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ABSTRACT

Beta-defensins are innate immune molecules, often described
as antimicrobial peptides because of their bactericidal activity
and are now known to have diverse additional functions,
including cell signaling, chemoattraction, immunoregulation,
and reproduction. In humans and primates, beta-defensin 126
has been shown to regulate the ability of sperm to swim through
cervical mucus and to protect sperm from attack by the female
immune system during transit toward the oviduct. Bovine beta-
defensin 126 (BBD126) is the ortholog of human defensin 126,
and computational analysis here revealed significant conserva-
tion between BBD126 and other mammalian orthologs at the N-
terminus, although extensive sequence differences were detect-
ed at the C-terminus, implying possible species-specific roles for
this beta-defensin in reproduction. We had previously demon-
strated preferential expression of this and related beta-defensin
genes in the bovine male reproductive tract, but no studies of
bovine beta-defensin proteins have been performed to date.
Here, we analyzed BBD126 protein using a monoclonal
antibody (a-BBD126) generated against a 14 amino acid peptide
sequence from the secreted fragment of BBD126. The specificity
of a-BBD126 was validated by testing against the native form of
the peptide recovered from bovine caudal epididymal fluid and
recombinant BBD126 generated using a prokaryotic expression
system. Western blot analysis of the native and recombinant
forms showed that BBD126 exists as a dimer that was highly
resistant to standard methods of dissociation. Immunohisto-
chemical staining using a-BBD126 demonstrated BBD126
protein expression by epithelial cells of the caudal epididymis
and vas deferens from both mature and immature bulls. BBD126
could also be seen (by confocal microscopy) to coat caudal
sperm, with staining concentrated on the tail of the sperm cells.

This study is the first to demonstrate beta-defensin 126 protein
expression in the bovine reproductive tract and on bull sperm.
Its dissociation-resistant dimeric structure is likely to have
important functional implications for the role of BBD126 in
bovine reproduction.

b-defensin 126, bovine, epididymis

INTRODUCTION

b-Defensins represent a major subfamily of antimicrobial or
host defense peptides. Described as pore-forming cationic
molecules that aggregate on the surfaces of bacterial cells to
cause cell leakage and death, recent studies have revealed
additional mechanisms by which these pleiotropic molecules
mediate other biological activities, including coat color,
chemotaxis, and immune regulation [1, 2]. In addition to these
biological capabilities, a role for specific b-defensins in the
regulation of fertility in multiple species, including mice [3]
and primates [4], has been demonstrated.

One of these b-defensins, b-defensin 126 (BD126), has been
ascribed a particularly key role in primate and human
reproduction [5–7]. Originally discovered in macaque [8], it
was termed epididymal specific protein (ESP13.2) and shown
to coat sperm. BD126 has several distinctive structural features,
including the cysteine-rich canonical b-defensin core motif and
a highly glycosylated, carboxyl terminal tail (C-terminus). In
primates and humans, BD126 has been shown to be required
for efficient transport of sperm in the female reproductive tract
by two distinct mechanisms. First, by extensively coating the
sperm, sialyated BD126 confers an increased negative charge,
causing mutual repulsion between sperm and mucus and
enabling efficient passage [5]. Second, BD126 is a major
component of the sperm glycocalyx in primates, a scaffold of
surface glycoproteins that is thought to protect sperm from the
female immune system [9].

Despite evidence linking b-defensins and fertility in other
species [10], and fertility being a central issue for the animal
breeding industry worldwide, almost nothing is known about
these proteins in cattle. We previously used a bioinformatics
approach to identify a cluster of 19 novel genes on bovine
chromosome 13 that encoded peptides with the conserved b-
defensin cysteine structural signature [11]. Combined with an
expansion of b-defensin genes on chromosome 27, the current
predicted number of b-defensin genes in the bovine genome is
more than 50, clustered in groups on four chromosomes [12].
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While characterization in cattle is limited, the orthologs of
genes located on bovine chromosomes 8 and 23 have been
shown to be expressed in the reproductive tracts of rats and
pigs [13, 14]. Interestingly, the expanded bovine chromosome
27 cluster of b-defensins includes multiple potential members
of the bovine ortholog of DEFB1, a gene in humans that is also
of relevance to male fertility [15]. Interference with DEFB1
function has been shown to decrease both sperm motility and
bactericidal activity, whereas treatment with recombinant
DEFB1 markedly restored overall and progressive motility as
well as egg-penetrating ability and bactericidal activity of
sperm from infertile patients.

Previous characterization of the expression of the chromo-
some 13 gene cluster, including the bovine ortholog of 126
(BBD126), showed site-specific mRNA expression localized to
the epididymis of the bull reproductive tract [16]. This led us to
suggest that these molecules had important functional roles in
bovine reproduction and immunology [17]. However, progress
in defining the specific roles of b-defensin proteins in cattle has
been slowed by the lack of bovine-specific reagents. Reliable
expression systems for the production of b-defensin proteins
are also unavailable. Here, we focused on BBD126 and aimed
to characterize the localization of this b-defensin protein in the
bovine male reproductive tract and on bovine sperm using a
novel monoclonal antibody generated against a BBD126-
derived peptide.

MATERIALS AND METHODS

Bioinformatic Analysis of BBD126

BBD126 was compared with BD126 sequences from other species using
several computational techniques. The peptide sequence of BBD126 was
compared to all nonredundant BD126 protein sequences from other mammalian
species, including human, dog, mouse, rat, and macaque using BLASTP [18].
A total of 72 orthologs were found, which was reduced to 15 species
representative of primates, livestock species, and rodents. Sequences were
aligned using Clustal Omega [19, 20]. MEGA software, version 5.2, was then
used to generate a phylogenetic tree of the same sequences [21]. Glycosylation
sites were predicted in silico using NetOGlyc 3.1 and NetNGlyc 1.0 (available
at www.cbs.dtu.dk/services/) [22].

Monoclonal Antibody to BBD126

A custom monoclonal antibody specific for BBD126 (a-BBD126) was
commercially generated by Genscript using a standard protocol. Briefly, a 14-
amino acid peptide sequence (RNGERVINPPTGMC) from the secreted
fragment of BBD126 was selected based on computational modeling to be
surface expressed and unglycosylated. After chemical synthesis and conjuga-
tion to keyhole limpet hemocyanin (KLH), the epitope was inoculated into five
BALB/c mice. An immune response was confirmed by binding of serum to the
antigen on an enzyme-linked immunosorbent-type assay. Spleen cells were
isolated for cell fusion and hybridoma production. Four hybridoma clones were
selected and tested in the enzyme-linked immunosorbent assay against the
peptide. Unpurified antibody produced by each of the clones was also tested
against BBD126 by Western blot analysis. One clone, 6A11E2, was selected
for large-scale production and purification of a-BBD126.

Bovine Male Reproductive Tract Collection and Processing

Male reproductive tracts tissues were collected from intact mature (n ¼ 3)
and prepubertal (3 mo old, n ¼ 3) Holstein-Friesian bulls within 30 min of
slaughter at a local abattoir. After dissection of the testes and attached
epididymis, 3 mm3 sized samples from the rete testis, caput, corpus, and cauda
of the epididymis and vas deferens were collected and stored in 10% formalin
solution (Sigma Aldrich Ltd.). Sperm cells and epididymal fluid were also
obtained from testes (n . 60) collected postmortem by retrograde flushing with
PBS [23]. To recover sperm from the caudal epididymis, a small incision was
made in the cauda, and the lumen of the deferent duct was cannulated with a
blunted 22 gauge needle. Sperm cells were then gently flushed through the
cauda with a 5 ml syringe containing PBS at 378C. Separately, the corpus and
caput epididymal sections were incised and the sperm isolated by washing with

PBS at 378C [24]. Sperm from the different regions were washed in PBS by
centrifugation at 100 3 g for 5 min. Seminal plasma was also collected from
surgically vasectomized bulls (n ¼ 3) by electroejaculation for comparative
analysis of b-defensin expression levels.

Capture of Native BBD126 from Bull Caudal Epididymal
Fluid

A HiTrap NHS-Activated high-performance 1-ml chromatography column
(GE Healthcare) was loaded with 1 mg of a-BBD126 following the
manufacturer’s recommended protocol. The loaded column was used to isolate
native BBD126 from caudal epididymal fluid. The mobile phase was 50 mM
Tris HCl, 150 mM NaCl, pH 7.5, with a flow of 0.5 ml/min and the elution
buffer was 1 M glycine, pH 3. PBS (40 ml) used to flush epididymal cauda was
centrifuged to remove cells and other debris and aliquoted into 1 ml fractions.
These fractions were injected into the gel filtration column (40 runs of
individual 1-ml aliquots). An automatic fraction collector collected 0.4 ml
fractions; 20 ll of all fractions with protein content, as detected spectropho-
tometrically, were eletrophoresed on 4%–12% SDS-PAGE gels and stained
with Coomassie Blue. Protein containing fractions were pooled, and total
protein content using BSA as the standard (Thermo Scientific). This method
yielded a total of 175 lg from 40 ml of epididymal flush fluid.

Prokaryotic Expression of Recombinant Bovine b-Defensins

The coding sequence of BBD117 and BBD126 were amplified by PCR
using the following primers (BBD117: 50-GGCCGAAAATCTTGTTGGAT-30,
reverse primer 50-TTGGAAGATTACTGGTATTT-30), (BBD126: 50-GGTAA
TTGGTATGTGAGAAA-3 0, reverse primer 5 0- AGCAATGCCTGTTGT
AGATC-30), and Platinum Taq DNA polymerase (Life Technologies). The
PCR product was cloned into the pBAD/TOPO ThioFusion Expression Kit
(Life Technologies) following the recommended protocol. The resulting fusion
protein was formed by an N-terminus thioredoxin (Trx) Tag, followed by an
enterokinase Tag, the coding sequence of BBD126, and a C-terminus His-Tag.
Sequence specificity was confirmed by Sanger sequencing of the resulting
plasmid (GATC Biotech). Expression of the protein was carried out by
transforming the resulting plasmid into One Shot TOP10 chemically competent
Escherichia coli (Life Technologies) following the protocol suggested by the
manufacturer. Two liters of bacterial culture were harvested by centrifugation
after overnight culture at 288C. The bacterial pellet was suspended in 30 ml Ni-
NTA washing buffer (50 mM Tris, 200 mM NaCl, 20 mM imidazole, pH 7.5).
Cells were lysed by sonication, and cell membranes were pelleted by
centrifugation for 20 min at 15 000 3 g. Supernatant was incubated with Ni-
NTA resin (Qiagen Ltd.), and protein was purified following the manufactur-
er’s protocol. Pooled fractions of the Ni-NTA purification were injected into a
Hiprep 16/60 Sephacryl S100HR column (GE Healthcare), and the resulting
trace showed a peak of 280 nm absorbance, proportional to protein
concentration. Fractions were tested by Western blot analysis using a-
BBD126. The resulting fusion protein was treated with enterokinase protease
(New England Biolabs) to cleave the N-terminus Trx tag following the
manufacturer’s protocol. The average yield of recombinant protein was 3 mg/L
of bacterial culture.

Immunohistochemical Detection of BBD126 in Bull
Reproductive Tissues

Following fixation, coronal sections (3 mm3) of testis, epididymis, and vas
deferens were embedded in paraffin wax, sectioned at 4 lm, mounted onto
treated glass slides (Superfrost Plus; Fisher Scientific), and dried in a hot air
oven (608C) for 2 h. Preheated dewaxed slides were washed in PBS, treated for
antigen retrieval in citrate buffer pH 6.0 in the microwave for 10 min and
blocked with 3% H

2
O

2
in 80% methanol for 30 min. The slides were incubated

for 1.5 h at 378C with a-BBD126 primary antibody at a dilution of 1:250. The
avidin-biotin detection method was used, incubating slides with Vectastain
ABC-kit containing anti-mouse secondary antibody (Vector laboratories) at
room temperature (RT) for 30 min. Slides were washed three times in PBS for 5
min, then 3,30 diaminobenzidine (Sigma) was applied for 30 sec. Harris
hematoxylin (Fisher Scientific) was used as a counterstain. Negative controls
were subjected to the same procedure except that no primary antibody was
added to one set and a cocktail of mouse IgM and the four subclasses of IgG
(Universal Negative Control–Mouse; DAKO) in a dilution 1:50 was added with
the primary antibody to a second set of slides.
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Detection of BBD126 on Bull Sperm by Confocal
Microscopy

Sperm cells were seeded onto poly-D-lysine slides for 12 h. Cells were
fixed for 30 min on ice with 4% paraformaldehyde, washed in PBS, and
permeabilized using 0.2% Triton X-100 (Sigma) for 15 min at RT. Slides were
washed in PBS and blocked with blocking buffer (4% BSA and 0.02% Triton
X-100 in PBS) for 1 h at RT, then incubated with primary antibody (1:250) in
PBS containing 4% BSA overnight at 48C. Samples were then incubated with
goat anti-mouse IgG-biotin antibody (1:500; Life Technologies) in 4% BSA for
1 h at RT, followed by an additional incubation for 1 h with Alexa Fluor 488-
streptavidin conjugate (1:500; Life Technologies) in 4% BSA. After further
washing with PBS, the samples were incubated with Hoechst 33342 for 10 min,
and the slides were mounted with Mowiol. Sperm were then observed under an
Olympus FluoView FV1000 confocal microscope equipped with a 603/
1.35NA oil immersion objective. Images were acquired at a resolution of 1024
3 1024 pixels, and a pixel dwell time of 12.5 lsec. Sequential acquisition mode
was used in all cases. SPAM1 antibody (1:500 in PBS containing 4% BSA;
Santa Cruz) was used as a positive control.

Detection by Western Blot Analysis of BBD126 in Protein
Preparations from Bovine Sperm

Sperm cells from three different bulls were harvested from the epididymal
fluid by centrifugation with a Ficoll gradient. Cells were lysed using lysis
buffer: 50 mM Hepes, 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid,
10% glycerol, 0.5% NP40, aprotinin (5 lg/ml), leupeptin (5 lg/ml),
phenylmethane sulfonyl fluoride (1 mM), and Na

3
VO

4
(1 mM). Protein levels

of whole cell lysate were measured using a bicinchoninic acid protein assay
(Thermo Scientific), and equal amounts of protein were resolved in a 4%–12%
SDS-PAGE under reducing conditions (50 mM dithiothreitol [DTT] and 3%
SDS), followed by transferring to polyvinylidene difluoride (PVDF) mem-
branes (Merck Millipore) and blocking with PBS containing 0.1% Tween-20
and 5% BSA (PBST). Membranes were blotted with 1:1000 dilution of the a-
BBD126 to a final concentration of 1 lg/ml solution in PBST overnight at 48C.
An anti-mouse IgG labeled with IRDye 680RD (1 mg/ml) secondary antibody
was used to detect bound antibody in a 1:10 000 dilution in PBST. The
membrane was analyzed using the infrared Odyssey imager (LI-COR). To
validate the antibody specificity, 30 lg of total protein from cell lysate and
media samples of HEK293 cells transfected with pcDNA3.1-Thio-126
BBD126 or pcDNA3.1-LacZ vectors using GeneJuice Transfection Reagent
(Millipore) following the manufacturer’s recommended protocol were loaded
onto 4%–12% SDS-PAGE gels. After transfer into a PVDF membrane, it was
blotted using 1:1000 dilution of the a-BBD126 to a final concentration of 1 lg/
ml solution in PBST overnight at 48C. The membrane was then processed as
previously described.

Demonstration of a-BBD126 Specificity by Peptide
Competition

A total of 30 lg of protein from sperm cell lysate and seminal plasma were
loaded in triplicate onto a 4%–12% SDS-PAGE gel and run under reducing
conditions (50 mM DTT). After transfer into a PVDF membrane as described,
the membrane was divided into three fragments and each was incubated
overnight with one of the following:1) 1 lg/ml of a-BBD126, 2) 1 lg/ml of a-
BBD126 in 10 ml PBST plus 1 ug/ml of recombinant BBD126 (rBBD126), or
3) 1 lg/ml of a-BBD126 plus 1 lg/ml of rBBD117, another recombinant
bovine defensin (i.e., BBD117) produced using the same protocol as described
for BBD126. Membranes were then washed three times with PBST and blotted
with an anti-mouse IgG labeled with IRDye 680RD (1 mg/ml) secondary
antibody as previously described. Membranes were then analyzed using the
infrared Odyssey imager (LI-COR).

Characterization of Native and Recombinant BD126
Protein

Based on amino acid sequence of the active BBD126 peptide, a molecular
weight of 7.1 kDa was expected. However, Western blot analysis of protein
fractions from bovine sperm revealed a significant band at molecular weight
;14 kDa, suggesting dimerization of the peptides. In order to dissociate
possible oligomers, BBD126 was exposed to several denaturing conditions
including 8 M urea, 6 M guanidine hydrochloride, a range of increasing
concentrations of methanol (from 0% to 80% methanol content), reducing
agents (50 mM DTT and 5% 2-mercaptoethanol), and incubation at 958C for
either 5 min or overnight.

RESULTS

Bioinformatic Analysis of BBD126

The complete BD126 protein sequences for 15 species were
aligned, as shown in Figure 1a. Despite the high conservation
of peptide sequence within the signal (N-terminus) region,
significant sequence divergence exists within the C-terminus
between species. In addition to the characteristic six cysteines
detected in all b-defensins, an additional seventh cysteine is
evident within all orthologous BD126 sequences. Comparison
of the C-terminus amino acid tail length (measured from the
last cysteine of the defensin motif to the stop codon) shows
significant differences between 126 orthologs. Human BD126
(HBD126) has 52 amino acids in its C-terminus, whereas
BBD126 has 30 (only 24 amino acids after the extra seventh
cysteine). Given the dissimilarity in the C-terminus of the
respective peptide sequences, where glycosylation motifs are
predicted to occur, BD126 sequences were also examined for
predicted glycosylation sites in silico. One N- and one O-linked
glycosylation site was identified in BBD126, whereas no N-
linked but nine O-linked glycosylation sites are predicted in the
HBD126 sequence. For murine BD126, one N-linked and 14
O-linked glycosylation sites are predicted (data not shown).
Phylogenetic analysis of BD126 sequences shows the presence
of three distinct clades, reflecting the phylogeny of the primate,
rodent, and livestock species included (Fig. 1b).

Monoclonal Antibody Specific for BBD126

The commercial production of a BBD126 antibody (a-
BBD126) resulted in four different hybridoma clones. These
clones were tested in Western blots against sperm cell lysate
(data not shown). Antibodies from two of the clones showed no
cross-reactivity in Western blot and were excluded. The
remaining two clones showed binding to a single band, with
clone 6A11E2 giving a stronger signal. Clone 6A11E2 was
therefore selected for large-scale production and purification of
a-BBD126.

Detection of BBD126 Protein in Caudal Epididymis and Vas
Deferens

Immunohistochemistry revealed specific brown staining of
epithelial cells of the caudal epididymis and the vas deferens of
the prepubertal (Fig. 2, B and C) and of the mature bull (Fig. 2,
D and E). In the mature bull, the sperm located in the lumen of
the cauda epididymis and in the vas deferens also showed
intense brown positive staining. Staining of the testis and caput
and corpus of the epididymis from both the prepubertal and the
mature bull was negative using a-BBD126 (Fig. 2, F and G).

Localization of BBD126 on Caudal Sperm Surface

Using a combination of immunofluorescence markers,
sperm recovered from the testes and along the epididymis
were stained using a-BBD126 and anti-SPAM1 and examined
using confocal microscopy. Positive staining for BBD126 was
seen on sperm recovered from the caudal epididymis only (Fig.
3). BBD126 staining was localized predominantly to the dorsal
section and tail of sperm cells.

Detection by Western Blot Analysis of BBD126 in Protein
Preparations from Bovine Sperm

Western blot analysis of protein preparations from sperm
recovered from the caudal epididymis revealed a specific band
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(Fig. 4a), confirming the confocal microscopy results that
showed localization of BBD126 to sperm from this region only
(Fig. 3). Furthermore, Western blot analysis of seminal plasma
collected from surgically vasectomized and electroejaculated
bulls did not reveal any BBD126 (Fig. 4b). On the basis of
amino acid content, the expected size of the BBD126 is 7.1
kDa. However, the predominant band detected by Western
blots with a-BBD126, of protein preparations from caudal
sperm (Fig. 4a), and from seminal plasma (Fig. 4b) was ;14.2
kDa, which suggested that the BBD126 exists in a dimeric
form. However, the monomeric form was also detected and is
especially visible when higher concentrations of sperm lysate
are used (Fig. 4c).

Western Blot Analysis Identifies Dissociation-Resistant Form
of BBD126 Dimer

Interestingly, the BBD126 dimer was surprisingly resistant
to standard methods for dissociation of the peptide complex (8
M urea, 6 M guanidine hydrochloride, increasing concentra-
tions of methanol (0%–80%), and reducing conditions (50 mM
DTT and 5% 2-mercaptoethanol). Extended denaturing
conditions of 24-h incubation at 958C with DTT were required
to dissociate the dimer into monomeric BBD126 (Fig. 4d).

Recombinant BBD126

Because of detection of BBD126 at a much higher
molecular weight than expected, there was some concern
regarding the specificity of the antibody. In order to validate
the specificity of a-BBD126, a method was developed to
express recombinant b-defensin peptides. For large-scale
production, the prokaryotic system, using a Trx fusion protein
approach was employed, and 2 L of culture yielded 3 mg of

purified Trx-BBD126. The trace provided by fast protein liquid
chromatography indicated the presence of two proteins of
different size (Fig. 5a). When aliquots of these peaks were
analyzed and stained for total protein (Fig. 5b) and a-BBD126
(Fig. 5c), two bands were identified, a 23.4 kDa band that
matched the predicted size of the Trx-BBD126 fusion protein,
and a 46.8 kDa band that is thought to represent a dimer of the
fusion peptide construct. An enterokinase digestion site
facilitated the separation of recombinant BBD126 (Fig. 5d)
with an expected molecular weight of 10.6 kDa. The size
differential between the native and recombinant peptide is due
to the presence of a His-Tag and a v5 tag after the enterokinase
site in the recombinant peptide, which contributes an additional
3.5 kDa.

Validation of a-BBD126

A peptide competition assay and Western blot analysis
validated the monoclonal a-BD126 (Supplemental Fig. S1; all
Supplemental Data are available online at www.biolreprod.
org). Sperm cell lysate was blotted with a-BBD126 in the
presence of rBBD126 or rBBD117 (another bovine b-defensin
found in the same gene cluster). The presence of rBBD126
blocked detection of the 14.2 kDa band by a-BBD126.
Recombinant BBD117 failed to block a-BBD126 binding,
therefore confirming the specificity of the antibody for
BBD126.

DISCUSSION

b-Defensins are host defense peptides that have evolved in
diverse species across the plant and animal kingdoms. The
bovine genome hosts an expanded suite of over 50 b-defensin
genes arranged in four genomic clusters across four chromo-

FIG. 1. a) Multiple sequence alignment of BD126 peptide sequences from species across the animal kingdom. The degree of sequence conservation is
shown below the alignment, and the conserved cysteines, including the seventh cysteine, are marked in red. b) Phylogenetic tree showing evolutionary
relationship between BD126 peptide sequences for 15 species, including primates, domestic animals, and model species.
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somes (for detailed review, see [12]). With improved
annotation of the bovine genome and accurate characterization
of copy-number variation [25], the final count of bovine b-
defensin genes may change. The reason underlying the
evolutionary expansion of this gene family in cattle is unknown
although it has been suggested that the bovid herd structure and

polygynous mating system could promote rapid disease
transmission and may have been a contributory selective
pressure for expansion of protective b-defensin genes in these
and related species [12].

Here, in silico analysis demonstrated significant conserva-
tion in the N-terminal of the BD126 protein although

FIG. 2. Immunohistochemical localization of BBD126 in the bovine epididymis. Tissue sections from both immature (A–C) and mature (D–G) bulls were
stained for the presence of BBD126. Tissue sections were stained with a mouse isotype control (A, cauda) or with anti-BBD126 antibody (B–G). Brown
coloration indicative of positive staining was found in the caudal epididymis (B) and vas deferens (C) of the immature bull as well as in the caudal
epididymis (D) and vas deferens (E) of the mature bull. Caput and corpal sections of the mature bull epididymis did not stain positive for BBD126 (F and G,
respectively). Bar¼ 25 lm. Representative images of sperm and tissue sections from n ¼ 3 bulls are shown.
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significant divergence between species was seen in the C-
terminus. Immediately apparent was the presence of an
additional cysteine in BBD126 in addition to the canonical
six cysteines usually found in b-defensins. This extra cysteine
is common to all orthologs of BD126, except for the marmoset.
Furthermore, macaque BD126 has nine cysteine residues, all of
which occur after the last canonical signature cysteine. The
functional significance of these additional cysteines remains
unknown, although the extended C-termini of some orthologs
could imply species-specific differences in functionality. It is
also possible that the additional cysteines could affect higher-
order structure of these defensin molecules [26], and thereby
regulate peptide stability and function.

The extended tail of HBD126 has been shown to encode
glycosylation sites, and it is thought that in primates,
glycosylated BD126 forms an extensive part of the sperm
outer glycocalyx [27]. This adds a negative charge to the sperm
to facilitate migration through cervical mucus and also forms a
cloak to protect sperm from detection by the female immune
system during transit to the site of fertilization [5, 9].
Experimental removal of these glycan structures reduced the
human peptide in size from .32 kDa to ,10 kDa, illustrating
the extent to which HBD126, in particular, is glycosylated [4].
However, in contrast to the nine O-linked glycosylation sites
predicted in the HBD126 sequence, only one O-linked
glycosylation site was identified in BBD126. Phylogenetic
analysis provided additional evidence of divergence between
primate, murine, and bovine BD126 sequences, perhaps
implying functional differences. This may also reflect neo-
functionalization in cattle, where the expansion of the defensin
gene family likely has enabled other members to acquire new
functions [12]. These differences may infer species-specific
BBD126 functionality, although this will require detailed
comparative experimental investigation.

In this study, we found extensive staining of the bovine
male reproductive tract using the commercial monoclonal
antibody against a BBD126-derived peptide. BBD126 protein
could be seen along the epididymal epithelium of the bull,
recapitulating our earlier mRNA expression data [16] as well
supporting previous findings for the orthologous protein in
other species. We also show extensive staining for BBD126 on
bull sperm, with higher localization to the dorsal and tail
section of the head. Western blot analysis also revealed
significant staining of protein from seminal plasma. The lack of
BBD126 staining in protein preparations from seminal plasma
collected from vasectomized bulls rules out the possibility of
expression or secretion of BBD126 from any accessory sex
glands in the bull. Interestingly, the expression of BBD126 in
the reproductive tract of sexually immature bulls suggests that
this b-defensin may have a function that is not exclusively
related to sperm function, although further functional studies
are required to explore that possibility.

Western blots of protein preparations from seminal plasma
and caudal fluid revealed specific bands migrating at 14.2 kDa
(twice the predicted molecular weight of the BD126 monomer),
leading to concern regarding the specificity of the antibody.
Methods were developed for the in vitro expression of
recombinant peptide in order to validate the antibody.
Furthermore, blocking with rBD126 but not rBD117 blocked
binding of the monoclonal a-BD126, confirming antibody
specificity.

Western blots that showed consistent staining of bands at
twice the expected molecular weight for both native and
recombinant BBD126 led us to hypothesize that BBD126
exists as a dimer. Dimer disruption of the bovine peptide was
tested using several biochemical tools, including higher
concentration of reducing agents (DTT) as well as increasing
concentration of methanol and other denaturing agents,

FIG. 3. Immunocytofluorescence localization of BBD126 on sperm cells. Live sperm cells extracted from both testis and various regions of the
epididymis (caput, corpus, and cauda) stained with a-BBD126 antibody. 40,6-Diamidino-2-phenylindole (nuclear stain) is shown in column 1, a-BBD126
is shown in column 2, anti-SPAM control antibody is shown in column 3, and merging of both a-BBD126 and anti-SPAM labeled sperm is shown in
column 4. An isotype control antibody staining is also shown (column 5). Representative images of sperm from n ¼ 3 bulls are shown.
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including urea and guanidine hydrochloride. However, only
prolonged incubation at 958C could completely disrupt the
dimer into BBD126 monomers of the expected size (7.1 kDa).
Whereas dimers were detected both in vitro and in vivo, the
dimer formed by rBBD126 is perhaps not as strong as the
native BD126 dimer because monomers are formed on a
reducing gel (unlike native BBD126). This is possibly due to
the inability of E. coli to express a similar disulfide-locked
protein, although future eukaryotic expression systems are
required to resolve this issue. Interestingly, the formation of b-
defensin dimers has been described in other species. HBD126
is thought to interact with the lipid membrane on sperm as a
covalently linked dimer, and Defb22 in rats also exists as a
disulfide-linked homodimer [26, 28, 29]. The phenomenon of
dimerization in these peptides with highly conserved cysteines
has been described as a disulfide lock [30].

In conclusion, comparative genomic analysis has been
facilitated by the recent explosion of more accurately annotated
genomes for humans, model organisms, and now livestock
species. This has shed light on the evolutionary conservation of

immune genes, including BD126, and also on species-specific
differences that could underpin divergent responses in traits of
economic and agricultural interest, including fertility. Exten-
sive analysis of the ortholog in rodents (Defb22), expression
profiling showing consistent expression of this gene in the
epididymis [31], and a dinucleotide mutation in the HBD126
gene causes a reading frame shift resulting in significantly
reduced sperm function and subfertility in men [7]. This is the
first demonstration of BBD126 protein in the reproductive tract
of the bull and its localization on caudal sperm. The
dissociation-resistant dimeric structure of BBD126 is likely
to have important functional implications for its role in bovine
reproduction.
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FIG. 4. Analysis of BBD126 expression on sperm by Western blot analysis. a) Sperm cells lysate extracted from testis (Tes), caput (Ca), corpus (Co), and
cauda (Cd) of the epididymis stained with a-BBD126. b) Sperm cell lysate (lane 1) and seminal plasma (lane 2) from a normal bull; centrifuged seminal
plasma (lane 3), and seminal plasma (lane 4) from a vasectomized bull. c) The predominant form of BBD126 is the dimer (14.2 kDa) but monomer is also
present in sperm lysate, with a stronger band when 40 lg of sperm lysate was used. d) Sperm cell lysate (20 lg of total protein) was incubated at 958C in
sample buffer with 50 mM DTT for 5 min (lanes 1) and with 100 mM DTT (lane 2), but only boiling for 24 h with DTT led to the almost complete
dissociation of the BBD126 dimer. Representative images of sperm from n ¼ 3 bulls are shown.
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