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Abstract

Mammalian sperm carry a variety of highly condensed insoluble protein structures such as the
perinuclear theca, the fibrous sheath and the outer dense fibers, which are essential to sperm
function. We studied the role of cysteine rich secretory protein 2 (CRISP2); a known inducer of
non-pathological protein amyloids, in pig sperm with a variety of techniques. CRISP2, which
is synthesized during spermatogenesis, was localized by confocal immunofluorescent imaging
in the tail and in the post-acrosomal region of the sperm head. High-resolution localization by
immunogold labeling electron microscopy of ultrathin cryosections revealed that CRISP2 was
present in the perinuclear theca and neck region of the sperm head, as well as in the outer dense
fibers and the fibrous sheath of the sperm tail. Interestingly, we found that under native, non-
reducing conditions CRISP2 formed oligomers both in the tail and the head but with different
molecular weights and different biochemical properties. The tail oligomers were insensitive to
reducing conditions but nearly complete dissociated into monomers under 8 M urea treatment,
while the head 250 kDa CRISP2 positive oligomer completely dissociated into CRISP2 monomers
under reducing conditions. The head specific dissociation of CRISP2 oligomer is likely a result of
the reduction of various sulfhydryl groups in the cysteine rich domain of this protein. The sperm
head CRISP2 shared typical solubilization characteristics with other perinuclear theca proteins as
was shown with sequential detergent and salt treatments. Thus, CRISP2 is likely to participate in
the formation of functional protein complexes in both the sperm tail and sperm head, but with
differing oligomeric organization and biochemical properties. Future studies will be devoted to the
understand the role of CRISP2 in sperm protein complexes formation and how this contributes to
the fertilization processes.
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Summary sentence

Biochemical properties of CRISP2 oligomers in boar spermatozoa.

Key words: CRISP-2, protein oligomers, fibrous sheath, outer dense fibers, perinuclear theca, pig

sperm.

Introduction

Cysteine-rich secretory proteins (CRISPs) are members of the CAP
(CRISPs, antigen 5- and pathogenesis-related protein 1) superfamily
that are expressed in all eukaryotes. The CAP family proteins have
been widely implicated in many physiological and pathological
processes including immunity, venom toxicity, reproduction and
cancer biology [1-3]. Evolutionary studies have revealed that the
CRISP subfamily are only found in amniotes [4, 5]. In reptiles,
CRISPs are found in venoms and many snake venom CRISPs have
been characterized in the last decades [4, 5]. In mammals, three
paralogues of four CRISP members have been described: CRISP1,
CRISP2, CRISP3 and CRISP4, with CRISP4 only found in some
rodent species [6]. These proteins are 20-30 kDa in size, and share
an N-terminal CAP domain containing four conserved motifs and a
C-terminal cysteine-rich domain connected with a hinge [1, 7].

Mammalian CRISPs are highly expressed in male reproductive
tract tissues where CRISP1 and CRISP4 are secreted by epithelial
cells lining the ductus epididymis, while CRISP2 expression is initi-
ated during spermatogenesis in the testis [8]. CRISP3 is known to be
secreted into seminal plasma by epithelial cells from accessory gland
such as the prostate and the seminal vesicle [9]. Importantly, double
knock out (DKO) Crisp1/Crisp4 mice demonstrate a male subfertil-
ity phenotype [10], while a similar DKO model indicated a decreased
sperm motility phenotype without a loss of fertility [11]. Numerous
studies have shown that CRISP3 expression is significantly increased
in prostate cancer cells and is a valuable maker for prostate cancer
prognosis [12-15].

Gene manipulation studies of CRISP2 have recently revealed that
CRISP2 is important for sperm motility, sperm-egg fusion and male
fertility. Crisp2 knockout mice showed a significant fertility dysfunc-
tion phenotype [16] as the sperm they produce have lower acrosome
reaction rates in response to progesterone and show an altered
flagellum beating pattern [17]. In line with this, low expression levels
of CRISP2 are observed in sperm from asthenoteratozoospermia
patients and is proposed as a causal factor of male infertility [18-20].

One rationale for why CRISP2 defects may affect male fer-
tility lies in observation that CRISP2 is the sole CRISP that is
expressed during the early stages of spermiogenesis where CRISP2
mRNA undergoes a significant translational delay before CRISP2
protein is incorporated in to the developing sperm head and tail
[17,21]. Unlike other mammalian CRISPs, CRISP2 gene expression
is not dependent on androgen regulation, nor is the protein post-
translationally modified by glycosylation [22]. CRISP2 shows a
conserved localization pattern in the sperm acrosome, connecting
piece and the outer dense fibers of the sperm tail among human,
mouse and guinea pig spermatozoa [21, 23, 24]. Notably, in human
sperm, CRISP2 is released from the acrosome and reoriented at the
equatorial segment after the acrosome reaction, suggesting a possible
involvement in the orchestration of sperm-egg fusion [23]. Human
sperm CRISP2 protein is detected as a 25 kDa band on immunoblots
and it is stably associated with sperm pellet in acidic medium, but is
known to be completely soluble when held in a medium at pH 11
[23]. Two forms of CRISP2: 25 and 27 kDa are present in the rat
sperm acrosome and outer dense fibers [21].
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Mammalian sperm carry a variety of highly condensed insoluble
protein structures such as the perinuclear theca (PT). This cytoskele-
tal structure flanks the nucleus of mammalian mature sperm. It can
be divided into two structurally continuous but functionally distinct
regions: the sub-acrosomal layer (SAL) and the post-acrosomal
sheath (PAS) [25, 26]. Proteins of the SAL reside between the inner
acrosomal membrane and the nuclear envelope at the equatorial seg-
ment region of the sperm head, while posterior from the acrosome,
proteins reside between the plasmalemma and the nuclear envelope
making up the PAS [26]. Dozens of proteins have been identified as
constituents of the PT of mammalian sperm over the last decades,
however the function of the PT during and following fertilization is
largely unknown. Besides the PT, also insoluble protein aggregates
have been observed in the acrosome [27-29]. Moreover, two other
insoluble protein aggregates are observed in the sperm tail, where the
axoneme is surrounded by 9 outer dense fiber structures and in the
principle piece of the sperm tail the axoneme and these outer dense
fibers (ODF) are also surrounded by the fibrous sheath (FS) [30].
These two structures serve the longitudinal and radial properties of
the sperm flagellum for effective and efficient motility required to
fertilize the egg. From previous studies, it is known that all the above
mentioned highly condensed non-soluble sperm protein structures
contain CRISP2 [21]. Of specific interest in this context is the
property of CAP proteins such as CRISP2 (and other CRISP proteins)
to form protein oligomers [31]. While little is known regarding
this oligomer formation, the CAP domain of CRISP proteins may
enable this [32], and the cysteine rich region of the protein may
also be involved in protein aggregate formation in a redox sensitive
manner [33-35]. Despite these intriguing leads, the involvement of
CRISP2 in the diverse insoluble condensed protein structures in
spermatozoa has not been addressed biochemically. Therefore, we
have investigated the localization and organization of CRISP2 in
boar sperm by (i) using immunolabeling techniques combined with
both confocal and transmission electron microscopy, (ii) isolating
the diverse protein dense structures and to determine the oligomeric
organization of CRISP2 under reducing and non-reducing conditions
and (iii) investigating the dissociation of CRISP2 under high urea
conditions.

Materials and methods

Reagents and antibodies

All chemicals were obtained from Sigma (St. Louis, MO, USA) unless
otherwise stated. The goat polyclonal antibody against CRISP2
(aa77-89) (Cat#: MBS422304) and paired CRISP2 blocking peptide
(Cat#: MBS427212) were obtained from MyBiosource (San Diego,
CA, USA). The rabbit polyclonal antibody against CRISP2 (Cat#:
19066-1-A) was obtained from Proteintech (Chicago, IL, USA) and
the mouse anti ¢-tubulin monoclonal antibody was purchased from
Sigma (Cat#: T5168).

Boar sperm preparation
Semen was collected over gauze to remove gelatinous materials and
debris. The collected semen from highly fertile boars was diluted
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to 20 million sperm/mL in a commercial diluter and packed in
insemination tubes of 80 mL and transported at 17°C to our lab
by a courier from a commercial breeder (Cooperative Center for
Artificial Insemination in Pigs, Veghel, the Netherlands) and stored
in a cool box (17°C) until use. Sperm quality was established
by evaluating motility, viability, concentration, and morphological
parameters. Sperm cells were washed through a discontinuous Per-
coll (GE Healthcare, Piscataway, NJ, USA) gradients consisting of
4 mL 35% v/v and 2 mL 70% v/v Percoll in HEPES-buffered
saline (HBS: 20 mM HEPES, 137 mM NaCl, 10 mM glucose,
2.5 mM KCl, 0.1% kanamycin, pH 7.6) at 750 x g for 15 min at
room temperature (RT) using MIKRO 200 (Hettich, Tuttlingen, Ger-
many). The top and interface layers were removed and sperm pellets
were further washed in phosphate buffered saline (PBS), (137 mM
NaCl, 8.0 mM Na2HPO4-2H20, 1.5 mM KH2PO4, 2.7 mM KCl,
pH 7.4) at 750 x g for 10 min, at RT. All solutions were iso-osmotic
(290-300 mOsm/kg) and at RT before use.

Isolation of sperm heads and tails

Percoll washed sperm cells (1 x 10%) were resuspended in 1.5 mL PBS
and 1 mM phenylmethylsulfonyl fluoride (PMSF) was added to pro-
tect against protein degradation. Sperm in solution were sonicated
on ice at nine microns using an MSE (East Sussex, UK) Ltd Soniprep
150 sonicator at 15-s bursts with 45-s interval, three cycles until
>99% of all sperm heads and tails were dissociated. Sonicated sperm
heads and tails were separated through a 62% (w/v) sucrose gradient
in 10 mM Tris—HCI (pH 7.4) at 50 000 rpm and a temperature of
4°C for 90 min using a SW 60Ti swinging-bucket rotor (Beckman,
Mississauga, Canada). This ultracentrifugation step resulted in the
pelleting of the heads, which are denser than the sucrose, at the
centrifugal bottom of the tube and the tails can then be collected
from the interface between the solution and the sucrose. The sperm
heads and tails were collected and placed in separate tubes, washed
twice with PBS at 14 000 x g, at 4°C for 20 min using MIKRO 200R
(Hettich, Tuttlingen, Germany), and then used directly or frozen at
—80°C for later use.

Isolation of PT proteins from the sonicated boar sperm
head

Perinuclear theca proteins from the boar sperm head were isolated
as previously described [36, 37]. Purified sperm heads were first
extracted in 0.2% (v/v) Triton X-100 for 1 h at RT with agita-
tion. Following the incubations, the solution was then subjected
to centrifugation at 2500 x g for 10 min at RT and the resulting
supernatants were recovered. The pellets were then extracted in 1 M
KCl as the first step extraction. After washing, the pellets were
then extracted in 0.1 M NaOH overnight at 4°C with agitation.
PT proteins were then retrieved from the alkaline extraction super-
natants. The resulting pellets were washed twice with PBS before the
next extraction and/or before being solubilized in sodium dodecyl
sulfate (SDS) sample buffer/fixed in 4% paraformaldehyde (PFA) for
immunostaining.

Detergent fractionation of sperm heads and tails
Purified, sonicated sperm heads were subjected to serial extractions
to investigate CRISP2 extractability as previously reported [37].

Briefly, sonicated sperm heads were first extracted in 1% (v/v)
NP-40 at RT with agitation for 2 h. Following the incubations,
the solution was subjected to centrifugation at 2500 x g, at RT
for 10 min and the resulting supernatants were recovered. The
pellets were then extracted in 1% (w/v) SDS for 2 h, at RT, with
agitation. The resulting pellets were washed twice with PBS before
the next extraction and/or before being solubilized in SDS sample
buffer.

Purified sperm tails were incubated in 1% (v/v) Triton X-100
(50 mM HEPES, 150 mM NaCl, pH 7.2, 1%Triton X-100) on
ice or SDS-EDTA buffer (1% SDS, 75 mM NaCl, 24 mM EDTA,
pH 6.0) for 30 min at RT and centrifuged at 14 000 x g, for 15 min.
Soluble and insoluble fractions were collected, respectively. Insoluble
pellets were further denatured in 2x SDS sample buffer (100 mM
Tris, pH 6.8, 4% SDS, 0.04% bromophenol blue, 20% glycerol, 5%
B-mercapto-ethanol) and boiled for 10 min. For an additional exper-
iment, sperm tails were directly solubilized in 2x SDS sample buffer
(for details see Immunoblotting), boiled for 10 min or solubilized in
8 M urea (in 2x SDS sample buffer), without heating.

Blue native PAGE and native blots

The sperm head and tail fractions were extracted in 1% (v/v)
Triton X-100 (50 mM HEPES, 150 mM NaCl, pH 7.2, 1%Triton
X-100) for 30 min on ice, followed by a 15 min centrifugation at
14 000 g, 4°C. Supernatants were recovered and mixed with 4x
Native Sample Buffer (400 mM Tris HCI, pH 8.6, 40% glycerol,
0.04% Brom-phenol-Blue) and 5% G-250 sample additive (Cat#:
BN2004, Thermo Scientific) before loading onto a 4-20% Mini-
PROTEAN TGX Precast Gels (Cat#: 4561094, Bio-Rad). Native
running buffer (25 mM Tris base, 192 mM glycine, pH 8.3) and
native PAGE cathode buffer additive (20X) (Cat#: BN2002, Thermo
Scientific) were used to make cathode running buffer following the
manufacturer’s instruction. Electrophoresis was carried out at 150 V,
RT for 2~ 2.5 h. Gels were either stained with Coomassie R-250 or
prepared for native blots.

Native blots were performed as normal Western blots with
the exception that Tris-Glycine Transfer Buffer (12 mM Tris base,
96 mM glycine, pH 8.3) was used. Proteins were blotted onto
polyvinylidene difluoride (PVDF) membrane (GE Healthcare) at
25 V, RT for 1 h. After transfer, blotting membranes were fixed
in 8% (v/v) acetic acid for 15 min and rinsed with water, then air
dried overnight, RT. Dried membranes were rewet in methanol to
remove excessive bound dye. After rinsing with water, membranes
continued as normal western blots immunodetection (see section
Immunoblotting). NativeMark unstained protein standard (Thermo
Scientific) was used to estimate protein size.

Immunoblotting

Before loading on to an SDS-PAGE gel (5% stacking gel, 12%
running gel), protein extracts were denatured in 4x SDS sample
buffer (200 mM Tris—HCI, pH 6.8, 10% B-mercapto-ethanol, 8%
SDS, 0.08% bromophenol blue, 40% glycerol) and boiled for 10 min.
Under non-reducing conditions, B-mercapto-ethanol was omitted.
Proteins were wet blotted onto 0.45 pm nitrocellulose membranes
(GE Healthcare, Piscataway, NJ, USA) at 100 V for 1 h. After
blocking for 3 h at RT in 5% (w/v) BSA in PBS with 0.05% (v/v)
Tween-20 (PBST), membranes were incubated with primary antibod-
ies (diluted in PBST with 1% BSA) overnight at 4°C. Immunizing
peptide solution was made with five times concentrated blocking
peptide to antibody weight with agitation at RT for 1 h before
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Figure 1. CRISP2 is present as multimers in boar sperm. (A) Western blots
of CRISP2 on the extracts from whole sperm cells, sperm heads and sperm
tails. (B) Western blots of CRISP2 on the extracts from sperm heads and
sperm tails with or without g-mercapto-ethanol (8ME). There was a positive
band (> ~250 kDa, asterisk) observed in the head fraction in the absence of
BME. (C) Native blots showing that CRISP2 was participating in a~ 200 kDa
protein complex in the sperm head and was involved in two complexes: ~150
and ~ 200 kDa in the tail fraction. The immunoreactivity of all the detected
bands were absent when the CRISP2 primary Ab (goat polyclonal) was pre-
incubated with blocking peptide or omitted. Migration of molecular mass
standards are sized in kDa.

incubating with membranes. After three washes in PBST for 15 min,
membranes were incubated with horse radish peroxidase (HRP)
conjugated secondary antibodies (mouse anti-goat HRP IgG, Cat#:
2354, Santa Cruz, CA, USA; goat anti-rabbit and mouse HRP IgG,
Cat#: P0448, Agilent) for 1 h at RT. After rinsing four times in
PBST for 20 min, membranes were developed using chemilumi-
nescence (ECL-detection kit; Supersignal West Pico, Pierce, Rock-
ford IL, USA). Migration levels of proteins were visualized using
PageRuler Plus pre-stained protein ladder, 10 to 250 kDa (Thermo
Scientific).

Indirect immunofluorescence staining

Sperm cells were fixed in 4% PFA for 15 min at RT, then 20 pL of
the sperm suspension was deposited on Superfrost slides (Thermo
Scientific) and covered with coverslips, then dried at RT for
20 min. Coverslips were floated with PBS and removed. For
permeabilization, sperm cells were permeabilized using 0.5% (v/v)
Triton X-100 for 15 min, at RT. After rinsing with PBS, slides
were blocked with 1% (w/v) BSA in PBS for 1 h at RT, incubated
overnight at 4°C with a CRISP2 antibody (1:250 in 1% BSA).
Slides were washed again before incubation for 1 h at RT with
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Figure 2. Immunofluorescent staining of CRISP2 in boar sperm. Percoll
washed sperm cells were fixed in 4% paraformaldehyde (PFA). (A-C) No
permeabilization after fixation. (D-1) Permeabilized after fixation with 0.5%
Triton X-100. (A, D) Hoechst 33342 staining, (B, E) CRISP2 immune labeling
and (C, F) merge of both fluorescence. (G) Hoechst 33342 staining. (H) CRISP2
immune labeling after pre-incubation of the CRISP2 antibody with a blocking
peptide. (I) merge of G and H fluorescence. Distance bar=10 pm.

either Alexa Fluor 568-conjugated donkey anti-goat IgG [H+L]
(Cat#: A-11057, Thermo Scientific) or donkey anti-rabbit IgG
[H+ L] (Cat#:A-10042, Thermo Scientific) and counterstaining with
Hoechst 33342 (1ug/mL, Sigma) for 10 min, at RT. After extensive
washing with PBS, slides were mounted with FluorSave reagent
(Cat#: 345789, Merck Millipore) and covered with coverslips. For
negative controls, the primary antibody was either pre-incubated
with CRISP2 blocking peptide or the primary antibody was omitted.
Observations were performed on a Leica SPE-II confocal microscope
using a 63x objective (NA 1.3, HCX PLANAPO oil) and images
were analyzed by evaluating the fluorescence intensity for CRISP2
and DNA (Hoechst33342) in each channel using Image ] software
(bundled with 64-bit Java 1.8.0_172, National Institutes of Health,
Bethesda, MD, USA).

Immunogold labeling

Percoll washed sperm cells (10 x 10°) were resuspended in 0.5 mL
PBS, mixed with equal volume of 4% paraformaldehyde (PFA)
(Electron Microscopy Sciences) and fixed for 5§ min at RT. The
fixative was removed by centrifugation at 750 x g, for 5 min
at RT. Fresh 4% PFA was added and cells were fixed overnight.
4% PFA was then replaced with 1% PFA and cells were stored
at 4°C. Further processing of samples for ultrathin cryosectioning
and immuno-labeling according to the protein A-gold method was
performed as described previously [38]. In brief, fixed cells were
washed with 0.05 M glycine in PBS, resuspended and pelleted in
12% gelatin in PBS at 37°C. The cell pellet was solidified on ice
and cut into small blocks. For cryoprotection, blocks were infiltrated
overnight with 2.3 M sucrose at 4°C, then mounted on aluminum
pins and frozen in liquid nitrogen. A 1:1 mixture of 2.3 M sucrose
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Figure 3. Biochemical characterization of CRISP2 from boar sperm head. (A)
Detergent fractionation of sperm heads. Western blots of CRISP2 on the
extracts of 1% NP-40, 1% SDS and the resulting pellet. The head lane was
loaded as control to shows the presence of ~25 kDa CRISP2 in the sperm
head. (B) Extraction of perinuclear theca (PT) proteins from sperm heads.
Western blots of CRISP2 on the extracts of 0.2% Triton X-100, 1 M KCI, 0.1 M
NaOH and the resulting pellet. (C) Immunofluorescent staining of CRISP2
on the sperm head and the resulting pellets from 0.2% Triton X-100, 1 M
KCI, 0.1 M NaOH. Extra labeling of CRISP2 was observed at the equatorial
segments (arrow) of the head after sonication. (a, d, g and j) Hoechst 33342
staining. (b, e, h and k) CRISP2 immune labeling. (c, f, i and |) merged signals.
The distance bar=10 ym.

and 1.8% methylcellulose was used to pick up the ultrathin cryosec-
tions (60 nm). CRISP2 was detected by using the rabbit polyclonal
antibody against CRISP2 (Cat#: 19066-1-A, Proteintech, Chicago,
IL, USA) detected by 10 nm Protein A coupled gold particles (Cell
Microscopy Core, UMC Utrecht, the Netherlands). Stained with 2%
uranyl acetate oxalate and 0.4% uranyl acetate in methylcellulose
to increase contrast. EM imaging was done using a JEOL 1011
microscope.

Results

Characterization of CRISP2 in boar sperm heads and
tails

Immunoblotting of extracts from whole sperm cells under reducing
conditions showed CRISP2 detected across multiple protein bands
besides the expected monomeric molecular weight of ~25 kDa
(Figure 1A). The specificity of the primary antibody was validated

by both pre-blocking using the epitope peptide or by primary anti-
body omission, and in both cases no positive signal was observed
on Western blots (Figure 1A). Interestingly, further immunoblotting
on purified sperm heads and tails revealed that the three higher
molecular weight (MW) CRISP2 bands (~100, ~50, ~35 kDa)
were exclusively and consistently present in the sperm tail frac-
tions, while the ~25 kDa monomer only resided in sperm heads
(Figure 1A). When non-reducing conditions were used, the ~25 kDa
was not visible while a high MW CRISP2 band (> ~250 kDa) was
observed in the sperm head fraction. Under the same non-reducing
conditions, the ~35 and ~ 100 kDa bands in the whole sperm cell
and tail fraction were no longer detected, however, the ~50 kDa
remained (Figure 1B). It is likely that the 35 and 100 kDa bands,
only visible under reducing conditions, were originally present in
the higher molecular weight complexes shown in Figure 1B and C.
The reduction of disulfide bridges (CRISP2 is highly enriched in
cysteine residues) may be the driving force to allow this dissociation
of CRISP2 from CRISP2-containing higher MW protein complexes.
The 50 kDa form appears to be B-mercapto-ethanol insensitive,
which may indicate that another type of covalent interaction of
CRISP2 is involved which is independent of disulfide bridge reduc-
tion. Note that CRISP2 is a CAP family member and has been
reported to have amyloid forming properties [31]. In parallel to
the western blots of Figure 1 complimentary SDS-PAGE gels were
stained with Coomassie blue to show the total protein loading for
whole sperm and the tail and head subfractions (Supplementary
Figure S1). Here, we observed that under non-reducing conditions
the signal at the top of the gel was increased (>250 kDa), as well as
two bands at ~50 and ~ 45 kDa (Supplementary Figure STA). Under
native conditions, CRISP2 migrated to ~300-1000 kDa protein
complexes in the whole sperm and in the sperm head; while CRISP2
was involved in two complexes, ~150 and ~200 kDa, in the tail
fraction. The latter band was also present in low amounts in the
whole sperm lane as well as in the sperm head fraction (Figure 1C).
Again, specificity of the primary antibody was validated by pre-
incubating with specific blocking peptide (data not shown). The
purity of the sperm heads (>99%) versus tail fractions (>95%) from
sonicated sperm samples were scored by phase-contrast microscopy
(Supplementary Figure S2).

Localization of CRISP2 in boar sperm

Previous studies have reported that CRISP2 was localized in the
sperm acrosome, connecting piece and the outer dense fibers of the
sperm tail in human, mouse and rat [21,23, 24]. In our study, CRISP2
was localized in boar sperm by indirect immunofluorescent staining
of either non-permeabilized or permeabilized sperm samples. Only
boundary labeling between the post-acrosomal region and the equa-
torial segment was observed in non-permeabilized sperm cells. How-
ever, strong CRISP2 labeling was acquired after permeabilization in
both the post-acrosomal region and the connecting piece indicating
that CRISP2 is predominantly localized intracellular in the sperm
(Figure 2).

CRISP2 in the perinuclear theca of the sperm head

We focused first on the localization of CRISP2 in the post acrosomal
region of sperm head. The solubility of CRISP2 was determined in
the sperm head fraction that was subjected to a successive series of
detergent fractionations. A small portion of ~25 kDa CRISP2 was
able to be solubilized with 1% NP-40 detergent and an additional
portion of CRISP2 became solubilized after 1% SDS extraction.
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Figure 4. Ultrastructural localization of CRISP2 in boar spermatozoa. (A, B) Immunogold labeling of CRISP2 on sagittal sections through a whole sperm head
showing that CRISP2 localized to the PAS-PT (arrow). (B) CRISP2 was not present in the Acrosome (cr) neither the Nucleus (Nuc). CP, connecting piece.

However, the majority of CRISP2 remained in the insoluble pellets
after these successive extractions (Figure 3A). The fact that CRISP2
predominantly remained in the insoluble pellet after 1% NP-40
extraction suggests that CRISP2 might reside in the perinuclear theca
(PT) structure of the sperm head. To confirm this, a standard proce-
dure to isolate the proteins of the PT was performed in accordance
with [36, 37]. The CRISP2 containing sperm head fraction was
first subjected to 0.2% Triton X-100 and only a small portion of
CRISP2 was solubilized (Figure 3B) the subsequent treatment with
1 M KCl did not lead to any solubilization of CRISP2 while the 0.1 M
NaOH treatment almost completely solubilized CRISP2 such that
CRISP2 was barely detectable in the cell pellet but abundant in the
supernatant (Figure 3B). This is in line to the solubilization behavior
of PT proteins as reported previously [39]. Coomassie blue staining
of SDS-PAGE gels were performed to show protein extractability
in different detergents (Supplementary Figure S3A, B). It was noted
that a~15 kDa was consistently present on the immunoblots of
whole sperm cells (Figure 1A) and sperm head fractions (Figure 1B
and Figure 3A and B). The ~15 kDa band labeling was able to
be blocked by the blocking peptide (Figure 1A) indicating that it
is a specific product from CRISP2. Moreover, it seems that this
~15 kDa was specifically from the head fraction and not the tail
(Figure 1A and B). The ~15 kDa is the size of CAP domain of
CRISP2. This may indicate that PMSF-sensitive serine proteases do
not cleave the hinge connecting the CAP and c-terminal cysteine-
rich domain. Immunostaining on isolated sperm heads confirmed the
predominant localization of CRISP2 in the post-acrosomal region
and its PT specific solubilization behavior (Figure 3C). Note that
0.2% Triton X-100 revealed some additional staining of CRISP2
possibly from an intra-acrosomal origin (Figure 3C, arrowed). To
complement these findings, immunogold labeling of CRISP2 was
performed to show the intracellular ultra-localization of CRISP2
using transmission EM on ultrathin cryo-coupes of boar sperm.
The best working antibody against CRISP2 for this technique was
a Rabbit polyclonal. Immunofluorescent staining of permeabilized
boar sperm confirmed that this rabbit anti-CRISP2 antibody also
labeled the post acrosomal region and connecting piece of the sperm
cells (Supplementary Figure S4A). Furthermore, immunofluores-
cent staining of ultrathin sperm sections revealed the same staining
pattern (Supplementary Figure S4B). Indirect immunogold labeling
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using anti-CRISP2 antibody together with colloidal gold conjugated
protein G revealed that the gold particles were specifically localized
to the perinuclear theca between the plasma membrane and the
nuclear envelop (Figure 4).

CRISP2 is present in both the outer dense fibers and
fibrous sheath of the sperm tail

As described above, beyond its presence in the sperm head, CRISP2
was also present in the sperm tail in three high MW multimers
that were not observed in the sperm head. To gain more informa-
tion about the subcellular localization and biochemical features of
CRISP2, membrane fractionations of the tail were carried out. 1%
Triton X-100 was used to solubilize membranes and the extrinsic
and intrinsic membrane proteins that were not linked to cytoskele-
tal or extracellular matrix protein networks. SDS-EDTA effectively
solubilizes the axoneme and plasma membrane, while it does not
solubilize the connecting piece, the mitochondrial sheath, the outer
dense fibers (ODF) and the fibrous sheath (FS) [40]. Immunoblotting
of Triton X-100 extracted, as well as SDS-PAGE extracted, sperm tail
fractions revealed that the three higher MW CRISP2 bands could
be solubilized under these conditions (Figure 5A). However, in both
cases multiple CRISP2 positive protein bands were detected in the
insoluble pellet fractions with two prominent protein bands at ~75
and ~ 55 kDa (Figure SA). The protein a-tubulin was found in the
Triton X-100 insoluble fraction, in contrast to its presence in the
soluble fraction after SDS-EDTA treatment (Figure 5A). This profile
of a-tubulin detergent solubility in sperm tail fractions is in line with
that reported in the literature [41, 42]. We noted that there was an
additional protein band of ~27 kDa (clearly different in molecular
weight from the ~25 kDa band that appeared after urea treat-
ment). The~27 kDa CRISP2 band was only observed in detergent
extracts with SDS-EDTA, but not with Triton X-100 (Figure 5A). We,
therefore, believe that the ~27 kDa was associated to insoluble tail
material (in Figures 1 and 3) while it became solubilized specifically
from the tail by SDS-EDTA treatment.

When sperm tail fractions were directly denatured in 2x SDS
sample buffer, all CRISP2 protein bands described above were
present (Figure 5B). However, treatment with 8 M urea, resulted in a
high -but not complete- dissociation of all higher MW bands into the
25 kDa monomeric form with the exception of the ~35 kDa protein
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Figure 5. CRISP2 is present in different BME resistant protein bands in
sperm tails. (A) Western blots of CRISP2 on 1% Triton and SDS-EDTA treated
soluble and insoluble fractions. a-tubulin was used to indicate the different
solubility of sperm tails in these two detergents. (B) 8 M urea treatment in
sperm tails resulted in the dissociation of higher MW bands into the 25 kDa
monomeric form. (C) (a-c) Percoll washed sperm cells were fixed in 4% PFA
and permeabilized in 0.01% (w/v) Saponin for 15 min, at RT. 0.01% (w/v)
Saponin was used all along the following steps. (a) Hoechst 33342 staining.
(b) CRISP2 immune labeling. (c) Merge of a and b. (d-f) Percoll washed sperm
cells were first permeabilized in 0.01% (w/v) saponin for 15 min, at RT, then
fixed in 4% PFA. (d) Hoechst 33342 staining, (e) CRISP2 immune labeling. (f)
Merge d and e. The distance bar=10 pm.

band (Figure 5B). Using PNGase F to digest the tail lysate did not
result in the truncation of the ~35 kDa band. This may suggest that
the porcine 35 kDa band is a splice variant expressed by the same
gene as the 25 kDa band. However, this remains to be confirmed. It
is also important to note that a 35-kDa-positive band for CRISP2
has been previously detected in transfected HEK293 cells transiently
expressing human CRISP2 with the antibodies used in this study
(see on product information sheets the property of both antibodies
to variants of the same protein at https://www.novusbio.com/pro
ducts/crisp-2-antibody_nbp1-52012 and at https://www.mybiosou
rce.com/polyclonal-cow-dog-human-pig-antibody/crisp2/422304)

Coomassie blue stained gels run in parallel to immunoblots revealed
protein band molecular weights shifted in the 2x SB and 8 M urea
conditions and that both lanes contained the same protein load
(Supplementary Figure S5). CRISP2 immunostaining of sperm that
were first fixed and then permeabilized exhibited no labeling of the
sperm tail while the sperm head and neck were labeled (Figure 5Cb).

In contrast, sperm that were permeabilized with a low concentration
of saponin prior to fixation revealed additional clear labeling in
the principle piece of the tail and some labeling of the central part
of the mid-piece (Figure 5Ce). Pre-fixation permeabilization has
previously been used to improve specificity labeling of cytoskeleton
structures [43]. It is likely that low concentrations of saponin
permeabilization before fixation allows the antibody to recognize its
epitope on the CRISP2 protein in the principle piece. Immunogold
labeling of ultrathin cryosections of boar sperm tail cross sections
further confirmed that CRISP2 labeling was found in the ODE
but not at the plasma membrane or mitochondria of the mid-
piece (Figure 6A and B). This is in agreement with the central
staining of CRISP2 in the mid-piece (Figure 5Ce). Beyond the ODEF,
CRISP2 labeling was also observed in the FS of the principle piece
(Figure 6C). Longitudinal sections confirmed CRISP2 labeling in the
FS and ODE as well as the absence of labeling in other structures
(Figure 6D).

Discussion

Cysteine-rich secretory proteins (CRISPs) have attracted much atten-
tion in the field of reproduction due to their roles in male fertility.
However, a biochemical understanding of CRISP protein structures
and functions is still lacking. Evolutionary analysis on CRISPs from
mammals as well as reptile venoms revealed that they have a highly
conserved scaffold structure, but with diverse biological functions
that were influenced by selective pressure among sites and lineages
[5, 44, 45]. The gene expression of CRISPs in the pig has been well
studied and the expression of CRISP2 in the testis is confirmed, as
described for other mammals [46, 47]. Porcine CRISP2 (UniProt ID:
F1RPZ6) protein has a high sequence similarity to CRISP2 of other
mammalian species: 80.7% to human (UniProt ID: P16562), 78.3%
to guinea pig (UniProt ID: Q60477) and 68.9% to mouse (UniProt
ID: P16563) based on UniProt alignment (http:/www.uniprot.org).

The perinuclear theca and CRISP2

In our study, biochemical analysis and ultralocalization studies of
boar spermatozoa revealed that CRISP2 is localized in the post
acrosomal sheath region of mature boar sperm head and more
specifically those that reside in the perinuclear theca (PT). The
PT is a unique cytoskeletal scaffold structure that is resistant to
sonication and non-ionic detergent extraction; where even disulfide
bond-reducing agents fail to solubilize proteins from the PT [26,
48]. The PT has been reported to play a vital role in spermiogenesis
but may also play a role in processes that occur postfertilization. In
support of this theory, the PT has been reported to harbor molecules
essential for oocyte activation and early embryo development
[48-50]. The PT is assembled during the elongation phase of
spermatid development, shortly after abundant CRISP2 protein
expression can be detected in round spermatids [8, 26, 51]. Early
studies have reported that a 25 kDa protein is one of the dominant
PT protein bands on gel electrophoresis [39, 52] and later CRISP2
was identified in the perforatorium, which is part of the PT in rat
spermatozoa [21, 53].

It is known that CRISPs possess 10 out of 16 cysteine residues
clustered in the C-terminal domain and these cysteine residues are
involved in disulfide bond formation [54]. Interestingly, CRISP2
was present in boar sperm heads as part of a 250 kDa protein
complex under non-reducing conditions while it was dissociated
into 25 kDa monomers under reducing conditions. The use of
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Figure 6. Ultrastructural localization of CRISP2 in boar sperm tail. (A) Immunogold labeling of CRISP2 on cross sections of the sperm tail showing that CRISP2
localized to the CP, ODF and FS. (B) A cross section of the mid piece. (C) A cross section of the principle piece. (D) A longitudinal section showing that CRISP2
localized in the ODF, but absent in the mitochondria or the plasma membrane of the sperm tail. Supplementary Figure S1. Phase contrast microscopy of
separated sperm heads and tails. Separated heads and tails were fixed in 4% PFA for 15 min, RT; 20 L of the suspension was deposited on Super frost slides
(Thermo Scientific) and covered with coverslips, then dried at RT for 20 min. Images were collected using a 1.6x/20x objective OLYMPUS BX41 phase contrast

microscopy. Distance bar=10 pm.

B-mercapto-ethanol as a reducing agent results in the reduction of
disulfide bridges between cysteine residues that are highly enriched
in the cysteine rich domain of CRISP2. In theory, these reduced
cysteine groups can both form intra- as well as inter- protein disulfide
bridges. Thus, we propose that CRISP2 in the PT is organized into
a~250 kDa complex that is formed via covalent disulfide bridges
between the participating proteins.

CRISP2 in the sperm tail

In the tail both the fibrous sheath (FS) and the outer dense fibers
(ODF) are two condensed and highly insoluble protein structures
which are unique to the mammalian sperm flagellum [40]. The
protein composition of the FS and the ODF differ between differ-
ent mammalian species, with three abundant proteins identified in
isolated rat sperm FS and up to seven major proteins reported in rat
sperm ODF [55-57]. Seven major protein bands have been revealed
in human sperm FS [58] and two protein bands have been detected in
human sperm ODF [59]. These FS protein bands are now known to
consist of A-kinase anchoring proteins (AKAPs) AKAP3 and AKAP4
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while ODF1 is the main and sole sperm-specific protein of the ODF
[30, 60-62]. Importantly, Akap4 knock out male mice are infertile
and Odf2 gene deletion resulted in abnormal sperm tails in the mouse
[63, 64].In a case study on an infertile man it was found that AKAP4
was absent in the FS [65]. It is becoming clear that the FS and the
ODF are not only simply structures regulating flagellum beating
but are also more dynamically involved in sperm physiology, for
example, in cell signaling and metabolism [40, 66].

Interestingly, in the sperm tail CRISP2 was present in ~150
and ~200 kDa protein complexes under native conditions. These
CRISP2 containing protein complexes dissociated into three different
B-mercapto-ethanol insoluble oligomeric forms. The three CRISP2
oligomers could be solubilized using more stringent detergent con-
ditions (either 1% Triton X-100 or SDS-EDTA), in the presence of
B-mercapto-ethanol; however, two oligomeric forms still remained
insoluble (Figure 5A). Under reducing conditions, the sperm tail
fraction contained all five oligomeric bands, while an 8 M urea
treatment caused a degree of dissociation of higher MW bands
into 25 kDa monomers. A combination of SDS sample buffer and
8 M urea was used for efficient protein solubilization [67]. This
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behavior demonstrates that the oligomers in the sperm tail may
interact in absence of covalent linkages, which is in contrast to
CRISP2 oligomer bonding in the sperm head. Consistent with our
study is the observation that in vitro recombinant mouse CRISP2
protein is involved in amyloid formation in the presence of Zn>*
[31]. It is possible that a Zn?* interaction within CRISP2 and
between CRISP2 or other proteins, is involved in the formation of
reduction insensitive CRISP2 oligomers in the sperm tail. Moreover,
we have demonstrated with other CAP family proteins that Zn?*
can result in the formation of amyloid oligomeric structures in vitro
that depend on the CAP domain [31, 32]. The involvement of Zn>*
in establishing specific features of the sperm tail during epididymal
sperm maturation has been reported previously [68, 69]. Moreover,
most of sperm’s Zn>* has indeed been reported to reside in the ODF
[70]. We propose here that the ODF and FS oligomeric formation
of CRISP2 molecules may occur in the sperm tail in a similar way.
Immunogold labeling confirmed that CRISP2 was localized in the FS,
the ODF and the connecting piece. This is consistent with previous
studies observing the same localization [21, 24]. No signals were
observed in the mitochondria or at the plasma membrane, nor in
the nucleus of the sperm.

In conclusion, this study reports for the first time the precise local-
ization and biochemical features of CRISP2 in boar spermatozoa. We
demonstrate that CRISP2 is present as a 300-1000-kDa oligomers
in the sperm head perinuclear theca structure and that this oligomer
is stabilized covalently by reduction sensitive disulfide bridges. In
contrast in the sperm tail FS and ODF, five smaller oligomers of
CRISP2 were detected that are largely reduction insensitive and likely
dependent on the CAP domain.

We are currently working on unraveling the CRISP2 interactome
in the sperm tail (in the ODF and FS) versus sperm head (in the PT).
In part, there are expected to be differences in CRISP2-interacting
proteins in the PT compared to the ODF and FS due to the specific
protein composition and architecture of these regions. It is also
possible that the oligomerization conditions in these structures also
differ. For instance, local differences in redox balance (PT, in the
head) or in Zn?>* levels (ODE, FS in the tail) may contribute to the
differences noted in CRISP2 oligomers in the sperm head versus tail.

In CRISP2, loss of function models in mouse alterations in
stiffness of the mid-piece and aberrant motility have been detected in
sperm and consequently a subfertile phenotype was observed [17].
The fact that CRISP2 dimers are not sensitive to reducing agents
may indicate that in the tail the Zn>* dependent oligomerization into
more amyloid like CRISP2 containing is taken place. In fact, Zn*"
levels have been described to change under capacitating conditions
and this may well relate to altered motility properties of sperm [71].
It is yet unknown whether such Zn** changes will cause altered
CRISP2 interactions in the ODF and FS and thus affect the elastic
properties of these structures.

Additionally, our study shows that CRISP2 oligomers in the PT
are very reduction sensitive. This aligns with previous reports for
the mouse that demonstrate that the post acrosomal sheath (part of
the PT) is rapidly broken down post-fertilization by glutathione-S-
transferase omega 2 [72]. Given that this enzyme is also present in
boar spermatozoa (identification after proteomic analysis of the PT;
unpublished results), it may be involved in reducing the disulfide
bridges of CRISP2 in the PT and alter CRISP2 containing high
MW protein complexes [72]. The PT emerges as a well-formed and
condensed structure during the elongation phase of spermatids and
is supposed to be functional in protecting the pore free part of the
nuclear envelope. Likely, the oxidation of free sulfhydryl groups

in CRISP2 are involved in the condensation of the PT during late
spermatid development until epididymal maturation [73] and this
process has also been described for the formation of flagellar struc-
tures that are involved in sperm motility [33]. Future studies will be
devoted to the role of CRISP2 (a known inducer of non-pathological
protein amyloids) in sperm protein complex formation, the identity
of any additional proteins in CRISP2 containing complexes, and the
function of the different oligomeric CRISP2 organizations in the
sperm head versus sperm tail in fertilization and post-fertilization
processes.

Supplementary material

Supplementary material is available at BIOLRE online.
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