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Abstract

A recent study has demonstrated that porcine spermatozoa recognize with high affinity
carbohydrate structures containing Lewis X motifs. Sperm adhesion to Lewis X is proposed to
mediate sperm binding to the oviduct epithelium to form a reservoir. The objective of this study
was to identify Lewis X-binding proteins from porcine spermatozoa as candidate receptors for
oviduct glycans. To identify low-abundance proteins typically masked by proteins originating from
seminal fluid, Lewis X candidate receptors were enriched from cauda epididymal boar
spermatozoa. Plasma membrane preparations from cauda epididymal spermatozoa were subjected
to RP-HPLC and glycan blotting assays to isolate and detect proteins that bind Lewis X.
Following bottom-up LC-MS/MS analysis, among the two bands that bound sulfated Lewis X,
ADAMS5, which spermatozoa, was confidently identified. ADAM family members have been
established as contributors to sperm entry into the oviduct. A second sulfated Lewis X-binding
protein identified was the peripheral membrane protein lactadherin (also known as P47, SED1 and
MFG-ES8 in different species). The interaction between Lewis X and lactadherin was functionally
important because competitive inhibition by soluble recombinant lactadherin reduced sperm
binding to the oviduct epithelium. Furthermore, far-western blotting demonstrated that purified
lactadherin could bind oviduct cells. In summary, these findings reveal that, in addition to the
previously reported glycan affinity of accessory gland proteins that adhere to spermatozoa,
multiple proteins intrinsic to spermatozoa have affinity for a specific oviduct glycan. Further, in
addition to binding to the zona pellucida, lactadherin is now implicated in binding to oviduct
glycans to promote formation of the sperm reservoir.
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INTRODUCTION

After mating or insemination, mammalian spermatozoa pass through the utero-tubal junction
and bind to the oviduct epithelium forming a reservoir (Hunter, 1984; Suarez, 1987; Smith &
Yanagimachi, 1991). During sperm movement in the female reproductive tract, spermatozoa
undergo several maturational processes, collectively termed capacitation, that give them the
ability to fertilize an oocyte (Chang, 1984). Binding to the oviduct epithelium maintains
spermatozoa in an uncapacitated state characterized by inhibition of motility and
hyperactivity, thereby extending sperm lifespan prior to ovulation (Rodriguez-Martinez et
al., 2005). Spermatozoa remain bound to the epithelium until close to the time of ovulation
when molecules present in the oviduct fluid gradually release spermatozoa which them
move toward the oocyte (Mburu et al., 1996). Even if the molecule regulating sperm release
are still not completely identified (Talevi & Gualteri, 2010), it is known that by retaining and
slowly releasing spermatozoa, the oviduct increases the probability that oocytes will be
exposed to spermatozoa that are competent for fertilization (Rodriguez-Martinez et al.,
2005). Formation of the oviduct reservoir is mediated by sperm recognition of oviduct
glycan structures. Distinct glycan motifs are proposed to recognize spermatozoa in different
species; sialyl, galactosyl, mannosyl and fucosyl residues competitively inhibit binding of
hamster, equine, porcine and bull spermatozoa to oviduct cells (DeMott et al., 1995;
Lefebvre et al, 1997; Wagner et al., 2002; Sabeur & Ball, 2007). Most studies testing sperm
affinity to glycans have used competitive assays which pre-incubate spermatozoa with a
small selected group of glycan structures. While this is an effective experimental approach,
the limited number of glycans tested usually does not include the more complex authentic
oviduct glycans. Leemans et al. (2016), has demonstrated that stallion sperm binding to
oviduct cells was unchanged in the presence of several distinct carbohydrate structures
(Leemans et al., 2016), including galactose that has been characterized as part of a glycan/s
involved in sperm-oviduct binding in the horse (Sabeur & Ball, 2007). Although there is not
an obvious explanation for the different results, testing only a very limited number of
glycans risks missing specific oviduct structures recognized by spermatozoa. There are tens
of thousands of possible glycan structures produced by mammals.

A recent study using an array with 377 glycans, a much larger number than has been
examined previously, has demonstrated that porcine spermatozoa recognize with high
affinity, carbohydrate structures containing Lewis X (LeX) or biantennary 6-sialylated N-
acetyllactosamine (bi-SiaLN) motifs and that recognition of these motifs mediates porcine
sperm binding to the oviduct cell aggregates (Kadirvel et al,, 2012; Machado et al., 2014).
Lewis X is a trisaccharide formed by the monosaccharides N-acetyl glucosamine, galactose
and fucose. Although receptors for this motif have not been identified in porcine
spermatozoa, binding assays to fluorescein labeled glycans have shown that spermatozoa
recognize LeX motifs and that receptors are found on the plasma membrane in the anterior
acrosomal region, which is the region of spermatozoa that binds oviduct cells (Silva et al.,
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2014). Spermatozoa from mice (Kerr et a/. 2004) and humans (Pang et a/., 2011) bind to LeX
and sialylated LeX; there-fore, it is possible that this motif contributes to sperm binding to
the oviduct in multiple species.

To understand the function of sperm binding to glycans containing LeX termini, it is
essential to identify LeX receptors. In this study, a multi-dimensional strategy was employed
to isolate and identify Le*-binding proteins with the objective of detecting proteins that may
be involved in sperm adhesion to oviduct glycans. We chose to use epididymal spermatozoa
to reduce the interference of abundant seminal plasma proteins, which do not have the
glycan-binding specificity to explain porcine sperm binding to oviduct cells. We predicted
that this would allow detection of less abundant proteins that may have significant biological
function.

MATERIALS AND METHODS

Materials

Chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA), unless stated
otherwise. Carbo-free blocking solution was purchased from Vector Laboratory
(Burlingame, CA, USA). SuperSignal West Pico Chemiluminescent Substrate was
purchased from Thermo Scientific (Rockford, IL, USA). Precast gel (4-20%) and Precision
Plus Protein Standard Kaleidoscope Pre-stained protein markers were purchased from Bio-
Rad (Hercules, CA, USA). Percoll was purchased from Pharmacia (Piscataway, NJ, USA).
NP-40 was purchased from Calbiochem EMD Millipore (Billerica, MA, USA). SimplyBlue
SafeStain was purchased from Life Technologies (Carlsbad, CA, USA). The BCA assay kit
was purchased from Thermo Scientific. Biotinylated glycans were obtained from Lectinity
(Moscow, Russia). ACS grade methanol (MeOH), ACS grade acetonitrile (ACN), Optima
LC-MS grade ACN, Optima LC-MS grade water and ammonium bicarbonate were
purchased from Fisher Scientific (Pittsburgh, PA, USA). Deionized water (18.2 MQ cm) was
prepared with a Milli-Q Millipore system. Formic acid (=98%) was obtained from Fluka
(Buchs, Switzerland). DL-Dithiothreitol (DTT), Protease-Max surfactant and sequencing-
grade modified trypsin were purchased from Promega (Madison, WI, USA). Recombinant
lactadherin protein was purchased from R&D Systems (Minneapolis, MN, USA; product
2805-MF/CF).

Collection of ejaculated and epididymal spermatozoa

Cauda epididymides were collected from Calihan Pork Processors in Peoria, 1L, USA. After
arrival in the laboratory, the cauda epididymis was flushed retrograde with PBS (136 mM
NaCl, 2.68 mM KCI, 10.4 mM Nay,HPO, and 1.76 mM KH,POy4, pH 7.4) to collect
spermatozoa. Cauda epididymal spermatozoa were separated from fluid by centrifugation
(800 g for 6 min at 24 °C) and washed twice with Hepes-buffered saline (HBS; 126 mM
NaCl, 5 mM KClI, 18.2 mM HEPES, pH 7.4) by centrifugation (800 g for 6 min, 24 °C).
SigmaFast Protease Inhibitor Cocktail was purchased from Sigma-Aldrich Co.

Pooled semen from fertile boars was provided by Prairie State Semen Inc (Champaign, IL,
USA) and washed through a Percoll cushion as previously described (Kadirvel et al., 2012).
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Plasma membrane isolation from epididymal porcine spermatozoa

An enriched plasma membrane fraction was collected by nitrogen cavitation followed by a
sequence of high-speed centrifugation steps, as modified from published protocols (Gillis et
al., 1978; Flesch et al., 1998). Washed cauda epididymal spermatozoa were resuspended in
Tris-buffered sucrose solution (TBSS; 40 mM Tris Base, 250 mM sucrose and SigmaFAST
Protease Inhibitor Cocktail, pH 7.4). All subsequent media used during this procedure
contained this protease inhibitor cock-tail. The sperm suspension (1 x 109/mL) was
subjected to nitrogen cavitation (10 min, 50 bar) in a cell disruption bomb (Parr Instrument,
Moline, IL, USA). The suspension was vortexed for 1 min and centrifuged at 1000 g for 15
min at 6 °C. After centrifugation, the supernatant was collected. The pellet was washed with
3 mL of TBSS and re-centrifuged. This procedure was repeated twice. The supernatants
were combined and centrifuged at 5956 g for 20 min at 6 °C. The 5956 g supernatant was
collected and subsequently centrifuged at 145,250 g for 60 min at 6 °C to precipitate
membranes. The pellet was washed with HBS and centrifuged again at 145,250 g for 60 min
at 6 °C. After the last centrifugation, the membrane pellet was collected and solubilized in
HBS with 0.1% NP-40 for 30 min in ice. The sample was centrifuged at 10,000 g for 2 min
to remove any precipitate. The supernatant was collected and kept in 20 °C until further
analysis. A similar procedure was used for isolation of ejaculated sperm plasma membranes.

Purification and identification of sulfated Lewis X-binding proteins from epididymal
spermatozoa

After plasma membrane isolation, 2 mg of protein sample was fractionated by RP-HPLC on
a GE MDLC system equipped with a Vydac C4 (214TP54) 4.6 x 250 mm reversed-phase
column and operated at a flow rate of 1 mL/min. Fractions were collected over an 80 min
gradient of 10% to 90% ACN in 0.1% TFA and lyophilized for further use. Each fraction
was resolved by one-dimensional SDS-PAGE followed by glycan blot analysis to investigate
the presence of glycan-binding proteins.

Aliquots (21-22 uL) from the collected RP-HPLC fractions were diluted in 4x LSB (final
concentration: 10% glycerol, 50 mM Tris, 2% sodium dodecyl sulfate, 100 MM DTT,
0.025% Bromophenol Blue) and heated at 100 °C for 7 min. Proteins were resolved by SDS-
PAGE on 8.6 x 6.7 cm 4-20% gradient gels followed by transfer onto a nitrocellulose
membrane. After protein preparation and transfer, the membrane was blocked for 1 h in
blocking buffer consisting of 1x Carbo-free blocking buffer diluted in Tris-Buffered Saline
and Tween20 (TBST; 50 mM Tris, 150 mM NaCl, 0.1% Tween 20) containing 0.2 mM
CaCl, and 0.2 mM MgCly; this buffer was used throughout the experiment. After the
blocking step, the membrane was rinsed with TBST (2%, 10 min) and subsequently
incubated with 0.5 pg/mL biotinylated suLeX that was covalently coupled to a 30 kDa poly-
acrylamide chain. After glycan incubation and rinsing, bound suLeX was detected by
incubation with Streptavidin Poly-HRP Conjugate (Pierce Biotechnology, Rockford, IL,
USA), diluted 1 : 60,000 in blocking buffer for 30 min, and developed using ECL Western
Blotting Substrate (Thermo Scientific). Glycan blot-ting was also used to determine affinity
of increasing concentrations (0.5 and 1.5 Ig) of recombinant mouse lactadherin protein
(MFG-E8; R&D Systems) to biotinylated suLeX, LeX and Atacetyllactosamine (LN).
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In-gel tryptic digestion

Excised bands were washed and destained. ProteaseMax surfactant-assisted in-gel protein
digestion (Promega) was carried out according to the manufacturer’s recommended
protocol. Gel slices were cut into 1 mm?3 pieces and washed once with water and twice with
50% MeOH/50 mM NH4HCO3. The pieces were dehydrated with 50% ACN/50 mM
NH4HCO3 and 100% ACN washes followed by drying in vacuo using a Thermo Scientific
Savant SpeedVac concentrator (SVC100; Waltham, MA, USA). Proteins were reduced in a
solution of 25 mM DTT in 50 mM NH4HCO3 by incubation at 56 °C for 20 min. The
solution was discarded and proteins were alkylated by incubation in a solution of 55 mM
iodoacetamide in 50 mM NH4HCOj3 at room temperature for 20 min in the dark. The pieces
were washed twice with water, dehydrated and dried in vacuo. Digestion was per-formed by
rehydrating the pieces in a solution of 12 ng/IL sequencing-grade trypsin and 0.01%
ProteaseMax surfactant in 50 mM NH4HCOg3 for 10 min at room temperature, overlaying
with a solution of 0.01% ProteaseMax surfactant in 50 mM NH4HCO3, and incubating at
37 °C for 2 h. The samples were then centrifuged briefly and the solution containing the
extracted peptides was transferred to a fresh sample tube. Formic acid was added to a final
concentration of 0.5% (pH < 3), and the peptides were desalted using ZipTipc1g (Millipore)
solid phase extraction pipette tips. Peptides were dried in vacuo and reconstituted in 20 IL
0.1% formic acid for nanoLC-MS/MS analysis.

NanoLC-MS/MS analysis

All experiments were performed on a system consisting of a Waters NanoAcquity UPLC
(Milford, MA, USA) interfaced with a Thermo Scientific Q-Exactive mass spectrometer
(Bremen, Germany) through a nanoelectrospray ion source. Mobile phase A consisted of
0.1% formic acid in H,0, and mobile phase B consisted of 0.1% formic acid in ACN. Four
microliters of each sample was injected onto a Waters Symmetry C18 5 um, 180 um x 20
mm trap column at a flow rate of 5 pL/min for 5 min at 99% A/1% B. Separation was
performed on a Waters BEH130 C18 1.7 um, 75 pm x 150 mm analytical column using a
linear gradient of 5-35% mabile phase B at 300 nL/min over 90 min. The Q-Exactive was
operated in data-dependent mode to automatically switch between survey scan MS and
MS/MS acquisition. Survey scan spectra were acquired in the orbitrap mass analyzer using a
mass range of /7/z200-2000 at a resolving power of 70,000 FWHM (/m/z 200) with an AGC
target of 1e6. The top ten precursor ions were sequentially selected for HCD fragmentation
and MS/MS analysis in the orbitrap at a resolving power of 17,500 with an AGC target of
1e5. MS/MS scans employed an isolation window of 3.0 Da and a normalized collision
energy of 30. Precursors were subjected to dynamic exclusion.

Data processing

Resulting data were processed using Proteome Discover 1.4 (Thermo Fisher Scientific, San
Jose, CA, USA). The Sequest HT search algorithm was used to search the MS/MS data
against the UniProt Sus Scrofa complete database (September 2013) to identify proteins.
The precursor tolerance was set to 5 ppm, and fragment mass tolerance was set to 0.02 Da.
Carbamidomethylation of cysteine was included as a fixed modification, and oxidation of
methionine and deamidation of glutamine and asparagine were included as dynamic
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modifications. Reported peptides were filtered to a false discovery rate of 1% using
Percolator. Reported proteins were filtered to require a Sequest score >10 and at least two
unique peptides used for identification. Contaminant proteins such as keratins were not
included in the reported identifications.

Sperm-oviduct binding assay

Details of the sperm-oviduct binding assay are described else-where (Kadirvel et al., 2012).
Briefly, 20 oviduct cell aggregates were incubated with increasing concentrations of
recombinant mouse lactadherin (R&D Systems) for 30 min. Spermatozoa (final
concentration 1 x 108 spermatozoa/mL) were added to aggregates and cells were incubated
for 15 min. After incubation, the aggregates were washed and mounted on slides for
observation using a Zeiss Axioskop and AxioCam HRc digital camera (Carl Zeiss,
Thornwood, NY, USA). The circumference of the aggregates was measured by
AXIOVISION V 4.5 software (Carl Zeiss). The number of sperm bound to the periphery of
each aggregate was counted and normalized by the aggregate circumference. Experiments
were performed in triplicate and data were analyzed by the PROC MIXED procedure in
SAS (SAS Institute Inc., Cary, NC, USA). The treatment was considered a fixed factor and
replicates were considered a random factor. Tukey— Kramer’s test was used for multiple
comparisons between treatments.

Western blot

Protein from spermatozoa was extracted with lysis buffer containing 0.1% NP-40 diluted in
HBS and 1 x protease inhibitor (SigmaFAST). Spermatozoa were incubated in lysis buffer
for 1 hiin a cold room (6 °C) under gentle rotation, vortexed for 1 min and subsequently
submitted to two cycles of freezing and thawing in a dry ice/alcohol solution. After the last
thawing, the lysate was centrifuged twice at 10,000 g for 10 min to pellet the insoluble
debris and the supernatant was stored at —20 °C for further use. The protein concentration
was determined by BCA assay, and protein (15 g) was prepared and transferred as
described for glycan blotting and the membrane was blocked in TBST + 5% milk. The
membrane was then incubated with poly-clonal affinity-purified antibody to mouse
lactadherin (MFG-E8; R&D Systems) in TBST + 2% milk. The bound antibody was
visualized by incubation with chicken anti-goat 1gG conjugated to horseradish peroxidase
(R&D Systems) and ECL Western Blot-ting Substrate (Thermo Scientific). Mouse sperm
lysates were used as positive control. After western blotting, the membrane was stripped of
the antibodies by incubating in Restore Stripping Buffer (Thermo Scientific) for 10 min and
the membrane was prepared for glycan blotting using biotinylated suLeX.

Oviduct proteins that bind lactadherin were detected by far-western blotting. Oviduct cell
lysate (28 g protein) was transferred to membrane, blocked with 2% BSA for 1 h, and
incubated with recombinant lactadherin (2 pg/mL) for 50 min. The bound protein was
visualized by incubation of the membrane with polyclonal affinity-purified antibody to
mouse lactadherin as previously described for western blot.
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RESULTS

Purification of sulfated Lewis X-binding proteins from epididymal spermatozoa

As a first step to purify candidate LeX receptors from spermatozoa, samples of enriched
plasma membrane proteins from cauda epididymal spermatozoa were fractionated by RP-
HPLC, resolving in distinct peaks. Fractions within each peak were pooled and resolved by
SDS-PAGE. Proteins were transferred to nitrocellulose and the membranes were incubated
with biotinylated suLeX to detect proteins with affinity for this trisaccharide. suLeX was
used because it binds more spermatozoa than unsulfated LeX when used on a glycan array
(Kadirvel et al., 2012) and because the other more complex LeX structures that bind
spermatozoa, LeX dimers and trimers (Kadirvel et al,, 2012) were not available. A
comparison of the glycan structures is shown (Fig. 1). The fractions containing a suLeX-
binding protein were subjected to preparative SDS-PAGE, and the gel was stained with
SimplyBlue SafeStain to locate proteins that bound glycans within each fraction (Fig. 2).

Only two of the protein-containing fractions presented a clear positive signal after glycan
blotting. One band (B1) of suLeX- binding proteins migrating at approximately 40 kDa was
detected in fraction 1 (Fig. 3). After SDS-PAGE and staining, protein in fraction 1 contained
a double band migrating at 35— kDa (Fig. 3, band B1 and B2). Based on the glycan blot
result, only the higher molecular weight (MW) band (B1) bound biotinylated suLeX. The
lower MW band, labeled B2, was analyzed by LC-MS/MS to further investigate a possible
complex formation with B1. Another pair of protein bands migrating at 37-40 kDa was
detected in fraction 2 (Band 3, B3).

Identification of suLeX-binding proteins by LC-MS/MS

Protein bands in fractions 1 and 2 detected by a Coomassie Blue stain were excised, digested
in-gel with trypsin and analyzed by LC-MS/MS. Raw data were searched against the
UniProt Sus Scrofa complete database for identification of peptide sequences revealed
multiple proteins (Table 1).

Fraction 1—LC-MS/MS results indicated that the B1 band contained a protein known as a
disintegrin and metalloprotease domain-containing protein 5 (ADAMS5; accession humber
E7FM66), which has a MW of 45.2 kDa (Uniprot Database). ADAMS was identified with
high confidence based on a Sequest HT score of 764.75 and 49.8% sequence coverage. The
peptide sequences identifying ADAMS are labeled in black in Fig. 4.

The B2 band, which did not bind suLeX in the glycan blot, included ADAM3a and ADAM?2
proteins, which were also confidently identified. The MWs of ADAM3a (82.9 kDa) and
ADAM?2 (81.8 kDa) do not match with the 35 kDa estimated MW of the gel bands (Fig. 3).
However, investigation of the peptide sequences identified by LC-MS/MS (labeled in black,
Fig. 5) demonstrated that only the C-terminal half of the protein sequence was present for
both ADAM3a and ADAMZ2. This suggests that the migration as 35 kDa proteins was
because of proteolysis prior to or following sperm lysis, consistent with the observation that
several ADAM s are cleaved as spermatozoa pass through the epididymis (Kim et al., 2006).
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Fraction 2—Lactadherin (accession number B2CZF8; also known as SED1, P47 and
MFG-ES in different species, Mather, 2000) was identified in the B3 band. The detected
peptides provided over 60% coverage of the entire peptide with a high Sequest score of
1773.84. The peptide sequences deduced by LC-MS/MS for lactadherin included the
discoidin domain (Fig. 6).

Detection of lactadherin in spermatozoa by western blot

The presence of lactadherin on the sperm plasma membrane was investigated using an
antibody against mouse lactadherin (MFG-E8; R&D Systems). The mouse antigen used to
produce the antibody (residues Ala23-Cys463) showed 69% identity with the corresponding
region of porcine lactadherin (data not shown). Consistent with previous reports (Ensslin &
Shur, 2003), the antibody recognized a 67 kDa protein in mouse epididymal spermatozoa
(MS, Fig. 7A). Boar epididymal and ejaculated spermatozoa yielded 37 and 47 kDa bands
(EPI and EJA, Fig. 7A). Stripping the membrane after the western blot and further
incubation with biotinylated suLeX resulted in two signals that migrated the same as
lactadherin in porcine and murine spermatozoa (Fig. 7B). This confirmed that sperm
lactadherin binds to suLeX. Other proteins that bound suLeX were also observed (Fig. 7B).

Involvement of lactadherin on sperm binding to oviduct aggregates

To confirm that purified lactadherin binds LeX and to examine its binding specificity,
recombinant Lactadherin (rLac; 0.5 and 1.5 pg) was resolved on SDS-PAGE and
subsequently incubated with biotinylated suLeX, LeX and A-acetyllactosamine (LN). Glycan
blot results show that rLac bound to suLeX and LeX, demonstrating that recognition of
suLeX does not require the negatively charged sulfate residue (Fig. 8). In this assay, rLac
also had affinity for N-acetyllactosamine, but there was no signal in the control in which no
glycan was present (NC, Fig. 8). To determine the biological importance of sperm
lactadherin, we tested its involvement in sperm-oviduct binding. This was accomplished by
incubation of oviduct cell aggregates with rLac to occupy binding sites in oviduct cells. Pre-
incubation with lactadherin reduced sperm binding to oviduct cells by 56.6% (Fig. 9A).
Significant inhibition was observed at a rLac concentration as low as 2 pg/mL. We
confirmed that rLac bound oviduct cells by far-western blotting. The recombinant protein
detected multiple bands on a blot of oviduct epithelial cell protein across a range of
molecular sizes (Fig. 9B), further validating the proposed interaction. The control in which
rLac was deleted showed no non-specific bands.

DISCUSSION

To identify putative LeX receptors, a glycan blot was used to identify suLeX-binding proteins
from RP-HPLC-fractionated lysates of epididymal spermatozoa. RP-HPLC was an efficient
approach to fractionate epididymal sperm proteins with high resolution, resulting in the
detection of two bands of suLeX-binding proteins. In addition, lactadherin, a protein known
to be involved in cell-cell adhesion, was confirmed in independent assays to bind suLeX.
Despite its implication in binding to the zona pellucida (Ensslin & Shur, 2003; Petrunkina et
al., 2003), this is the first demonstration of lactadherin’s ability to bind specific glycans in
any extracellular matrix.
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Protein in B1, which bound suLeX in the glycan blots, was identified as ADAMS. The a
disintegrin and metalloprotease (ADAMSs) family is large, containing at least 33 members,
18 of which are present in the male reproductive system (Han et al,, 2009). ADAM proteins
have both adhesion and proteolytic function because of a multidomain structure
characterized by a metalloprotease domain as well as a disintegrin domain (Wolfsberg et al.,
1995b). ADAMSs proteins contain a disintegrin domain that mediates cell adhesion; however,
not all ADAM proteins are functional adhesion molecules (Wolfsberg et al., 1995a). There
are few reports of glycan affinity of ADAMs proteins. Authors of one previous publication
using asialo-a.1-acid and asialo-aga-lacto- a.1-acid affinity chromatography, reported that A-
acetyllactosamine but not LeX had affinity for ADAMS from epididymal boar spermatozoa
(Mori et al., 2012). On the contrary, we found that porcine epididymal and ejaculated
spermatozoa recognize N-acetyllactosamine but bind much less A-acetyllactosamine than
suLeX (Silva et al,, 2013). The preliminary results described here are consistent with a
function for sperm ADAMS in adhesion to oviduct suLeX. This hypothesis needs further
validation.

A smaller protein band (B2) that did not bind to suLeX on glycan blots contained ADAM2
(also known as fertilinb), ADAM3a and ADAM3b, which are present as the 35 kDa mature
form. Because suLeX bound to ADAMS5 but not the other three ADAM, it is apparent that
glycan binding is specific. ADAM2, ADAM3a, ADAM3b and ADAMS are present on the
mouse sperm surface and are part of the same ADAM phylogenetic group characterized by
proteins present exclusively or predominantly in the testis (Kim et a/., 2006). Most ADAM
proteins are also detected with a higher MW that corresponds to the precursor protein that is
processed to mature form in the epididymis (Kim et a/., 2006). It will be very interesting to
determine if the proteins ADAM2, ADAM3a, ADAM3b and ADAMS form a protein
complex to recognize LeX. In mice, it has been speculated that ADAMD5 surface localization
is regulated by the ADAM1a/2 complex and that these ADAMS play a coordinated role in
sperm migration to the oviduct (Kim et a/., 2006).

The protein identified from B3 was lactadherin. Similar to ADAMSs proteins, lactadherin
also binds integrins (Raymond & Shur, 2009), but it remains unknown if this interaction is
through lactadherin recognition of integrin carbohydrates. Lactadherin is the major protein
of the milk fat globule membrane of the mammary gland and is also known as P47, SED1
and MFG-ES8 in different species (Mather, 2000). In pigs, lactadherin was initially identified
as P47, a sperm plasma membrane protein that bound to zona pellucida glycoproteins
(Ensslin et al,, 1998). This protein was localized in the apical ridge of epididymal and
ejaculated boar spermatozoa (Petrunkina et al., 2003). The mouse homolog of P47 protein
was renamed as SED1 to refer to a Secreted protein with Notch-like type |1 EGF repeats and
C-terminal Discoidin domains (Ensslin & Shur, 2003). The EGF domain contains an
arginine-glycine-aspartate sequence that is found in integrin ligands (Ruoslahti, 1996). The
discoidin domain binds a multiplicity of ligands including phospholipids, carbohydrates and
proteins (Kiedzierska et al., 2007).

The presence of lactadherin on the sperm plasma membrane was investigated using a
commercially available polyclonal antibody against the mouse protein. The antigen used to
produce the mouse antibody (residues Ala23-Cys463) showed 69% identity with the
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corresponding region of porcine lactadherin. As expected, mouse antibody recognized a 67
kDa protein in mouse epididymal spermatozoa and a 47 kDa protein in porcine epididymal
and ejaculated spermatozoa (Fig. 7); however, we also detected a lower MW protein in pig
and mouse spermatozoa in multiple western blot assays. The lower MW protein could be a
proteolytic product of the full-length lactadherin protein or a different protein with cross
reactivity with the antibody. At least in mouse epididymal tissue, short and long forms of
lactadherin have been reported (Raymond & Shur, 2009) that would account for the smaller
band. Glycan blot results show that rLac also binds to biotinylated LeX that is not sulfated,
demonstrating that recognition of suLeX is not restricted to the negative sulfate residue (Fig.
8). In addition, rLac also demonstrated affinity to A-acetyllactosamine by glycan blotting.
This is consistent with the observation that proteins with discoidin domains bind galactose
(Kiedzierska et al., 2007), but this is the first direct evidence that lactadherin binds specific
glycans.

To determine the biological importance of lactadherin, we tested its involvement in sperm-
oviduct binding. The latter was accomplished by incubation of oviduct cell aggregates with
rLac to occupy binding sites on oviduct cells. Pre-incubation with low concentrations of
lactadherin reduced sperm binding to oviduct cells, supporting the hypothesis that
lactadherin mediates sperm binding. It has been previously proposed that lactadherin
facilitates sperm binding to integrins on the oviduct surface before the acrosome reaction
occurs (Petrunkina et al., 2003), but this is the first time that involvement of this protein in
oviduct cell binding was demonstrated directly. Multiple proteins that bind lactadherin were
detected by far-western blotting, further validating the proposed interaction. Based on this
result and the abundance of LeX on oviduct glycoproteins (Kadirvel er al, 2012), it is quite
likely that many oviduct glycoproteins contain LeX and could interact with lactadherin.

In summary, glycan-binding proteins were isolated from boar epididymal sperm membranes
using RP-HPLC and preparative SDS-PAGE. Data presented here support the hypothesis
that multiple proteins coordinate binding to suLeX and potentially mediate sperm adhesion
to the oviduct. This is in agreement with previous data from our group (Silva et al., 2014)
that has shown that multiple glycan-binding proteins recognize suLeX and bi-SiaLN motifs
and some of these glycan-binding proteins are present before sperm contact with accessory
gland fluids. While multiple proteins appear to bind suLeX, in the present work we have
purified and identified ADAMS and lactadherin as suLe*-binding proteins. This is the first
time that glycan-binding specificity for lactadherin has been determined and also the first
time that an ADAMs family member has been implicated as a suLeX-binding protein.
Because the ADAM s contain a transmembrane domain, they may induce an intracellular
response through stimulation of signaling pathways, something less likely with peripheral
membrane proteins such as lactadherin. The interaction of spermatozoa with oviduct glycans
can affect sperm function. For example, binding to the oviduct regulates sperm intracellular
Ca2*, motility and lifespan (Dobrinski et a/., 1997), although it is not certain if this
regulation is accomplished by binding to oviduct glycans. On the other hand, it is recognized
that binding spermatozoa can influence oviduct cell gene

expression and protein secretion (Fazeli et al., 2004; Georgiou et al., 2005), which
demonstrates the complex cross-talk between these two cell types. Determination of
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molecules capable of eliciting a cell signaling response in both spermatozoa and oviduct
cells is of great importance for further understanding of how sperm adhesion to oviduct
glycans can impact sperm function. The change in sperm intracellular Ca2*, sperm motility
and lifespan induced by binding to the oviduct epithelium may be mediated by these
candidate receptors. A molecular under standing of these complex interactions will be
important to regulating fertility.
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a3

N-acetyllactosamine (LN)
Lewis* (LeX) 3'-sulfo-Lewis* (suLe*)

O Galactose (Gal)

A Fucose (Fuc)

- N-acetylglusosamine (GIcNAc)

Figurel.
Structures of three related glycans used in these experiments. Colored shapes represent the

specific monosaccharide and the specific link-age is provided. Sulfate in suLeX is on the 3
position of galactose. [Colour figure can be viewed at wileyonlinelibrary.com].
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Plasma membrane isolation

RP-HPLC fractionation

1D SDS-PAGE fractionation

Glycan Coomassie staining
blotting and band excision

In-gel digestion

LC-MS/MS

Figure 2.
A schematic of the strategy used to identify suLeX -binding proteins in epididymal sperm

lysate. Two purification steps were used: (i) RP-HPLC and (ii) 1D SDS-PAGE. The presence
of suLeX-binding proteins was confirmed by glycan blotting assays. A duplicate gel was
stained with Coomassie Blue and the migration of the proteins identified was matched to
glycan blot results. Protein bands corresponding to bands that bound glycans were excised
from the gel and analyzed by LC-MS/MS. [Colour figure can be viewed at
wileyonlinelibrary.com].
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Figure 3.
Detection of suLeX-binding proteins in two RP-HPLC fractions of enriched plasma

membranes from cauda epididymal spermatozoa. Following RP-HPLC, SDS-PAGE and
Coomassie Blue staining (CB) resolved proteins prior to selection for LC-MS/MS. Glycan
blotting (GB) using suLeX identified suLeX-binding proteins in fractions 1 (B1) and 2 (B3).
The migration of molecular weight standards is indicated on the left of each fraction.
Negative control (NC) blots, where biotinylated suLeX was omitted, are shown on the right.
[Colour figure can be viewed at wileyonlinelibrary.com].
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ADAM5

1
61
121
181
241
301
361

MHSGGVKDFSTCSLDDFKYFAAHSGLTCLHSILLDEPVYKQRRRICGNGILEQGEQCDCG
TLENCTHKHCCDPRTCRRKRNKQCGSGECCTQDCKIRPANVICRKSADECDFIEYCNGTY
SHCVADTFARNGQSCESGSAYCYGGRCRSFTKQCRNLIGGESTGASFSCFDEINSRKDRF
GNCGREYCNYPHLLCGKLVCNWPHKYLISRANLSVIYSHVREQMCVSTFLNAEKIPRDTI
TTVQFPGDRDRTFVQODGTVCGPEMFCLNESCVEIKYRVNYGECNSSRHCNANGVCNNENH
CHCKKGFVPPDCNVGNGFGSIDDGHQSKVGPRRLWEGKVLPSKHRFQLIFYISLPVLITIA
TTAIITKONKIRELCYRGETESEGSVSEESSSSSKLSPTVSNSL

Figure 4.
Amino acid sequence of ADAM5 (accession number E7FM66) from the UniProt Sus Scrofa

complete database are shown. Peptide sequences in bold type were deduced by LC-MS/MS.
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ADAM3a

L
61
121
181
241
301
361
421
481
541
601
661
721

MLPFLLLLSGLSQLTSAGHHSETSLLOITVPOKIGTNTKDSGASDTNVTYDIKINRKTET
LHLEKQSFLDSNFLVYSYNKSGVLYPDSSFIKGHCEFYQGYAGEIPNSVVTLSTCSGLRGL
LOFENISYGTEPLESSATYEHITYQIKNNKSDEFSPIARNYSTTQFAAQPFKILVKSEKKS
EVLLKRILKIQVIMDKALYDYMGSEVALASEKIVYVFSLINNMEFSQLKMTVMLTSLELWS
DKNQILTNGDANEMLOQKFVSWKEKKLFQRSHDMAYLLIYRDHPNYIGATYHGMACNPKFEFA
AGIALYPKMITLEAFSVILAQLIGISLGLTYKIDIYNCYCPGTICIMNPEAIRSRGVKFF
SSCSVDEFKSTVSRPEFECLONQIVPKVVPQARTGSCGNGAMEEGEQCDCGAVENCIHKK
CCDAANCTLIGDAECGTGPCCDRKTCRLSQRGVLCRRSTDLCDFPEYCSGTSEFCTEDMR
AADFEMCNNKTTYCFQGICRDRSKQCLELFGKFAESSSYLCAQEVNIQSDIFGNCDGRSC
NEFVNTLCAKLVCHWKHSQIVPKTDFDIQYTYLDGHVCMSGNLRNSSTPDLTKVWDGTKCD
DGRFCDNGQCRLTQDYRNRPNCSSAVKCGGHGLCNTLLNCHCDVGYAPPACEPEPLSPGG
SINDGFWIVEGKNVEFLVKRHRASQKKGLLISFYVLLPLLVLIAIVALQWNKKKIFWNRE
DTVSEGSPSEASSSKSDLSCSKSD

ADAM2

il
61
121
181
241
301
361
421
481
541
601
661
21

MLCLLFLLIGFLGLQADDSSERLRVQITVPEKIRSISSEGVESHVSYNITIIEGKTYTVNL
VOKSFLPHNFRVYGYNGTGSMKPLEQOFONFCYYQGSIEGYPNSMVIVSTCTGLRGLLQF
ENVSYGIEPLEPSVGFEHVIYQVKHRSAGSSLYAEKDTESREMHYKIQSIEPLTGEFIRYI
EIHIVVEKNLYNHMGSDTAVVTQKIFQLIGLTNAIFTSEFNITIILSSLELWIDENKITVT
GDANELLHRFLKWKRSYLVLRPHDVAYLLVYREKPNFVGATFQGKICDKQYGGGIVLHPK
TITLESLAVTMAQLLSLSMGIAYDDINKCHCPGNVCIMNPEATHSSGVKFFSNCSMEDFEFA
HEFTAKSKSQCLONQPRVDPSYKSAVCGNGEVEEGEECDCGTPENCAAQPNACCNQATCTL
SAGSACATGPCCDSCSFMAKGQTCRLTLDECDLLEYCNGSSAACQEDLYVQDGHPCSDNOQ
WLCVQGKCISGMKQCSETFGDGANYGTEDCFTHLNSKTDESGACGLTASGYIRCHPNDLR
CGKIICTYEGTTILTIPNATITYSNINGKICVTVDYPYNDRNSEKMWVKDGTVCGENKVC
RSKRCIDSSYLNYDCTAEKCHNQGVCNNKRNCHCKPTYLPPNCEVSVESWPGGSVDSGNF
PPAADPLPGVPDRRYIENIYHSRPMKWPFFLLIPFFIILCVLIATLVKIYFQRKKGRTED
DTSDEQLESESETKE

Figureb.
Amino acid sequence of ADAM3a (ac-cession number A5A4F6) and ADAM2 (acces-sion

number Q866A8) from the UniProt Sus Scrofa complete database are shown. Peptide
sequences in bold type were deduced by LC-MS/MS.
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Lactadherin

1
61
121
181
241
301
361
421

MPGPRLLTAICGALLCASGLFAFSGDFCDSSQCLNGGTCLLDQDPONPFHCLCPEGFEFTGL

ICNETEKGPCFPNPCHNDAECEVIDDAHRGDVFTQYICKCPHGYTGIHCETI IICNAP LGME

TGAIADFQISASSMHLGFMGLORWAPELARLHRAGIVNAWTASNYDRNPWIQVNLLRRMR
VIGVVTQGASRAGSAEYIKTFKVAYSSDGRKFQFIQGAEESGDKIFMGNLDNSGLKVNLF
EVPLEVQYVRLVPIICHRGCTLRFELLGCELSGCAEPLGLKDNTIPNKQITASSFYRTWG
LSAFSWYPFYARLDNQGKENAWTAQSNSASEWLQIDLGSQRRVTGIITQGARDFGHIQYV
AAYKVAYSDDGYVSWTEYRDQGALEGKI FPGNLDNNSHKKNMFETPFLTREFVRILPVAWHN

RI TLRVELLGCA

Figure 6.
Amino acid sequences of lactadherin (accession number B2CZF8) from the UniProt Sus

Scrofa complete database are shown. Pep-tide sequences in bold type were deduced by LC-
MS/MS. Arrowheads indicate the putative starting and ending points of the discoidin
domain.
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Figure7.
Lactadherin from porcine and mouse spermatozoa binds suLeX. (A) Proteins from porcine
,13 sperm epididymal (EPI) and ejaculated (EJA) plasma membranes (20 pg per well), and
;:r' mouse epididymal spermatozoa (MS) were separated by SDS-PAGE and subjected to
= western blot analysis using anti-mouse lactadherin antibody. Two bands in porcine
gg) spermatozoa were detected with the lactadherin antibody migrating as 37 and 47 kDa (Lac
2 37 and Lac 47 labeled by black arrows). (B) After the western blot, the same membrane was
g stripped and incubated with biotinylated suLeX. Glycan-binding proteins (GBP) matching
'§ the migration of lactadherin (37 and 47 kDa) were detected (black arrows) from porcine
spermatozoa and an abundant 60 kDa band that matched the migration of mouse sperm
lactadherin was also detected.
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Figure8.
Increasing concentrations (0.5 and 1.5 pg) of rLac were resolved on SDS-PAGE and

subsequently incubated with biotinylated suLeX, LeX and A-acetyllactosamine (LN).
Negative control (NC), where biotinylated glycan was omitted, is shown on the right.
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The biological function of lactadherin was assessed by inhibition of sperm binding to
oviduct cells pre-incubated with increasing concentrations of recombinant lactadherin
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(rLac). (A) Total number of sperm bound to the periphery of each aggregate was counted
and normalized by the aggregate circumference. Different superscripts indicate means that
differ statistically (p < 0.01). Lactadherin competitively reduced sperm binding to oviduct

cells. (B) Proteins from porcine oviduct cells (OV) were separated by SDS-PAGE and

subjected to far-western blot analysis using rLac. Multiple bands in oviduct lysate were
detected. A negative control (NC) where the presence of rLac was omitted is shown on the

right. rLac identified many potential oviduct glycoproteins capable of an interaction.
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