. 1). To increase the yield of QSOX2 pro-
tein purification, we therefore combined tissue homoge-
nates of seminal vesicles and epididymis as our starting
material for ammonium sulfate precipitation. We first
performed a total protein precipitation using ammonium

sulfate ((NH,4),SO,). From Fig. 4a (upper panel), proteins
were mostly precipitated when 10%-80% ammonium
sulfate were used. Western-Blotting analysis of the pre-
cipitates revealed that the long form QSOX2 (at 75 kDa)
could be precipitated using 10%—-25% (NH,),SO4 while
the short form QSOX2 (at 50 kDa) could be precipitated
using 40% (NH,),SO,. We further performed immuno-
precipitation using commercially available anti-QSOX2
antibody. From SDS page of immunoprecipitated sam-
ples, clear bands were visible at 75 kDa, 68 kDa and
50 kDa (Fig. 4b). In our Western blot, when compared
to our experimental controls (i.e. beads only [lane 2],
beads with anti-QSOX2 antibody without porcine sam-
ples [lane 3]), band intensities at both 50 kDa (marked
with one arrow head) and 75 kDa (marked with two
arrow heads) were much stronger with seminal vesicle
(lane 5) or epididymis (lane 6) samples/elutes (Fig. 4b,
upper panel). As skeletal muscle was considered negative
for QSOX2 in porcine species based on our data pre-
sented above (Fig. 1a, b), we calculated a relative band
intensity using skeletal muscle (orange bars) for back-
ground subtraction. As shown in Fig. 4b (lower panel),
we detected a 2.4 and 2.2-fold increase in 50 kDa signal
in seminal vesicle (yellow bar) and epididymis (grey bar),
respectively as compared to the signal detected in
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Fig. 3 Immunohistochemical characterizations of QSOX1 in mouse and boar. a Representative immunohistochemistry images showed that unlike
specific epithelium staining of QSOX2, a weak and homogenous staining pattern was detected in both epithelium and interstitial area of porcine
seminal vesicle and epididymis. b Western-Blotting analysis showed positive signal at ~82 kDa in mouse seminal vesicles and epididymis;
however, no signal can be detected in any of the porcine tissue examined

skeletal muscle. For long form porcine QSOX2 detected
at 75 kDa, a 1.3 and 1.6 fold increase was measured in
seminal vesicle (yellow bar) and epididymis (grey bar),
respectively. This was further confirmed by Western-
Blotting analysis from the seminal vesicle and epididymis
tissue mixture immuno-precipitates, which showed two
major bands at 50 kDa and 75 kDa in the eluted fraction.
Interestingly, under the same elution condition, a large
portion of long form QSOX2 remained on the bead while
most of the short form QSOX2 was eluted suggesting
biochemical differences between two porcine QSOX2
isoforms (Fig. 4c).

Discussion

After the spermatozoa are liberated from testis, membrane
surface modifications continue with constant re- and de-
coating events induced by male accessory fluid [28, 29].
The exposure of spermatozoa to the luminal fluid of
epididymis during sperm transition not only alters the
compositions of sperm membrane surface protein and
lipids [5, 30], but also regulates sperm activities and func-
tions through fine adjustment of epididymal luminal pH
[31-34]. After ejaculation, spermatozoa are mixed with
seminal plasma, the seminal plasma contains proteins,
lipids, amino acids, carbohydrates like fructose and
other elemental substances that not only provide

essential nutrients and metabolites for sperm motility,
but also facilitate the regulation of sperm functions
with “de-capacitation” factors [35—37]; thereby preventing
pre-mature capacitation and acrosome reaction prior to
their encounter with the oocyte in the oviduct.

In this study, we demonstrated for the first time, the
presence of Quiescin Q6-Sulfydryl Oxidase 2 (QSOX2)
in porcine species and further showed its ubiquitous tissue
distributions in heart, lung, liver, spleen, small intestine,
kidney, testis, seminal vesicle and epididymis, except in
skeletal muscle (Fig. 1). This wide-ranged tissue distribu-
tion is in accordance with previous reports of QSOXs in
human and rodent species [13, 15, 27, 38]. Of particular
interest is, the pronounced epithelial expression of QSOX2
in male reproductive organs (Fig. 2). Unlike QSOX2 ob-
served in non-reproductive tissues, QSOX2 present in
male reproductive tract were detected in a vesicle-like
structure at the apical side of the epithelial cells. This spe-
cific cellular arrangement suggests that QSOX2 might later
be secreted into the lumen and may participate in the for-
mation of seminal fluid and epididymal fluid via specific
but, yet to be identified regulatory mechanism. This specu-
lation is supported by our Western-Blotting analysis in
which we detected two forms of QSOX2 from the seminal
vesicle and epididymal tissue homogenates (Fig. 2b). Our
observation is in line with the current knowledge of
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Fig. 4 Two forms of porcine QSOX2 can be purified via immunoprecipitation (IP). a A total protein precipitation carried out by different
percentages (10-100%) of ammonium sulfate indicated that boar QSOX2 is mostly precipitated with 10%-40% ammonium sulfate. b SDS page
stained with Coomassie blue indicated that anti-QSOX2 antibody could recognize and precipitate both long (marked with 2 arrowheads) and short
(marked with 1 arrowheads) form of porcine QSOX2. After subtracting band intensity detected in control lanes (skeletal muscle, lane 4), we detected a
22 to 24-fold increase in band intensity at 50 kDa and a 1.3 to 1.6-fold increase at 75 kDa. ¢ Western-Blotting analysis further confirmed the presence
of both 50kD and 75kD QSOX2 in the eluted fraction. However, the majority of the long form QSOX2 remained on beads

QSOX1 protein having both long (isoform a, with trans-
membrane domain) and a short (isoform b, without trans-
membrane domain) [11-14]. Based on mRNA sequences,
two isoforms of QSOX2 protein have earlier been pre-
dicted in some species like mouse, rat, Cebuscapucinus
imitator, white headed capuchin, chimpanzee and gray
short-tailed opossum (NCBI data base). It is reasonable to
predict that in boars, tissues or organs with less or no se-
cretion function may consist mainly of transmembrane do-
main containing QSOX2, exhibiting a higher protein
molecular weight at ~75 kDa; whereas organs with exuber-
ant secretory activities like seminal vesicles and epididymis
contain besides transmembrane QSOX2, an additional
secretory form of QSOX2 with a smaller molecular weight
due to the lack of transmembrane domain as seen from
our Western-blotting analysis (Figs. 2 and 4). Therefore, fu-
ture studies focusing on the underlying regulatory mecha-
nisms of QSOX2 secretion may help to reveal the function
of QSOX2 and its involvement in reproductive physiology.

Functional analyses of QSOX2 rely on the purity of the
protein. However, compared with QSOX1 expression,
QSOX2 expresses a much lower level in most of the
human tissues [22]. To overcome this natural limitation,
we explored the possibilities of purifying porcine QSOX2
from male reproductive organs (i.e. seminal vesicle and
epididymis). In most parts of the world, boar seminal

vesicles and epididymis are treated as slaughterhouse
wastes, thereby allowing easy access to sufficient starting
material for protein isolation. Our data supports the feasi-
bility of QSOX2 purification by either ammonium sulfate
or anti-QSOX2 antibody, using the slaughterhouse wastes
as starting materials. We saw QSOX2 could mostly be
precipitated with 10%—40% ammonium sulfate concentra-
tion. Intriguingly, we observed differences in protein pre-
cipitation efficiency between long and short form of
porcine QSOX2 by the use of ammonium sulfate. These
reflect the natural biochemical differences between two
forms of QSOX2. Ammonium sulfate is known to precipi-
tate proteins due to its high water solubility. Proteins with
lower water solubility (e.g. transmembrane proteins, like
long form QSOX2) will be precipitated easier/earlier than
those of high water soluble proteins (e.g. secretory pro-
teins, like short form QSOX2), thereby proving our obser-
vation of high molecular weight QSOX2, but not low
molecular weight QSOX2 been detected under 10%
ammonium sulfate.

As protein composition of porcine seminal fluid is
complex and contains many proteins other than QSOX2
[39, 40], to reach a higher purity of QSOX2, we further
performed immunoprecipitation using commercially avail-
able anti-QSOX2 antibody. As shown in Fig. 4b and c,
with immunoprecipitation, we enhanced QSOX2 signals
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1.3-2.4-fold more than background signals. Interestingly,
we observed with this purification approach, a higher
amount of low molecular weight QSOX2 (likely the
secretory form of QSOX2). Based on information available
from antibody producing company, the immunogen of
this antibody resides at the internal sequence amino acids
504—633 of human QSOX2 which is the region before
transmembrane domain; therefore, it is likely that by the
use of this antibody, we pulled down both short and long
forms of porcine QSOX2. Since seminal vesicle and
epididymis are organs with active secretory activities, a
relatively higher proportion of short form QSOX2 is ex-
pected to be present in these organs.

In conclusion, in this study, we showed for the first time,
the presence of QSOX2 in porcine species, and porcine
QSOX2 exhibits two isoforms which may represent trans-
membrane (long form, high molecular weight) and
secretory (short form, low molecular weight) forms of
QSOX2; moreover, both QSOX2 can further be purified via
immunoprecipitation using specific antibody. Our data
not only provides evidence on the identification of
QSOX2 in porcine species, but also indicates a new
source and approach for QSOX2 purification for future
functional analyses.

Conclusions

QSOX2 is enriched in porcine epididymis and seminal ves-
icles and obtaining sufficient amount of QSOX2 is critical
for in-depth functional analyses of QSOX2. Porcine mate-
rials from the slaughterhouse serve as ideal sources for
protein purification without additional sacrifice of individ-
uals. Large-scale QSOX2 protein purification and accom-
panied functional studies will shed lights on functional
relevance of QSOX2 on sperm physiology.

Abbreviations

EDTA: Ethylenediaminetetraacetic acid; Erv/ALR: Augmentor of Liver
Regeneration; H: Heart; HRP: Horse Raddish Peroxidase; IACUC: Institutional
Animal Care and Use Committee; IP: Immunoprecipitation; K: Kidney;

L: Lungs; LDS: Lithium Dodecy! Sulfate; Li: Liver; NGS: Normal Goat Serum;
PBS: Phosphate Buffered Saline; PVDF: Polyvinilydene Fluoride;

QSOX: Quescin Q-6 Sulfydryl Oxidase; QSOX-a: Quescin Q-6 Sulfydry!
Oxidase-a; QSOX-b: Quescin Q-6 Sulfydryl Oxidase-b; QSOX-L: Quescin Q-6
Sulfydryl Oxidase- Long form; QSOX-S: Quescin Q-6 Sulfydryl Oxidase- Short
form; S: Spleen; SI: Small Intestine; SM: Smooth muscle; T: Testis; TBS: Tris
Buffered Saline

Acknowledgements
We thank Prof. VF Pang and Prof. HY Chiou for their assistance and suggestions
on sample collection and processes.

Funding
This study was supported by grants from the Ministry of Science and
Technology, Taiwan [Grant #104-2311-B-002-022 to PSJ TSAI].

Availability of data and materials
The isolation and purification protocols, materials used and analyzed in current
study are available from the corresponding author on reasonable request.

Page 8 of 9

Authors’ contributions

K-YW, J-R, W-TE and H-CN performed sample collections and contributed to
all experimental data presented in this manuscript, C-HW, L-SH and T-PS con-
ceived and designed the experiments. All authors have read and approve
this article at submission.

Ethics approval

Ethics approval, animal carcass handling, including tissue and body fluid
sample collection, was performed and supervised by the approved
veterinarians throughout routine veterinary health management. Consent
was obtained for the samples to be collected at the slaughterhouse.

Consent for publication
Not applicable.

Competing interests
All authors declare no conflict of interests that could prejudice the
impartiality of the research reported.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

1Depar’[mem of Veterinary Medicine, National Taiwan University, No. 1, Sec. 4,
Roosevelt Rd, 10617 Taipei, Taiwan. °Graduate Institute of Veterinary
Medicine, National Taiwan University, No. 1, Sec. 4, Roosevelt Rd, 10617
Taipei, Taiwan. *Graduate Institute of Molecular and Comparative
Pathobiology, National Taiwan University, No. 1, Sec. 4, Roosevelt Rd, 10617
Taipei, Taiwan. “Department of Medical Research, Mackay Memorial Hospital,
No. 92, Section 2, Zhongshan N. Rd, 251 Tamshui, Taipei, Taiwan. *Shui-Po
International Certification Boar Semen Station, No. 71-115, 732 Tainan,
Taiwan. ®Research Center for Developmental Biology and Regenerative
Medicine, National Taiwan University, No. 1, Sec. 4, Roosevelt Rd, 10617
Taipei, Taiwan.

Received: 8 March 2017 Accepted: 20 June 2017
Published online: 29 June 2017

References

1. Griswold MD. Spermatogenesis: the commitment to meiosis. Physiol Rev.
2016;,96(1):1-17.

2. Cooper TG. Role of the epididymis in mediating changes in the male
gamete during maturation. Adv Exp Med Biol. 1995,377:87-101.

3. Flesch FM, Gadella BM. Dynamics of the mammalian sperm plasma membrane
in the process of fertilization. Biochim Biophys Acta. 2000;1469(3):197-235.

4. Jones RC, Dacheux JL, Nixon B, Ecroyd HW. Role of the epididymis in sperm
competition. Asian J Androl. 2007;9(4):493-9.

5. Cornwell GA. New insights into epididymal biology and function. Human
Reproduction Updates. 2009;15(2):213-27.

6. Ostrowski MC, Kistler WS, Williams-Ashman HG. A flavoprotein responsible
for the intense sulfhydryl oxidase activity of rat seminal vesicle secretion.
Biochem Biophys Res Commun. 1979;87(1):171-6.

7. Sevier CS, Cuozzo JW, Vala A, Aslund F, Kaiser CA. A flavoprotein oxidase
defines a new endoplasmic reticulum pathway for biosynthetic disulphide
bond formation. Nat Cell Biol. 2001;3(10):874-82.

8. Coppock DL, Cina-Poppe D, Gilleran S. The quiescin Q6 gene (QSCN6) is a
fusion of two ancient gene families: thioredoxin and ERV1. Genomics. 1998;
54(3):460-8.

9. Coppock DL, Kopman C, Scandalis S, Gilleran S. Preferential gene expression
in quiescent human lung fibroblasts. Cell Growth Differ. 1993;4(6):483-93.

10.  Benayoun B, Esnard-Feve A, Castella S, Courty Y, Esnard F. Rat seminal
vesicle FAD-dependent sulfhydryl oxidase. Biochemical characterization and
molecular cloning of a member of the new sulfhydryl oxidase/quiescin Q6
gene family. J Biol Chem. 2001;276(17):13830-7.

11. Coppock D, Kopman C, Gudas J, Cina-Poppe DA. Regulation of the quiescence-
induced genes: quiescin Q6, decorin, and ribosomal protein S29. Biochem
Biophys Res Commun. 2000;269(2):604-10.

12. Morel C, Adami P, Musard JF, Duval D, Radom J, Jouvenot M. Involvement
of sulfhydryl oxidase QSOX1 in the protection of cells against oxidative
stress-induced apoptosis. Exp Cell Res. 2007;313(19):3971-82.



Kuo et al. BVIC Veterinary Research (2017) 13:205

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Musard JF, Sallot M, Dulieu P, Fraichard A, Ordener C, Remy-Martin JP, et al. 38

Identification and expression of a new sulfhydryl oxidase SOx-3 during the
cell cycle and the estrus cycle in uterine cells. Biochem Biophys Res

Commun. 2001;287(1):83-91. 39.

Radom J, Colin D, Thiebault F, Dognin-Bergeret M, Mairet-Coello G, Esnard-Feve
A, et al. Identification and expression of a new splicing variant of FAD-sulfhydryl

oxidase in adult rat brain. Biochim Biophys Acta. 2006;1759(5):225-33. 40.

Mairet-Coello G, Tury A, Fellmann D, Jouvenot M, Griffond B. Expression of
SOx-2, a member of the FAD-dependent sulfhydryl oxidase/quiescin Q6
gene family, in rat brain. Neuroreport. 2002;13(16):2049-51.

Wittke I, Wiedemeyer R, Pillmann A, Savelyeva L, Westermann F, Schwab M.
Neuroblastoma-derived sulfhydryl oxidase, a new member of the sulfhydryl
oxidase/Quiesciné family, regulates sensitization to interferon gamma-induced
cell death in human neuroblastoma cells. Cancer Res. 2003;63(22):7742-52.
Kodali VK, Thorpe C. Oxidative protein folding and the Quiescin-sulfhydryl
oxidase family of flavoproteins. Antioxid Redox Signal. 2010;13(8):1217-30.
Kodali VK, Thorpe C. Quiescin sulfhydryl oxidase from Trypanosoma brucei:
catalytic activity and mechanism of a QSOX family member with a single
thioredoxin domain. Biochemistry. 2010;49(9):2075-85.

Bach RD, Dmitrenko O, Thorpe C. Mechanism of thiolate-disulfide
interchange reactions in biochemistry. J Org Chem. 2008;73(1):12-21.

Baker KM, Chakravarthi S, Langton KP, Sheppard AM, Lu H, Bulleid NJ. Low
reduction potential of Erolalpha regulatory disulphides ensures tight
control of substrate oxidation. EMBO J. 2008,27(22):2988-97.

Heckler EJ, Rancy PC, Kodali VK, Thorpe C. Generating disulfides with the
Quiescin-sulfhydryl oxidases. Biochim Biophys Acta. 2008;1783(4):567-77.
Coppock DL, Thorpe C. Multidomain flavin-dependent sulfhydryl oxidases.
Antioxid Redox Signal. 2006;8(3-4):300-11.

Chang TS, Morton B. Epididymal sulfhydryl oxidase: a sperm-protective
enzyme from the male reproductive tract. Biochem Biophys Res Commun.
1975;66(1):309-15.

Chang TS, Zirkin BR. Distribution of sulfhydryl oxidase activity in the rat and
hamster male reproductive tract. Biol Reprod. 1978;18(5):745-8.

Chang TS, Zirkin BR. Proteolytic degradation of protamine during thiol-
induced nuclear decondensation in rabbit spermatozoa. J Exp Zool. 1978;
204(2):283-9.

Tsai PS, Garcia-Gil N, van Haeften T, Gadella BM. How pig sperm prepares to
fertilize: stable acrosome docking to the plasma membrane. PLoS One.
2010;5(6):211204.

Chang TSKZ, B. R. Distribution of sulfhydryl oxidase activity in the rat and
Hasmter male reproductive tract. Biol Reprod. 1978;17:745-8.

Kuo YW, Li SH, Maeda K, Gadella BM, Tsai PS. Roles of the reproductive tract
in modifications of the sperm membrane surface. J Reprod Dev. 2016;62(4):
337-43.

Gadella BM, Luna C. Cell biology and functional dynamics of the
mammalian sperm surface. Theriogenology. 2014;81(1):74-84.

Tsai PS, Gadella BM. Molecular kinetics of proteins at the surface of porcine
sperm before and during fertilization. Society of Reproduction and Fertility
supplement. 2009;66:23-36.

Roy J, Kim B, Hill E, Visconti P, Krapf D, Vinegoni C, et al. Tyrosine kinase-
mediated axial motility of basal cells revealed by intravital imaging. Nat
Commun. 2016;7:10666.

Breton S, Ruan YC, Park YJ, Kim B. Regulation of epithelial function, differentiation,
and remodeling in the epididymis. Asian J Androl. 2016;18(1):3-9.

Shum WW, Da Silva N, Belleannee C, McKee M, Brown D, Breton S.
Regulation of V-ATPase recycling via a RhoA- and ROCKII-dependent pathway

Page 9 of 9

Portes KF, lkegami CM, Getz J, Martins AP, de Noronha L, Zischler LF, et al.
Tissue distribution of quiescin Q6/sulfhydryl oxidase (QSOX) in developing
mouse. J Mol Histol. 2008;39(2):217-25.

Rodriguez-Martinez H, Kvist U, Saravia F, Wallgren M, Johannisson A, Sanz L,
et al. The physiological roles of the boar ejaculate. Society of Reproduction
and Fertility supplement. 2009,66:1-21.

Schjenken JE, Robertson SA. Seminal fluid and immune adaptation for
pregnancy-comparative biology in mammalian species. Reprod Domest
Anim. 2014;49(Suppl 3):27-36.

in epididymal clear cells. Am J Physiol Cell Physiol. 2011;301(1):C31-43.

Shum WW, Da Silva N, Brown D, Breton S. Regulation of luminal acidification in
the male reproductive tract via cell-cell crosstalk. J Exp Biol. 2009;212(Pt 11):
1753-61.

Lu CH, Lee RK, Hwu YM, Chu SL, Chen YJ, Chang WC, et al. SERPINE2, a
serine protease inhibitor extensively expressed in adult male mouse
reproductive tissues, may serve as a murine sperm decapacitation factor.
Biol Reprod. 2011;84(3):514-25.

Lin MH, Lee RK, Hwu YM, Lu CH, Chu SL, Chen YJ, et al. SPINKL, a Kazal-type
serine protease inhibitor-like protein purified from mouse seminal vesicle fluid,
is able to inhibit sperm capacitation. Reproduction. 2008;136(5):559-71.

Li SH, Lee RK, Hsiao YL, Chen YH. Demonstration of a glycoprotein derived
from the Ceacam10 gene in mouse seminal vesicle secretions. Biol Reprod.
2005;73(3):546-53.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Chemicals, reagents, antibodies
	Animals
	Tissue preparation
	Immunohistochemistry
	Immuno-blotting
	Ammonium sulfate protein precipitation and Immunoprecipitation (IP)

	Results
	Immunohistochemistry analyses demonstrated the presence of QSOX2 in various porcine tissues
	QSOX2 appeared specifically in a vacuole-like structure at the apical region of the epithelium in the reproductive tract
	Porcine QSOX2 purification via ammonium sulfate and immunoprecipitation (IP)

	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

