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Identification of CRISP2 from human sperm as
PSP94-binding protein and generation of
CRISP2-specific anti-peptide antibodies
Jenifer H. Anklesaria,a Bhalchandra J. Kulkarni,a Bhakti R. Pathaka

and Smita D. Mahalea,b*
Cysteine-rich secretory proteins (CRISPs) are mainly found in the mammalianmale reproductive tract and reported to be involved
at different stages of fertilization. CRISPs have been shown to interact with prostate secretory protein of 94 amino acids (PSP94)
from diverse sources, and the binding of these evolutionarily conserved proteins across species is proposed to be of functional
significance. Of the threemammalian CRISPs, PSP94–CRISP3 interaction is well characterized, and specific binding sites have been
identified; whereas, CRISP2 has been shown to interact with PSP94 in vitro. Interestingly, human CRISP3 and CRISP2 proteins are
closely related showing 71.4% identity. In this study, we identified CRISP2 as a potential binding protein of PSP94 from human
sperm. Further, we generated antisera capable of specifically detecting CRISP2 and not CRISP3. In this direction, specific peptides
corresponding to the least conserved ion channel regulatory region were synthesized, and polyclonal antibodies were generated
against the peptide in rabbits. The binding characteristics of the anti-CRISP2 peptide antibody were evaluated using competitive
ELISA. Immunoblotting experiments also confirmed that the peptidewas able to generate antibodies capable of detecting thema-
ture CRISP2 protein present in human sperm lysate. Furthermore, this anti-CRISP2 peptide antibody also detected the presence of
native CRISP2 on sperm.Copyright © 2016 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

The mammalian cysteine-rich secretory proteins (CRISPs) are a sub-
family of the CRISP/antigen 5/pathogenesis-related 1 (CAP) super-
family. At the structural level, CRISPs are two-domain proteins
with an N-terminal CAP domain and the smaller C-terminal
cysteine-rich (CRISP) domain [1–5]. The CRISP domain is further
composed of two subregions: a hinge and an ion channel regula-
tory (ICR) region [6]. The hinge region is present broadly across
the mammalian CAPs; consequently, CRISPs may be defined by
the unique ICR region in addition to their CAP signature sequences.
Three CRISPs are primarily expressed in most mammals, namely
CRISP1, CRISP2 and CRISP3. These are found in vertebrates,
expressed mainly in the male reproductive tract in mammals, while
many snake venoms contain homologs of CRISP3 [7,8].
Human CRISP3 is a glycosylated protein secreted mainly by the

prostate [9] and has been demonstrated to interact with prostate
secretory protein of 94 amino acids (PSP94) in human seminal
plasma [10,11]. Previous reports have shown PSP94-binding protein
(PSPBP) from human serum to interact with PSP94 [12,13], as
CRISP3 and PSPBP are only structurally related in the CAP domain.
Furthermore, studies demonstrate binding of CRISPs from snake
venom to human and porcine PSP94 [8], in addition triflin, a snake
venom CRISP that interacted with small serum protein-2 (homolog
of mammalian PSP94) in snake serum [14], suggesting evolutionary
conservation of PSP94–CRISP interaction. Thus, the binding of
CRISPs to PSP94, or similar proteins, may be of functional relevance
to all mammalian CRISPs in the reproductive tract.
J. Pept. Sci. 2016; 22: 383–390
Toward this, our group has identified the first α-helix of the CAP
domain and the hinge region of the CRISP domain of CRISP3 to in-
teract with the terminal β-strands of PSP94 [15]. Apart from CRISP3,
CRISP2 was also shown to interact with PSP94 in PC3 prostate can-
cer cells overexpressing both proteins. CRISP2, previously referred
to as testis-specific protein 1, is a non-glycosylated testis-enriched
member that is produced during spermatogenesis [16]. Interest-
ingly, human CRISP3 and CRISP2 share 71.4% sequence identity.
Earlier studies from our lab have demonstrated the ability of CRISP3
from human seminal plasma to bind to PSP94 using affinity chro-
matography [10]. In this direction, we also identified CRISP2 as
one of the probable binding proteins from human sperm. Further,
we pursued developing indigenous anti-peptide antibodies against
the least conserved ICR region of the CRISP domain in an attempt to
distinguish human CRISP2 from CRISP3.

Herein, we describe the synthesis and purification of the peptide
corresponding to 219–231 residues in the least conserved ICR re-
gion of human CRISP2 protein and characterization of anti-peptide
antibodies raised against it. The antiserum was tested for binding
Copyright © 2016 European Peptide Society and John Wiley & Sons, Ltd.
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and specificity to the peptide using enzyme-linked immunosorbent
assay (ELISA). The presence of CRISP2 in human sperm lysate post
affinity pull down with PSP94-immobilized beads was validated
using this anti-peptide antibody. Additionally, the antibody was fur-
ther characterized for specific binding to CRISP2 protein in sperm
lysate by western blotting. The antibody was successfully used as
a tool for detection of the native protein on human spermatozoa
by indirect immunofluorescence.
Materials and Methods

Samples

The present studywas approved by the Institutional Ethics Commit-
tee for Clinical Studies (project no.: 200/2011). Freshly ejaculated se-
men from healthy (normozoospermia) volunteers was collected
and allowed to liquefy for 1 h at room temperature (RT). The semen
quality including morphology, motility and sperm concentration
was based on World Health Organization criteria [17]. The semen
samples were centrifuged for 20min at 500g at 26 °C to separate
sperm from seminal plasma. Spermatozoa were washed twice with
10ml 10mM phosphate-buffered saline, pH 7.4 (PBS) buffer
followed by centrifugation for 10min at 500g. The supernatant
was discarded, and sperm pellet was collected. The resulting sperm
pellet was divided into two sets. One set was suspended in cell lysis
buffer (10mM Tris–HCl pH 7.4, 6.6mM EDTA, 140mM NaCl, 1%
NP40, 0.4% sodium deoxycholate and protease inhibitor cocktail
from Roche, Penzberg, Germany) for lysate preparation. The sample
was kept overnight at 4 °C, homogenized the next day and then
centrifuged for 20min at 15 700g. The resulting supernatant was
subjected to protein estimation using Lowry method [18] and used
as sperm lysate for further experiments. The other set was further
processed for immunofluorescence.

Detection of PSP94 Binding Partner in Sperm Lysate

PSP94 was conjugated to CNBr-activated Sepharose 4B beads (GE
Healthcare, Buckinghamshire, UK) as per manufacturer’s protocol.
Briefly, PSP94 (2mg) purified and characterized from human semi-
nal plasma in our laboratory [19] was dissolved in 1ml of coupling
buffer (100mM Na2CO3, pH 8.3, 0.5M NaCl) and incubated with
1ml of swollen beads (in a final gel to buffer ratio of 1 : 2 v/v) over-
night at 4 °C on an end-to-end shaker. The beads were packed into
a column, and the unreacted groups blocked with 1M
ethanolamine-HCl, pH 8.5 for 2 h at RT. This was followed by alter-
nate washes of 0.1M acetate (pH 4) and 0.1M Tris (pH 8) buffer each
containing 0.5M NaCl. Finally, the PSP94-conjugated Sepharose
beads were washed and suspended in PBS buffer. The sperm lysate
(~2mg protein) in PBS buffer was incubated with PSP94-
conjugated Sepharose beads for 2 h at 37 °C. The column was
washed with PBS-TX100 to remove unbound proteins, and the last
wash was collected. The bound protein was eluted with 0.2M
glycine-HCl (pH 2.8) and neutralized with 1M Tris (pH 9.5). This elu-
ate was concentrated to a fixed volume by ultrafiltration using a
3 kDa molecular weight cutoff membrane (Millipore, Cork, Ireland).
An equal volume of the last wash was processed similarly and
served as a negative control. The eluate obtained from the sperm
lysate sample was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and mass spectro-
metric (MS) analysis (outsourced to C-CAMP/NCBS MS Facility,
Bangalore) for protein identification. Briefly, an in-solution digestion
protocol (using trypsin) followed by reverse phase liquid
wileyonlinelibrary.com/journal/jpepsci Copyright © 2016 European Pe
chromatography (RPLC)-MS/MS analysis was performed. The gener-
ated data was searched for the identity usingMASCOT 2.4 as search
engine on Proteome Discoverer 1.4. The data was searched against
Swiss-Prot database with a minimum of two high confident pep-
tides used as a prerequisite to identify the proteins. Also, 20 fmol
of standard bovine serum albumin (BSA) digest was analyzed in
parallel to the sequence to check the performance of the
instrument.

Comparison of Structure of CRISP2 and CRISP3

A human CRISP2-specific region was identified by comparing its
protein sequence (P16562) with the CRISP3 (P54108) sequence
using pairwise alignment of the Clustal server. The peptides corre-
sponding to this region were selected for further studies. For iden-
tifying the structural changes within CRISP2 and CRISP3, the partial
structure of the C-terminal domain of human CRISP2 (2CQ7) was
used as a template. Using this, CRISP3 model was generated by
substituting each of the unique residues of CRISP2 with that of
CRISP3 using Discovery Studio Version 3.5 (Accelrys Software Inc.,
California, USA). The structures were superimposed to find varia-
tions between the CRISP2 and CRISP3 structures using Pymol.

Peptide Synthesis

Peptides corresponding to the specific region of CRISP2 (residues
219–231) and CRISP3 (residues 221–233) were synthesized using
Fmoc solid-phase chemistry on an automated peptide synthesizer
(ABI 433A Peptide Synthesizer, Applied Biosystems, Foster City,
CA, USA) as per manufacturer’s protocol. The peptides were
deprotected and cleaved from the resin by treatment with a cleav-
age mixture of phenol: 1,2-ethanedithiol : thioanisole :water :
trifluoroacetic acid (7.5 : 2.5 : 5 : 5 : 80) for 2 h at RT. The crude pep-
tide was purified using reversed-phase high-performance liquid
chromatography (Shimadzu, SPDM10 A, Kyoto, Japan) on a prepar-
ative column (Phenomenex, Jupiter C18, 10μm, 25×2.12 cm, USA)
using a gradient system consisting of 0.1% (w/v) trifluoroacetic acid
in water and 50% acetonitrile. The molecular mass of the purified
peptide was determined using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) as described by Kene et al. [20]. During synthesis of the
peptides, acetamidomethyl (Merck, Novabiochem) was used to
protect the sulfhydryl group of cysteine. The Fmoc-Cys
(acetamidomethyl) protected peptides were used for all the assays,
unless specified.

Preparation of Peptide-Diphtheria Toxoid Conjugate

For the purpose of conjugation to carrier protein, Cys-trityl (Merck,
Novabiochem, Germany) was incorporated at the N-terminus of
both the peptides as it resulted in peptides with free sulfhydryl
group. The peptide was conjugated through this to diphtheria
toxoid (DT) (gift from Serum Institute, Pune, India) using a bi-
functional reagent N-succinimidyl 3-(2-pyridyldithio)propionate
(Pierce, Rockford, IL, USA) [21]. The efficiency of peptide incorpora-
tion was monitored spectrophotometrically at 343 nm.

Production of Anti-Peptide Antibodies

Two adult (6–8months old) rabbits were immunized subcuta-
neously with each peptide-DT conjugate (corresponding to
100μg peptide) mixed with complete Freund’s adjuvant (first injec-
tion) and with incomplete Freund’s adjuvant for booster injections
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2016; 22: 383–390
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after 3weeks as described previously by Kene et al. [22]. The serum
was collected at weekly intervals andwas tested for the presence of
antibodies using ELISA. Protocols used were approved by the Insti-
tutional Animal Ethics Committee recognized by the Committee for
the Purpose of Control and Supervision of Experiments on Animals
(project no.: 23/13).

Detection of Binding of Anti-CRISP2 Peptide Antibodies to
Corresponding Peptide by ELISA

The antisera obtained from both rabbits were screened for binding
to CRISP2 peptide by ELISA as described earlier byMahale et al. [23].
In brief, the assay was performed using 96-well microtiter plate
(Nunc, Roskilde, Denmark), coated with 1μg/100μl/well of CRISP2
peptide followed by blocking with 1% (w/v) gelatin and incubation
with different dilutions of antisera (1 : 10000 to 1 : 640 000). The
absorbance was measured at 492nm. In a parallel experiment,
anti-peptide antibody to CRISP3 was used to demonstrate that it
does not detect CRISP2 peptide.

Preparation of IgG Fraction

CRISP2 antiserum corresponding to the bleed showing maximum
titer was used for preparing immunoglobulin G (IgG) fraction. The
antiserum was subjected to an initial ammonium sulfate precipita-
tion followed by affinity chromatography using Protein-A agarose
beads (Pierce, Rockford, IL, USA) as per themanufacturer’s protocol.
The concentration of antibodywas quantified by the Lowrymethod
[18]. IgG obtained was used for all further studies.

Specificity of Binding of Anti-CRISP2 Peptide Antibodies to
Corresponding Peptide by Competitive ELISA

To establish specificity of binding of anti-CRISP2 peptide antibody
to CRISP2 peptide, competitive ELISA was performed. The purified
IgGwas tested for binding to CRISP2 peptide and based on the titer
obtained, purified IgG at 1 : 12 000 dilution (500 ng/ml) was preincu-
bated with increasing concentrations (15.625 to 500ng) of CRISP2
peptide or CRISP3 peptide at 37 °C for 1 h. This was further used
for detecting the interaction with immobilized CRISP2 peptide
(1μg/100μl/well).

Immunoblotting of CRISP2 in Sperm Lysate Using Anti-CRISP2
Peptide Antibody

Based on our observation that the PSPBP is probably CRISP2 from
the MS data generated earlier, the eluate obtained from the bind-
ing experiment was used as a source of CRISP2 protein. After sub-
jecting this eluate to 15% SDS-PAGE, it was transferred on to a
nitrocellulose membrane (Amersham Biosciences, Uppsala, Swe-
den), blocked using 5% non-fat dry milk and probed with anti-
CRISP2 peptide antibody at 1 : 200 dilution in 20mM TBS, pH 7.4
containing 0.1% Tween 20 in 1% non-fat dry milk buffer. All incuba-
tions were performed for 1 h at RT. The blot was further incubated
with horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody (Bangalore Genei, Bangalore, India) (1 : 2000 dilution).
Finally, the blot was developed using enhanced chemilumines-
cence (ECL Plus, GE Healthcare, Buckinghamshire, UK). Further, to
demonstrate the binding of anti-CRISP2 peptide antibody to parent
protein in sperm lysate and not CRISP3, sperm lysate (20μg) and re-
combinant human CRISP3 (20ng) protein (R&D Systems Inc.,
Minneapolis, USA) in duplicates were subjected to western blotting.
One set was probed with anti-CRISP2 peptide antibody and the
J. Pept. Sci. 2016; 22: 383–390 Copyright © 2016 European Peptide Society a
other with commercial anti-goat CRISP3 antibody (R&D Systems
Inc., Minneapolis, USA) (1 : 1000 dilution). This blot was further incu-
bated with rabbit anti-goat (Bangalore Genei, Bangalore, India)
(1 : 2000 dilution) secondary antibody and developed as described
earlier.

Specificity of Anti-CRISP2 Peptide Antibody Binding to CRISP2

The sperm lysate (20μg) in triplicates was subjected to 15% SDS-
PAGE followed by western blotting, wherein the first blot was
probed with anti-CRISP2 peptide antibody at 1 : 100 dilution. The
second and third blots were probed with this antibody preincu-
bated with corresponding CRISP2 peptide or CRISP3 peptide re-
spectively. Preincubation was carried out at 37 °C for 1 h. The
blots were further probed with horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody and developed as described in
the preceding texts.

Detection of CRISP2 on Sperm by Indirect Immunofluorescence
Using Anti-CRISP2 Peptide Antibody

Human spermwas smeared onto glass slides and allowed to air dry.
Sperm was fixed for 2min in acetone followed by two PBS washes.
Blocking was performed using 2% BSA in PBS-T buffer (10mM PBS
with 0.05% Tween 20) for 30min. The anti-CRISP2 peptide antibody
(12μg) was diluted in 300μl of 2% BSA in PBS buffer and equally
distributed in two tubes. The CRISP2 peptide was added at 10 : 1 ra-
tio to the antibody in one tube, and the same volume of PBS was
added to the other tube. Both tubes were incubated for 1 h at RT.
The slides were further incubated with the previously mentioned
antibodies (with and without peptide) for 1 h at RT. Pre-immune se-
rum was used at the same dilution as negative control. The slides
were then washed with PBS thrice for 5min each and further incu-
bated with goat anti-rabbit IgG-FITC antibody (Bangalore Genei,
Bangalore, India) at 1 : 150 dilution in 2% BSA for 45min at RT.
The slides were washed and incubated with DAPI (600nM) for
5min before mounting in Vectashield (Vector Laboratories, Burlin-
game, CA, USA). The localization of CRISP2 on human sperm was
examined using an oil immersion 63× objective with NA 1.4 on a
LSM510-Meta confocal system (Carl Zeiss, Jena, Germany).
Results

Binding of CRISP2 from Human Sperm Lysate to PSP94

The partially purified sperm proteins after PSP94 affinity chroma-
tography when subjected to SDS-PAGE showed a band at
~26 kDa (Figure 1). Part of this eluate on trypsin digestion and MS
analysis revealed the identity of the protein with molecular mass
of 27.24 kDa and pI of 6.49 to be human CRISP2 (accession number:
P16562). Two unique peptides were identified for human CRISP2,
namely 199GLCTNSCQYQDLLSNCDSLK218 and 219NTAGCEHELLK229.

Peptide Selection Based on the Structural Comparison of
CRISP2 and CRISP3

The CRISP2 and CRISP3 peptides to be synthesized were selected
based on sequence comparison between human CRISP2 and
CRISP3 protein sequence, taking into consideration the unique
peptides obtained exclusively for CRISP2 from the MS data ob-
tained (Figure 2). Human CRISP2 displayed 71.4% identity to
CRISP3 sequence at the amino acid level (Table 1). However, the
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Table 1. Amino acid sequence identity (%) between human CRISP2
and CRISP3 protein sequence including signal peptide (1–20 residues),
their domains and the subregions

Domain CRISP2 residues CRISP3 residues % Identity

Full-length protein 1–243 1–245 71.4

CAP domain (N-term) 1–169 1–171 75.4

CRISP domain (C-term) 170–243 172–245 62.2

Hinge region (C-term) 170–204 172–206 68.6

ICR region (C-term) 205–243 207–245 56.4

Figure 1. Detection of PSP94-binding protein from sperm lysate. PSP94
pull down fraction from sperm lysate was subjected to SDS-PAGE. Gel
stained with silver nitrate showing the presence of a band at ~26 kDa in
lane 2 (eluate). The last wash (lane 1) did not show any band. Input is seen
in lane 3. Molecular weight marker in kDa shown in lane M.

ANKLESARIA ET AL.

38
6

ICR region of the CRISP domain of CRISP2 and CRISP3 was least con-
served showing substantial amino acid variation (56.4% identity).
Sequence 219-231 (NTAGCEHELLKEK) of CRISP2 and corresponding
sequence 221-233 (LTLTCKHQLVRDS) of CRISP3 were least con-
served and selected for peptide synthesis. To estimate whether
these differences at the amino acid level are associated with any
structural differences, in silico models were generated (Figure 3).
The root-mean-square deviation of human CRISP2 (Figure 3(A))
and CRISP3 (Figure 3(B)) models was 1.388Å. On superimposition,
the CRISP3 model (residues 221–233) showed a helix-like confor-
mation at the site of substitution, whereas CRISP2 (residues 219–
231) structure showed a loss of that conformation (Figure 3(C)).
Purification and Characterization of Selected Peptides

The HPLC-purified peptides were found to be homogenous (data
not shown). The molecular mass of the peptides as determined
by MALDI-TOF MS was 1541.267 and 1584.137 for peptides 219–
231 of CRISP2 and 221–233 of CRISP3 respectively. These were in
accordance with the expected values of 1543.727 and 1585.850
respectively.
Figure 2. Amino acid sequence alignment of human CRISP2 and CRISP3 prot
triangles and open circles respectively, both of which comprise the CRISP
rectangular box. The numbers on the right side of the alignment correspond t
peptide).

wileyonlinelibrary.com/journal/jpepsci Copyright © 2016 European Pe
Development and Characterization of Anti-CRISP2 Peptide
Antibody

Pre-immune sera and antisera derived from both rabbits following
immunization with the peptide-DT conjugate were tested using
ELISA. Different dilutions of CRISP2 and CRISP3 antisera were used
to probe the CRISP2 peptide immobilized on microtiter plate. Data
shown is a representative of one rabbit antiserum used for titration
(Figure 4(A)). The anti-CRISP2 peptide antibody showed binding to
CRISP2 peptide in a dose-dependent manner. However, the CRISP3
peptide antisera did not show any significant binding. The specific-
ity of binding of anti-CRISP2 peptide antibody to the corresponding
peptide was confirmed by competitive ELISA (Figure 4(B)). The
CRISP2 peptide at different concentrations preincubated with
anti-CRISP2 peptide antibody could inhibit the binding of the anti-
body to the immobilized CRISP2 peptide in a dose-dependentman-
ner, whereas the CRISP3 peptide when used in a parallel
experiment did not show any effect on binding.
Detection of CRISP2 from Sperm Lysate Using Anti-CRISP2
Peptide Antibody

The anti-CRISP2 peptide antibody was able to detect a band at
~26 kDa in the eluate obtained from PSP94 affinity column after
passing the sperm lysate (Figure 5(A); lane 2) and also neat sperm
lysate (Figure 5(B); lane 1). However, this antibody failed to detect
CRISP3 protein (Figure 5(B); lane 2). On the other hand, anti-CRISP3
ein. The boundary of hinge region and the ICR region is marked with filled
domain. The residues selected for peptide synthesis are marked in the
o the amino acid position of the protein (including 1–20 residues of signal

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2016; 22: 383–390



Figure 3. In silicomodels of CRISP2 and CRISP3 peptides. (A) Model of CRISP2 peptide. (B) Model of CRISP3 peptide. (C) Superimposed structures of CRISP2
(red) and CRISP3 (cyan) peptide model. The region under study is highlighted in yellow in CRISP2 (residues 219–231) and pink in CRISP3 (residues 221–233)
model.

Figure 4. Characterization of anti-CRISP2 peptide antibody. (A) Binding of CRISP2 antiserum (AS1) at different dilutions to immobilized CRISP2 peptide (-●-).
No binding was observed when CRISP3 antiserum was used (-□-). (B) Competitive inhibition of anti-CRISP2 antisera to immobilized CRISP2 peptide by the
corresponding free peptide. Serial dilutions of CRISP2 peptide (15.625 to 500 ng) were preincubated with purified IgG at 1 : 12 000 dilution (500 ng/ml)
before adding to the immobilized CRISP2 peptide in the microtiter well (-●-). CRISP3 peptide when used for preincubation did not show any effect on
binding (-□-). Values are mean ± standard deviation (SD) of duplicates of a representative experiment.

Figure 5. Immunoblot analysis of CRISP2 from sperm lysate using anti-
CRISP2 peptide antibody. (A) Band at ~26 kDa corresponding to CRISP2
detected in eluate post affinity pull down using PSP94-immobilized beads
(lane 2) and not in the last wash (lane 1). (B) Immunoreactive band of
CRISP2 protein detected in sperm lysate (lane 1), but not with CRISP3
protein (lane 2). (C) No signal in the eluate post affinity pull down using
PSP94-immobilized beads (lane 2) and last wash (lane 1). (D)
Immunoreactive band of CRISP3 protein detected in lane 2 containing
recombinant CRISP3, but not in sperm lysate (lane 1).

Figure 6. Specificity of anti-CRISP2 peptide antibody for detecting CRISP2
protein from sperm lysate. Immunoreactive band at ~26 kDa was detected
when probed with anti-CRISP2 peptide antibody (lane 1) but was not
observed when probed with anti-CRISP2 peptide antibody preincubated
with CRISP2 peptide (lane 2). However, intensity of the band was not
affected when preincubated with CRISP3 peptide (lane 3).
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antibody did not detect CRISP2 in sperm lysate (Figure 5(D); lane 1)
but detected recombinant CRISP3 (Figure 5(D); lane 2) at ~28kDa
(glycosylated form) and ~26 kDa (unglycosylated form) as reported
J. Pept. Sci. 2016; 22: 383–390 Copyright © 2016 European Peptide Society a
earlier for CRISP3. Also, no band was detected in the eluate ob-
tained from PSP94 affinity column after passing the sperm lysate
using anti-CRISP3 antibody (Figure 5(C); lane 2). Higher molecular
mass bands were also observed at ~72 kDa in all four blots at differ-
ent intensities that seem to be non-specific.
Binding Specificity of Anti-CRISP2 Peptide Antibody to CRISP2

The band at ~26 kDa was not detected when anti-CRISP2 antibody
was preincubated with corresponding CRISP2 peptide and used to
probe the blot of sperm lysate (Figure 6; lane 2). However,
preincubation with buffer (no peptide) (Figure 6; lane 1) or with
CRISP3 peptide (Figure 6; lane 3) did not affect the detecting ability
of CRISP2 antibody.
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Ability of Anti-CRISP2 Peptide Antibody to Detect CRISP2 on
Human Sperm

To assess the ability of anti-CRISP2 peptide antibody binding to
native CRISP2 protein on human sperm, indirect immunofluores-
cence was also performed (Figure 7). CRISP2 was localized to the
connecting piece and principal piece of the sperm tail when
probed with anti-CRISP2 peptide antibody (Figure 7(C)). The sig-
nal was reduced when the antibody was preincubated with
CRISP2 peptide (Figure 7(D)). No signal was detected when
probed only with secondary antibody (Figure 7(A)) or pre-
immune serum (Figure 7(B)).
Discussion

CRISPs appear to have a widespread role in male fertility spanning
spermatogenesis, epididymal maturation, capacitation, motility and
gamete interaction [3,6,24–28]. Previous reports and our earlier
studies indicate CRISPs and PSP94 homologs to be evolutionarily
conserved proteins [8,14] and are suggestive of PSP94–CRISP inter-
action to be of functional significance [11,15]. Complimentary
studies have shown snake venom CRISPs bound to snake serum
proteins (mammalian PSP94 homologs) to limit venom activity
[14], and it has been proposed that the binding of PSP94 to CRISP3
in human seminal plasma may have such inhibitory activity. On the
other hand, CRISP2 is normally expressed in the testis [16] and has
also been shown to interact with PSP94 in vitro [15].

Earlier studies have proposed a role of PSP94 in sperm function,
where it has been shown to regulate motility through inhibition of
Na+, K+-ATPases [29,30] and is one of the major components re-
leased during capacitation [31]. It is also considered to inhibit spon-
taneous acrosome reaction in sperm [32]. There is likelihood that
Figure 7. Localization of CRISP2 on human sperm tail determined using
indirect immunoflourescence. Goat anti-rabbit FITC (green) was used as
secondary antibody with DAPI (blue) as a nuclear stain. The panels shown
were probed as follows: (A) only secondary, (B) pre-immune serum, (C)
anti-CRISP2 peptide antibody and (D) anti-CRISP2 peptide antibody
incubated with CRISP2 peptide. Scale bars represent 20 μm.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2016 European Pe
PSP94 in general binds to CRISPs via the CAP domain and hinge re-
gion of CRISP domain, probably functioning to inhibit the activity of
the ICR region. Even so, the exact role of CRISP2 in sperm motility
and its dependence on ion channel regulation is not conclusive.
In our quest to identify PSPBPs from human sperm, we identified

CRISP2 to be one such protein. Although CRISP2 has been shown to
interact with PSP94 using PC3 cells co-transfected with both the
proteins [15], it is the first time CRISP2 from human sperm has been
shown to bind to PSP94 using affinity pull down. As both CRISP2
and CRISP3 are found to be binding proteins of PSP94, we aimed
at developing specific anti-peptide antibodies capable of differenti-
ating CRISP2 from CRISP3 protein. Previous studies have demon-
strated the generation of anti-CRISP2 antibodies in rats
immunized with recombinant CRISP2 whole protein [33]. Synthetic
peptides have been extensively used for the production of site-
specific antibodies to define the structure and function of a protein
[34]. Additionally, synthetic peptides related to CRISP2 have been
used as immunogens, wherein antibodies were raised; however,
comprehensive characterization to detect the native protein was
not demonstrated [35]. Toward this, sequence-specific peptides
for human CRISP2 and CRISP3 were synthesized, and anti-peptide
antibodies were generated.
Interestingly, on sequence comparison of human CRISP2 and

CRISP3 protein, the ICR region of the CRISP domain was identified
to be the least conserved. The crystal structure data for venom
CRISPs [3] in combination with the ability of recombinant CRISP
domain of murine CRISP2 to regulate ryanodine receptor activity
is suggestive of the ICR region of CRISP2 to be involved in regula-
tion of ion channels [6]. In CRISPs, it is hypothesized that there is a
relatively high degree of flexibility between the hinge and ICR re-
gion in the CRISP domain, even though the hinge region is tightly
attached to the CAP domain. Consequently, a corresponding se-
quence from the ICR region showing weak identity was selected
based on the unique peptides obtained exclusively for CRISP2
from the MS data. Further to this, in silico studies were undertaken
to delineate the structural variations, if any, between the selected
human CRISP2 and CRISP3 peptide, which on superimposition
showed a loss of helix-like confirmation for the CRISP2 peptide
(residues 219–231) when compared with the CRISP3 peptide
(residues 221–233).
The linear synthetic peptides as DT conjugates were synthesized,

purified, characterized and used effectively for immunization. The
anti-CRISP2 peptide antisera exhibited good titers against the
CRISP2 peptide that reacted specifically with CRISP2 peptide only.
Moreover, this antibody was demonstrated to specifically bind
CRISP2 protein from human sperm lysate and not recombinant hu-
man CRISP3 protein. Further, the anti-CRISP2 peptide antibody was
also used to validate the presence of CRISP2 in the eluate obtained
from the PSP94-conjugated beads.
In addition, localization of CRISP2 on human sperm was per-

formed using indirect immunofluorescence. The signal was ob-
served mainly on the connecting piece and principal piece of
the sperm tail. Previous studies have shown CRISP2 to be incorpo-
rated into the acrosome of the sperm head, the connecting piece
(or neck) and accessory structures of the sperm tail [24,36]. CRISP2
is likely to be integrated into the sperm tail via granulated bodies
[36], which are believed to transfer proteins from the cytoplasmic
lobe of elongating spermatids into the developing sperm tail [37].
Alternatively, mitogen-activated protein kinase kinase kinase 11
[38], sperm head and tail-associated protein [39] and
gametogenetin 1 [40] have been identified to interact with
CRISP2 via the hinge region and are shown to co-localize in the
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2016; 22: 383–390
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acrosome and sperm tail respectively. Therefore, the different lo-
calizations and interactions of CRISP2 might be indicative of dif-
ferent functions of the protein at different stages of sperm
progression [41].
In summary, we identified CRISP2 as a potential binding protein

of PSP94 from human sperm. On CRISP2 and CRISP3 sequence
comparison, we selected a specific region that was utilized for suc-
cessful generation of CRISP2-specific anti-peptide antibodies. These
antibodies were capable of specifically detecting CRISP2 from
sperm lysate and differentiating between human CRISP2 and
CRISP3 protein. Our results also indicate that the anti-peptide anti-
body is suitable for detection of native CRISP2 on human sperm as
well. The availability of sequence-specific antisera targeted to the
ICR region of the CRISP domain could aid in understanding the
ion channel regulatory activity of CRISP2.
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