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Editorial on the Research Topic
Fertilization in the spotlight: Dynamics and mechanisms of sperm- egg
interaction

Fertilization has intrigued scientists for centuries and is of great interest to the general
public for its wider implications in human health. Undeniably, outstanding progress has
been made but many questions remain to be answered. The purpose of this Research
Topic was to highlight the variety of molecular mechanisms underlying gamete
interaction in sexually reproducing species and to draw attention to the long-standing
open questions of fertilization.

Unicellular and multicellular species use fertilization to ensure the formation of a
unique new organism that is genetically distinct from their parents. Two purposefully
developed cells collectively named gametes (sperm and eggs in multicellular organisms)
meet either in the external environment or in internal organs, bind to one another and
fuse together to generate a viable progeny.

Thanks to decades of research we now have the ability to manipulate gametes in vitro and
in vivo and to successfully achieve in vitro fertilization in humans as well as in many other
species (Carroll, 2018). Our knowledge of the molecular mechanisms governing the sperm-egg
interaction has greatly increased particularly with the advent of genetically modified animal
models which contributed to identify molecules that are essential for fertilization. Among the
breakthroughs of the last decade are the discovery of the first binding pair essential for
mammalian fertilization (Juno and Izumol) (Bianchi et al., 2014), and the identification of the
first fusogen (a protein that induces cell fusion) named Hap2/GCS1 in plants and unicellular
organisms (Johnson et al.,, 2004; Mori et al,, 2006; von Besser et al., 2006; Liu et al., 2008).
Investigations in organisms as different as C. elegans, Zebrafish, Abalone, Sea urchin
(Krauchunas et al.,, 2016; Raj et al, 2017; Deneke and Pauli, 2021; Wessel et al.,, 2021)
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and mammals (Bianchi and Wright, 2020) are contributing to
identifying novel proteins involved in sperm-egg recognition and
to unravel the dynamics of these interactions.

Even today, knowledge about the molecular mechanisms that
produce the capacity of recognition, union and fusion between the
two cells, the oocyte and the spermatozoa, is still very scarce and any
solid contribution can help to unravel the molecular puzzle that is the
origin of the zygote. On the side of spermatozoa, the research
conducted by Wang et al. identified Chromosome 1 open reading
frame 56 (Clorf56) to be a SLeX-binding sperm protein. They
showed that purified Clorf56 from spermatozoa bound to human
zona pellucida (ZP) and immunofluorescence staining localized
Clorf56 to the acrosomal region of capacitated spermatozoa, a
region that binds ZP. Moreover, they found that Clorf56 is
relocated from the equatorial region to the acrosomal region after
capacitation suggesting that Clorf56 may have functions after ZP-
binding and acrosome reaction.

Two contributions unravel the role of IZUMOIl and
SPACA6 using mutant sperm lacking these fusion-related genes
previously demonstrated in a mouse model. The research
conducted by Matsumara et al. show here that Izumol KO male
rats are infertile due to fertilization defects. However, unlike in mice,
Izumol knockout rat spermatozoa failed to bind to the oolemma.
Moreover, reanalysis of the Izumol KO mice shows the percentage of
the oolemma bound acrosome-reacted spermatozoa was drastically
decreased in the Izumol KO mice compared with WT, indeed
suggesting that IZUMOIL is required for binding the acrosome-
reacted spermatozoa to oolemma prior to fusion. Of note, it was
reported that the acrosome-reacted spermatozoa hardly bind to the
JUNO KO eggs in mice (Bianchi et al,, 2014). Intriguingly, this study
found that, unlike sperm lacking Izumol, sperm lacking the novel
fusion-related genes Fimp, Sofl, Spaca6, or Tmem95 bind to the
oolemma after the acrosome reaction. All together these data suggest
that these proteins could be involved in different molecular pathways
to regulate binding and/or fusion since all of them are essential to
complete fertilization. The original article published by Binner et al.
using the Zebrafish model shows that Spaca6 knockout males are
sterile. While sperm lacking Spaca6 have normal morphology and are
motile, Spaca6-deficient sperm fail to bind to the egg and therefore
cannot complete fertilization. This is in contrast to murine sperm
lacking SPACAG6, which was reported to be able to bind but unable to
fuse with oocytes (Barbaux et al., 2020; Noda et al,, 2020). Moreover,
here they show that Spaca6 regulates Dcst2 protein levels and
interestingly, recent work in mice has shown that SPACAG6 levels
are decreased in sperm lacking IZUMOI, DCST1 and/or DCST2
(Inoue et al., 2021). Then authors suggest that Spaca6 may contribute
to forming and/or stabilizing a multi-factor complex on the sperm
membrane that regulates both binding and fusion.

The study conducted by Gonzalez-Brusi et al. identified by mass
spectrometry a list of 41 sperm proteins that were pulled down with
TMEMY5 and none of them were sperm proteins known to play a
role in fertilization, suggesting an independent role of TMEM95 in
fertilization. Between these lists, they propose OLFR601 protein as a
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candidate to collaborate with TMEM95, as OLFR601 is allocated to
the acrosomal region and may mediate affinity for an odorant
involved in fertilization. However, Olfr601 disruption did not impair
the sperm fertilization ability, suggesting that its function may be
redundant with that of other sperm proteins. Nevertheless, more
studies are needed to further investigate the complex functions of
those newly identified fusion-related molecules.

Regarding the oocyte side, in silico docking analysis by
Stepanenko et al. for blocking JUNO-IZUMOLI interaction
identifies two molecules, 72786028994 and 71290281203, that show
fertilization inhibitory effect in both an in vitro fertilization assay in
mice and an in vitro penetration of human sperm into hamster
oocytes. The accumulation of sperm cells in the perivitelline space of
eggs treated with molecules 2786028994 and 71290281203 suggests
that the fertilization failure seen by these two molecules is a result of
inhibition of sperm-egg fusion. However, none of the molecules
significantly affected the binding of JUNO and IZUMOI using
AVEXIS. Therefore, until further research is performed, the
mechanism of action of these IVF inhibitors remains unclear.

In this Research Topic, three research articles focus on cellular
characteristics of sperm that contribute to the sperm’s fertilizing
ability. Giaccagli et al. examined the relationship between
mitochondrial activity and fertilizing ability of the sperm. Their
results indicate that there is a rise in mitochondrial membrane
potential during sperm capacitation and this mitochondrial activity
is important for both in vitro and in vivo fertilization at the step of
zona pellucida penetration. Ma et al. tested the role of Toll-like
receptor 2 (TLR2) for sperm function and similarly concluded that
TLR2 plays a role in sperm interactions with the zona pellucida and
suggest that TLR2 contributes to acrosomal exocytosis in response to
zona pellucida attachment. Structural analysis of acrosomal
exocytosis was carried out by Leung et al. with the use of
cryoelectron tomography to visualize acrosomal exocytosis in pig
sperm. In addition to observing a heterogenous population of
vesicles and paracrystalline patches surrounding the fully
acrosome-reacted sperm, this study shows that the post-
acrosomal plasma membrane becomes densely packed with
membrane protein densities that were not present in unreacted cells.

To fully understand sperm-egg interactions we need to not only
investigate the molecular and cellular aspects of the gametes, but to
examine the evolution of reproductive genes. Two original research
articles and one review in this Research Topic highlight the
importance of gene duplication and diversification of sperm-
expressed genes in different taxa. Carlisle et al. carried out a
detailed evolutionary genomic analysis in abalone and discovered
duplications of lysin and sp18 ancestral to abalone. Interestingly,
they did not find evidence of recent duplications of egg coat proteins
suggesting that it is not duplications on the egg side that are driving
duplication and diversification of the sperm acrosomal proteins in
H. tuberculata. Transcriptomic and proteomic analyses were carried
out by Wilburn et al. to provide a molecular description of
salamander gametes. Their data reveal that the sperm express
paralogs of pheromone proteins suggesting these protein families
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have been co-opted for multiple reproductive functions through
gene duplication and rapid evolution. In addition, gene duplication
and repeat domain expansion in the evolution of fertilization
proteins such as Izumo, Juno, DCST, and ZP domains is
reviewed by Rivera and Swanson.

Four additional reviews round out this spotlight on sperm-
egg interactions. Brukman et al. review the fusexin class of
fusogens within the context of structure, mechanism of action,
and gamete fusion. Pinello and Clark review gamete fusion and
the role of HAP2/GCS1 in Chlamydomonas reinhardtii and
Tetrahymena thermophila as well as discuss the possibility of
HAP2/GCSI as a candidate for transmission-blocking vaccine
development against parasitic protists. Gonzalez et al. review the
role of CRISP proteins in fertility and different stages of the
fertilization process discussing both genetic and non-genetic
studies to dissect the functions of this protein family. Finally,
Saito and Sawada review sperm-egg interactions and self/nonself-
recognition at the level of the egg coat in ascidians.

The broad range of subjects in this research topic show the great
effort of the scientific community in elucidating the still elusive
mechanisms of fertilization. We believe that the collaboration of
researchers working on various aspects of sperm-egg interaction is
instrumental to unravel the molecular cascades orchestrating this
event in different species and to overcome the experimental
limitations of investigating gamete biology.
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Capacitated spermatozoa initiate fertilization by binding to the zona pellucida (ZP).
Defective spermatozoa-ZP binding causes infertility. The sialyl-Lewis(x) (SLeX) sequence
is the most abundant terminal sequence on the glycans of human ZP glycoproteins
involving in spermatozoa-ZP binding. This study aimed to identify and characterize
the SLeX-binding proteins on human spermatozoa. By using affinity chromatography
followed by mass spectrometric analysis, chromosome 1 open reading frame 56
(Clorf56) was identified to be a SLeX-binding protein of capacitated spermatozoa.
The acrosomal region of spermatozoa possessed C1orf56 immunoreactive signals with
intensities that increased after capacitation indicating translocation of C1orf56 to the
cell surface during capacitation. Treatment with antibody against C1orf56 inhibited
spermatozoa-ZP binding and ZP-induced acrosome reaction. Purified C1orf56 from
capacitated spermatozoa bound to human ZP. A pilot clinical study was conducted
and found no association between the percentage of capacitated spermatozoa with
C1orf56 expression and in vitro fertilization (IVF) rate in assisted reproduction treatment.
However, the percentage of Clorf56 positive spermatozoa in the acrosome-reacted
population was significantly (P < 0.05) lower in cycles with a fertilization rate < 60%
when compared to those with a higher fertilization rate, suggesting that C1orf56 may
have functions after ZP-binding and acrosome reaction. A larger clinical trial is needed
to determine the possible use of sperm C1orf56 content for the prediction of fertilization
potential of sperm samples.

Keywords: zona pellucida, human spermatozoa, sialyl-Lewis(x), C10rf56, fertilization rate

INTRODUCTION

Human oocytes are surrounded by a ~7-20 pm thick porous cellular extracellular matrix
termed zona pellucida (ZP), which is the main player in spermatozoa-oocyte interactions and
species-specific fertilization. Spermatozoa-ZP binding is the first event in fertilization. Defective
spermatozoa-ZP binding leads to infertility and is an important cause of reduced fertilization rates
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in assisted reproduction (Liu and Baker, 2000). A meta-
analysis has shown high predictive power of spermatozoa-ZP
binding on fertilization outcome (Oehninger et al, 2000).
Defective spermatozoa-ZP binding is more frequent for
men with abnormal semen parameters, especially those with
severe teratozoospermia and oligozoospermia (Liu and Baker,
2004). Despite the importance of spermatozoa-ZP interaction,
the mechanisms regulating the process are unclear partly
due to failure in the identification of ZP receptor(s) on
human spermatozoa.

Human ZP is composed of four glycoproteins namely ZP
glycoprotein 1 (ZP1), ZP2, ZP3, and ZP4 (Chiu et al, 2014).
Glycan chains are found on the asparagine (N-linked) and
serine/threonine (O-linked) residues of these ZP glycoproteins.
We have identified sialyl-Lewis(x) (SLeX) [NeuAca2-3Galp1-
4(Fucal-3)GlcNAc] as the most abundant terminal sequence on
the N-linked glycans of human ZP (Pang et al., 2011). Human
oocyte—spermatozoon binding involves both protein-protein and
protein-glycans interactions (Chiu et al., 2014; Gupta, 2021).

Recent transgenic mice studies suggested that ZP2 is the
primary ligand for human sperm binding to ZP (Baibakov et al.,
2012; Avella et al., 2014, 2016). Human spermatozoa bind to
and penetrate the ZP of oocytes from transgenic mice carrying
the four human ZP glycoproteins in place of the three mouse
ZP glycoproteins (Baibakov et al., 2012). When human ZP2
is absent from these mice, human spermatozoa rarely bind to
the oocytes (Avella et al, 2014). It is noted that the human
spermatozoa take 180-240 min to bind onto the mouse ZP
containing human ZP2 (Baibakov et al., 2012), which was much
longer than 15-60 min for binding to human ZP (Plachot et al.,
1986; Morales et al., 1994). The slower binding kinetics could be
due to inappropriate glycosylation of human ZP2 in the mice,
consistent with differential interaction of human spermatozoa
to recombinant human ZP2 and native ZP2 with different
glycosylation (Chiu et al., 2014; Gupta, 2021).

Several glycoconjugates have been associated with human
spermatozoa-ZP binding (Chiu et al., 2014; Gupta, 2021). For
example, glycoconjugates terminated with the SLeX sequences
or antibodies against the sequence inhibited the spermatozoa-
ZP binding (Pang et al., 2011). Synthesized highly complex
triantennary N-glycans with SLeX moieties have increased
inhibitory activities (Chinoy and Friscourt, 2018). Spermatozoa-
SLeX interaction has been used to capture human spermatozoa
in a microfluidic system for forensic investigation (Inci et al.,
2018; Deshmukh et al., 2020). The ZP glycans may take part in
direct interaction with the sperm ZP receptors or may provide
the proper tertiary structure that maximizes the availability of the
ZP glycoproteins to their receptors on spermatozoa.

The identity of human sperm ZP receptor(s) is controversial
(Gupta, 2018; Tumova and Zigo, 2021). Several human sperm
carbohydrate-binding proteins have been proposed (Chiu et al,,
2007b). However, antibodies against and competitors/substrates
of these molecules fail to completely block spermatozoa-ZP
binding and/or ZP-induced acrosome reaction, suggesting that
they are not solely mediating spermatozoa-ZP binding. The
objective of this study was to identify and characterize the human
sperm SLeX-binding proteins.

MATERIALS AND METHODS

Semen and Oocyte Samples

The Ethics Committee of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster approved the research
protocol. Informed consent was obtained from patients who
donated their semen and oocyte samples for research use. Human
spermatozoa were collected by masturbation from patients
attending the infertility clinic at the Queen Mary Hospital
and the Family Planning Association, Hong Kong (Mei et al,
2019). Only semen samples with normal semen parameters
according to the World Health Organization (2010) criteria
(strict criteria >4%, volume >1.5 ml, total sperm number
>39 x 10 per ejaculate, concentration >15 x 10%/ml, total
motility >40%, progressive motility >32%, and vitality >58%)
were used. Spermatozoa were processed by density gradient
centrifugation using AllGrad (LifeGlobal, Brussels, Belgium)
and resuspended in Earle Balanced Salt Solution (EBSS; Flow
Laboratories, Irvine, United Kingdom) supplemented with 0.3%
bovine serum albumin (BSA), 0.3 mmol/l sodium pyruvate,
0.16 mmol/l penicillin-G, 0.05 mmol/l streptomycin sulfate, and
14 mmol/l sodium bicarbonate (all from Sigma, St Louis, MO,
United States) (EBSS/0.3% BSA) to a concentration of 2 x 10°
spermatozoa/ml. Capacitated spermatozoa were prepared by a 3-
h incubation in EBSS supplemented with 3% BSA as previously
described (Chiu et al., 2010).

For the pilot clinical study, semen samples were collected
from men whose female partner underwent conventional IVF
treatment at the Sixth affiliated Hospital of the Sun Yat-
sen University, Guangzhou, China. The research protocol of
the study was approved by the Ethics Committee of the
Sun Yat-sen University. Semen samples were prepared by
density gradient centrifugation followed by a standard swim-
up procedure World Health Organization (2010). Briefly, 1 mL
EBSS/0.3%BSA medium was gently layered over the processed
spermatozoa pellet in a sterile 15 mL centrifuge tube after
density gradient centrifugation. The tube was inclined at 45°
and incubated for 1 h at 37°C. The upper 0.5 mL medium
was collected for IVF treatment and the remaining sperm
suspension was used for experimentation. After washing with
EBSS/0.3%BSA once, the final sperm pellet was resuspended
in 1 mL EBSS/0.3%BSA. The motility and morphology of the
spermatozoa were then determined.

Human oocytes were collected from the Assisted
Reproduction Program at the Queen Mary Hospital, Hong Kong.
Unfertilized metaphase II oocytes from couples who underwent
intracytoplasmic sperm injection were collected and stored in an
oocyte storage buffer at 4°C. The oocyte storage buffer contained
1.5 M MgCl,, 0.1% polyvinyl pyrrolidone (PVP) and 40 mM
HEPES with pH 7.2.

Determination of Sperm Viability

Sperm viability was determined by the trypan blue exclusion
staining. Processed spermatozoa (2 x 10°) and trypan blue dye
were mixed in a 1:1 ratio to a final volume of 12 pwL. The
mixture was placed on a glass slide for 3 min before examination
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under a light microscope with 400 x magnification. Viable
spermatozoa were transparent without staining, whereas non-
viable spermatozoa were stained blue. At least 200 spermatozoa
were randomly counted to evaluate the sperm viability of the
sample.

Determination of Sperm Motility

The Hobson sperm tracker system (Hobson Tracking Systems
Ltd., Sheffield, United Kingdom) was used to determine the
sperm motility parameters in all the experiments except the
clinical study. The set-up parameters of the system and the
procedures were described previously (Huang et al., 2013). Each
measurement was performed on a warmed microscope stage
at 37°C. Five hundred spermatozoa per sample in randomly
selected fields were evaluated to determine (1) average path
velocity (VAP, pm/s), (2) curvilinear velocity (VCL, pm/s),
(3) straight-line velocity (VSL, pm/s), (4) beat cross frequency
(BCE Hz), (5) amplitude of lateral head displacement (ALH,
pm), (6) mean linearity (LIN, VSL/VCL), (7) straightness
(STR, VSL/VAP), (8) percentage hyperactivation (HYP), and (9)
percentage progressive motility (VAP > 25 pm/s). All samples
were processed in triplicate.

Manual sperm motility counting based on the WHO
recommended protocol (World Health Organization, 2010) was
also used. In manual counting, 2 x 10° processed spermatozoa
were added on a glass slide and observed under a light microscope
at 400 x magnification. At least 200 spermatozoa were counted
randomly. Their motilities were divided into three classes
according to the WHO criteria (World Health Organization,
2010), namely progressive motile (PR), non-progressive motile
(NP) and immotile (IM). PR were spermatozoa moving actively,
either linearly or in a large circle. NP were those exhibiting all
other patterns of motility and without progression; IM were those
without movement. In this study, total motility referred to the
sum of PR and NP spermatozoa. The WHO reference value of
total motility is >40%. For comparison purposes, the samples
were divided into a high motility group and a low motility group
when their total motility was >40% and <40%, respectively.

Determination of Sperm Morphology
Diff-Quik staining was used to determine sperm morphology.
In general, 10 pL of semen was smeared on a glass slide,
air-dried at room temperature and placed successively in the
Diff-Quik fixative (Microptic S.L., Barcelona, Spain) for 10 s,
the Diff-Quik solution I for 15 s, and the Diff-Quik solution
IT for 15 s at room temperature. The slides were then placed
under running water to remove excess stain and air-dried
at room temperature. The morphology of spermatozoa was
determined under a light microscope at 1,000 x magnification.
For each sample, 200 spermatozoa in randomly selected fields
were counted. Only spermatozoa with both head and tail seen
were assessed. The samples were considered normal when the
percentage of spermatozoa with normal morphology as defined
by strict criteria (World Health Organization, 2010) was >4%.

Hemizona Binding Assay

The hemizona binding assay was performed as described (Yao
et al.,, 1998). Unfertilized oocytes were micro-bisected into two
identical hemizona. Each hemizonae was incubated with 2 x 10°
spermatozoa/mL in a 100 wL droplet of EBSS/0.3%BSA under
mineral oil for 3 h at 37°C in an atmosphere of 5% CO,. After
incubation, the loosely bound spermatozoa were removed by
several washes with EBSS/0.3% BSA and the numbers of tightly
bound spermatozoa on the outer surface of the hemizona were
counted. The results are expressed as hemizona index (HZI),
which is the ratio of the number of bound spermatozoa in the
test droplet to that in the control droplet x 100.

Determination of lonophore and

ZP-Induced Acrosome Reaction

Purification of solubilized ZP was performed as described (Chiu
et al,, 2010). Briefly, the ZP was separated from the oocytes
under a microscope and heat-solubilized at 70°C in 5 mM
NaH; POy buffer (pH 2.5) for 90 min. Capacitated spermatozoa at
a concentration of 2 x 10° spermatozoa/ml were incubated with
solubilized ZP (1 pg/ml, 60 min) or ionophore A23187 (2.5 uM,
30 min) at 37°C in an atmosphere of 5% CO; in air (Chiu
et al., 2008a). The acrosomal status of the treated spermatozoa
was then evaluated.

Determination of Acrosomal Status

The percentage of capacitated spermatozoa was assayed by
chlortetracycline staining (CTC) as described (Chiu et al., 2005).
The capacitation status of 200 spermatozoa were evaluated
under a fluorescence microscope (Zeiss, Oberkochen, Germany)
at x 630 magnification. Five CTC staining patterns of the sperm
head were identified (Chiu et al., 2005). CTC4 pattern (uniform
head fluorescence) was the main capacitated pattern.

Fluorescein isothiocyanate-labeled Pisum sativum (FITC-
PSA) (Sigma, St Louis, MO, United States) was used to determine
acrosome reaction. Processed spermatozoa (0.5 x 10°) were fixed
in 300 pl of 95% ethanol and dried on slides before staining
with Hoechst 33258 [Pentahydrate (bis-Benzimide); Sigma] and
2 ng/20 wL FITC-PSA in PBS for 30 min. The slides were then
washed, mounted in glycerol containing 0.2 M n-propyl gallate
(Sigma), and observed under a fluorescent microscope (Zeiss).
At least 200 spermatozoa were randomly selected and counted
under the microscope with 400 x magnification. Acrosome-
reacted spermatozoa were defined as those without Hoechst and
FITC-PSA staining or with FITC-PSA staining at the equatorial
segment only. The filter set used for CTC and FITC-PSA staining
consisted of an excitation filter BP 450-490, a chromatic beam
splitter FT510 and a barrier filter LP520.

Purification of Sialyl-Lewis(x) Binding
Protein

Sialyl-Lewis(x) -binding proteins on the plasma membrane
of capacitated spermatozoa were identified by our established
chromatographic method using SLeX-BSA neoglycoprotein
affinity column followed by mass spectrometric analysis as
described (Chiu et al, 2007a; Lee et al, 2011). In brief,
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capacitated spermatozoa (100 x 10°) were washed thrice in
EBSS. Non-integral, peripheral membrane-associated proteins
on spermatozoa were removed by incubation of the washed
spermatozoa in 1 M NaCl in PBS with gentle stirring for 10 min
at 25°C as described (Chiu et al., 2007a). The spermatozoa
were then collected by centrifugation at 600 x g for 10 min
before extraction of the sperm plasma membrane proteins
by the ProteoExtract Native Membrane Protein Extraction
Kit (Merck, Kenilworth, NJ, United States) according to the
manufacturer’s instructions. The insoluble fraction was discarded
after centrifugation at 15,000 x g for 40 min. The supernatant
was diluted in a solution of MOPS-NaOH buffer (pH 7.3)
containing 0.2% Triton X-100 and 6 mM MnCl,. SLeX-BSA
(Dextra, Reading, United Kingdom) conjugated sepharose beads
(GE Healthcare) were used to precipitate the SLeX-binding
protein from the extracted membrane protein fractions. Lewis(x)
(LeX)-BSA, which did not bind to human spermatozoa (Chiu
etal., 2012) was used as a control.

Tryptic In-Solution Digestion

The purified SLeX-binding proteins were precipitated in
precooled acetone and collected as a pellet after centrifugation at
16,000 x g for 10 min followed by removal of the supernatant.
Trypsin digestion of the pellets was performed as described (Ye
et al,, 2015). The digestion was terminated by acidification with
1% trifluoroacetic acid. The supernatant was then saved until use.

Two-Dimensional Liquid
Chromatography With Tandem Mass

Spectrometry

The Proteomic Laboratory for System Biology Research (Baptist
University, Hong Kong, People’s Republic of China) performed
2D LC-MS/MS analyses on the purified samples. The liquid
chromatographic separation was conducted in a nano-liquid
chromatography system (Dionex UltiMate 3000 Nano-LC
System; Dionex). For the first dimension, two buffers were
used to set up a gradient for separation: buffer A was 20%
acetonitrile/10 mM potassium dihydrogen phosphate, pH 3.0;
buffer B was buffer A plus 0.5 M potassium chloride. Peptides
were injected into a 50 x 1.0 mm polysulfoethyl A strong cation
exchange column (Poly LC Inc.) and eluted at a flow rate of
30 wL/min with increasing salt concentrations (100% buffer A
and 0% buffer B from 0 to 10 min; 70% buffer A and 30% buffer
B from 10 to 40 min; 65% buffer A and 35% buffer B from 40
to 45 min, 0% buffer A, and 100% buffer B from 45 to 50 min).
Fractions were collected every 5 min.

The 2D LC separation was performed in the same nano-
LC system with a reverse-phase column (Pepmap C18,
75 wm X 150 mm; Dionex). Two buffers were used for this
step: buffer C was 0.05% trifluoroacetic acid and buffer D was
80% ACN/0.04% trifluoroacetic acid. Each fraction from the
strong cation exchange column was injected into a reversed-
phase column with a 100-min linear gradient (a 90-min gradient
from 0 to 35% buffer D; 5 min from 35% buffer D to 50% buffer
D; and a 5-min holding at 90% buffer D). Matrix-assisted laser
desorption ionization (MALDI) spot was applied every 30 s,

and the MS/MS analysis was performed in a Bruker Autoflex
III MALDI Tandem Time-of-Flight (MALDI TOF/TOF) Mass
Spectrometer (Bruker Daltonics).

Analysis of MS Data

Mascot (version 2.2.04') was used to identify the peptides. Each
MS/MS spectrum was searched against the Human IPI Protein
Database 3.71. Proteins were considered to be successfully
identified when the total Mascot score reached 65 or above.

Expression and Localization of Sperm
C1orf56

Uncapacitated and capacitated spermatozoa (2 x 10°) were
extracted by SDS, resolved by 10% SDS-PAGE and blotted
on polyvinylidene difluoride membranes. Western blotting was
performed using a rabbit polyclonal anti-chromosome 1 open
reading frame 56 (Clorf56) antibody (0.1 pg/mL; Sigma). Anti-
beta-tubulin antibody (Sigma) was used to determine sample
loading. Quantification of protein bands normalized with respect
to the tubulin control was carried out with the Image J 1.49
software’.

For immunostaining and cytometry analysis, human
spermatozoa were mildly fixed in 0.5% paraformaldehyde for
10 min at room temperature (Chiu et al., 2008b) followed by
incubation with polyclonal anti-Clorf56 antibody (1 pg/mL;
Sigma) overnight at 4°C. The bound antibodies were detected
by the Alexa Fluor 488/555-conjugated goat anti-rabbit IgG
(Invitrogen, CA, United States). For simultaneous staining, the
slides were washed, further immersed for 1 min in ice-cold
methanol for cell permeabilization and incubated with FITC-
PSA for 9 min following our established protocol (Chiu et al.,
2008b). After washing, the spermatozoa were examined under a
fluorescence microscope (Zeiss) with 600 x magnification or a
flow cytometer (BD FACSCanto II Analyzer; BD Biosciences).
The flow cytometry data were evaluated with the use of the
Flowjo software (Tree Star).

Effects of Anti-C10rf56 Antibody on

Sperm Functions

Capacitated spermatozoa (2 x 10°/mL) were pre-incubated in
medium supplemented with functional blocking anti-Clorf56
antibody (0.01, 0.1 or 1 pug/mL; Sigma) at 37°C in a 5% CO;
atmosphere for 1 h. Isotypic-matched antibody (non-specific
rabbit IgG; Invitrogen) was used as control. The spermatozoa
were washed with fresh EBSS/0.3% BSA before evaluation of their
viability and motility, acrosomal status, ZP-induced acrosome
reaction and ZP binding capacity as described above. To study
the effect of anti-Clorf56 antibody treatment on the binding
capabilities of the capacitated spermatozoa to SLeX, capacitated
spermatozoa (5 x 107) were incubated with 0.5 wM Alexa Fluor-
594 labeled SLeX-BSA in the presence of 1 pg/ml anti-Clorf56
antibody for 120 min followed by the flow cytometry analysis.

Uhttp://www.matrixscience.com
Zhttp://imagej.nih.gov/ij/index.html
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Purification of C10orf56 on Human

Spermatozoa

Clorf56 on human spermatozoa was purified by immuno-affinity
chromatography. To prepare the anti-Clorf56 affinity column,
cyanogen bromide activated Sepharose 4 Fast Flow gel beads (GE
Healthcare) were swelled in the swelling buffer (1 mM HCI) for
30 min, and washed with 10 gel volumes of the same buffer.
Antibody coupling was done by incubation of 1 mg of anti-
Clorf56 antibodies (Sigma) with 0.5 mL of swelled cyanogen
bromide beads in coupling buffer overnight at 4°C with gentle
shaking. The coupled affinity column was then washed with
blocking buffer (0.2 M glycine, pH 8.0) before further blocking
in the same buffer overnight at 4°C. The blocked affinity column
was then washed successively with the coupling buffer and the
acetate buffer (0.1 M sodium acetate, 0.5 M NaCl, and pH 4.0)
for four times. Finally, the affinity column was washed twice with
Tris-buffered saline (TBS: 25 mM Tris, 3 mM KCI, and 140 mM
NaCl, pH 7.4; USB corporation, Cleveland, OH, United States)
and kept at 4°C until use.

The extracted membrane proteins (see above) of capacitated
spermatozoa (5 x 107) were loaded onto the anti-Clorf56
antibody coated Sepharose column and washed successively by
TBS, 1 M NaCl with 1% isopropyl alcohol, 10 mM ammonium
acetate with 0.1% isopropyl alcohol (pH 5.0), and TBS. The
bound Clorf56 was eluted with 0.1% trifluoroacetic acid. The
concentration of the purified Clorf56 was determined by
a protein assay kit (Bio-Rad, Hercules, CA, United States).
The purity of Clorf56 was checked by SDS-PAGE and
western blotting.

Binding of C10rf56 to Zona Pellucida

Purified Clorf56 was labeled with Alexa Fluor-594® (Alexa Fluor
594 Protein Labeling Kit; Molecular Probes). Matched hemizona
were incubated with 1 pg/mL labeled Clorf56 in the presence
or absence of the anti-Clorf56 neutralizing antibody (Sigma) for
3 h at 37°C in an atmosphere of 5% CO,. The binding was then
observed under a fluorescence microscope.

Ovarian Stimulation and in vitro

Fertilization

Couples attending the infertility clinic at the Sixth Affiliated
Hospital of Sun Yat-sen University from January, 2016 to March,
2017 were recruited in this study. The standard gonadotrophin-
releasing hormone agonist long protocol was used. Conventional
insemination was performed 4 h after oocyte retrieval, and
the fertilization check was conducted after 16-18 h. Normal
fertilization was indicated by the appearance of two pronuclei
(2PN). Fertilization rate was defined as the number of 2PN
zygotes observed divided by the total number of inseminated
oocytes x 100.

Data Analyses

All values were expressed as mean =+ standard error of the mean
(SEM). For all experiments, the non-parametric rank sum test for
comparisons was used to identify differences between groups. If
the data were normally distributed, parametric Student ¢-test was

used as the posttest. The data were analyzed by SPSS 20.0 (IBM)
and P-value < 0.05 was considered as statistically significant.

RESULTS

Identification of Potential SLeX-Binding

Proteins

Mass spectrometry analysis of the SLeX-BSA affinity purified
sperm membrane fraction identified a total of 59 proteins with
Mascot protein score higher than 65°. Proteins were selected
for studies when they were absent in the LeX-BSA (Dextra)
affinity purified fraction and when they had been reported
to be present only in human sperm head region. Only 4
proteins met these criteria. They were chromosome 1 open
reading frame 56 (Clorf56), ZP-binding protein 1 (ZPBP1), heat
shock-related 70 kDa protein 2 (HSPA2) and sperm acrosome
membrane-associated protein 1 (SPACA 1) (Figure 1). ZPBP1
(Lin et al., 2007), HSPA2 (Huszar et al., 2000), and SPACA1 (Hao
et al., 2002) are known to be involved in spermatozoon-oocyte
interaction. In this report, Clorf56 was investigated for its role in
spermatozoa-ZP interaction.

Presence of C10orf56 in Human
Spermatozoa

The percentage of capacitated spermatozoa increased from
16.86 1=3.0% to 61.43 = 4.8% (N = 10) (Supplementary Figure 1)
after capacitation, as demonstrated by chlortetracycline staining
(Chiu et al., 2005). The anti-Clorf56 antibody recognized a major
protein band of size ~39 kDa in the human sperm extract
(Figure 2). Densitometric analysis of Western blot (Figure 2A)
showed the presence of a comparable amount of Clorf56 in the
uncapacitated and capacitated spermatozoa. Another band of
65 kDa was also found which might represent the non-specific
binding of the antibodies to the albumin which were abundant
in the sperm culture medium. Similar observation on the
sperm Clorf56 expression was found in flow cytometric analysis
(Figure 2B); the percentage of uncapacitated and capacitated
spermatozoa with positive Clorf56 immunoreactivities were
19.6 £ 4.6% and 17.5 & 4.2%, respectively.

Immunostaining for Clorf56 was performed on non-
permeabilized uncapacitated, capacitated and acrosome reacted
spermatozoa (Figure 3). Most uncapacitated Clorf56-positive
spermatozoa (69.2 £+ 4.8%) exhibited immunoreactive signals
on the equatorial region. After capacitation, strong signals were
observed in the acrosomal region (18.1 + 3.3%). Calcium
ionophore treatment significantly induced acrosome reaction of
the capacitated spermatozoa (7.62 £ 1.9% vs. 45.82 % 7.8%;
N = 5) (Supplementary Figure 1). The fluorescence signals on
the acrosomal region became much weaker after ionophore-
induced acrosome reaction (Figure 3B). This observation was
further confirmed by simultaneous staining with antibody
against Clorf56 and FITC-PSA (Supplementary Figure 2). The
observation suggests translocation of Clorf56 to sperm surface
during capacitation, which is lost after acrosome reaction.
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FIGURE 1 | Identification of SLeX/LeX-binding proteins from sperm membrane protein extracts using SLeX/LeX-BSA affinity chromatography followed by
MALDI-TOF-MS/MS. Sperm membrane protein extracts were purified by membrane protein extraction kit (ProteoExtract native membrane protein Extraction Kit;
Merck). Each MS/MS spectrum was searched against the Human IPI Protein Database 3.71.

Anti-C10rf56 Antibody inhibited
Spermatozoa-Zona Pellucida and -SLeX
Binding

Treatment with anti-Clorf56 antibody at a concentration of
1 pg/ml significantly (P < 0.05) decreased the number of
capacitated spermatozoa bound onto hemizona (Figure 4A)
when compared to the untreated control spermatozoa or
those treated with isotypic-matched antibody. The treatment
also suppressed spermatozoa-SLeX binding (Figure 5) and
ZP-induced acrosome reaction of capacitated spermatozoa
(Figure 4B) significantly. The antibody at the concentration used
did not affect sperm viability, motility and acrosomal status
(Supplementary Figures 3-5).

Purified C10orf56 Bound to Human Zona

Pellucida

Clorf56 with molecular size ~39 kDa was significantly enriched
from spermatozoa by affinity chromatography (Figure 6A).
Fluorescence-labeled Clorf56 bound to the ZP of human
oocytes specifically (Figure 6B). There were impurities in the
partially purified Clorf56 fraction as demonstrated by SDS-
PAGE. The impurities may be due to non-specific interaction of

the cyanogen bromide activated Sepharose 4 with other proteins
eluted together with Clorf56 during purification (Kennedy and
Barnes, 1980). In order to demonstrate the specific action of
clorf56 on binding to ZP, we included a control study using
neutralizing antibody against clorf56 (Figure 6B). The bound
signal diminished in the presence of the neutralizing antibody. To
increase the purity of the isolated Clorf56, further purification
steps, such as ion exchange chromatography, and gel filtration,
were required.

The Relationship Between C1orf56
Surface Expression and Fertilization

Rates

The association of Clorf56 surface expression with fertilization
rate (FR) was investigated. Flow cytometry analysis was used to
detect the surface expression of Clorf56 in spermatozoa. In this
analysis, the samples were divided into a high FR group with
fertilization rate is >60% and a low FR group with fertilization
rate <60%. There was no significant difference in the percentage
of capacitated spermatozoa with surface Clorf56 expression
between the high and the low FR group (P > 0.05, Figure 7A). In
the acrosome reacted spermatozoa population (Figure 7B), there
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FIGURE 2 | Uncapacitated and capacitated spermatozoa possess similar levels of C1orf56 expression. (A) Washed spermatozoa (2 x 10°) were lysed and resolved
in 10% SDS-PAGE followed by Western blotting using anti-C1orf56 antibody. Sample loading was revealed by anti-tubulin antibody. Semi-quantitative comparison of
C1orf56 expression between uncapacitated and capacitated sperm samples in Western blotting was also shown. (B) Flow cytometry analysis of the C1orf56 surface
expression on uncapacitated and capacitated sperm. Spermatozoa were first incubated with 1 ug/mL anti-C1orf56 antibody or isotypic-matched antibody from the
same species (control) followed by Alexa Fluor-488 fluorescence-conjugated secondary antibody. All data are represented as mean + standard error of the mean
(SEM) (N = 5).

was a significantly lower Clorf56 expression in the low FR group  were divided into a high motility group (Total motility
when compared to the high FR group. >40%) and a low motility group (total motility <40%), there

The relationship between the Clorf56 expression and sperm  was no difference between the two groups (Supplementary
motility and morphology were also studied. When the samples  Figure 6). Similarly, there was no difference in both the
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FIGURE 3 | Acrosomal region of human spermatozoa possesses strong C1orf56 immunoreactivity after capacitation. (A) C1orf56 immunoreactivities were visualized
using Alexa Fluor 488-conjugated secondary antibody. Three staining patterns were observed in the C1orf56-positive sperm: (A-E+): Focal signals over the
equatorial region; (A+E+): Strong signals over both the equatorial and acrosomal regions; (A—E-): No staining signal on sperm head. All the results shown are
representative of five replicate experiments. (B) Percentage of C1orf56-positive sperm with A-E+, A+E+, or A-E- staining patterns. 200 C1orf56-positive sperm in
randomly selected fields were determined under a fluorescence microscope after immunostaining. All data are represented as mean =+ standard error of the mean

(SEM). *P < 0.05 when compared the percentages of A+E+ staining pattern of C1orf56 in capacitated (CAP) sperm with uncapacitated (UN) or acrosome reacted
(AR) sperm. A, acrosomal region; E, equatorial region, N = 10.
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FIGURE 4 | Anti-C1orf56 antibody inhibits spermatozoa-ZP interaction. Capacitated spermatozoa were incubated in culture medium supplemented with different
concentrations of anti-C1orf56 antibody. The (A) ZP-binding capacity and (B) solubilized ZP-induced acrosome reaction of the sperm were then determined by
hemizona assay and FITC-PSA staining, respectively. Hemizona binding index (HZI) was the ratio of the number of bound spermatozoa on the test hemizona to that
on the control hemizona times 100. *P < 0.05 when compared with the corresponding control with isotypic matched antibody.
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FIGURE 5 | Anti-C10rf56 antibody inhibits spermatozoa-SLeX binding. Capacitated sperm were incubated with 0.5 uM Alexa Fluor-594 labeled SLeX-BSA in the
presence or absence of 1 ug/ml anti-C1orf56 antibody for 120 min followed by the flow cytometry analysis. The results shown are representative of three replicate
experiments. *P < 0.05 when compared with the control without anti-C1orf56 antibody.
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FIGURE 6 | Binding of purified C1orf56 to human ZP. (A) C1orf56 was partially purified from membrane protein extracts of capacitated spermatozoa by anti-C1orf56
immuno-affinity chromatography. The purity of the purified proteins (arrow) was checked by SDS-PAGE and Western blotting. (B) Purified C1orf56 was labeled with
Alexa Fluor-594 labeling kit (Invitrogen). Matching hemizona were incubated with the 1 pg/mL labeled C1orf56 in the presence or absence of polyclonal anti-C1orf56
neutralizing antibody. The results shown are representative of three replicate experiments.

capacitated and the acrosome reacted subpopulation between 1 open reading frame 56 (Clorf56), was identified to be
samples with percentages of normal form >4% and <4% the SLeX-binding proteins of capacitated spermatozoa. The
(Supplementary Figure 7). contribution of Clorf56 to spermatozoa-ZP interaction was
further demonstrated by the binding of purified Clorf56 to the
ZP as well as the inhibitory effect of anti-Clorf56 antibody on

DISCUSSION spermatozoa-ZP interaction.
This is the first study on localization and function of Clorf56
Using an affinity chromatography with SLeX as a bait, inhuman spermatozoa. Clorf56 was identified in a human sperm
four potential SLeX-binding proteins, including chromosome proteomic study (Wang et al., 2013). Immunohistochemical
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FIGURE 7 | The relationship between C1orf56 expression and fertilization rate. C1orf56 surface expression is determined on (A) capacitated spermatozoa and (B)
acrosome reacted spermatozoa by flow cytometry. Data was classified and analyzed according to the fertilization rate (FR), which is divided into high FR group
(FR > 60%) and low FR group (FR < 60%).

staining of human testicular tissue shows strong Clorf56
immunoreactivities only in cells of the seminiferous tubules (The
Human Protein Altas*), suggesting a role of Clorf56 in sperm
functions. Consistently, we demonstrated that human sperm
surface Clorf56 is involved in spermatozoa-ZP binding.

Derived from three observations: (1) Immunofluorescence
staining localized Clorf56 to the acrosomal region of capacitated
spermatozoa, a region that binds ZP (Chiu et al, 2008b);
(2) Anti-Clorf56 antibody suppressed spermatozoa-SLeX and
spermatozoa-ZP binding and ZP-induced acrosome reaction; and
(3) Purified Clorf56 from spermatozoa bound to human ZP.
The mechanism by which Clorf56 regulates spermatozoa-SLeX
binding is unknown. Bioinformatics analysis using a motif scan
program revealed that Clorf56 contains a thrombospondin type-
1 (TSP1) repeat profile known to be involved in the binding
of multiple matrix glycoproteins and proteoglycans (Adams and
Tucker, 2000). The possible involvement of TSP1 repeats on ZP
binding needs further investigation.

According to the contact mechanics theory (Kozlovsky and
Gefen, 2012), a high density of sperm ZP receptors on the
sperm head is required to provide sufficient biochemical binding
forces for efficient spermatozoa-ZP interaction counteracting
the propulsive forces generated by the swimming spermatozoa.
Despite the theoretical need of a large number of ZP
receptors on spermatozoa for fertilization, their identities are
controversial. Several candidate carbohydrate-binding proteins
such as fucosyltransferase-5 (Chiu et al, 2007b), sperm
agglutination antigen-1 (Diekman et al, 1997), alpha-D-
mannosidase (Tulsiani et al,, 1990), and galactosyltransferase
(Shur et al., 1998), have been proposed as the putative receptors
on human spermatozoa. The failure of genetic ablation of these
potential molecules in affecting male fertility in animal models,
and the inability of antibodies against and competitors/substrates
of these molecules to completely block human spermatozoa-
ZP binding and/or ZP-induced acrosome reaction, suggest that
they are not the sole mediator of spermatozoa-ZP binding and

“http://www.proteinatlas.org/ENSG00000143443/normal

that there are multiple sperm receptors for the ZP glycoproteins
(Wassarman, 1999; Wassarman et al., 2001; Avella et al., 2013).
Consistently, anti-Clorf56 antibody alone could not completely
block spermatozoa-ZP binding.

Apart from Clorf56, three other SLeX-binding proteins
were identified in this study. ZPBP1 (Lin et al, 2007) and
SPACA1 (Hao et al., 2002) are involved in spermatozoon-oocyte
interaction in animals, but there are no similar studies on human
spermatozoa. HSPA2 is a testis-enriched member of the heat
shock protein family. In humans, HSPA2 facilitates the assembly
and/or presentation of ZP-interacting protein complexes on the
sperm surface (Nixon et al., 2015). Interestingly, the HSPA2-
associated ZP-interacting complex undergoes a capacitation-
associated translocation to the outer leaflet of the sperm surface
(Nixon et al., 2015). Reduced expression of HSPA2 from the
human sperm proteome reduces the capacity for spermatozoa-
oocyte recognition and fertilization after assisted reproduction
treatment (Huszar et al., 2000). These data support a multi-
molecular structures of the sperm ZP receptor(s) that are
assembled during capacitation.

A human sperm ZP receptor complex has been identified. It
composes of arylsulfatase A (ARSA), sperm adhesion molecule
1 (SPAM1) and HSPA2 (Redgrove et al, 2013). During
capacitation, the complex is translocated to the sperm acrosomal
region. ARSA mediates sperm-ZP interaction, SPAM1 is involved
in the dispersal of cumulus matrix, and while HSPA2 organizes
other proteins in the complex to be on the sperm surface (Asquith
et al., 2004; Redgrove et al., 2012, 2013). Another sperm ZP
receptor complex composing of galactosyltransferase (GalT) and
SED1 has been reported (Shur et al., 2006). In this complex,
GalT recognizes the ZP glycans while SED1 mediates the initial
docking of the spermatozoa with the ZP to facilitate the GalT-
ZP interaction. The relationship between Clorf56 and other
sperm-ZP interacting proteins remains to be investigated.

The present results showed that Clorf56 expression is
relocated from the equatorial region to the acrosomal region
after capacitation. Capacitation involves lipid remodeling
with rearrangement of glycoproteins on the sperm plasma
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membrane (Gadella et al., 2008; Fraser, 2010). The mechanism
for the protein relocation is unknown. The lipids in the
plasma membranes are organized as compact structures with
microdomains termed lipid rafts, which are small, heterogeneous,
highly dynamic, sterol and sphingolipid-enriched membrane
domains formed through protein, and lipid interaction for
cell adhesion and signaling (Harris and Siu, 2002; Lajoie
et al.,, 2009). During capacitation, efflux of cholesterol induces
aggregation of lipid raft microdomains into a large membrane
raft (Aoki et al., 2005; van Gestel et al., 2005; Selvaraj et al.,
2007). After capacitation, the uniform localization of lipid
rafts in uncapacitated spermatozoa is replaced by a pattern of
confinement with lipid rafts enriched with proteins known to
take part in spermatozoa-ZP binding (Nixon and Aitken, 2009;
Wang et al., 2020). There is also an increased presence of lipid
rafts on the acrosomal region of the sperm plasma membrane
(Nixon et al., 2009). These data indicate that the lipid rafts serve
as a dynamic platform for relocation of proteins on the sperm
plasma membrane during capacitation.

Our results demonstrated diminishment of Clorf56
immunoreactivities after acrosome reaction. The observation is
highly suggestive that Clorf56 is present mainly on the plasma
membrane, which is lost after acrosome reaction.

CONCLUSION

Standard semen analysis provides limited information on sperm
fertilizing capacity. Defective spermatozoa-ZP interaction can
still occur in 13% men with normal semen analysis (Chiu
et al., 2014). Until now, there is no simple method to identify
spermatozoa with defective spermatozoa-ZP interaction. The
present study tested the possibility of using Clorf56 expression
on spermatozoa in predicting fertilization in clinical IVF. No
difference in the Clorf56 expression on capacitated spermatozoa
between the high FR group and the low FR group was found.
The lack of difference between the two groups is likely due to
the presence of multiple ZP receptors (Wassarman, 1999; Gadella
et al., 2008; Fraser, 2010; Chiu et al., 2014) and reduction in one
of them can be compensated by others. On the other hand, the
Clorf56 level in the acrosome reacted spermatozoa was positively
associated with fertilization rates. The observation suggests that
Clorf56 may have functions after ZP-binding and acrosome
reaction. However, the sample size in this study is small and
a follow-up study with larger sample size is needed to confirm
the observation.

Although assisted reproduction with intracytoplasmic sperm
injection can improve fertilization, the cost and the associated
risks of the micromanipulation procedure may not justify men
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Capacitation-Induced Mitochondrial
Activity Is Required for Sperm
Fertilizing Ability in Mice by
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Maria Milagros Giaccagli’, Matias Daniel Gomez-Elias’, Jael Dafne Herzfeld’,
Clara Isabel Marin-Briggiler?, Patricia Sara Cuasnicu’, Débora Juana Cohen and
Vanina Gabriela Da Ros’

" Laboratorio de Mecanismos Moleculares de la Fertilizacion, Instituto de Biologia y Medicina Experimental
(IByME-CONICET), Buenos Aires, Argentina, ¢ Laboratorio de Biologia Celular y Molecular de la Reproduccion, Instituto
de Biologia y Medicina Experimental (IByME-CONICET), Buenos Aires, Argentina

To become fully competent to fertilize an egg, mammalian sperm undergo a series
of functional changes within the female tract, known as capacitation, that require an
adequate supply and management of energy. However, the contribution of each ATP
generating pathway to sustain the capacitation-associated changes remains unclear.
Based on this, we investigated the role of mitochondrial activity in the acquisition of
sperm fertilizing ability during capacitation in mice. For this purpose, the dynamics of the
mitochondrial membrane potential (MMP) was studied by flow cytometry with the probe
tetramethylrhodamine ethyl ester (TMRE). We observed a time-dependent increase in
MMP only in capacitated sperm as well as a specific staining with the probe in the
flagellar region where mitochondria are confined. The MMP rise was prevented when
sperm were exposed to the mitochondrial uncoupler carbonyl cyanide m-chlorophenyl
hydrazine (CCCP) or the protein kinase A (PKA) inhibitor H89 during capacitation,
indicating that MMP increase is dependent on capacitation and H89-sensitive events.
Results showed that whereas nearly all motile sperm were TMRE positive, immoatile cells
were mostly TMRE negative, supporting an association between high MMP and sperm
motility. Furthermore, CCCP treatment during capacitation did not affect PKA substrate
and tyrosine phosphorylations but produced a decrease in hyperactivation measured
by computer assisted sperm analysis (CASA), similar to that observed after H89
exposure. In addition, CCCP inhibited the in vitro sperm fertilizing ability without affecting
cumulus penetration and gamete fusion, indicating that the hyperactivation supported
by mitochondrial function is needed mainly for zona pellucida penetration. Finally,
complementary in vivo fertilization experiments further demonstrated the fundamental
role of mitochondrial activity for sperm function. Altogether, our results show the
physiological relevance of mitochondrial functionality for sperm fertilization competence.

Keywords: mitochondria, capacitation, hyperactivation, fertilization, sperm

Abbreviations: BSA, bovine serum albumin; CASA, computer-assisted sperm analysis; CCCP, carbonyl cyanide
3-chlorophenylhydrazone; COCs, cumulus-oocyte complexes; DAPI, 4',6-diamidine-2’-phenylindole dihydrochloride;
DMSO, dimethyl sulfoxide; MFI, mean fluorescence intensity; MMP, mitochondrial membrane potential; OXPHOS,
oxidative phosphorylation; PKA, protein kinase A; TMRE, tetramethylrhodamine, ethyl ester; ZP, zona pellucida.
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INTRODUCTION

Mammalian fertilization is a complex process that involves
different sequential interactions between the spermatozoon and
the egg. As this interplay occurs in the oviduct, sperm must
reach it from the semen deposit site in the vagina or uterus,
depending on the species (Yanagimachi, 1994). During this
transport, sperm experience a series of functional and structural
modifications collectively known as capacitation (Chang, 1951;
Austin, 1952). These changes are molecularly triggered by the
entry of HCO3~ and Ca’*, which activate protein kinase A
(PKA)-dependent signaling cascades leading to phosphorylation
of proteins, increase in intracellular pH and hyperpolarization
of the plasma membrane potential (reviewed in Puga Molina
et al., 2018). Capacitation can be mimicked in vitro in a defined
medium containing HCO3~, Ca’?*, a cholesterol acceptor
(commonly serum albumin) and energy sources (Yanagimachi,
1994). The two functional consequences of this process are
the ability to undergo acrosome reaction, essential for sperm
to penetrate and fuse with the egg (Yanagimachi, 1994), and
the development of hyperactivation, critical for sperm to swim
through the oviductal fluid, detach from the isthmus reservoir
and penetrate the envelopes that surround the egg (Demott and
Suarez, 1992; Suarez and Dai, 1992; Yanagimachi, 1994; Stauss
etal., 1995; Brukman et al., 2016). Taken together, the acquisition
of the capacitation status is mandatory for the cells to become
fertilization competent.

Sperm motility disorders are one of most relevant causes
of male infertility (Nowicka-bauer and Nixon, 2020; Shahrokhi
et al, 2020; Tu et al, 2020). Understanding the cellular
and molecular mechanisms involved in flagellar movement is
required to improve diagnosis and treatment of the associated
pathologies. Although the etiology of these disorders is known
only in few cases, it could be associated with structural or
functional sperm defects, such as dysregulation of specific
signaling pathways or energy production (Nowicka-bauer and
Nixon, 2020; Shahrokhi et al., 2020; Tu et al., 2020). In view of
this, research has been carried out to elucidate the individual
contribution of each energy metabolic pathways, glycolysis and
oxidative phosphorylation (OXPHOS), occurring in the sperm
tail (Fawcett, 1975; Bunch et al., 1998; Eddy, 2006; Krisfalusi
et al., 2006; Balbach et al.,, 2020), to sustain motility. However,
the results obtained so far in different species are controversial. In
humans, whereas several studies revealed that glucose, the main
glycolytic substrate, plays a key role in supplying ATP for motility,
others showed the importance of OXPHOS for motility and
sperm function (reviewed in Ruiz-Pesini et al., 2007; Boguenet
et al., 2021). This controversy might be partially attributed to
differences in the experimental conditions used in each case. In
addition, it can also be due to an often disregard for the facts
that glycolysis both requires ATP to start the process, contrary
to OXPHOS, and it is usually a prerequisite for OXPHOS
(Ramalho-Santos et al.,, 2009; Barbagallo et al.,, 2020). In this
sense, a functional association between these two pathways has
been recently described in sperm (Tourmente et al., 2015; Balbach
et al., 2020). Therefore, besides not reaching a consensus, there is
no direct evidence showing an association between these energy

metabolic pathways and sperm fertilizing ability in humans due
to ethical limitations, reinforcing research using animal models.

In mice, knockout studies showed that glycolysis (Miki
et al.,, 2004; Odet et al., 2008; Danshina et al., 2010), rather
than OXPHOS (Narisawa et al., 2002; Nayernia et al., 2002),
is essential for sustaining sperm motility and male fertility.
In addition, whereas several glycolytic (i.e., glucose, fructose,
and mannose) and non-glycolytic (i.e., lactate and pyruvate)
substrates maintained sperm motility (Mukai and Okuno, 2004;
Goodson et al, 2012), only glucose and mannose were able
to support hyperactivation (Goodson et al, 2012). Despite
this, using an extracellular flux analyzer, it has recently been
shown that mouse sperm enhance both glycolysis and OXPHOS
to sustain the energy demand increase during capacitation
(Balbach et al., 2020). However, in that case, capacitation was
induced through a pharmacological stimulation of PKA, opening
the possibility that these energy providing pathways could be
differently regulated under physiological conditions. Therefore,
fertilization assays to evaluate whether the provenance of ATP is
relevant for acquisition of motility and fertilization competence
remain necessary.

Considering the above findings and that mitochondrial
metabolism is superior to glycolysis in terms of ATP production,
the aim of this study was to determine the role of mitochondrial
activity in the acquisition of sperm fertilizing ability during
capacitation in mice. Here, we show the dynamics of the
mitochondrial membrane potential (MMP; also referred in the
literature as A¥m) during capacitation, which reflects the
cellular capacity to produce ATP by OXPHOS and, therefore,
it is used as an indicator of mitochondrial activity (Nicholls
and Ward, 2000). Our study was performed with the cationic
lipophilic dye tetramethylrhodamine, ethyl ester (TMRE) that
had not been widely used for evaluation of sperm quality
(Marchetti et al., 2004; Losano et al., 2017), despite several of
its attractive characteristics, such as low mitochondrial toxicity,
its single-channel fluorescence is simple to analyze and it can
be combined with other probes for multiparametric staining
(Nicholls and Ward, 2000; Marchetti et al., 2004). In addition,
we analyzed the relevance of mitochondrial function not only
for hyperactivation but also for in vitro and in vivo sperm
fertilizing ability.

MATERIALS AND METHODS

Animals

Hybrid (C57BL/6xBALB/c) F1 male (age: 3-6 months) and
female (age: 45 days—4 months) mice were housed in the animal
facility at IBYME-CONICET (Buenos Aires, Argentina) and
maintained with food and water ad libitum in a temperature-
controlled room (21-23°C) with light:dark (12:12 h, lights on:
7:00 AM) cycle. Approval for the study protocol was obtained
from the Institutional Animal Care and Use Committee of
Instituto de Biologia y Medicina Experimental (N° 08/2021).
Experiments involving animals were performed in accordance
with the Guide for Care and Use of Laboratory Animals published
by the National Institutes of Health.
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Reagents
Reagents and chemicals were purchased from Sigma-Aldrich (St
Louis, MO), unless otherwise indicated.

Sperm Capacitation

Mouse sperm were recovered by incising the cauda epididymis
in 300 pl of capacitation medium containing 99.3 mM NaCl,
2.7 mM KCl, 1.8 mM CaCl,.2H,0, 0.3 mM Na,H,P04.2H,0,
0.5 mM MgCl,.2H,0, 25 mM NaHCOjs, 5.6 mM glucose,
244 mM lactate and 0.5 mM pyruvate, and supplemented
with 0.3% (w/v) bovine serum albumin (BSA), pH: 7.3-7.5
(“swim-out”) (Da Ros et al., 2008). Aliquots of the suspension
were added to 300 pl of capacitation medium containing
either carbonyl cyanide 3-chlorophenylhydrazone (CCCP), H89
(Cayman Chemical, Ann Arbor, MI) or dimethyl sulphoxide
(DMSO; Baker, Phillipsburg, NJ), as vehicle (< 1% v/v), to give
a final concentration of 5-10 x 10 cells/ml. Sperm suspensions
were then incubated for 90 min at 37°C in an atmosphere with
5% (v/v) CO; in air.

Mitochondrial Membrane Potential

Determination

For MMP analysis by flow cytometry, the “swim out” procedure
was carried out in a BSA-free medium. As this medium does
not support mouse sperm capacitation (Visconti et al., 1995,
1999), it is considered to be non-capacitating. Aliquots of the
sperm suspension were added to 200 pl of BSA-free medium
or of capacitation medium containing CCCP (concentration
range: 5-80 wM), H89 (20 wM) or DMSO. After different time
periods of incubation (0, 40, 70 min) sperm were loaded with
0.1 pM TMRE (Invitrogen Carlsbad, CA) and incubated for 20
additional minutes. Samples were washed to remove the excess
of probe by centrifugation at 725 xg for 3 min, resuspended
in the BSA-free medium, and exposed without permeabilization
to 0.02 pg/ml 4',6-diamidine-2"-phenylindole dihydrochloride
(DAPL Invitrogen) just before measurement to assess cell
viability (see experiment annotation example in Lee et al,
2008). Fluorescence was detected using a BD FACSCantoTM
II analyzer (BD Biosciences, East Rutherford, NJ) following
the manufacturer’s indications. DAPI and TMRE fluorescence
was collected using the Pacific Blue (450/50) and PE (585/42)
filters, respectively. One technical replicate (20000 measured
events) was performed for each treatment in each independent
experiment. After acquisition, fluorescence compensation and
data analysis were performed by FlowJo 10 software (FlowJo LLC,
Ashland, OR). The overall gating strategy used is shown in the
corresponding Figure and its legend. Results are presented as
mean fluorescence intensity (MFI) for TMRE and percentage of
cells showing high TMRE signal.

For localization studies, sperm treated with CCCP (20 wM) or
DMSO were loaded with 0.1 pM TMRE and 15 pg/ml Hoechst
33342 (Invitrogen), and incubated to complete the 90 min
period. Micrographs were obtained from living sperm samples
seeded in polylysine (0.1 mg/ml) coverslips and observed under
an Olympus IX83 Spinning Disk microscope (Olympus Corp.,
Tokyo, Japan) (x 600).

Protein Phosphorylation Assessment

After capacitation in the presence of CCCP (concentration range:
5-60 wM) or DMSO, protein phosphorylation was assessed as
previously reported (Da Ros et al., 2008; Weigel Muioz et al.,
2018). Sperm suspensions were washed with PBS, resuspended
in Laemmli sample buffer (Laemmli, 1970), then boiled for
5 min and centrifuged at 2.000 xg. The supernatants were
boiled again in the presence of 70 mM 2-B-mercaptoethanol, and
solubilized proteins (corresponding to 5 x 10° sperm/lane) were
separated by SDS-PAGE (7.5% polyacrylamide) and transferred
onto nitrocellulose. After blocking with 2% skim milk in PBS-
Tween, the membranes were probed with either anti-phospho-
PKA substrate (1:1000; clone 9624, Cell Signaling Technology,
Danvers MA) or anti-phosphotyrosine antibody (1:1000; clone
4G10; Merck MilliPore, Burlington, MA). Next, the membranes
were incubated with the corresponding peroxidase-conjugated
secondary antibody (1:4000; Vector Laboratories, Burlingame,
CA). The immunoreactive proteins were detected by ECL
Western blotting kit (Thermo Fisher, Waltham, MA) and images
captured with G:BOX GENI (Syngene, Synoptics Ltd, Cambridge,
England) according to the manufacturer’s instructions. For
quantification, the pixels of each lane in the images were
calculated using the Image] software." Each value was relativized
to the one of the phospho-hexokinase (116 kDa) band of the
same lane, as this protein is constitutively Tyr-phosphorylated
(Kalab et al., 1994; Visconti et al., 1996), and then normalized
to the control lane (CAP, see figure legend) of each blot. For
this purpose, the phospho-PKA substrate blots were stripped and
further probed with the anti-phosphotyrosine antibody to detect
the phospho-hexokinase band in the same samples.

Simultaneous Evaluation of Motility and
Mitochondrial Membrane Potential

Twenty min before the end of capacitation, sperm were loaded
with 0.1 uM TMRE and 15 pg/ml Hoechst 33342 (Invitrogen),
and incubated to complete the 90 min period. Samples were then
washed, resuspended in fresh medium, mounted in pre-warmed
slides and observed under a Nikon Optiphot microscope (Nikon,
Tokyo, Japan) equipped with epifluorescence optics (x 500).
Sperm were scored motile or immotile and as TMRE positive or
negative depending on the presence of a bright red staining in the
midpiece of the flagellum.

Motility Assessment by Computer

Assisted Sperm Analysis

After 90 min-capacitation in the presence of CCCP
(concentration range: 10-60 wM), H89 (20 pM) or DMSO,
sperm aliquots (15 1) were placed between pre-warmed slides
and cover slips (22 x 22 mm) to create a chamber with 30 pm
depth, and were examined at 37°C using Sperm Class Analyzer®
system (SCA v.6.2.0.1., Microptic SL, Barcelona, Spain).
Drifting was set in 25 pm/s. At least 200 sperm distributed in
a minimum of 10 different microscope fields were evaluated
(30 frames acquired at 60 Hz for each measurement). The

'http://imagej.nih.gov/ij
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following parameters were assessed: curvilinear velocity (VCL,
pwm/s), straight line velocity (VSL, pm/s), average path velocity
(VAP, pm/s), linearity (LIN,%), straightness (STR,%), wobble
(WOB,%), amplitude of lateral head displacement (ALH, pm)
and beat cross frequency (BCE, Hz). Sperm were considered
hyperactivated when presenting VCL > 271 pm/s, LIN < 50%
and ALH > 3.5 pm. These custom cutoffs were selected based on
our experience (Brukman et al., 2016) and previously reported
recommendations (Bray et al., 2005).

In vitro Fertilization Assays

Gamete interaction assays were carried out as previously reported
(Da Ros et al., 2008). Briefly, female mice were superovulated
by an injection of eCG (5 UI, Syntex, Buenos Aires, Argentina),
followed by hCG (5 Ul, Syntex) 48 h later. Cumulus-oocyte
complexes (COCs) were collected from the oviducts 13-14 h
after hCG administration and pooled. When needed, cumulus
cells were removed by incubating the COCs in 0.3 mg/ml
hyaluronidase (type IV) for 3-5 min. In some cases, the zona
pellucida (ZP) was dissolved by treating the eggs with acid Tyrode
solution (pH 2.5) for 10-20 s (Nicolson et al., 1975). Sperm were
incubated for 90 min in the capacitation medium with different
concentrations of CCCP (concentration range: 20-60 wM) or
DMSO. After that, sperm were washed, and resuspended in a
fresh medium for insemination.

COCs and ZP-intact eggs were inseminated with a final
concentration of 1-5 x 10° cells/ml and gametes co-incubated
for 3 h at 37°C in an atmosphere of 5% (v/v) CO; in air. Eggs
were then fixed with 2% (w/v) paraformaldehyde in PBS, washed,
stained with 10 pg/ml Hoechst 33342, mounted on slides and
finally analyzed under the epifluorescence microscope (x 250).
For fusion assays, ZP-free eggs were inseminated with a final
concentration of 1-5 x 10* cells/ml and gametes co-incubated for
1 h under the same incubation conditions as stated above. Eggs
were then fixed with 2.5% glutaraldehyde (Baker), stained with
1% aceto-carmine solution and observed under the microscope
(x 400). In all cases, eggs were considered fertilized when at least
one decondensing sperm nucleus or two pronuclei were observed
in the egg cytoplasm.

Cumulus Penetration Assay

After sperm incubation in the presence of CCCP (concentration
range: 5-60 pM), H89 (20 wM) or DMSO, cumulus penetration
assays were performed as previously described (Ernesto et al.,
2015). Briefly, sperm were stained with 5 pg/ml Hoechst
33342, and used to inseminate the COCs (final concentration:
1-2.5 x 10* sperm/ml). Gametes were co-incubated for 15 min
at 37°C in an atmosphere of 5% (v/v) CO; in air. COCs were
then washed, fixed with 2% (w/v) paraformaldehyde and the
number of sperm within the cumulus was determined under the
epifluorescence microscope (x 250).

Intrauterine Insemination

Intrauterine insemination assays were performed as previously
described (Curci et al, 2021). Briefly, female mice were
superovulated by an injection of eCG, followed by hCG 46 h
later. Nine h later, females were anesthetized with ketamine

(100 mg/kg, Holliday- Scott SA, Buenos Aires, Argentina)—
xilacine (10 mg/kg, Richmond Vet Farma SA, Buenos Aires,
Argentina), and both uterine horns were surgically exposed.
Then, sperm suspensions (1-10 x 107 sperm/ml) preincubated
with different concentrations of CCCP (range: 20-60 wM) or
DMSO for 20 min were injected into the uterine horns using
one for CCCP-treated sperm and the contralateral for control
sperm. After surgery, females were placed on a warm pad until
complete recovery. Fifteen h later, COCs were collected from the
ampulla, and incubated in KSOM medium (Erbach et al., 1994),
scoring the percentage of 2-cell embryos 24 h later. Embryos were
then transferred to a fresh KSOM medium drop to evaluate the
development to the blastocyst stage on day 4 after insemination.

Statistical Analysis

Calculations were performed using the Prism 80.0 software
(GraphPad Software, La Jolla, CA). Data was analyzed by one- or
two-way analysis of the variance (ANOVA) after checking data
normality (Shapiro-Wilk test) and homoscedasticity (Spearman’s
test for two-way ANOVA or Brown-Forsythe test for one-way
ANOVA). Transformations were performed when assumptions
were violated. One-way ANOVA followed by Fisher’s LSD
post-test was used for determining the effect of CCCP on
MMP (except % of sperm TMRE+), kinematic parameters
(except linearity index), hyperactivation, and in vitro and
in vivo sperm fertilizing ability. Two-way ANOVA followed
by Fisher’s LSD post-test was used for determining the MMP
dynamics during capacitation and the simultaneous evaluation
of MMP and motility. Data represents the mean + SEM
of independent experiments. In cases where the assumptions
remained unfulfilled, the non-parametric Kruskal-Wallis test
followed by Dunn’s post-test was used for determining the effect
of CCCP on MMP (% of sperm TMRE+), sperm cumulus
penetration ability and linearity index. Data represents the
median with interquartile range. In all cases, differences were
considered significant at a level of p < 0.05.

RESULTS

Assessment of Mitochondrial Membrane
Potential Dynamics During Sperm

Capacitation

To study the role of mitochondrial activity in the acquisition of
sperm fertilizing ability in mice, we first evaluated its dynamics
during capacitation. For these experiments, we measured MMP
in sperm using the probe TMRE that emits high fluorescence in
living cells when it is sequestered by active mitochondria with
high MMP (Nicholls and Ward, 2000). As this dye had not
been previously used in mouse sperm, initial experiments were
carried out to set up the proper concentration and incubation
time for MMP determination (data not shown). After this,
epididymal sperm were incubated under capacitating or non-
capacitating (BSA-free) conditions for different periods of time,
then loaded with TMRE, and finally analyzed for fluorescence
intensity by flow cytometry (Figure 1A). Results showed that,
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FIGURE 1 | Determination of mitochondrial membrane potential by flow cytometry during mouse sperm capacitation. Epididymal mouse sperm were incubated
under non-capacitating or capacitating conditions, loaded with TMRE, and fluorescence was measured by flow cytometry. (A) Gating strategy used in the analysis:
sperm were selected on a forward (FSC) and side scatter (SSC) plot (left panel) and, then, DAPI negative (living) cells (center panel) were further gated to determine
the percentage of TMRE+ and TMRE— cells (right panel). Representative data of capacitated sperm is shown. (B) A representative image of a TMRE and DAPI
scatter plot showing that only living cells present TMRE staining (Q1). (C) Mean fluorescence intensity (MFI) from capacitated (CAP) and non-capacitated (NON-CAP)
TMRE + sperm at different incubation times. (D) Percentage of CAP and NON-CAP TMRE + sperm at different incubation times. Results are expressed as

Incubation time (min)

as expected, only living cells presented TMRE staining (DAPI
negative cells) (Figure 1B). In addition, the MFI of the TMRE
positive population remained similar under both incubation
conditions and constant over time (Figure 1C). On the other
hand, the percentage of TMRE positive cells gradually increased
during capacitation, tripling the value of the non-capacitated
ones at the end of the incubation (3.2 4 0.7 times, n = 5)
(Figure 1D). The fact that at time = 20 min no differences in
MMP values were observed between incubations with or without
BSA, and that the time-dependent increase in MMP dynamics
along capacitation was observed even in the presence of BSA
(Figure 1D), argues against the possibility that the difference
in TMRE between non-capacitating and capacitating conditions
is only caused by a different dye solubility or loading due to
the presence of BSA. Altogether, these data support that during
capacitation, cells undergo mitochondrial activation.

To further validate the use of TMRE to measure MMP
in mouse sperm, flow cytometry experiments were repeated
on sperm incubated during capacitation with different
concentrations of the mitochondrial OXPHOS uncoupler,
CCCP. Under these conditions, a dose-dependent decrease in
both the MFI of the TMRE positive population (Figure 2A) and
the percentage of TMRE positive cells (Figure 2B) was observed,
which was significant from 10 pM CCCP. Viability controls
using DAPI revealed that CCCP did not affect the percentage
of living cells at any of the tested concentrations (Figure 2C).
Subsequent fluorescence microscopy studies in capacitated cells

showed TMRE signal only in the midpiece of the flagellum
(Figure 2D left panels), consistent with the localization of
mitochondria (Fawcett, 1975; Eddy, 2006; Gervasi et al., 2018).
Accordingly, in CCCP-treated samples, sperm without TMRE
staining were observed (Figure 2D right panels).

As the above results supporting the use of TMRE to assess
sperm MMP dynamics, revealed an increase in this parameter
during capacitation, two different strategies were undertaken to
further analyze the association between mitochondrial activity
and capacitation. In the first case, we evaluated whether
the increase in MMP depends on capacitation-associated
signaling pathways. For this purpose, sperm were incubated
in the capacitation medium in the presence of H89, which
blocks the capacitation-induced PKA signaling cascade, and
MMP was determined by flow cytometry. Sperm incubated
under capacitating conditions in the presence of CCCP or
vehicle (capacitated sperm) were used as controls. Contrary
to capacitated sperm, cells exposed to H89 or CCCP showed
no increase in the percentage of cells exhibiting TMRE
staining at the end of incubation (Figure 3A), with similar
percentages of sperm viability among groups and time periods
(Figure 3B). As a second approach, we investigated whether
the increase in MMP was required for the occurrence of
capacitation-associated signaling pathways leading to protein
phosphorylation. To this end, sperm were incubated under
capacitating conditions with different concentrations of CCCP,
and the phosphorylation of proteins normally observed during
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FIGURE 2 | Validation of TMRE as a probe for the analysis of mitochondrial membrane potential in mouse sperm. Epididymal sperm were incubated in the
capacitation medium containing CCCP (5-80 nM) or DMSO (capacitated sperm, CAP), loaded with TMRE, and at 90 min of total incubation fluorescence was
measured by flow cytometry. The following parameters were scored: (A) Mean fluorescence intensity (MFI). (B) Percentage of TMRE+ sperm. (C) Percentage of
sperm viability. Results are expressed as mean + SEM in (A,C) and median with interquartile range in (B). In all cases, at least 3 independent experiments were
performed. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (D) Representative fluorescence and phase-contrast microscopy images showing TMRE (red) and
Hoechst 33342 (blue) staining patterns of capacitated (left) and CCCP-treated (right) sperm. n = 3. Bar = 10 pm.

capacitation (Visconti et al., 1995; Krapf et al., 2010) was assessed
by Western blotting. Results showed no statistically significant
differences in the capacitation-associated increase in either PKA
substrates or tyrosine phosphorylations at any of the conditions
tested (Figures 3C,D). Altogether, these results show that the
increase in MMP is dependent on capacitation and H89-sensitive
events, and that the PKA signaling cascade is not affected by
mitochondrial disruption.

Relevance of Capacitation-Induced
Mitochondrial Activity for Motility

In order to unveil an association between mitochondrial activity
and motility in capacitated sperm, we simultaneously evaluated
both variables in the same cell by microscopy. Whereas motility
was subjectively recorded as motile or immotile in a bright
field, high MMP was evaluated with TMRE by fluorescent
staining. Results revealed that nearly all cells within the motile
capacitated sperm population (98.1 £ 1.1%, n = 3) exhibited
TMRE labeling (Figure 4A). In addition, immotile cells were
mostly TMRE negative (71.1 £+ 2.8%, n = 3) (Figure 4A).
These observations support a strong association between high
MMP and motility in capacitated sperm. Furthermore, objective
analysis of motility by Computer assisted sperm analysis (CASA)
showed that sperm treated with CCCP during capacitation
exhibited a significant decrease in several of the kinematic
parameters (Supplementary Table 1) as well as in the percentage
of hyperactivation from 20 uM CCCP (Figure 4B) compared
to control capacitated cells. Of note, there was no statistically

significant difference between the effect produced by CCCP at 40
or 60 pM and H89 on hyperactivation (Figure 4B). Altogether,
these results argue in favor of a role of mitochondrial activity in
the development of hyperactivation during capacitation.

Relevance of Capacitation-Induced
Mitochondrial Activity for in vitro Sperm
Fertilizing Ability

To fully understand whether the rise in mitochondrial activity
during capacitation is necessary for sperm to become fertilization
competent, in vitro fertilization studies were carried out.
For these experiments, sperm incubated under capacitating
conditions with different concentrations of CCCP were washed,
resuspended in fresh medium, and used to inseminate either
ZP-free eggs, ZP-intact eggs or eggs surrounded by both the
cumulus and the ZP (COCs). Results obtained using ZP-free
eggs to evaluate gamete fusion showed similar fertilization
rates among all treatments (Figure 5A). In contrast, in both
approaches using eggs with ZP (with or without cumulus
cells), a significant decrease in fertilization rates was observed
for CCCP-treated sperm compared to controls without CCCP
(Figures 5B,C). Interestingly, whereas for ZP-intact assays 20 uM
CCCP was enough to produce a significantly negative effect, in
cumulus-intact assays 40 WM was needed, supporting the already
proposed beneficial effect of cumulus cells for capacitation
and/or fertilization (Yanagimachi, 1994; Da Ros et al., 2008).
Altogether, these results indicate that mitochondrial function
is required for the acquisition of sperm fertilizing ability in

Frontiers in Cell and Developmental Biology | www.frontiersin.org

26

October 2021 | Volume 9 | Article 767161


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Giaccagli et al.

Mitochondrial Activity and Sperm Function

o 385
_o_
1004 °5" Heo
80

TMRE* (%)
5

Incubation time (min)

Cc
148= F“!‘
98 = | [ =]
l-ﬁ
-
Sp—
CAP 5 20 60
CCCP (uM)
D

148 =

98 =

Ad-p

64=
CAP 5 20 60
CCCP (uM)

FIGURE 3 | Association between the increase in mitochondrial activity and capacitation in mouse sperm. (A,B) Epididymal sperm were incubated in the capacitation
medium containing CCCP (20 M), H89 (20 nM) or DMSO (capacitated sperm, CAP), loaded with TMRE, and fluorescence was measured by flow cytometry. The
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mice in a step previous to gamete fusion. Considering our
observations showing that mitochondrial activity is necessary
for hyperactivation and that this type of motility is required
for penetration of the egg envelopes (Suarez and Dai, 1992;
Yanagimachi, 1994; Stauss et al., 1995; Brukman et al., 2016), we
next investigated whether the fertilization impairments observed
were due to a failure in egg coat penetration. For this purpose,
we performed cumulus penetration assays where CCCP-exposed
sperm and controls (capacitated sperm and H89-treated sperm)
were stained with Hoechst 33342 and used to inseminate COCs,
recording the number of fluorescent sperm heads inside the
cumulus oophorus 15 min later. Of note, the CCCP and H89
concentrations used were those that had produced an inhibitory
effect on hyperactivation (see Figure 4B). As shown in Figure 5D,
whereas few sperm were capable of penetrating the cumulus
mass when incubated in the presence of H89, higher and similar

numbers were observed for those incubated with CCCP as well
as for capacitated control cells. These results do not support a
role of mitochondria in the ability of sperm to penetrate the
cumulus oophorus, indicating that hyperactivation induced by
mitochondrial activity is mainly needed for ZP penetration.

Relevance of Capacitation-Induced
Mitochondrial Activity for in vivo Sperm
Fertilizing Ability

Based on the above in vitro observations, we next explored the
relevance of mitochondrial function in vivo. As a proof of concept
of this hypothesis, intrauterine inseminations in superovulated
females were performed with sperm pre-treated with different
concentrations of CCCP, and the fertilization rates were then
analyzed. Results revealed a significant progressive decrease in
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FIGURE 4 | Association between the increase in mitochondrial activity and
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experiments were performed. In all cases, results are expressed as

mean + SEM; *p < 0.05, *p < 0.01, ***p < 0.0001.

the in vivo percentage of fertilized eggs as CCCP concentration
increased, with a significant effect at 60 WM (Figure 6). For
the few fertilized eggs obtained from CCCP-treated sperm,
embryonic development was allowed to continue in vitro,
observing normal blastocysts (data not shown). Altogether, these
results show the key role of mitochondria function for not only
the in vitro but also in vivo fertilizing ability of mouse sperm.

DISCUSSION

In the current study, mouse sperm mitochondrial activity was
studied in depth in order to evaluate its dynamics during
capacitation and its role for the acquisition of sperm fertilizing
ability. Our principal contribution relies on the fact that mouse
sperm capacitation is accompanied by a rise in mitochondrial
activity which is required for hyperactivation and penetration
of the egg envelope, likely the ZP rather than the cumulus
oophorus. Complementary in vivo fertilization experiments
further demonstrated the relevance of mitochondrial activity for
sperm function, emphasizing the physiological importance of
mitochondrial functionality for sperm fertilization competence.
Early studies of mitochondrial activity in mouse sperm were
focused on O, consumption reporting a constant or a declined
rate during capacitation (Boell, 1985; Fraser and Lane, 1987).

On the other hand, recent works have shown an increase during
capacitation in both OXPHOS, determined by an extracellular
flux analyzer (Balbach et al., 2020), and MMP, analyzed by flow
cytometry using JC-1 (Yang et al., 2020), a probe widely used
despite its complexities and false results (Perry et al,, 2011).
However, none of these techniques allows the simultaneous
determination of mitochondrial activity and viability in a single
cell. In this sense, our study provides several advantages in
the approach designed to overcome this limitation. First, we
measured MMP by using TMRE, a probe that has never been
used before in mouse sperm despite enabling multiparametric
staining (Nicholls and Ward, 2000; Marchetti et al., 2004). This
characteristic of the dye led us to assess MMP and viability in
single sperm by flow cytometry. Second, our approach allowed
us to perform these measurements in the presence of HCO3 ™,
the physiological activator of capacitation. This is particularly
relevant when considering recent reports showing an increase
in glycolysis and OXPHOS during mouse sperm capacitation
induced by pharmacological PKA activators (Balbach et al,
2020), although a lower glucose consumption was then observed
under those conditions (Hidalgo et al., 2020). Therefore, our
study is the first to evaluate MMP dynamics in single living sperm
undergoing capacitation in physiological conditions.

Our results revealed a gradual increase in the number of sperm
cells with high MMP during capacitation, in contraposition to the
constant number observed when cells were incubated under non-
capacitating conditions. The statistical difference between both
conditions was observed around 1 h, suggesting that the rise in
mitochondrial function in mouse sperm might be related to a mid
or late event of the capacitation process. Interestingly, the lack
of BSA in the presence of HCO3™ in the capacitation medium
(BSA-free or non-capacitating medium) precluded that increase,
possibly due to the described role of this protein in the activation
of HCO3~/PKA signaling pathway (Osheroff et al., 1999; Visconti
et al., 1999). This effect is different to that observed under the
same incubation conditions when glucose consumption was the
endpoint measurement (Hidalgo et al., 2020), revealing different
regulatory mechanisms for each energy metabolic pathway, and
thus the importance of directly measuring MMP in mouse sperm.
The fact that the TMRE fluorescence intensity of the positive
cells did not change with the incubation conditions suggests
that mitochondrial activation during capacitation is an “all-or-
nothing” process within each sperm.

Specificity of the TMRE staining was further confirmed by
the restricted localization of its fluorescence to the midpiece of
the flagellum, the region in which mitochondria are confined
in sperm (Fawcett, 1975; Eddy, 2006; Gervasi et al., 2018).
Finally, the observation that the addition of CCCP to the
capacitation medium abrogated the rise in MMP, both in flow
cytometry and microscopy studies, validated the use of TMRE
for MMP evaluation in mouse sperm. Of note, the collapse of
mitochondrial activity induced by CCCP did not compromise
sperm viability, at least during the time period analyzed, although
mitochondrial activity disturbance is often associated with
apoptosis in other cell types (Boguenet et al., 2021). Altogether,
our observations support a role of mitochondrial function along
the capacitation process. Therefore, besides the increase in
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FIGURE 5 | Relevance of mitochondrial activity on mouse sperm in vitro fertilizing ability. (A—C) Epididymal sperm were incubated in the capacitation medium
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intracellular pH and hyperpolarization of the plasma membrane
potential, among others (reviewed in Puga Molina et al., 2018),
the MMP rise represents another hallmark of capacitation that
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FIGURE 6 | Relevance of mitochondrial activity on mouse sperm in vivo
fertilizing ability. Epididymal sperm in a non-capacitating concentration were
incubated in the capacitation medium containing CCCP (20-60 M) or DMSO
(capacitated sperm, CAP), and used to inseminate superovulated females.
After 15 h, COCs were collected from the ampulla, and incubated in KSOM
medium, scoring the percentage of 2-cell embryos 24 h later. Results are
expressed as mean + SEM. At least 4 independent experiments were
performed in which one or more females per treatment were included. In
brackets is indicated the total number of analyzed eggs per treatment.

**p < 0.01.

could be used as a new biomarker of this process in mouse sperm.
Moreover, the successful setup of the TMRE measurement will
undoubtedly be useful to further understand sperm physiology by
analyzing MMP and other capacitation-induced parameters (i.e.,
pH increase), simultaneously, in single-cell approaches.

Our experiments aimed to investigate the crosstalk between
energy metabolic and signaling pathways during capacitation
showed that the observed rise in mitochondrial functionality
required at least the activation of the PKA signaling pathway.
These results are consistent with the mentioned report showing
an increase in mitochondrial activity after the downstream
stimulation of HCO3 ™ -induced sAC (Balbach et al., 2020), jointly
supporting an involvement of the HCO3 /sAC/PKA pathway
in mitochondrial activity during mouse sperm capacitation. The
other approach used to study this crosstalk showed that there is
no significant effect of CCCP on PKA substrate phosphorylation,
an expected result considering that this phosphorylation is
an early event of capacitation (Krapf et al., 2010; Battistone
et al, 2013) whereas the increase in mitochondrial activity
was observed around 1 h of capacitation. In addition, similar
results were obtained for tyrosine phosphorylation, in line with
previous reports (Travis et al., 2001; Goodson et al., 2012; Balbach
et al., 2020), indicating that mitochondrial function may not be
essential to sustain phosphorylation of sperm proteins. Therefore,
this led us to conclude that other energy metabolic pathways
should be sufficient to support these phosphorylations.
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Considering the conflict around the relevance of
mitochondrial activity for mouse sperm motility (Mukai
and Okuno, 2004; Goodson et al., 2012; Takei et al., 2014), we
assessed simultaneously, in the same cell, if the increase in MMP
was linked to the motility status of the capacitated cells. Our
findings showing that motile sperm exclusively exhibited TMRE
staining whereas the immotile cells were predominantly TMRE
negatives, support a strong association between mitochondrial
function and motility in mouse capacitated sperm. The very
small number of immotile sperm displaying TMRE signal
might be attributed to residual fluorescence of previously
motile sperm. To our knowledge, this is the first study that
simultaneously monitors both the occurrence of an energy
metabolic pathway and a functional sperm parameter in a single
cell subjected to capacitation. Of note, although previous studies
showed no association between mitochondrial function and
sperm motility (Mukai and Okuno, 2004; Takei et al., 2014),
no references were made to whether sperm were incubated
or not under capacitating conditions, particularly about the
presence of BSA in the medium, which seems to be required
for mitochondrial activity according to our results. Moreover,
when we objectively analyzed motility after capacitation by
CASA, several kinematic parameters as well as the percentage of
hyperactivated sperm decreased in the groups exposed to CCCP
in comparison to the capacitated control, supporting a role for
mitochondrial function in the acquisition and/or maintenance
of hyperactivation. Our data showing that sperm mitochondrial
disruption results in normal protein phosphorylation with a
reduced hyperactivation, reveals that this type of motility implies
more than the activation of the phosphorylation pathway,
including molecular mechanisms that depend on mitochondrial
activity (Ramalho-Santos et al., 2009). Their precise contribution
to hyperactivation requires further investigation. Interestingly,
Goodson et al. (2012) showed that the addition of glucose or
mannose, contrary to pyruvate and lactate, in the capacitation
medium supported hyperactivation, suggesting a role for
glycolysis over mitochondrial metabolism in this type of motility.
A possible explanation to merge their and our results might be
that hyperactivation depends on both pathways as suggested by
the facts that: (1) hyperactivation is sustained in the presence
of glucose (Goodson et al., 2012), condition in which both
glycolysis and mitochondria are active, considering the recent
reported link between both metabolic pathways (Tourmente
et al., 2015; Balbach et al, 2020), and (2) hyperactivation is
diminished when only one of these pathways is active (Goodson
et al,, 2012 and present results), i.e., in the presence of pyruvate
only mitochondria are functional, and in the presence of CCCP
only glycolysis is active.

Having observed a role of mitochondrial functionality in
capacitation, we then evaluated whether this was relevant for
the acquisition of sperm fertilizing ability. In vitro gamete
fusion assays revealed that mitochondrial activity during
capacitation was not required for sperm to fuse with the egg,
reinforcing previous observations precluding the requirement of
hyperactivation for this step of gamete interaction (Yanagimachi,
1994; Ren et al., 2001; Xie et al., 2006). On the other hand, in vitro
fertilization studies demonstrated the need of mitochondrial

function during capacitation for sperm to penetrate the egg
coats. In line with our results, Balbach et al. (2020) have
recently reported higher fertilization rates of cumulus-intact eggs
when sperm were capacitated in the presence of both glucose
and pyruvate than the mere presence of only one of them,
suggesting that both glycolysis and mitochondrial metabolism are
contributing, possibly to a different extent, to the development
of not only hyperactivation but also the sperm fertilizing ability.
In this regard, and considering that hyperactivation is required
for egg envelope penetration (Suarez and Dai, 1992; Yanagimachi,
1994; Stauss et al., 1995; Brukman et al., 2016), our results support
the idea that the low fertilization rates of sperm exposed to CCCP
were linked to the observed defects in hyperactivation. The fact
that CCCP-treated sperm were able to penetrate the cumulus
oophorus supports a role of mitochondrial activity-induced
hyperactivation mainly in the ZP penetration step. Interestingly,
H89-exposed sperm, exhibiting similar hyperactivation defects
than CCCP-treated sperm, produced lower cumulus penetration
rates. Therefore, the flagellar movement assigned in both cases as
hyperactivation by CASA was functionally different, suggesting
that physiologically relevant motility still cannot be measured by
current methods and, therefore, the development of alternative
overcoming approaches for its determination, such as 3D high-
resolution flagellar tracking (Nandagiri et al., 2021), might be
needed. Alternatively, the requirement of hyperactivation, as
determined by CASA, for sperm penetration of the cumulus
matrix might need some revision (Suarez and Dai, 1992;
Brukman et al., 2016).

Taking into account that the in vitro capacitation conditions
may differ from those encountered by sperm in their transit
through the female reproductive tract, in particular considering
that the availability of nutrients and its concentrations in vivo
are poorly defined, performing in vivo studies was critical to
determine the physiological relevance of our in vitro findings.
Our results from intrauterine insemination experiments revealed
the need of mitochondrial function for sperm to fertilize the
egg in vivo as well as the availability of oxidizable substrates
in the female reproductive tract. Although the use of CCCP
in these experiments is regarded as a proof of concept to
study mitochondrial function under physiological conditions,
this type of in vivo approach is unique in terms of the
potentiality of discovering similarities and disparities between
in vitro and in vivo capacitation. In this sense, different CCCP
concentrations between both conditions were needed to obtain
a significant effect in the fertilizing ability of sperm. Besides
this, we could not assess whether the in vivo effect was
attributable to the one observed in vitro in ZP penetration
or, additionally, to another hyperactivation-dependent event
such as swimming through the oviductal fluid (Demott and
Suarez, 1992; Suarez and Dai, 1992; Yanagimachi, 1994; Stauss
et al, 1995; Brukman et al, 2016) due to the lack of
appropriate tools to study sperm migration. In line with this,
an association between mitochondrial dysfunctionality and male
infertility as a result of a diminished sperm motility has
been reported for several knockout models (VPS13A, Tppp2,
Gykll, and Gk2) (Chen et al, 2017; Nagata et al, 2018;
Zhu et al., 2019).
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It has been postulated that whereas glycolysis is used for
activities requiring quick and local increases of ATP, OXPHOS
is a more efficient source of ATP over time (Zecchin et al., 2015).
Therefore, considering the high demand on ATP sperm have
in their long journey through the female reproductive tract
to accomplish fertilization in the ampulla, it is tempting
to speculate that in vivo sperm may utilize both metabolic
pathways in response to the different extracellular energy
substrates to produce ATP. In view of this, more innovative
strategies are still needed to be developed in order to fully
understand how sperm metabolism could shift in vivo between
glycolysis and OXPHOS.

In humans, MMP has been postulated as a predictive marker
of sperm fertilization ability in both natural conception and
in vitro fertilization (reviewed in Ramalho-Santos et al., 2009;
Boguenet et al., 2021). However, the precise role of mitochondrial
activity in human sperm is hampered primarily by ethical
issues concerning research with human eggs. In the present
study, we explored this in the mouse model which, in spite
of presenting some differences in the molecular mechanisms
underlying capacitation compared to human (Puga Molina et al.,
2018; Boguenet et al., 2021), is the best approach that can be
used to study gamete interaction in vitro and in vivo. In view
of this, our findings demonstrating that in vivo sperm fertilizing
ability is dependent on mitochondrial activity could help to
understand sperm physiology and might serve as the basis for
future studies focusing on the mitochondria as a target for
contraception development and/or for diagnosis and treatment
of fertility disorders.
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To become fertilization-competent, mammalian sperm must undergo a complex series of
biochemical and morphological changes in the female reproductive tract. These changes,
collectively called capacitation, culminate in the exocytosis of the acrosome, a large vesicle
overlying the nucleus. Acrosomal exocytosis is not an all-or-nothing event but rather a
regulated process in which vesicle cargo disperses gradually. However, the structural
mechanisms underlying this controlled release remain undefined. In addition, unlike other
exocytotic events, fusing membranes are shed as vesicles; the cell thus loses the entire
anterior two-thirds of its plasma membrane and yet remains intact, while the remaining
nonvesiculated plasma membrane becomes fusogenic. Precisely how cell integrity is
maintained throughout this drastic vesiculation process is unclear, as is how it ultimately
leads to the acquisition of fusion competence. Here, we use cryoelectron tomography to
visualize these processes in unfixed, unstained, fully hydrated sperm. We show that
paracrystalline structures within the acrosome disassemble during capacitation and
acrosomal exocytosis, representing a plausible mechanism for gradual dispersal of the
acrosomal matrix. We find that the architecture of the sperm head supports an atypical
membrane fission—fusion pathway that maintains cell integrity. Finally, we detail how the
acrosome reaction transforms both the micron-scale topography and the nanoscale
protein landscape of the sperm surface, thus priming the sperm for fertilization.

Keywords: acrosome reaction, mammalian sperm, membrane fusion, cryo-elecron tomography, fertilization

INTRODUCTION

Mammalian sperm must reside in the female reproductive tract for several hours before they are able
to fertilize the egg. During this time, sperm undergo a plethora of biochemical changes collectively
called capacitation (Bailey, 2010; Aitken and Nixon, 2013; Gervasi and Visconti, 2016). The discovery
of this phenomenon was crucial to the development of in vitro fertilization (Austin, 1951; Chang,
1951, Chang, 1959). Capacitation is characterized by cholesterol efflux, phospholipase activation, and
altered membrane fluidity, along with a multitude of biochemical changes (Nolan and
Hammerstedt, 1997; Travis and Kopf, 2002; Harrison and Gadella, 2005; Bailey, 2010).
Together, these changes render sperm capable of undergoing the acrosome reaction, a unique
exocytotic event that is an absolute requirement for sperm to become fusion-competent
(Yanagimachi, 1981) (Figure 1A).
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FIGURE 1 | The paracrystaline fraction of the acrosomal matrix progressively disassembles during acrosomal exocytosis. (A) Schematic diagram illustrating the
morphological changes that mammalian sperm undergo in the female reproductive tract, simulated in this study in vitro. Boxed regions indicate approximate locations where datain
(B~F) were acquired. (B,C) Computational slices through Volta phase plate cryo-tomograms of noncapacitated sperm thinned by cryo-focused ion beam miling. Note how the
acrosome is dense even in thinned samples. Insets show regions with large paracrystalline patches. Large membrane protein densities are visible on the luminal surface of the

outer acrosomal membrane (green arrowheads in inset). (D) Computational slice through a defocus-contrast cryotomogram of a sperm cell whose acrosome had swollen after
incubation in capacitating media for ~2 h. Note the decondensation of the acrosome and the prominent paracrystalline patches (insets). (E,F) Computational slice (E) and
corresponding three-dimensional reconstruction (F) of the acrosomal shroud. The cell was incubated in capacitating media for ~2 h and treated with calcium ionophore for
~30 min. Note the paracrystalline patches (asterisks in E, goldenrod in F) and membrane protein-decorated vesicles (green arrowheads in E, green in F). Vesicle membranes are
shown in red, and the inner acrosomal membrane is shown in orange. Scale bars: 250 nm; insets: 50 nm Color scheme: orange—outer and inner acrosomal membrane,
red— vesiculated plasma and outer acrosomal membranes, green—membrane protein densities, goldenrod— paracrystalline patches.
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The acrosome is a large regulated secretory vesicle overlying
the anterior two-thirds of the nucleus; its crucial role in
mammalian fertilization manifests in the fact that
malformation of the acrosome causes infertility in both
humans and mice. Three distinct segments of the acrosome
can be defined based on their positions along the sperm head
(Figure 1A): the apical segment extends beyond the nucleus and
forms the most anterior region of the acrosome; the principal or
pre-equatorial segment forms the major part of the acrosome; and
the equatorial segment delimits the posterior part of the
acrosome. During acrosomal exocytosis, the plasma membrane
fuses with the outer acrosomal membrane at multiple points. This
destabilizes the acrosome and liberates its contents, which include
several proteins implicated in either penetrating through or
binding to the egg vestments (Foster and Gerton, 2016).

Acrosomal exocytosis is not an all-or-nothing event but
instead involves the gradual dispersal of vesicle cargo (Hardy
et al., 1991; Kim, Foster and Gerton, 2001; Kim and Gerton,
2003). Biochemical analyses defined two classes of acrosome
contents: a soluble fraction that is released shortly after the
onset of the acrosome reaction, and a matrix fraction that
disperses more slowly. Consistent with this, conventional
electron microscopy (EM) studies showed discrete zones
within the acrosome, including paracrystalline material that
extends across large areas of the vesicle in sperm from several
mammalian species including the rat (Phillips, 1972), rabbit
(Courtens, Courot and Fléchon, 1976; Olson and Winfrey,
1994; Fléchon, 2016), ram, and bull (Courtens, Courot and
Fléchon, 1976). However, the structural changes in the
acrosomal matrix that mediate differential release of acrosome
contents remain undefined.

Another distinctive feature of acrosomal exocytosis is the lack
of membrane recycling. The plasma membrane and the outer
acrosomal membrane are shed as vesicles, so the sperm head loses
a large portion of its limiting membrane while the remainder
becomes fusogenic. Acrosome vesiculation has been studied
extensively with classical EM (Barros et al., 1967; Russell et al.,
1979; Jamil and White, 1981; Nagae et al., 1986; Stock and Fraser,
1987; Yudin et al., 1988; Flaherty and Olson, 1991; Zanetti and
Mayorga, 2009; Sosa et al., 2015), identifying acrosome swelling
and membrane docking as clear intermediates leading to
exocytosis (Zanetti and Mayorga, 2009; Tsai et al., 2010; Sosa
et al., 2015). However, the membrane remodeling pathways that
ensure the cell remains intact throughout this dramatic
vesiculation process remain undefined.

Here, we use cryoelectron tomography (cryo-ET) to image
sperm undergoing in vitro capacitation and acrosome exocytosis.
Cryo-ET provides three-dimensional information about rare
events in unfixed, unstained, fully hydrated samples, and thus
in close to native conditions (Ng and Gan, 2020). We show that
the paracrystalline component of the acrosomal matrix gradually
dissolves during acrosomal exocytosis, explaining the differential
release previously observed. We also find that the defined
ultrastructural organization of the sperm head facilitates a
unique fission-fusion mechanism that maintains cell integrity
despite drastic membrane vesiculation. We demonstrate that
acrosome exocytosis also facilitates massive membrane protein
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relocalization onto the post-acrosomal plasma membrane,
building a platform for interaction with the egg.

RESULTS

In Uncapacitated Sperm, the Plasma
Membrane (PM) and the Outer Acrosomal
Membrane (OAM) are Closely Apposed

Along the Entire Acrosome

We plunge-froze sperm from highly fertile, commercial artificial
insemination pigs (Sus scrofa domestica) and imaged them using
cryo-ET. In intact uncapacitated sperm, the plasma membrane
(PM) and the outer acrosomal membrane (OAM) are closely
apposed along the entire acrosome (Figures 1B,C;
Supplementary Figure S1). The PM and the OAM are
~8-10nm apart and lie parallel to each other until the
equatorial segment of the acrosome, where the vesicle tapers
(Supplementary Figure S1D-F). This differs from many classical
EM images of uncapacitated sperm, in which the PM and OAM
appear wavy with estimated interbilayer distances of >10nm
(Zanetti and Mayorga, 2009; Tsai et al., 2010; Sosa et al., 2015),
and demonstrates the benefits of using cryo-ET to visualize
acrosomal exocytosis.

The Paracrystalline Fraction of the
Acrosomal Matrix Progressively

Disassembles During Exocytosis
We sought to determine how the internal organization of the
acrosome changes during acrosomal exocytosis. We first imaged
acrosome contents in intact uncapacitated sperm cells thinned to
~150-200 nm with cryo-focused ion beam (cryo-FIB) milling
(Marko et al., 2006; Rigort et al., 2012). Even after thinning and
imaging with the Volta phase plate (VPP) (Danev et al., 2014;
Fukuda et al., 2015), the acrosome lumen was still very dense
(Figures 1B,C). Nonetheless, we observed large patches of
paracrystalline material in both the apical and pre-equatorial
regions of the acrosome (insets in Figures 1B,C), similar to the
structures observed in rat sperm (Phillips, 1972), rabbit sperm
(Olson and Winfrey, 1994), and ram sperm (Fléchon, 2016).
To visualize acrosomal exocytosis, we imaged sperm incubated
in capacitating media (containing calcium, bicarbonate, and
bovine serum albumin) for ~2h and subsequently treated with
calcium ionophore A23187. These protocols are known to induce
boar sperm capacitation and acrosome reaction (Tsai et al., 2007;
Boerke et al, 2014), which we also confirmed through
phosphotyrosine staining and fluorescent lectin staining,
respectively (Supplementary Figure S2). Following treatment,
fully acrosome-reacted sperm could be readily targeted in low-
magnification cryo-EM projection images (Supplementary
Figure S3). These cells were surrounded by a cloud of vesicles
(the acrosomal shroud) (Supplementary Figure S3A), and their
apical regions had become very thin due to the loss of the
acrosome (Supplementary Figure S3B), allowing us to image
them without cryo-FIB milling. We note that acrosomal shrouds
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FIGURE 2 | In situ structures of paracrystalline patches from capacitated sperm. Three orthogonal isosurface views (A-C) and corresponding Fourier transforms
(A’-C’) of a subtomogram average of 87 x 87 x 87 nm paracrystalline patch from swollen acrosomes of boar sperm incubated in capacitating media for ~2 h. The
putative tetragonal body-centered unit cell is annotated in (A-C). Averages were generated from ~1,400 particles from 2 cells.

tend to remain associated with sperm heads despite several
pipetting and dilution steps before imaging. In our analyses,
we excluded sperm in which the plasma membrane peeled off
at the equatorial/post-acrosomal regions, which would likely
result in loss of cell integrity and thus in cell death
(Supplementary Figures S3C, D).

We found that the acrosomal shroud consists of a highly
heterogeneous population of vesicles that are decorated with
membrane proteins (Figures 1EF). Interspersed between these
vesicles are the contents of the acrosome, including striking
paracrystalline patches that were heterogeneous in size and shape
(ionophore: 12/13 tomograms, each from a different cell, from three
different animals) (Figure 1E; Supplementary Figure $4). We also
observed paracrystalline patches in acrosomal shrouds of sperm
stimulated with progesterone (5/5 tomograms, each from a different
cell, from one animal), which has been shown to stimulate the
acrosome reaction in human sperm (Harper et al., 2006).

To follow the paracrystalline patches during intermediate stages
of exocytosis, we imaged cells incubated in capacitating media
without ionophore treatment. Paracrystalline patches were readily
visible in swollen acrosomes (Figure 1D), where they had already
begun to dissociate into smaller fragments. We then used
subtomogram averaging to resolve the structure of the
paracrystalline patches at a resolution of ~30-40 A (Figure 2).
We chose to average from capacitated sperm since the surrounding
material was too dense in uncapacitated sperm. The patches were
also larger in capacitated sperm than in the shrouds of acrosome-
reacted sperm, which facilitated averaging by increasing particle
numbers. Our averages reveal that the paracrystalline patches
adopt a tetragonal body-centered crystal lattice with apparent
unit cell dimensions a = 28 nm, b = 28 nm, and ¢ = 40 nm.

Taken together, our data indicate that the paracrystalline
patches in the acrosomal shroud result from disassembly of an
initial larger superstructure. The paracrystalline fraction may
thus represent the core of the acrosomal matrix, acting as a
structural scaffold onto which soluble components of the
acrosome are anchored. Their progressive disassembly may
represent a mechanism for controlled release of acrosome
contents that appears to be conserved across mammals.

An Atypical Membrane Fission-Fusion
Pathway Maintains Cell Integrity at the

Equatorial Segment

We then sought to trace membrane remodeling intermediates
involved in capacitation and acrosomal exocytosis. Sperm within
an ejaculate are inherently variable (Buffone, Hirohashi and
Gerton, 2014), which precludes a strictly timepoint-based
assessment of the reaction coordinate. We instead imaged
several cells from several different animals (Supplementary
Table S1), analyzed the dataset for membrane remodeling
intermediates that we could observe consistently, and ordered
these stages relative to one another (Figures 3, 4).

We captured a range of intermediates already in capacitated
sperm without ionophore stimulation (Figure 3), including
acrosome swelling, membrane docking, and membrane
destabilization (Supplementary Figure S5). Acrosome swelling
is one of the earliest stages of acrosomal exocytosis (Zanetti and
Mayorga, 2009; Sosa et al., 2015) and indeed was observed even in
capacitated cells (Boerke et al., 2014). Swelling is associated with
decondensation of acrosomal contents, but our tomograms reveal
that decondensation is not uniform. Specifically, a dense core
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FIGURE 3 | Acrosome swelling is associated with membrane destabilization in capacitated sperm. (A-F) Computational slices (top panels) and schematic
annotations (bottom panels) of Volta phase plate cryotomograms of the pre-equatorial (A-C) and equatorial (D-F) region of sperm before (A,D) or after (B-C, E-F) a ~2-h
incubation in capacitating media without ionophore stimulation. Note the rows of membrane protein densities on the outer acrosomal membrane (green arrowheads in
A-C) and the streak of acrosomal matrix that remains condensed during acrosome swelling (white arrowhead in B). (G) Measurements of acrosomal width at the
pre-equatorial (left) and equatorial (right) regions in sperm showing various states of acrosome swelling and membrane destabilization. For each tomogram, acrosome
width was measured as the distance between the outer and inner acrosomal membranes at three different locations. Every data point represents the average of these
three measurements for the relevant tomogram. Each tomogram is from a different cell (n indicates the number of tomograms used for analysis). The boxes indicate the
median and interquartile range, while the whiskers indicate the minimum and maximum values. Scale bar: 50 nm. Labels: pm, plasma membrane; oam, outer acrosomal
membrane; acr, acrosome; iam, inner acrosomal membrane; pt, perinuclear theca; ne, nuclear envelope; nuc, nucleus; pas, post-acrosomal sheath. Color scheme:
blue—plasma membrane, orange—outer and inner acrosomal membranes, green—membrane protein densities, red—condensed acrosomal material, light
gray—perinuclear theca and post-acrosomal sheath, brown—nuclear envelope, dark blue—nucleus.
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remains near the center of the vesicle (white arrowhead in
Figure 3B), which is continuous with a thin streak of
electron-dense material sandwiched between the OAM and the
IAM at the end of the acrosome (white arrowhead in Figure 4B).
Decondensation also improves contrast in the acrosome, making
visible large membrane protein densities on the luminal surface of

the OAM (green arrowhead in Figures 3B,C). These structures
are also visible in VPP tomograms of FIB-milled uncapacitated
sperm (green arrowheads in Figure 1B inset and Figure 3A). The
OAM proteins form rows of teeth-like densities, each extending
~14nm into the OAM lumen and spaced ~18 nm from its
neighbors.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

38

December 2021 | Volume 9 | Article 765673


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Leung et al.

Intermediates During Mammalian Acrosomal Exocytosis

FIGURE 4 | An atypical membrane fission—fusion pathway maintains cell integrity at the equatorial region. (A-F) Computational slices (top panels) and
corresponding schematic annotations (bottom panels) of Volta phase plate cryotomograms of the equatorial region of sperm incubated for ~2 h in capacitating media
without (A-D) and with (E,F) subsequent ~30-min ionophore stimulation. In (B), the white arrowhead indicates condensed material at the core of the acrosome that is
continuous with a thin streak of electron-dense material in the equatorial segment. In (C), the inset shows the point of OAM rupture immediately anterior to the
equatorial region. In (D), the inset shows that the OAM has fused (white arrowhead) with the overlying PM at this location. Scale bar: 50 nm. Labels: pm, plasma
membrane; oam, outer acrosomal membrane; acr, acrosome; iam. inner acrosomal membrane; pt, perinuclear theca; ne, nuclear envelope; nuc, nucleus; pas, post-
acrosomal sheath. Color scheme: blue—plasma membrane, orange—outer and inner acrosomal membranes, red —condensed acrosomal material, light

gray —perinuclear theca and post-acrosomal sheath, brown—nuclear envelope, dark blue—nucleus.

We could further distinguish between two stages of acrosome
swelling: one in which the acrosome swells but the overlying
membranes are still intact (Figures 3B,E), and another in which
the OAM already destabilizes (Figures 3C,F). OAM
destabilization is characterized by local membrane rupture
(Figures 3C,F; Figure 4C; Supplementary Figure S5G-L).
OAM rupture was associated with the extent of acrosome
swelling; in cells with ruptured OAMs, the acrosome had
swollen to nearly twice its original width (136 + 24nm vs.
71 + 11 nm, with an intermediate value of 100 + 18 nm in
cells with swollen acrosomes but intact membranes)
(Figure 3G). In contrast, the width of the equatorial segment
did not change significantly even in cells with ruptured OAMs
(acrosome swollen, membranes destabilized: 38 + 2nm;
acrosome swollen, membranes intact: 38 + 1nmy
uncapacitated sperm with dense acrosome, membranes intact:
36 + 2 nm). Notably, OAM rupture occurred just anterior to the
equatorial segment, on average 260 + 80 nm from the end of the
acrosome (mean + s.d., 8 tomograms, each from a different cell)
(Figure 3F).

Focusing on the equatorial segment, we observed an atypical
membrane fission-fusion pathway that mediates resealing of the
sperm head (Figure 4). The ruptured end of the OAM fuses with
the overlying PM (Figures 4C,D; Supplementary Figure S5J-L),
and after this fusion event, the electron-dense streak also diffuses,
leaving a hairpin-shaped membrane (Figure 4E, Supplementary
Figure S6A-B). This hairpin-shaped membrane then constricts
and buds off just anterior to the post-acrosomal sheath
(Figure 4E, arrowhead), yielding the characteristic morphology

of acrosome-reacted cells

Figure S6C).

(Figure 4F, Supplementary

Acrosomal Exocytosis Transforms the
Molecular Landscape of the Sperm Plasma
Membrane

After loss of the acrosome, the inner acrosomal membrane (IAM)
is the new limiting membrane of the apical segment of the sperm
cell (Figure 1E). The PM overlying the equatorial/post-acrosomal
segment remains intact and is now continuous with the IAM
(Figure 5). Segmentation of high-contrast tomograms acquired
with a VPP revealed that the PM forms a “sheath” around the post-
acrosomal region (Figure 5D, Supplementary Figure S6). Our
tomograms also showed tubulovesicular projections overlying the
equatorial segment (Figure 5D, Supplementary Figure S6). These
tubular membranes are consistent with those observed by freeze-
fracture EM (Aguas and da Silva, 1989). Thus, the acrosome
reaction remodels the overall topography of the sperm surface.
We then compared the post-acrosomal segment in
uncapacitated versus acrosome-reacted sperm (Figures 5B,E;
Supplementary Figure S7). Inspecting the PM overlying the
post-acrosomal sheath reveals major differences in protein
decoration. In unreacted cells, the post-acrosomal PM is
relatively smooth, with only a few small protein densities
protruding from the membrane (Figure 5B, Supplementary
Figures S7A-C) (14/14 tomograms, each from a different cell,
from six different animals). In contrast, the post-acrosomal PM
was densely packed with membrane protein densities in ~80% of
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FIGURE 5 | Acrosomal exocytosis transforms the molecular landscape of the sperm plasma membrane. Comparing the post-acrosomal plasma membrane in
unreacted (A-C) versus acrosome-reacted (D-F) reveals major differences in membrane protein decoration. (A,D) Computational slices (A and A’,D and D’) and
corresponding three-dimensional reconstructions (A”,D”) of VPP cryotomograms illustrating how acrosomal exocytosis remodels the topography of the equatorial
region. (B,E) Computational slices through defocus-contrast cryotomograms illustrating how the post-acrosomal plasma membrane becomes densely packed

with membrane proteins after acrosomal exocytosis. (C,F) Subtomogram averages of the post-acrosomal sheath from unreacted (C) and acrosome-reacted (F) cells.
(G,H) Exemplary linescans illustrating changes in membrane protein density after the acrosome reaction (G), as well as the lack of noticeable change in the post-
acrosomal sheath (H). Linescans were taken at the approximate locations marked by arrowheads in (B’) and (E’). Scale bars: 50 nm. Labels: pm, plasma membrane;
pas, post-acrosomal sheath. Color scheme: blue—plasma membrane, orange—outer and inner acrosomal membranes, light gray —perinuclear theca and post-
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tomograms of acrosome-reacted cells (30/37 tomograms, each
from a different cell, from five different animals) (Figures 5E,G;
Supplementary Figures S7D-F). These densities do not appear to
be ordered, which suggests that they represent a range of different
conformations, proteins, or protein complexes. Thus, the acrosome
reaction results in massive membrane protein relocalization that
alters the molecular landscape of the sperm surface.

We then used subtomogram averaging to define the
substructure of the post-acrosomal sheath in more detail
(Figures 5C,F). The peripheral layer of the post-acrosomal
sheath, immediately underlying the PM, consists of a
multilayered structure with an ~8-nm repeating unit. Our
averages reveal that neither the substructure nor the overall
organization of the post-acrosomal sheath changes noticeably
after acrosomal exocytosis, which is consistent with
measurements directly from tomograms (Figure 5H).
Similarly, the distance between the PM and the post-
acrosomal sheath remains relatively unchanged (unreacted:
15 + 2 nm, reacted: 18 + 3 nm).

DISCUSSION

Gradual Disassembly of the Paracrystalline
Matrix may Represent a Mechanism for
Controlled Release of Acrosome Contents

Leading up to and during acrosomal exocytosis, acrosome
contents disperse at rates dependent on their partitioning into
either soluble or particulate fractions. The particulate fraction,
also known as the acrosomal matrix, disperses gradually in a
process dependent on alkalization and proteolytic self-digestion
(Buffone et al., 2008). However, we do not understand the
underlying structural transitions in the acrosomal matrix that
regulate the dispersal of acrosomal contents. Studies of acrosomal
matrix dispersal are often performed on guinea pig sperm, which
have large acrosomes partitioned into subdomains easily visible
by transmission EM (Flaherty and Olson, 1988; Hardy et al., 1991;
Olson and Winfrey, 1994; Kim, Foster and Gerton, 2001). Here,
we use cryo-ET to show that the acrosome is structurally
compartmentalized also in boar sperm (Figure 1), which have
comparatively thin acrosomes and no obvious subdomains when
viewed by conventional EM (Buffone et al., 2008).

Specifically, we find an extensive Paracrystalline fraction in the
boar sperm acrosome. Although Paracrystalline structures have
been demonstrated previously in acrosomes of other mammals,
they were not followed throughout capacitation and acrosomal
exocytosis. Our data now show that the Paracrystalline fraction
begins to disassemble during capacitation (Figure 1D) and
continues to do so during acrosomal exocytosis, resulting in
small patches scattered among the vesicles of the acrosomal
shroud (Figures 1E,F). Gradual disassembly of the
Paracrystalline matrix thus represents a plausible mechanism
for controlled release of acrosome contents. Refining this
model will require further studies aimed at determining the
nature of the Paracrystalline fraction—for instance, whether it
represents a scaffolding structure or a storage phase for inactive
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enzymes. The subtomogram averages we present here (Figure 2)
can help toward this goal by providing constraints on the
molecular dimensions of candidate proteins.

Cryo-ET Reveals how
Capacitation-Associated Membrane
Destabilization Relates to the Membrane
Fission—-Fusion Processes Involved in

Acrosomal Exocytosis

Our observations suggest that acrosome swelling relates directly to
membrane destabilization (Figure 3), which is likely caused by an
increase in membrane tension in addition to known changes in
membrane composition mediated by cholesterol efflux and
phospholipase activation (Aitken and Nixon, 2013; Asano,
Nelson-Harrington and Travis, 2013). A role for swelling-
dependent membrane destabilization is also supported by
observations that hyper-osmotic conditions inhibit the acrosome
reaction (Bielfeld, Jeyendran and Zaneveld, 1993) and that
lysophosphatidylcholine, a positive curvature amphiphile that
reduces the energetic barrier for rupture
(Glushakova et al.,, 2005), promotes the reaction (Parrish et al,
1988; de Lamirande, Leclerc and Gagnon, 1997). Meanwhile, the
equatorial region is stabilized by the electron-dense core of the
acrosome (Figures 3D-F) and the post-acrosomal region likewise
stabilized by the post-acrosomal sheath. Thus, the precise
organization of the sperm head facilitates the rupture—fusion
pathway that maintains cell integrity despite destabilization and
vesiculation of the rest of the acrosome (Figure 4).

The intermediates we observe do not appear to fit the
canonical fusion-by-hemifusion pathway; instead, the presence
of membrane edges is reminiscent of the rupture-insertion
pathway (Chlanda et al, 2016; Haldar et al., 2019). Whether
fusion proceeds via hemifusion or via rupture-insertion depends
on membrane spontaneous curvature and hence on lipid
composition, with the rupture-insertion pathway strongly
favoring cholesterol-poor bilayers (Chlanda et al., 2016; Haldar
et al,, 2019). This may be particularly relevant given that one of
the molecular signatures of capacitation is cholesterol efflux.

membrane

Acrosomal exocytosis transforms the
molecular landscape of the sperm plasma

membrane
Acrosomal exocytosis is an absolute requirement for mammalian
sperm to fuse with the egg (Yanagimachi, 1981). Fluorescence
microscopy has shown that as a result of the acrosome reaction,
Izumol relocalizes onto the plasma membrane, allowing it to
interact with its oocyte-borne partner, Juno, to mediate sperm-
egg adhesion (Satouh et al., 2012). However, the Izumol-Juno
interaction is not sufficient to mediate membrane fusion (Bianchi
etal,, 2014). Our understanding of sperm-egg fusion is hampered
by the fact that, beyond the translocation of Izumol, we know
very little about what happens to the molecular landscape of the
sperm surface after the acrosome reaction.

Here, we show that acrosomal exocytosis transforms both the
micron-scale topography and the molecular landscape of the
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sperm surface (Figure 5). We find that the post-acrosomal
plasma membrane becomes heavily decorated with membrane
protein densities. Such changes may be due to the relocalization
of membrane proteins, similar to the phenomenon observed by
freeze-fracture EM for the acrosomal cap region (Aguas and da
Silva, 1989), or to the binding of liberated acrosomal proteins to
pre-existing receptors. The post-acrosomal membrane protein
densities do not appear to be ordered, which suggests that they
represent a range of different conformations, proteins, or protein
complexes. Indeed, in addition to Izumol, there are now a
number of proteins on mammalian sperm that are known to
be essential for sperm-egg binding and fusion (Inoue et al., 2005;
Fujihara et al., 2020; Lamas-Toranzo et al., 2020; Noda et al,,
2020). Our results therefore complement the emerging view that
mammalian sperm-egg fusion involves several molecular species
acting in concert. Our study also opens avenues for future work
into how these various players are organized on the sperm
membrane at the nanoscale.

MATERIALS AND METHODS

Sperm Washing, Capacitation, and

Acrosome Reaction

Freshly ejaculated pig (Sus scrofa domestica) semen was
purchased from an artificial insemination company (AIM
Varkens KI, Veghel, Nederland). Semen was typically diluted
in Beltsville thawing solution (BTS: 205 mM glucose, 20.4 mM
NaCl, 5.4 mM KCl, 15 mM NaHCO3, 3.4 mM EDTA) and stored
at 18°C until use. Sperm were used within 1 day of delivery. Sperm
were gently layered onto a discontinuous gradient consisting of
2ml 70% Percoll overlaid with 4ml of 35% Percoll (GE
Healthcare), both in 1X HEPES-buffered saline (HBS: 20 mM
HEPES, 137mM NaCl, 10mM glucose, 2.5mM KCl, 1%
kanamycin, pH 7.6). Pelleted cells were washed once in 1X
DPBS (Sigma), resuspended in 1 ml of 1X DPBS, and counted.

Capacitation and acrosome reaction protocols were based on
methods previously validated for pig sperm (Tsai et al., 2007).
Washed sperm were resuspended in 1X TALP (20 mM HEPES,
90 mM NaCl, 21.7 mM sodium lactate, 5 mM glucose, 3.1 mM
KCI, 1 mM sodium pyruvate, 0.4 mM MgSO,, 0.3 mM NaH,PO,,
2 mM CaCly, 15 mM NaHCOj3, 100 pg/ml kanamycin, 0.3% w/v
fatty acid-free BSA (Sigma), pH 7.4) at concentrations in the
range of 10-20 x 10° cells/ml. Sperm were allowed to capacitate
for between 2 and 2.5 h at 37°C, 5% CO,. In order to stimulate the
acrosome reaction more rapidly and in a larger percentage of
cells, calcium ionophore A23187 (Sigma) was added to
capacitated cells to a final concentration of 5 or 3 uM. Cells
were incubated for either a further 30 min (for ionophore) at
37°C, 5% CO,. As a supplementary experiment to verify the
presence of paracrystalline patches using another AR inducer, we
also imaged cells stimulated with progesterone (Sigma) at a final
concentration of 3 uM.

For flow cytometry, cells were first washed with 1X DPBS and
their concentration adjusted to 30-50 x 10° cells/ml. Sperm were
then stained with propidium iodide (LifeTechnologies) and with
PNA-FITC (Sigma), both at a final concentration of 1 pg/ml.
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Sperm were then diluted 1/100 to 0.3-0.5 x 10° cells/ml and
analyzed using a BD FACSCanto II flow cytometer. Viable,
acrosome-reacted cells were defined as those in the PI"FITC"
quadrant of the cytogram.

To assess capacitation, cells were stained with antibodies
against phosphorylated tyrosine. Either uncapacitated or
capacitated sperm cells were allowed to settle in 8-well ibidi
p-slides for 15 min, after which paraformaldehyde was added to a
final concentration of 4%. After 30 min of fixation, cells were
washed with PBS and subsequently permeabilized with 0.5%
Triton X-100 in PBS for 15 min. Cells were then washed with
PBS three times, then blocked overnight at 4°C with 1% BSA in
PBS with 0.05% Tween 20 (PBS-T). After blocking, cells were
incubated with primary antibody (anti-phosphotyrosine clone
4G10 diluted 1:200 in PBS-T + 1% BSA) for 2h at room
temperature (RT). Cells were washed in PBS three times and
incubated with secondary antibody (goat antimouse AlexaFluor-
488 diluted 1:100 in PBS-T + 1% BSA) for 1 h at RT. Cells were
again washed with PBS three times, and nuclei were
counterstained with Hoechst 33342 for 30 min in PBS. After
three final PBS washes, FluorSave mounting medium was added
to the wells. Slides were imaged using a CorrSight microscope
(ThermoFisher) operating in the spinning disk mode.

Cryo-EM Grid Preparation

Typically, 3 ul of a suspension containing either 1-3x10° cells/ml
(for whole cell tomography) or 20-30 x 10° cells/ml (for cryo-FIB
milling) was pipetted onto either glow-discharged Quantifoil R 2/
1 200-mesh holey carbon or Quantifoil 200-mesh lacey carbon
grids. One microliter of a suspension of BSA-conjugated gold
beads (Aurion) was added, and the grids then blotted manually
from the back (opposite the side of cell deposition) for ~3 s (for
whole cell tomography) or ~5-6 s (for cryo-FIB milling) using a
manual plunge-freezer (MPI Martinsried). Grids
immediately plunged into either liquid ethane or a liquid
ethane-propane mix (37% ethane) (Tivol et al., 2008), cooled
to liquid nitrogen temperature. Grids were stored under liquid N,
until imaging.

were

Cryo-Focused lon Beam Milling

Grids were mounted into modified Autogrids (FEI) for
mechanical support. Clipped grids were loaded into an
Aquilos (FEI) dual-beam cryo-focused ion beam/scanning
electron microscope (cryo-FIB/SEM). All SEM imaging was
performed at 2kV and 13 pA, whereas FIB imaging for
targeting was performed at 30kV and 10 pA. Milling was
typically performed with a stage tilt of 18°, so lamellae were
inclined 11° relative to the grid. Each lamella was milled in four
steps: an initial rough mill at 1 nA beam current, an intermediate
mill at 300 pA, a fine mill at 100 pA, and a polishing step at 30 pA.
Lamellae were milled with the wedge pre-milling method
described in Schaffer et al. (2017) and with stabilizing
expansion segments described in Wolff et al. (2019).

Tilt Series Acquisition
Tilt series was acquired on either a Talos Arctica (FEI) operating
at 200kV or a Titan Krios (FEI) operating at 300 kV, both
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equipped with a postcolumn energy filter (Gatan) in zero-loss
imaging mode with a 20-eV energy-selecting slit. All images were
recorded on a K2 Summit direct electron detector (Gatan) in
either counting or super-resolution mode with dose fractionation.
Tilt series was collected using SerialEM (Mastronarde, 2005) at a
target defocus of between —4 and —6 pm (conventional defocus-
contrast) or between —0.5 and —1.5 um (for tilt series acquired
with the Volta phase plate). Tilt series were typically recorded
using either strict or grouped dose-symmetric schemes either
spanning +56° in 2° increments or +54° in 3° increments, with
total dose limited to ~100 e /A,

Tomogram Reconstruction

Frames were aligned either post-acquisition using Motioncor2
1.2.1 (Zheng et al., 2017) or on-the-fly using Warp (Tegunov and
Cramer, 2019). Frames were usually collected in counting mode;
when super-resolution frames were used, they were binned 2X
during motion correction. Tomograms were reconstructed in
IMOD (Kremer et al., 1996) using weighted back-projection, with
a SIRT-like filter (Zeng, 2012) applied for visualization and
segmentation. Defocus-contrast tomograms were CTF-
corrected in IMOD using ctfphaseflip, while VPP tomograms
were left uncorrected.

Tomogram Segmentation

Tomogram  segmentation  was  generally  performed
semiautomatically. Initial segmentation was performed using
the neural network-based TomoSeg package in EMAN 2.21.
Segmentation was then refined manually in either Avizo 9.2.0
(FEI) or Chimera 1.12. Membrane distance measurements were
performed using built-in functions in Avizo 9.2.0.

Subtomogram Averaging of Paracrystalline

Patches

Subtomogram averaging with missing wedge compensation
was performed using PEET 1.13.0 (Nicastro et al., 2006;
Heumann et al.,, 2011). Alignments were performed first on
4x-binned data, after which aligned positions and orientations
were transferred to 2x-binned data using scripts shared by Dr.
Daven Vasishtan.

Particle positions were seeded by generating a three-
dimensional grid of points in paracrystalline patches using the
gridInit program. All particle orientations were randomized and
initial alignments allowed for full rotational searches around all
axes. To ensure consistency, two independent initial alignments
were performed, each using a randomly selected particle from a
separate tomogram as an initial reference. Since alignments
converged on a similar structure, alignments were continued.
The dataset was cleaned by 1) removing all particles with a cross-
correlation value less than one standard deviation above the mean
(which removed poorly aligning particles such as those at the
edges of paracrystalline patches) and by 2) removing overlapping
particles. The orientations of the remaining particles were again
randomized and another alignment performed. After a final
particle cleanup by classification, a final restricted alignment
run was performed. Averages presented in the manuscript
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were filtered to the estimated resolution based on the Fourier
shell correlation (FSC) at a cutoff of 0.5 (Nicastro et al., 2006).

Measurements and Quantification

All measurements were performed on ~20-nm-thick central
tomographic slices. Acrosomal width was measured manually
in IMOD as the distance between the outer and inner
acrosomal membranes. For each tomogram, three
measurements were recorded at different locations to
account for slight variations in the shape of the acrosome.
Linescans for measurement of the post-acrosomal sheath were
performed in Fiji v 2.0.0-rc-69/1.52p.

SIGNIFICANCE

Mammalian sperm must undergo a complex series of biochemical
and morphological changes in the female reproductive tract in order
to become fertilization-competent. These changes culminate in
acrosomal exocytosis, during which multiple membrane fusions
destabilize the acrosomal vesicle and liberate its contents, which
include proteins implicated in penetrating and binding to the egg
vestments. Here, we use cryoelectron tomography to visualize
acrosomal exocytosis intermediates in unfixed, unstained sperm.
Our results suggest structural bases for how gradual dispersal of
acrosome contents is regulated, as well as for how the cell remains
intact after losing much of its plasma membrane. We also show that
acrosomal exocytosis transforms both the micron-scale topography
and the nanoscale molecular landscape of the sperm surface, thus
priming it for interaction and fusion with the egg. These findings
yield important insights into sperm physiology and contribute to our
understanding of the fundamental yet enigmatic process of
mammalian fertilization.
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Supplementary Figure S1 | The plasma membrane and the outer acrosomal
membrane are closely spaced even in noncapacitated sperm. (A-C) Low-
magnification high-dose cryo-EM projection images of noncapacitated boar
sperm heads. Digital zooms show close apposition between the plasma
membrane and the outer acrosomal membrane at the apical (i), pre-equatorial
(ii), and equatorial (i) regions. (D-F) Left panels show three-dimensional
reconstructions of the plasma membrane and the outer acrosomal membrane at
the apical (D), pre-equatorial (E), and equatorial (f) regions. The plasma membrane
is colored based on distance from the outer acrosomal membrane, which is shown
as a cutaway view in orange. Right panels show corresponding histograms of
intermembrane distances. Scale bars: (A-C) 1 um; digital zooms: 250 nm Labels:
pm, plasma membrane; oam, outer acrosomal membrane; pas, post-acrosomal
sheath.

Supplementary Figure S2 | Flow-cytometric assessment of acrosome reaction
efficiency. (A,B) Flow cytograms of noncapacitated sperm (A) and sperm stimulated
to acrosome react with ionophore A23187 (B). (C) Proportion of viable acrosome-
reacted sperm (PI", PNA-FITC") as assessed by flow cytometry. Bar graphs show
mean + standard deviation and summarize three independent experiments on three
separate animals. (D) Fluorescence microscopy-based assessment of the tyrosine
phosphorylation response in capacitated pig sperm.

Supplementary Figure S3 | Distinguishing acrosome-reacted sperm from
membrane-disrupted sperm in low-magnification cryo-EM projection images.
Low-magnification high-dose cryo-EM projection images of acrosome-reacted
(A,B) and membrane-disrupted (C,D) sperm. Note how acrosome-reacted
sperm successfully re-seal at the equatorial/post-acrosomal region (A-B, white
arrows in digital zooms); in contrast, membrane-disrupted sperm have also lost the
plasma membrane overlying the post-acrosomal sheath (C-D, black arrows in
digital zooms). Also note how the apical region becomes very thin in acrosome-
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Cysteine-Rich Secretory Proteins
(CRISP) are Key Players in Mammalian
Fertilization and Fertility

Soledad N. Gonzalez, Valeria Sulzyk, Mariana Weigel Mufioz and Patricia S. Cuasnicu*

Instituto de Biologia y Medicina Experimental (IByME-CONICET), Ciudad Auténoma de Buenos Aires, Buenos Aires, Argentina

Mammalian fertilization is a complex process involving a series of successive sperm-egg
interaction steps mediated by different molecules and mechanisms. Studies carried out
during the past 30vyears, using a group of proteins named CRISP (Cysteine-Rich
Secretory Proteins), have significantly contributed to elucidating the molecular
mechanisms underlying mammalian gamete interaction. The CRISP family is
composed of four members (i.e., CRISP1-4) in mammals, mainly expressed in the
male tract, present in spermatozoa and exhibiting Ca®* channel regulatory abilities.
Biochemical, molecular and genetic approaches show that each CRISP protein
participates in more than one stage of gamete interaction (i.e., cumulus penetration,
sperm-ZP binding, ZP penetration, gamete fusion) by either ligand-receptor interactions or
the regulation of several capacitation-associated events (i.e., protein tyrosine
phosphorylation, acrosome reaction, hyperactivation, etc.) likely through their ability to
regulate different sperm ion channels. Moreover, deletion of different numbers and
combination of Crisp genes leading to the generation of single, double, triple and
quadruple knockout mice showed that CRISP proteins are essential for male fertility
and are involved not only in gamete interaction but also in previous and subsequent steps
such as sperm transport within the female tract and early embryo development.
Collectively, these observations reveal that CRISP have evolved to perform redundant
as well as specialized functions and are organized in functional modules within the family
that work through independent pathways and contribute distinctly to fertility success.
Redundancy and compensation mechanisms within protein families are particularly
important for spermatozoa which are transcriptionally and translationally inactive cells
carrying numerous protein families, emphasizing the importance of generating multiple
knockout models to unmask the true functional relevance of family proteins. Considering
the high sequence and functional homology between rodent and human CRISP proteins,
these observations will contribute to a better understanding and diagnosis of human
infertility as well as the development of new contraceptive options.

Keywords: sperm, egg, gamete, fertilization, fertility, CRISP

Abbreviations: CatSper, cation channel of sperm; COC, cumulus-oocyte complexes; CRISP, Cysteine Rich Secretory Proteins;
QKO, quadruple knockout; TKO, triple knockout; TRPMS, transient receptor potential membrane 8; RyR, ryanodine receptor;
ZP, zona pellucida.
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INTRODUCTION

In mammals, sperm that leave the testes are not capable of
recognizing and fertilizing the egg. In order to acquire
fertilizing competence, sperm must undergo several
physiological changes during their transit through the male
and female reproductive tracts, known as sperm maturation
(Robaire and Hinton, 2015) and sperm capacitation (Chang,
1951; Austin, 1952), respectively. Whereas sperm maturation
occurs during epididymal transit and confers sperm the ability
to move progressively and to fertilize the egg, sperm
capacitation takes place while sperm are ascending through
the female tract towards the oviduct and allows sperm to
undergo both the acrosome reaction, an exocytotic event that
occurs in the head, and to develop a vigorous flagellar
movement termed hyperactivation. Both the acrosome
reaction and hyperactivation are essential for the gamete
interaction process that occurs in the oviductal ampulla
and which involves several coordinated and successive
stages (i.e., cumulus penetration, zona pellucida (ZP)
sperm-ZP binding, ZP penetration, gamete fusion)
(Florman and Fissore, 2015).

For more than 30 years, our laboratory has been dedicated
to elucidate the molecular mechanisms involved in the
mammalian fertilization process using as a model the
evolutionarily conserved Cysteine-RIch Secretory Protein
(CRISP) family, a group of highly homologous proteins
enriched mainly in the mammalian reproductive tract and
the venom of reptiles (Mochca-Morales et al, 1990;
Yamazaki and Morita, 2004; Gibbs and O’Bryan, 2007).
The CRISP family, together with the Antigen-5 and the
Pathogenesis Related-1 proteins, forms the CAP
superfamily of proteins found in a wide range of
organisms including humans. The tertiary structure of
CAP proteins shows a remarkable conservation despite
significant phylogenetic distance between
suggesting that these proteins may be involved in common
and essential biological processes (Gibbs et al., 2008). CRISP
proteins (Mw 20-30 kDa) are characterized by the presence
of sixteen conserved cysteines, ten of which are located in the
C-terminal region or cysteine-rich domain (CRD), which is
connected by a hinge region to the plant pathogenesis-
related 1 (PR-1) domain located in the N-terminus (Guo
et al., 2005; Gibbs et al., 2008). Whereas the N-terminal
domain was proposed to be involved in cell-cell adhesion and
fusion (Maeda et al., 1998; Ellerman et al., 2006) as well as in
amyloid-type aggregation and/or oligomerization (Sheng
et al., 2019; Sheng et al., 2021), the C-terminal domain
showed the ability to regulate various ion channels
(i-e., Cyclic Nucleotide Gated (CNGs), Ryanodine (RyR),
Transient Receptor Potential ion channel Member 8
(TRPMS), Cation channel of Sperm (CatSper), etc.)
(Yamazaki et al., 2002; Gibbs et al., 2006, 2011; Ernesto
et al.,, 2015). In mammals, four CRISP proteins have been
identified, mainly expressed in the male reproductive tract.
The following sections describe their functional roles during

organisms,
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the fertilization process as well as their relevance for animal
fertility.

EVIDENCE ON THE RELEVANCE OF CRISP
PROTEINS FOR FERTILIZATION AND
FERTILITY THROUGH THE USE OF
NON-GENETIC APPROACHES

CRISP1
CRISP1, the first member of the family, was identified in the rat
epididymis and originally named DE (Cameo and Blaquier,
1976). It is an androgen-dependent glycoprotein that
associates with the sperm plasma membrane during
epididymal transit (Kohane et al., 1980a, 1980b; Garberi et al.,
1982; Eberspaecher et al., 1995) with two different affinities
(Cohen et al, 2000a). Whereas a major loosely bound
population is released during capacitation, acting as a
decapacitating factor and preventing a premature capacitation
in the male tract (Cohen et al.,, 2000a; Roberts et al.,, 2003), a
minor, strongly bound population, remains in sperm after
capacitation, migrates from the dorsal region of the acrosome
to the equatorial segment concomitant with the acrosome
reaction and participates in gamete interaction (Rochwerger
et al., 1992; Cohen et al.,, 2000b). Biochemical and molecular
approaches revealed that CRISP1 plays a role in both sperm
binding to the ZP and gamete fusion through its binding to
complementary sites located in the ZP and the egg plasma
membrane (oolemma), respectively (Rochwerger et al., 1992;
Cohen et al., 2000b; Busso et al, 2007a). Considering that
gamete fusion involves a first stage of sperm binding to the
oolemma followed by a subsequent step of fusion between the
sperm and egg plasma membranes, it is interesting to note that
CRISP1 was found to participate in a step subsequent to sperm
binding to the oolemma and leading to gamete fusion through a
small region of only 12 amino acid residues that resides in an
evolutionary conserved region of the whole CRISP family called
Signature 2 (Ellerman et al., 2006). It is important to mention that
the human homologue (hCRISP1) (Haendler et al., 1993; Hayashi
et al., 1996; Kritzschmar et al., 1996), like its rodent counterpart,
is also expressed in the epididymis, binds to human sperm with
two different affinities and participates in both sperm binding to
the ZP and gamete fusion through complementary sites localized
in the human egg (Cohen et al., 2001; Maldera et al., 2014). In this
regard, whereas evidence showed that ZP3 acts as a ZP binding
site for CRISP1 (Maldera et al., 2014), the identity of binding sites
for CRISP proteins involved in gamete fusion remains unknown.
Although originally described in males, CRISP1 is also expressed
along the female reproductive tract (Reddy et al., 2008) including
the cumulus cells that surround the egg where it also plays a role
in gamete interaction and, more specifically, in cumulus
penetration, through its ability to modulate sperm motility
and orientation (Ernesto et al., 2015).

Interestingly, electrophysiological studies revealed that
CRISP1 also exhibits the ability to regulate TRPMS, a thermo
sensitive Ca®>* channel located in both the sperm head and tail
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plasma membranes, and proposed to regulate the progesterone-
and ZP-induced acrosome reaction (Martinez-Lopez et al., 2010;
Ernesto et al,, 2015) as well as CatSper, the main sperm Ca®* channel
located in the principal piece of the tail and essential for sperm
hyperactivation and male fertility (Ren et al., 2001; Sun et al., 2017).
In this regard, although several inhibitors of CatSper have been
described (Rennhack et al., 2018), to our knowledge, CRISP1 is the
only physiological blocker of CatSper described so far.

The first evidence of the potential relevance of CRISP1 not
only for fertilization but also for fertility was observed when male
and female rats were immunized with either native or
recombinant CRISP1. This strategy produced high levels of
antibodies and a significant decrease in fertility in both sexes
without eliciting pathological effects (Cuasnicu et al., 1990; Perez
Martinez et al., 1995; Ellerman et al., 1998, 2008; Muioz et al.,
2012). These results, later supported by plasmid based
contraceptive vaccines encoding mouse CRISP1 (Luo et al,
2012, 2016), constitute a strong proof of concept that blocking
epididymal protein CRISP1 by immunological or pharmacological
means, may lead to an effective male contraceptive. Moreover,
immunization of non-human primates with hCRISP1 also
produced specific antibodies that enter the male reproductive
tract, recognize the native protein on sperm and remain
associated with the ejaculated cells without eliciting effects on
sperm number, morphology and motility, excluding deleterious
effects of the immune response on the testes and/or the epididymis
(Ellerman et al., 2010). This, together with the inhibitory effect of
anti-hCRISP1 antibodies on both human sperm-ZP interaction
and gamete fusion (Cohen et al, 2001; Maldera et al, 2014),
supports CRISP1 as a promising contraceptive target in men.
Thus, CRISP1 seems to fulfill many of the criteria to be
considered an attractive target for contraception as it is an
epididymal protein localized in the surface of mammalian
sperm being accessible to immunological or drug attack, it has
key functional roles in fertilization (i.e gamete interaction and
CatSper regulation), it is relevant for fertility, and it has a functional
homologue in humans.

CRISP2

CRISP2, initially identified as testicular protein-1 (TPX-1)
(Kasahara et al., 1989), is a non-glycosylated protein expressed
almost exclusively in the testis in an androgen independent
manner (Haendler et al,, 1997) and present in germ cells of
numerous species (i.e., guinea pig (Hardy et al., 1988), rat (Maeda
et al,, 1998; O’Bryan et al., 1998), mouse (Kasahara et al., 1989;
Mizuki et al., 1992), human (Kasahara et al., 1989), horse (Giese
et al., 2002) and boar (Vadnais et al., 2008)). CRISP2 localizes in
the surface of spermatogenic cells (Maeda et al., 1998) and within
the sperm acrosome (O'Bryan et al, 2001; Nimlamool et al.,
2013), neck and outer dense fibers of the tail (O'Bryan et al., 1998,
2001). Like CRISP1, CRISP2 also relocalizes to the equatorial
segment after acrosome reaction (Cuasnicu et al, 2016).
However, while CRISP1 migrates to the equatorial segment,
CRISP2 is released from the acrosome and then associates to
the surface of the equatorial segment (Busso et al., 2005; Busso
et al., 2007a; Mufioz et al, 2012; Nimlamool et al., 2013).
Interestingly, recent results showed that under native, non-
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reducing conditions, CRISP2 formed oligomers both in the tail
and the head but with different molecular weights and different
biochemical properties (Zhang et al., 2021). Although a slight
expression of CRISP2 has been observed in the ovary (Reddy
et al.,, 2008) the relevance of this observation is still unknown.

Structure and function studies revealed that while the
N-terminal domain of CRISP2 exhibits cell to cell adhesion
properties (Maeda et al., 1999), the C-terminal domain is able
to regulate Ca>* RyR channels (Gibbs et al., 2006). Considering
that both RyR (Harper et al., 2004) and CRISP2 are located in the
neck and that the Ca®" released from intracellular stores at the
neck is involved in sperm hyperactivation (Chang and Suarez,
2011), it is likely that CRISP2 modules sperm hyperactivation by
regulating RyR controlling intracellular Ca** stores. As previously
described for CRISP1, CRISP2 located in the equatorial segment
of acrosome reacted sperm (Busso et al., 2005, 2007b; Mufioz
et al,, 2012; Nimlamool et al., 2013) also participates in gamete
fusion through its interaction with egg plasma membrane
complementary sites (Busso et al., 2005; Busso et al., 2007b).
Interestingly, competition studies indicate that CRISP2 binds to
the same egg complementary sites that CRISP1 (Busso et al,
2007b), suggesting that CRISP2 may cooperate with CRISP1
during gamete fusion. Whereas this cooperation might be due
to a synergistic action of each individual protein, the possibility
cannot be excluded that these two proteins could eventually form
a complex (i.e., dimers and/or oligomers) to achieve that role,
consistent with the reported oligomeric properties of CRISP
family members (Zhang et al, 2021). Human CRISP2
(Kasahara et al., 1989) was also found to be present within the
sperm acrosome and tail and to participate in gamete fusion
through complementary sites in the human egg plasma
membrane (Busso et al., 2005).

In contrast to the significant inhibition of fertility observed in
animals injected with CRISP1 (Ellerman et al, 1998, 2010),
immunization of male and female rats with recombinant
CRISP2 raised specific antibodies in both sexes without
affecting animal fertility (Mufioz et al., 2012), consistent with
the internal localization of CRISP2. Interestingly however,
evidence indicates that aberrant CRISP2 expression is
associated with human fertility problems. Patients with
azoospermia or oligoasthenoteratospermia (Du et al., 2006) or
with asthenospermia (Jing et al., 2011; Heidary et al, 2019)
syndromes exhibit lower expression of CRISP2 than fertile
man (Gholami et al., 2020). Moreover, a correlation was found
between CRISP2 expression and low sperm progressive motility,
abnormal sperm morphology and infertility, suggesting that the
lower expression of CRISP2 in these patients could be due to a
post-transcriptional regulation process mediated by miR27 b
(Zhou et al, 2015). In agreement with the observations in
humans, recent studies revealed a positive correlation between
CRISP2 expression levels and boar fertility and that sperm
CRISP2 has the potential to serve as a fertility biomarker (Gao
et al., 2021).

CRISP3

CRISP3, originally described in mice salivary glands (Haendler
et al,, 1993) and in human neutrophil granules (Kjeldsen et al.,
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1996), is expressed in an androgen-dependent manner
(Schwidetzky et al., 1995; Haendler et al, 1997) and, unlike
the other members of the CRISP family, shows a wider
expression distribution including exocrine glands such as
pancreas and prostate (Kratzschmar et al.,, 1996), organs with
immunological roles such as the thymus and spleen and, at lower
levels, the epididymis, seminal vesicle, ovary and uterus
(Kratzschmar et al., 1996; Schambony et al., 1998; Evans et al.,
2015). In humans, CRISP3 was described in several tissues and
differences in its expression are associated with different
pathologies such as prostate cancer (Kosari et al., 2002; Bjartell
et al., 2007; Noh et al., 2016), breast cancer (Tang et al., 2020),
Sjogren’s syndrome (Laine et al., 2007), varicocele (Belardin et al.,
2019), prostatitis and endometriosis (Grande et al., 2017), among
others. Two forms of human CRISP3 (i.e. glycosylated and non-
glycosylated) were described along the male reproductive tract
(Ubdy et al., 2005) and found to bind to human sperm with
different affinities (Da Ros et al., 2015). While the glycosylated
form is weakly bound and released during capacitation, the non-
glycosylated form is tightly bound and remains on the
spermatozoa even after the acrosome reaction (Da Ros et al.,
2015), similarly to the two populations described for CRISP1.
CRISP3 was also found to be present in horse seminal plasma and
to prevent the interaction between polymorphonuclear cells and
spermatozoa in the uterus (Doty et al., 2011), supporting a
possible role in sperm protection during their transit through
the female reproductive tract. However, little information exists
about the relevance of CRISP3 for fertilization (Da Ros et al.,
2015) and fertility (Hamann et al., 2007). Although no specific
role of CRISP3 in ion channel regulation has been reported, the
low levels of this protein in lacrimal and salivary gland secretion
of patients with Sjogren’s syndrome (Tapinos et al., 2002; Laine
et al., 2007) together with the altered ion concentrations reported
in these glands (Enger et al., 2014) known to be relevant for their
functionality (Konttinen et al., 2006), support the idea that
CRISP3 may influence the ion concentration of these glands,
likely through an ion channel regulatory ability.

CRISP4

CRISP4 is an androgen-dependent protein almost exclusively
synthesized in the epididymis and not expressed in the female
reproductive tract (Jalkanen et al, 2005; Reddy et al, 2008;
Turunen et al, 2012). Like CRISP1, epididymal CRISP4
associates with sperm during maturation (Jalkanen et al., 2005;
Nolan et al., 2006). However, differently from CRISP1, CRISP4 is
strongly bound to sperm and remains on the cells even after the
acrosome reaction, lacking a loosely bound population (Weigel
Muioz et al., 2019). Patch-clamp of murine testicular sperm
revealed that the CRD domain of CRISP4 has the ability to inhibit
TRPMS8 without affecting capacitation-associated parameters
(i.e., sperm tyrosine phosphorylation or progesterone-induced
acrosome reaction) (Gibbs et al., 2011). These observations
together with the lack of a loosely bound population support a
role for CRISP4 in gamete interaction rather than as a
decapacitating factor as previously proposed for CRISP1. The
first evidence on the involvement of CRISP4 in sperm-egg
interaction emerged when two different groups developed the

CRISP as Key Fertilization Players

CRISP4 null mice and will be described in the following section
(Gibbs et al., 2011; Turunen et al., 2012). Interestingly, mice fed a
high-fat diet present a decline in sperm motility and fertilization
in part from the disruption of epididymal CRISP4 expression and
secretion (Borges et al., 2017). Rodent CRISP4 was found to
exhibit high homology with epididymal hCRISP1, even higher
than that between the rodent and human CRISP1 protein,
suggesting that CRISP4 represents the rodent counterpart of
hCRISP1 (Jalkanen et al., 2005; Nolan et al., 2006; Arevalo
et al., 2020). However, subsequent observations showing the
involvement of CRISP4 in gamete interaction led to propose
that hCRISP1 is the equivalent to the combination of rodent
CRISP1 and CRISP4 (Gibbs et al.,, 2011; Maldera et al., 2014).
In summary, the reported observations indicate that CRISP
proteins exhibit a high sequence, structural and functional
homology being involved in different stages of the fertilization
process. To better analyze their functional roles as well as their
relevance for fertility, our laboratory and others have generated
several knockout models for CRISP family members (i.e., single,
double and multiple knockouts) which exhibit different
phenotypes described in detail in the following section.

EVIDENCE ON THE RELEVANCE OF CRISP
PROTEINS FOR FERTILIZATION AND
FERTILITY THROUGH THE USE OF
KNOCKOUT MODELS

Single Knockout Models

Crisp17/~

In addition to the immunization studies showing the need of
CRISP1 for fertility and, as another approach to study the
relevance of this protein for fertility, our laboratory developed
the CRISP1 knockout mice which represented the first knockout
animal for a CRISP family member (Da Ros et al, 2008).
Surprisingly, animal fertility was not affected in either male or
female mice (Da Ros et al., 2008; Ernesto et al., 2015), and the
same results were later obtained in knockout male mice for
CRISP1 generated in different genetic backgrounds (Hu et al.,
2018; Weigel Muiioz et al., 2018), revealing that blocking the
protein in an adult animal by immunization differs from deleting
the gene, an approach that allows functional compensation of the
lacking molecule during animal development. Nevertheless, in
spite of their normal fertility, knockout males showed sperm with
clear defects to interact with the ZP and to fuse with the egg (Da
Ros et al., 2008), consistent with the previously proposed roles of
CRISP1 in fertilization (Rochwerger et al., 1992; Busso et al,
2007a). Comparison of phenotypes in CRISP1 knockout mice of
different genetic background revealed new roles for CRISP1 in
hyperactivation development, sperm motility, progesterone-
induced acrosome reaction and cAMP/PKA signaling pathway
(Weigel Munoz et al., 2018). Interestingly, whereas defects in
gamete interaction, hyperactivation and cAMP/PKA signaling
seem to withstand the genetic contexts, progesterone-induced
acrosome reaction, motility and tyrosine phosphorylation defects
were clearly dependent on the genetic background of the mutant
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animals (Weigel Mufioz et al, 2018), indicating that the
phenotype observed in CRISP1 null males is not entirely
controlled by the mutation at Crispl locus but it is modulated
by the genetic context. Of note, in spite of the Ca** channel
regulatory activity described for CRISP1 (Ernesto et al., 2015),
intracellular Ca®* levels seem to be normal in Crispl™~ sperm
(Weigel Muioz et al., 2018). Given the reported ability of CRISP1
to affect both CatSper currents and intracellular Ca®* levels
(Ernesto et al., 2015), it is possible that the lack of CRISP1
produces a Ca®" deregulation which is compensated by other
CRISP family members and, thus, not reflected in the total
concentration of the cation within the cell (Weigel Mufoz
et al, 2018). In addition to our observations in males, the
availability of CRISP1 knockout females confirmed that
CRISP1 is also expressed along the female reproductive tract
(i.e., uterus, oviduct and ovary), including the cumulus cells that
surround the egg (Ernesto et al, 2015) where CRISP1 was
proposed to orient sperm by regulating hyperactivation
through its ability to inhibit CatSper (Ernesto et al., 2015).

Crisp2™'~

The proposed role of CRISP2 in gamete interaction (Busso et al.,
2005; 2007b) together with the reported association between
fertility defects and aberrant expression of CRISP2 in humans
(Du et al., 2006; Jing et al, 2011; Zhou et al.,, 2015) led our
laboratory to generate CRISP2 knockout mice. However, as
observed for CRISP1, males lacking CRISP2 were fertile under
controlled laboratory conditions (Brukman et al, 2016)
supporting the existence of a functional compensation of the
lacking molecule by other members of the family. Nevertheless,
fertility evaluation under more demanding conditions such as the
use of Crisp2~"~ males subjected to unilateral vasectomy to reduce
sperm number in the ejaculate (Judd et al, 1997), showed a
significant decrease in fertility rates compared to controls
(Brukman et al, 2016). Consistent with this, a slight
subfertility was observed in CRISP2 knockout males generated
in a different genetic background (Lim et al., 2019), indicating
that CRISP2 is indeed necessary for optimal fertility.

Apart from the relevance of CRISP2 for fertility, the analysis of
CRISP2 knockout animals allowed a better understanding of the
role of this protein in sperm physiology. In vivo studies revealed
that unilaterally vasectomized Crisp2~~ mice also showed lower
levels of fertilized eggs in the ampulla, confirming that
fertilization defects were responsible for the lower fertility
rates observed in these mice (Brukman et al, 2016). In
addition, whereas no differences in in vivo fertilization were
observed when mutant males were mated with natural estrus
females, significantly lower in vivo fertilization rates were
observed for Crisp2”~ males mated with hormone-stimulated
females that ovulate a higher number of eggs compared to estrus
females, representing a more demanding condition for mutant
sperm (Brukman et al.,, 2016). According to these results, it is
clear that whereas control males could deal with different in vivo
modifications, Crisp2~~ males could not. These observations may
be extrapolated to humans where the subfertility of an individual
can or cannot be detected depending on the fertility status of the
partner.

CRISP as Key Fertilization Players

In addition to the in vivo fertilization defects, CRISP2
knockout sperm exhibited defects to fertilize ZP-free eggs
in vitro (Brukman et al, 2016), consistent with the reported
role of CRISP2 in gamete fusion through egg plasma membrane
complementary sites in both rodents and humans (Busso et al.,
2005; 2007b). However, a more pronounced decrease in
fertilization rates was observed when in vitro experiments were
performed using eggs surrounded by the cumulus and/or the ZP,
supporting a role for CRISP2 in penetration of the egg coats. In
agreement with this, a lower number of Crisp2”~ sperm was
observed within the cumulus mass during cumulus penetration
assays, and hyperactivated motility was significantly lower in
mutant sperm (Brukman et al, 2016). Subsequent studies
supported that these motility defects could be due to a
stiffness of the midpiece in CRISP2 mutant sperm that
impairs hyperactivation development and thus, egg coat
penetration (Lim et al, 2019; Curci et al, 2020). Different
from Crispl™~ animals, sperm lacking CRISP2 exhibit a clear
dysregulation of Ca®" homeostasis (Brukman et al,, 2016) that
could explain the molecular mechanisms underlying the
capacitation-associated defects in the mutant cells. In this
regard, recent results in CRISP2 knockout mice support the
idea that ion channel regulation by CRISP proteins controls
energy flows powering the axonema (Nandagiri et al., 2021).
Moreover, CRISP1, CRISP2, and CRISP4 have been proposed to
be required to optimize sperm flagellum waveform (Gaikwad
et al., 2021).

Together, our in vivo and in vitro results reveal that CRISP2
knockout mice exhibit clear fertilization deficiencies likely linked
to defects in hyperactivation development and intracellular Ca**
regulation, supporting that fertilization defects may be
underlying the fertility disorders observed in men with
aberrant expression of CRISP2. Of note, the finding that
reproductive defects in CRISP2 knockout mice are masked by
conventional mating, becoming evident under more demanding
conditions, highlights the relevance of using different
experimental approaches to analyze male fertility.

Crisp37'~

In contrast to the rest of the CRISP family members, there is little
information on the relevance of CRISP3 for fertilization and
fertility. Although a recent work reports that Crisp3 ™~ males were
fertile, no further details on the reproductive phenotype of these
animals were provided (Volpert et al., 2020). In this regard, the
phenotype exhibited by mice lacking both Crispl and Crisp3 (see
below) does not support a critical role for CRISP3 in fertilization.

Crisp4~'-

Crisp4 single knockout males were also found to be fertile even
when generated wusing different strategies and genetic
backgrounds (Gibbs et al., 2011; Turunen et al., 2012; Carvajal
etal, 2018; Hu et al., 2018). As mentioned above, the availability
of CRISP4 knockout mice allowed the study of the participation
of CRISP4 in the fertilization process which had not been studied
before. Crisp4~’~ males exhibited normal fertilization rates in eggs
recovered from the ampulla of superovulated females (Carvajal
et al,, 2018), indicating that Crisp4™~ sperm, differently from
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FIGURE 1 | Participation of CRISP proteins in different steps of the fertilization process. Epididymal CRISP1 was reported to participate in both sperm-ZP binding
and gamete fusion through ligand-receptor interactions whereas cumulus CRISP1 was proposed to play a role in cumulus penetration by orienting sperm through its
ability to modulate sperm hyperactivation. Testicular CRISP2 was reported to be involved in both cumulus and ZP penetration through its ability to regulate sperm
hyperactivation as well as in gamete fusion through ligand-receptor interactions. Finally, CRISP4 was reported to play a role in sperm-ZP interaction as well as in
gamete fusion consistent with its ability to regulate the acrosome reaction. No information is still available on the functional roles of CRISP3 in gamete interaction. A

Crisp2™"~ cells, are able to fertilize control eggs even in demanding
conditions such as those produced by the presence of a high
number of eggs in the ampulla. However, sperm lacking CRISP4
exhibited a severely affected ability to fertilize cumulus oocyte
complexes as well as ZP-intact and ZP-free eggs under in vitro
conditions (Carvajal et al., 2018). In this regard, whereas there are
reports on the involvement of CRISP4 in sperm-ZP binding
(Turunen et al., 2012), subsequent assays showing that CRISP4
mutant sperm were able to penetrate the cumulus cells and bind
to the ZP together with the lack of accumulation of sperm in the
perivitelline space support that fertilization defects in this colony
may also reside at ZP penetration (Carvajal et al., 2018). Although
sperm lacking CRISP4 did not exhibit defects in hyperactivation,
the lower levels of progesterone induced-acrosome reaction
observed in these cells compared to controls (Carvajal et al,
2018) could well explain their impaired ability to penetrate ZP-
intact eggs as the acrosome reaction is essential for egg coat
penetration (Yanagimachi, 1994). Interestingly, whereas a
significant (Gibbs et al, 2011) or complete (Turunen et al,
2012; Carvajal et al.,, 2018) inhibition of progesterone-induced
acrosome reaction was observed in all CRISP4 knockout models
(Gibbs et al., 2011; Turunen et al., 2012; Carvajal et al., 2018),
normal percentages of acrosome reacted sperm were observed in
response to calcium ionophore, a non-physiological inductor of
the acrosome reaction (Turunen et al, 2012), suggesting that
CRISP4 might regulate the acrosome reaction by affecting
calcium transport while not affecting the successive stages

after calcium influx has occurred. Considering that the
recombinant CRISP4 CRD domain has shown to be able to
inhibit TRPM8 Ca®" channel (Gibbs et al., 2011), it is possible
that a modification in intracellular Ca** concentration would be
responsible for the altered capacitated-sperm parameters
observed in Crisp4”~ sperm. Acrosome reaction defects
observed in all knockout models might also contribute to the
impaired gamete fusion ability of CRISP4 knockout sperm as only
acrosome-reacted sperm are able to fuse with the oolemma.
Nevertheless, the possibility that CRISP4 mediates gamete
fusion through a ligand-receptor interaction as previously
observed for epididymal CRISP1 cannot be excluded.

Taken together, the results obtained using single knockout
models support the participation of each CRISP protein in more
than one stage of fertilization and the involvement of more than
one CRISP in each stage of the fertilization process either by
ligand-receptor interactions or by regulating different functional
events (i.e., acrosome reaction, hyperactivation, etc.) (Figure 1),
likely through their ability to regulate different sperm Ca**
channels (Figure 2).

However, in spite of the critical roles of CRISP proteins in
different stages of fertilization, all single knockout animals were
fertile, supporting the existence of functional overlapping or
redundancy among CRISP family members. In this regard, the
development of mutant mice has revolutionized the reproductive
field showing that only a small number of the proteins previously
known to play an essential role in the fertilization process were
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FIGURE 2 | lon channel regulatory abilities of CRISP proteins. Epididymal proteins CRISP1 and CRISP4 (located in the head and tail plasma membrane) were found
to regulate TRPM8 channel present in both sperm head and tail plasma membranes and proposed to be involved in acrosome reaction regulation. In addition, epididymal
CRISP1 was found to exhibit the ability to regulate CatSper, located in the principal piece of the tail and involved in hyperactivation development. Testicular CRISP2
(located within the sperm head, neck and tail) was found to regulate Ryanodine Receptors (RyR) known to be present in the neck and to control intracellular Ca*

stores. A schematic sperm representation is included.
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indeed essential for fertility in mice (Miyata et al, 2016). A
possible explanation for these observations may be the existence
of functional redundancy among protein members of the same
family which could partially or totally compensate for each
other’s loss, contributing to strengthening reproductive
success. Such a mechanism becomes especially important in
sperm which are transcriptionally and translationally silent
cells. Based on this, animals simultaneously lacking more than
one CRISP were generated and characterized. The following
sections describe the different phenotypes observed for
doubles, triples and quadruples knockout mice for Crisp
family genes.

Double Knockout Models

Crisp2~'~/Crisp4~'~

The fact that Crisp2 and Crisp4 are located in different
chromosomes together with the availability of CRISP2 and
CRISP4 single knockout colonies, led our laboratory to
generate double Crisp2~~/Crisp4”~ mice by natural mating
(Curci et al, 2020). Analysis of animal fertility revealed that,
in spite of the participation of both proteins in key stages of the
fertilization process, males lacking both proteins were fertile
under normal laboratory conditions (Curci et al, 2020).
Nevertheless, when Crisp2” /Crisp4”~ males were mated
under more demanding conditions such as using
superovulated females, a clear decrease in in vivo fertilization

rates was observed compared to controls and to either Crisp2 or
Crisp4 single mutant males (Curci et al., 2020). Consistent with
this and with the reported roles of CRISP2 and CRISP4 in
different stages of the fertilization process, Crisp2~'~/Crisp4™'~
sperm showed severe in vitro fertilization defects likely due to the
combination of the capacitation-associated defects observed in
sperm from each single knockout model (i.e. impaired tyrosine
phosphorylation, progesterone-induced acrosome reaction and
hyperactivation development). Although the reasons for the
normal fertility of these mutant animals is still unknown, it is
possible that the lack of epididymal CRISP4 is partially
compensated by the presence of CRISP1, the other epididymal
CRISP family member.

Crisp1~'~/Crisp4™'~

Both CRISP1 and CRISP4 are expressed in the epididymis in high
concentrations (Eberspaecher et al., 1995; Kritzschmar et al,
1996), bind to sperm during epididymal transit and participate in
sperm-ZP interaction and gamete fusion (Da Ros et al., 2008;
Carvajal et al, 2018), supporting the idea that they could
compensate for each other to ensure fertility success. This led
to the generation of two different models of males lacking both
CRISP1 and CRISP4 (Carvajal et al., 2018; Hu et al., 2018). While
Hu et al. (2018) found no differences in fertility between mutant
and control mice, concluding that epididymal CRISP are not
absolutely required for male fertility, observations from our
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laboratory showed that Crispl~/Crisp4”~ colony exhibited a
clear disruption of fertility (Carvajal et al., 2018). Differences in
the genetic background and/or environmental conditions might
explain the different phenotypes observed in the two studies. The
impaired fertility of Crispl™~/Crisp4™~ revealed, for the first
time, the relevance of CRISP proteins for fertility and confirmed
the existence of compensatory mechanisms among CRISP family
members. In this way, whereas in Crisp2”"/Crisp4”~ mice,
CRISP4 could be partially compensated by the presence of
epididymal CRISPI, it is likely that the simultaneous lack of
the two epididymal proteins in Crispl™~/Crisp4”’~, cannot be
compensated by the remaining family members (i.e., CRISP2 and
CRISP3).

Analysis of subfertile Crispl™~/Crisp4~~ males showed they
exhibited an immature epididymal epithelium and abnormal
luminal acidification, contributing to a better understanding of
the fine-tuning mechanisms underlying epididymal sperm
maturation (Carvajal et al., 2018). Interestingly, fertility rates
correlated with the percentages of fertilized oocytes recovered
from the oviduct, supporting the idea that fertility impairment in
these mutant mice are mainly due to in vivo fertilization defects.
This idea was supported by the in vitro fertilization studies
showing that Crispl™”"/Crisp4”~ mutant sperm exhibited a
lower ability to fertilize oocytes either with or without their
coats, consistent with the reported roles for CRISP1 and
CRISP4 in sperm-ZP interaction and gamete fusion (Cohen
et al, 2000b; Busso et al., 2007a; Carvajal et al, 2018).
Subsequent studies showed that sperm fertilizing defects might
be due to a failure of mutant sperm to undergo a normal
capacitation process as judged by the clear alterations in
capacitation-associated sperm parameters such as protein
tyrosine phosphorylation, progesterone-induced acrosome
reaction and hyperactivation (Carvajal et al., 2018; Hu et al,
2018). Considering the abnormal epididymal epithelium and
luminal acidification, it is likely that sperm functional defects
occur as a consequence of a defective sperm maturation process.

Crisp1~"~/Crisp3™'~

The Crispl™~/Crisp3™~ colony was generated by CRISPR-Cas 9
technology (Wang et al., 2013; Curci et al,, 2020). Analysis of
animal fertility showed that these mutant males were subfertile,
indicating that the absence of CRISP1 in combination with either
CRISP4 or CRISP3 unveils the important role of CRISP proteins
for optimal fertility. However, differently to what it was observed
in the Crispl™/Crisp4™~ double knockout animals, normal
levels of fertilization rates were observed when the eggs were
recovered from the ampulla of control females mated with
Crispl™~/Crisp3™~ males (Curci et al., 2020), supporting that
fertility inhibition in this colony occurred as a consequence of
post-fertilization defects. Subsequent studies showed that male
subfertility was associated, at least in part, with a failure of
fertilized eggs to reach the blastocyst stage, revealing the
of CRISP1 and CRISP3 for early embryo
development and supporting the impact of paternal factors in
this process. It remains to be clarified whether impaired embryo
development occurs as a consequence of a delayed in vivo
fertilization. Interestingly in this regard, examination of
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ejaculated sperm within the uterus of control mated females
showed that whereas control sperm were moving freely in the
uterine fluid, Crispl™~/Crisp3™~ sperm were mostly inmotile and
forming aggregates within a viscous uterine fluid (Curci et al,
2020). This phenotype might be associated with an alteration of
the reported ability of CRISP proteins to form amyloid-like
structures (Sheng et al., 2019) known to trap damaged sperm
within the uterus (Roan et al., 2017) and/or with coagulation/
liquefaction defects within the uterus (Magdaleno et al., 1997;
Udby et al., 2002) due to the lack of CRISP3 in the seminal
plasma. These sperm motility defects within the uterus could be
responsible for sperm transport deficiencies that, finally, lead to a
delayed fertilization and embryo development defects in this
colony. Nevertheless, we cannot exclude the possibility that
embryo development deficiencies are due to sperm epididymal
maturation and/or capacitation defects reported to affect
embryonic development (Orgebin-Crist et al, 1967; Conine
et al., 2018; Navarrete et al., 2019).

Multiple (Triple and Quadruple) Knockout

Models

The normal fertility and the subfertility of the different single and
double knockout models support a functional compensation of the
lacking proteins by the remaining members of the family that led to
the generation of multiple knockout models lacking more than two
Crisp genes simultaneously (Curci et al., 2020). Triple knockout
(TKO) male mice lacking Crispl, Crisp2, and Crisp3 genes as well
quadruple knockout (QKO) males deficient in the four CRISP
members showed a dramatic inhibition in their fertility with an
average of less than one born pup and a high proportion of sterile
males (Curci et al., 2020) revealing, for the first time, the essential
role of CRISP proteins for animal fertility. In this case, the severe
fertility phenotype in TKO and QKO males was accompanied by
significantly lower in vivo fertilization rates in the ampulla
compared to controls which could be due to sperm transport
and/or gamete interaction defects. Consistent with the fact that
multiple knockout mice lack Crispl and Crisp3 genes, TKO and
QKO ejaculated sperm were also mostly inmotile within the uterine
fluid and trapped into aggregates in a very viscous fluid as
previously described for the Crispl™~/Crisp3™~ colony.

Besides motility defects at uterine level, sperm migration
studies revealed that TKO and QKO sperm were capable of
reaching the lower oviduct but exhibited clear defects in
migrating within the organ (Curci et al, 2020). Although
oviductal migration defects for Crispl™~/Crisp3™ cannot be
excluded, the normal in vivo fertilization rates observed for
this colony does not favor this possibility. These observations
support that oviductal migration defects in multiple knockout
mice are likely due to the midpiece rigidity phenotype observed in
ejaculated TKO and QKO (Lim et al., 2019; Curci et al., 2020) but
not in Crispl™~/Crisp3™~ sperm, associated with the lack of
Crisp2 and leading to defects in hyperactivation known to be
required for detaching sperm from the isthmus epithelium.

In addition to these in vivo observations, in vitro fertilization
studies revealed that TKO and QKO sperm had serious
deficiencies in their ability to fertilize COC and ZP-intact eggs
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with no accumulation of sperm in the perivitelline space,
indicating that fertilization failure could be attributed mostly
to sperm defects to interact with the egg coats. This was further
supported by the significantly lower levels of both hyperactivation
and acrosome reaction observed in multiple mutant sperm.
Hyperactivation failure could explain the impairment of both
oviductal migration and egg coat penetration observed in
multiple KO sperm (Curci et al., 2020). The finding that QKO
but not TKO were unable to fertilize ZP-free eggs together with
gamete fusion rates in TKO sperm that did not differ from those
observed for Crispl™~ or Crisp2™~ single knockout sperm argues
against the involvement of CRISP3 in gamete fusion and reveals a
key role of CRISP4 in this event supported by the low gamete
fusion rates observed in those knockout models lacking Crisp4
(e, Crispd”,  Crispl”~/Crisp4™~,  Crisp2™"/Crisp4™"")
(Carvajal et al, 2018). Although the mechanisms underlying
CRISP4 involvement in gamete fusion are still under
investigation, they could be linked to CRISP4 interaction with
egg complementary sites as observed for both CRISP1
(Rochwerger et al, 1992; Da Ros et al., 2008) and CRISP2
(Busso et al, 2007b) and/or the reported involvement of
CRISP4 in the acrosome reaction (Gibbs et al., 2011; Turunen
etal., 2012; Carvajal et al., 2018) known to be essential for gamete
fusion (Yanagimachi, 1994). Interestingly, the finding that QKO
males did not exhibit a stronger fertility phenotype compared to
that observed for TKO males, supports the notion that in vivo
fertilization failure is mainly due to sperm defects in those events
that precede gamete fusion such as sperm migration within the
oviduct and penetration of the egg coats.

Consistent with the ability of CRISP proteins to regulate Ca**
channels and the relevance of this cation for most sperm
functional events, QKO sperm did not show the characteristic
intracellular Ca®" increase that occurs during sperm capacitation,

indicating that multiple mutant sperm exhibit a dysregulation of
Ca®" homeostasis that probably reflects the final balance of the
individual contribution of each CRISP to Ca**regulation. Finally,
multiple mutant males exhibited clear embryo development
defects as those previously described for the Crispl™ "/
Crisp3_/ “colony (Curci el al,, 2020).

Collectively, analysis of the different phenotypes observed in
single, double and multiple knockout models showed that the
subfertility of Crispl and Crisp3 males is associated with both the
presence of inmotile sperm within the uterus and embryo
development failure. As expected, these defects were also
observed in infertile TKO and QKO males lacking Crispl and
Crisp3. However, besides these deficiencies, TKO and QKO mice
exhibit sperm with midpiece rigidity due to the additional lack of
testicular CRISP2 which affects hyperactivation and, thus, both
oviductal migration and gamete interaction due to the critical role
of this vigorous motility for detachment of sperm from the
isthmus and egg coat penetration (Yanagimachi, 1994;
Florman and Fissore, 2015). Finally, the few TKO and QKO
sperm that might reach the ampulla exhibit severe gamete
interaction defects due to egg coat penetration deficiencies
generated by the lack of Crisp2 and both sperm-ZP binding
and gamete fusion failure associated with the lack of
epididymal Crispl and Crisp4 genes.

The finding that mice lacking three or four CRISP proteins
exhibit more severe phenotypes than single or double CRISP
knockout mice supports the idea that the combined mutations of
Crisp members lead to disruption of multiple independent
pathways. Similar results were observed for the sperm
B-defensin protein family since animals were fertile when
lacking one individual gene, subfertile when lacking two or
three genes (Zhang et al,, 2018) and completely infertile when
nulling the whole family member expression (Zhou et al., 2013).
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CONCLUSION AND PERSPECTIVES

Biochemical, cellular and genetic approaches revealed that CRISP
proteins play key functional roles in the successive stages of the
fertilization process (i.e., cumulus penetration, sperm-ZP
binding, ZP penetration, gamete fusion) through different
mechanisms that include ligand-receptor interactions as well as
regulation of several capacitation-associated events (i.e., acrosome
reaction, hyperactivation, etc.), likely through their ability to
regulate different Ca®* channels. Moreover, results showed that
CRISP are involved not only in gamete interaction but also in
previous and subsequent steps such as sperm migration within the
female tract and early embryo development. Collectively, it can be
concluded that CRISP proteins are essential for male fertility due to
a combination of different functional roles during the fertilization
process. These findings also support the use of CRISP proteins for
contraception, opening the possibility of targeting CRISP activity at
different levels.

Evidence supports the idea that CRISP proteins have evolved
to perform redundant as well as specialized functions to ensure
fertility success and are organized in functional modules within
the family that work through independent pathways and
contribute distinctly to fertility success (Figure 3). In this way,
whereas epididymal CRISP1 and CRISP4 (epididymal module)
are critical for epididymal sperm maturation, play similar roles in
gamete interaction and can compensate for each other, testicular
CRISP2 and seminal CRISP3 appear to have specific functions
not compensated by the remaining CRISP family members.
Whereas CRISP2 (testicular module) showed to be critical for
the development of sperm midpiece flexibility that occurs during
epididymal maturation and, thus, for oviductal sperm migration
and egg coat penetration, CRISP3, together with CRISP1 (seminal
module), seems to be needed for maintaining sperm motility
within the uterus as well as for early embryo development.

Redundancy and compensatory mechanisms like those
observed within the CRISP protein family are particularly
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The Sperm Protein Spacab is Essential
for Fertilization in Zebrafish

Mirjam I. Binner®, Anna Kogan™, Karin Panser, Alexander Schleiffer, Victoria E. Deneke * and
Andrea Pauli*

Research Institute of Molecular Pathology (IMP), Vienna BioCenter (VBC), Campus-Vienna-Biocenter 1, Vienna, Austria

Fertilization is a key process in all sexually reproducing species, yet the molecular
mechanisms that underlie this event remain unclear. To date, only a few proteins have
been shown to be essential for sperm-egg binding and fusion in mice, and only some are
conserved across vertebrates. One of these conserved, testis-expressed factors is
SPACAB, yet its function has not been investigated outside of mammals. Here we
show that zebrafish spaca6 encodes for a sperm membrane protein which is essential
for fertilization. Zebrafish spaca6 knockout males are sterile. Furthermore, Spaca6-
deficient sperm have normal morphology, are motile, and can approach the egg, but
fail to bind to the egg and therefore cannot complete fertilization. Interestingly, sperm
lacking Spaca6 have decreased levels of another essential and conserved sperm fertility
factor, Dcst2, revealing a previously unknown dependence of Dcst2 expression on
Spacab. Together, our results show that zebrafish Spaca6 regulates Dcst2 levels and
is required for binding between the sperm membrane and the oolemma. This is in contrast
to murine sperm lacking SPACAB, which was reported to be able to bind but unable to fuse
with oocytes. These findings demonstrate that Spaca6 is essential for zebrafish fertilization
and is a conserved sperm factor in vertebrate reproduction.

Keywords: fertilization, zebrafish, sperm-egg interaction, gamete, sperm, reproduction

INTRODUCTION

Fertilization is an essential process which ensures reproductive success and species survival. Multiple
events, such as sperm migration through the female reproductive tract, sperm activation, gamete
fusion and egg activation are necessary for fertility and contribute to the formation of a new organism
(Bianchi and Wright, 20165 Stein et al., 2020; Deneke and Pauli, 2021). Despite its critical role, little is
known about the molecular mechanisms mediating fertilization, particularly sperm-egg interaction
and fusion.

In recent years, several proteins have been shown to be essential for sperm-egg interaction in
mammals. Most notably, mammalian testis-expressed IZUMO1 and its receptor JUNO on the egg
membrane (oolemma) form a complex which is needed for binding of the two gametes prior to
fusion (Inoue et al., 2013; Bianchi and Wright, 2016). Izumol knockout (KO) sperm can penetrate
the zona pellucida (ZP), a glycoprotein coat surrounding the mammalian oocyte, but fail to fuse with
the oolemma (Inoue et al., 2005). CD9, an integral membrane protein expressed on the oolemma, has
also been shown to be required for gamete fusion (Kaji et al., 2000; le Naour et al., 2000; Miyado et al.,
2000). Furthermore, other sperm factors—fertilization influencing membrane protein (FIMP),
sperm-oocyte fusion required 1 (SOF1), transmembrane protein 95 (TMEM95), sperm acrosome
associated 6 (SPACA6) and the DC-STAMP-like domain-containing proteins DCST1 and
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DCST2—have been shown to be required for sperm-egg fusion in
mice (Barbaux et al., 2020; Lamas-Toranzo et al., 2020; Noda
etal,, 2020; Nado et al., 2021; Inoue et al., 2021). Despite the many
factors shown to be necessary for sperm-egg fusion, the
combination of these factors appears not to be sufficient to
drive fusion in a heterologous system. Noda and others
expressed the essential sperm factors involved in fusion,
including IZUMO1, in HEK293T cells and observed that
HEK293T cells were able to bind but were unable to fuse to
ZP-free eggs, indicating the possible need for additional
molecules that are involved in this process (Inoue et al., 2013;
Noda et al., 2020). Despite these recent advances, the molecular
mechanisms of gamete fusion and the interplay between the
various sperm and egg factors remain unclear.

Zebrafish has recently emerged as a model organism to study
vertebrate fertilization due to its genetic tractability, access to a
large number of gametes and external fertilization. The first factor
that was discovered to be essential in zebrafish fertilization was
Bouncer—a short three-finger-type protein anchored to the egg
membrane (Herberg et al., 2018). Bouncer”™ females are sterile
and sperm is unable to bind to Bouncer-deficient eggs, suggesting
that Bouncer is involved in sperm-egg membrane binding
(Herberg et al., 2018). Interestingly, the mammalian homolog
of Bouncer is SPACA4, which is present in sperm and is involved
in penetrating the zona pellucida (Fujihara et al, 2021).
Moreover, we have shown that DCST1 and DCST2 are also
necessary for zebrafish fertilization (Noda et al, 2021).
However, while in mice Dcstl and Dcst2 KO sperm can bind
to, but rarely fuse with oocytes (Inoue et al., 2021; Noda et al,
2021), zebrafish dcst1/2 KO sperm already show defects in sperm-
egg binding (Noda et al., 2021). Therefore, zebrafish represents an
interesting model system for the study of fertilization; despite the
presence of mammalian fertilization factors in fish (Dcst1/2,
Bouncer/SPACA4), the currently characterized factors show
functional divergence in the fertilization process (Fujihara
et al, 2021; Noda et al, 2021). Elucidating the role of
conserved fertilization factors in both mammalian and non-
mammalian vertebrate species will help to uncover common
themes as well as distinct functionalities. Here, we investigate
the role of Spaca6 in fertilization in zebrafish.

RESULTS

Spacab is a Conserved Testis-Expressed

Membrane Protein

To study the role of Spaca6 in zebrafish fertilization, we first
identified the full-length spaca6 mRNA and protein sequence in
zebrafish. Spaca6 has two gene annotations in the most recent
zebrafish genome release (GRCz11): a predicted protein-coding
gene containing 7 exons (NCBI: XM_021466914.1) and a
predicted non-protein coding gene containing 8 exons
(ENSEMBL: ENSDART00000155083.2). In addition to the
difference in exon numbers, we noticed that the predicted
NCBI protein-coding annotation lacked the N-terminus
including the signal peptide, which is present in mammalian
SPACA6 homologs (Noda et al., 2020). To identify the sequence

Spaca6 Function in Zebrafish Fertilization

of the full-length spaca6 transcript that is expressed in testis, we
isolated RNA from wild-type zebrafish testes and amplified a 954-
nt region from ¢DNA that contained an extended
Spaca6 N-terminus and a total of 9 exons. Indeed, coverage
tracks derived from RNA sequencing (Herberg et al, 2018;
Noda et al, 2021) show expression peaks that align to the
mapped transcript as well as specific expression of Spaca6 in
testis (Figure 1A, Supplementary Figure S1A), as has been
previously reported in mammals (Barbaux et al., 2020; Noda
et al., 2020).

The full-length zebrafish spaca6 transcript (GenelD:
101885333; NM_001397778.1) encodes for a 318-amino acid
single-pass membrane protein that resembles mammalian
SPACAG6 proteins in their sequence and predicted tertiary
structure (Figures 1B,C). It contains an N-terminal signal
peptide, followed by an extracellular region containing an
alpha-helical domain (extracellular domain, ECD) and an
immunoglobulin (Ig) fold domain, a transmembrane domain
and a short cytoplasmic domain (Figure 1B). Alignment of
Spaca6 protein sequences from different vertebrates shows that
Spaca6 is conserved in its amino acid sequence and secondary
structure elements (Figure 1B, Supplementary Figure S1B).

Similar to mouse SPACA6, whose extracellular region has
been shown to closely resemble that of IZUMO1 (Nishimura
et al, 2016), Alphafold2 (Jumper et al, 2021) predicts the
extracellular domain of zebrafish Spaca6 to fold into a four-
helix bundle followed by an Ig-like domain comprised of beta
sheets (Figure 1C). In order to taxonomically map Spaca6
homologues, we performed iterative BLASTP searches. This
revealed that—similar to Izumol—Spaca6 homologs are
present across vertebrates, while proteins containing a DC-
STAMP-like domain, such as Dcstl and Dcst2, show a much
broader distribution across both vertebrates and invertebrates
(Figure 1D). Together, the conservation of Spaca6 across
vertebrates and predicted similarities in tertiary structure with
the mammalian homologs motivated us to assess the functional
role of Spaca6 in zebrafish.

Spacab is Essential for Male Fertility in
Zebrafish

Using CRISPR/Cas9-mediated mutagenesis, we generated
zebrafish lacking Spaca6 protein. To this end, gRNAs were
designed to target the third and fourth exons of the full-length
spaca6 gene. A mutant harboring an 86-bp deletion was
recovered, which resulted in the introduction of a premature
stop codon (Figure 2A, Supplementary Figures S1C,D). To test
whether Spaca6 is required for fertilization in zebrafish, we
assessed the fertilization rates of wild-type, heterozygous and
homozygous KO fish (Figures 2B,C). While spaca6" males had
fertilization rates comparable to wild type, spaca6 '~ males were
sterile (Figure 2C). Consistent with the expression of Spaca6
exclusively in the male germline (Supplementary Figure S1A),
spaca6”’~ females were fertile (Figure 2C), revealing that Spaca6
is only required for male fertility. To confirm that the observed
fertilization defect of spaca6 '~ males was caused by the absence
of Spaca6 protein, we generated a rescue line that ubiquitously

Frontiers in Cell and Developmental Biology | www.frontiersin.org

61

January 2022 | Volume 9 | Article 806982


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Binner et al. Spaca6 Function in Zebrafish Fertilization

A chr16:24,902,217-24,921,617
24.90|6 kb 24.91|0 kb 24.91|4 kb 24.91|8 kb
RNA-Seq oocyte [0-11]
RNA-Seq testis " T i T l [0-11]
NCBI t —t HE
ENSEMBL
Correct CDS B — —t Hi |
B SP G

e W/ a-helix

B S == pesheet

Danio rerio 1 21 @Y Q| IDENDSRRLEGLGHILTEYNVRNVD S YKTLDHI NNEEKVIEAGKVGHGYDLTLKNI MAEIMPIVE 92 |

Homo sapiens W5XKT8 | 27 @L L TTYSERLRI@QMFV- - GMRSPKLEE EEAFTAA SDTE-------- INYDERSHLHDT FTQMTH 88 |
Mus musculus E9Q8Q8 | 42 @|L F| TTYEERLRVEBQLFV- - GREETKINLE@RNELEGA KDMK- - - - - - - - INYDERSY|LUHDEFTQMTV 103 |
Gallus gallus XP_040506248.1 | 30 @L L GPPVQWARLEGREI ARSSQKDSQHQH| LEALAEAAVF’ APVT-------- VGSGQSEALRKI IMDALH 93 |
Xenopus laevis AOATLBFNZ5 | 47 @Y K| VSNKERVEI@DYVF--MKQRLDVEI SRIMKKT.LP DTYV-------- IAMSQKE | VRQAMNGFYD 108 |
s - |
Danio rerio 3 93 EFDQQLN- YDTEYESRLQA NNFIAAASSLL- - - PRVSGEL FAVQGAVYNEVTEQYDSEEFRL GK 160 3
Homo sapiens W5XKT8 89 ALQELAA- AQGSFEVAFPD EKMKKV ITQIL- - - KEAQAG | LAEF RIFLESGEY SRV|EGD LPBL VQ 156 !
Mus musculus E9Q8Q8 ‘104 SLQEKAARRREPFWLAFKD AKLKRT | EHLL- - - KKAPAG | LAEV LIFHESGEFSKLEGD LBL vaQ 172 !
Gallus gallus XP_040506248.1 o4 LLEKQKD- - KKPFEVSLQEAIQMIWVKLGQIL- - - EQAPAG | H Al VIEQEATERLVDEQFRV vQ 160 !
Xenopus laevis AOATL8FNZ5 ‘ 109 EVKKQYT- - QGPYPL- FRMIAQNFTTRMHWV LAAKRPMEGV \ KIENEGLNEGEEESENLE I E I E 177 !
i N N — :

—
: » W p———) W ;

Mus musculus E9Q8Q8 | 173 NRGDQALF §| ESEITY § V- GGVRIMKDVTYERDMPGAHGYLARIRPVQPKHG FS@V I 243 |
Gallus gallus XP_040506248.1 | 161 HEDEA | T LH@D - PELQVT] A- KDI QDLALBEELQRGIGEPPSLTVQDPTL- IABRL 229 |
Xenopus laevis AOATLBFNZ5 | 178 HEFQRVVMN@ST VDDITVR Y- WNDRBRRWSHIETALHKGVELFFLEITRMV L EKQGEY ABIE | 248 !

Danio rerio ' 230 L SQEQSEVRL

Homo sapiens W5XKT8 1 229 KQDQRPHARL

Mus musculus E9Q8Q8 1 244 LHDQRPEARL

Gallus gallus XP_040506248.1 1 230 GAA S ETIAI .
Xenopus laevis AOATLEFNZS5 | 249 STDEDV

Danio rerio | 161 T QENNRTQM SVPELLE- ADVEIVWRYA- - QDRSEIM LREREDDVTVGVDPLY S[IP SARPEQS@RYQE@EV 229 |

Homo sapiens W5XKT8 1157 TRGDQAMFS@ | VNEQLBKEEITY SWKFAGGGLRWEQDL SY[ERDMPRAEGYLARIIRPAQLTHR FS@V I 228 |
I MARE| K
PIFA V| M
DIEP K

TMVPVAQ- TYHVHL@BDLCAQALRP- EPQFPPSFSFWLPRPALL- - - ----------- 284
TGPPP- RAET E| ASIREVLRW-A RDAEL | EPWRPSLGELLARPEALTPSNLFL 297 .
TGPPP- PEDT El REVMNR- TPAEPEMIQPWSPSLGELLTNPQALTLGNLFL 312 .

SGGSV- EAEQEL@ARFRAVLRW- PQGRAPLHLTTSLQLGLV- - - ----------- 284 |
| TSSSLYESMKHM@ELEER I VQPTTBKPARVGLRNLFVFRDELNPKKPLPVAKY IL 319 |

---- Invertebrates
— Vertebrates
[IMammals
[IBirds
[C] Amphibians/
* Reptiles
' & @ [Fish
/ So

ciona
Branchiostoma

.
v
v
'
'
'

DC-STAMP € Izumo1 Spaca6
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FIGURE 1 | predictions of mature Spacab (lacking the signal peptide sequence) were performed using AlphaFold2 (Jumper et al., 2021). Extracellular domain, blue; Ig-
like domain, orange; Transmembrane domain, green; Cytoplasmic domain, yellow. (D). Taxonomic tree of DC-STAMP-like proteins, lzumo1 and Spaca6 across
vertebrates and invertebrates. DC-STAMP-like proteins (blue star) are conserved both in vertebrates and invertebrates; Izumo1 (orange circle) and Spaca6 (green
square) are conserved only in vertebrates.
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FIGURE 2 | Zebrafish Spaca6 is essential for male fertility. (A). Diagrams of Spaca6 proteins made in wild-type, spaca6™~ and rescue [spacab™"; tg(actb2:spaca6-
t2a-GFP)] zebrafish lines. An 86-nt deletion in the spaca6™" line leads to a retained sequence from intron two and a premature stop-codon, resulting in a dysfunctional
truncated protein (translated part of the intron is shown in black). In the rescue line, a SGGSG spacer and a part of the viral T2A protein result in a C-terminal 23-aa
addition. The amino acid position is given above the scheme. Signal peptide (SP), red; Extracellular domain, blue; Transmembrane domain (TM), green;
Cytoplasmic domain, yellow. (B). Scheme of a mating assay performed to quantify fertilization rates. Fish and gametes are not drawn to scale. (C). Quantification of
fertilization rates. Fertilization rates were calculated by counting the number of embryos that developed beyond the one-cell stage. ****, p < 0.0001 (Mann-Whitney test);

n.s, not significant; error bars, standard deviation (SD); N = number of crosses; n = number of embryos.

expresses Spaca6 in a spaca6 '~ background [spaca6’"; tg(actb2:
spaca6-T2A-GEP)], hereafter referred to as spaca6™’"; tg(spaca6).
Transgenic Spaca6 partially rescued the fertilization defect of
spaca6 KO males (Figure 2C), suggesting that the fertility defect
is indeed due to a lack of Spacaé.

Spaca6 KO Sperm is Motile but Fails to Bind
to the Egg Membrane

To functionally dissect the fertilization defect in spaca6™”~
males, we first assessed whether mutant sperm were
morphologically normal. Differential interference contrast
(DIC) images did not show any gross morphological
differences between spaca6”’~ and wild-type sperm
(Figure 3A). Furthermore, spaca6™”’~ and wild-type sperm
had a similar sperm head size and tail length (Figure 3B).
In addition, we reasoned that another parameter that may

affect sperm fertilizing ability is sperm motility. However,
both wild-type and mutant sperm showed comparable motility
and directed displacement (Figures 3C,D, Supplementary
Movie S1). Therefore, the fertilization defect of spaca6 KO
sperm is neither due to morphological defects nor due to an
inability of sperm to undergo activation and forward
movement.

We next tested whether spaca6 KO sperm is able to approach
the micropyle, a funnel-shaped structure within the egg coat that
serves as the only sperm entry point in fish (Hart and Donovan,
1983; Wolenski and Hart, 1987; Yanagimachi et al., 2013). In
zebrafish, the micropyle measures 30 um in diameter at the
surface and gradually tapers off until it reaches the oolemma.
This final inner canal is 2.3 pm in diameter and is therefore only
able to accommodate a single sperm head (Hart and Donovan,
1983; Wolenski & Hart, 1987). Wild-type and spaca6 ™'~ sperm
were added to wild-type eggs and a time-lapse of sperm
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FIGURE 3| Spaca6 KO sperm is morphologically normal and motile. (A). Representative differential interference contrast (DIC) images of wild-type and spaca6™~
sperm. Scale bar = 10 pm. (B). Measurements of the head area (left) and tail length (right) of wild-type and spaca6™~ sperm. n.s, not significant (Mann-Whitney test, p >
0.05); error bars, SD; n = number of sperm. (C). Representative tracks of wild-type and spaca6 ™~ sperm. Tracks (black arrows) were rotated and aligned at their origin.
The relative displacement (grey dashed line) is overlaid. (D). Sperm speed and displacement (per 100 s). n.s, not significant (Mann-Whitney test, p > 0.05); error

approaching the micropyle region was recorded. Both wild-type
and mutant sperm were able to reach the micropyle within the
same time-frame [number of times sperm successfully
approached the micropyle out of the total number of recorded
events: 7/9 (wild-type sperm) and 5/6 (spaca6 = sperm)]
(Figure 4A, Supplementary Movie S2). Although spaca6’~
sperm drifted away after a few minutes (Figure 4A,
Supplementary Movie S2), we conclude that spaca6 '~ sperm
was able to approach and enter the micropyle similar to wild-type
sperm. To test whether spaca6™’~ sperm may be defective in egg
binding, we performed a sperm binding assay that we had
previously established (Herberg et al., 2018; Noda et al., 2021).
This assay reports the ability of sperm to stably adhere to the
oolemma, which is a requirement for the subsequent fusion of
sperm and egg. In short, wild-type eggs were activated with water
and manually dechorionated to expose the entire egg surface.
Sperm was then added and sperm binding rates were recorded via
time-lapse imaging. As observed in the sperm approach assay,
spaca6 '~ sperm was able to reach the egg, but failed to stably bind
to the egg surface (Figure 4B, Supplementary Movie S3). This

was in contrast to wild-type sperm, which was able to stably bind
to the egg surface for at least 1minute (Figure 4C,
Supplementary Movie S$3). It is worth pointing out that a
fraction of the total number of bound wild-type sperm may
have not only bound but also fused to the oolemma. While our
current assay does not allow us to distinguish bound from
potentially already fused sperm, our observation that spacaé '~
sperm did not adhere nor showed evidence of prolonged transient
interaction with the oolemma indicates that spaca6 '~ sperm is
already defective in binding to oolemma. Therefore, we conclude
that Spaca6 is required for sperm to stably adhere to the egg
plasma membrane in zebrafish.

Dcst2 Levels Are Reduced in spaca6é KO
Sperm

Recent work in mice has shown that SPACAG levels are decreased
in sperm lacking IZUMOI, DCST1 and/or DCST2 (Inoue et al.,
2021), suggesting that these essential fertility factors may co-
regulate each other. To investigate whether this regulation holds
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true reciprocally, we measured Dcst2 protein levels and
localization in spaca6~’~ sperm, using an antibody recognizing
zebrafish Dest2 (Noda et al.,, 2021). Dest2 levels were significantly
decreased in spaca6”’~ sperm, as revealed by immunoblotting
(Figures 5A,B, Supplementary Figure S2) and
immunofluorescence imaging, which showed a reduction of
Dcst2-positive foci around the sperm plasma membrane
(Figure 5C). The decrease in Dcst2 levels was partially
restored in sperm of the spaca6”’"; tg(spaca6) rescue line,
which is consistent with the partial rescue of fertility
(Figure 2B). Our data therefore suggests that Spaca6 regulates
Dcst2 protein levels.

DISCUSSION

Our results show that testis-expressed Spaca6 is essential for
zebrafish fertilization. We make two major findings: 1) In
zebrafish, the absence of Spaca6 leads to a disruption in the

sperm’s binding ability to the egg surface and 2) the levels of
another key fertilization factor, Dcst2, depend on the presence of
Spaca6.

Our study shows that Spaca6 has an essential role in
fertilization outside of mammals. Even though Spaca6 is
conserved among vertebrates (Figures 1B-D), the step at
which fertilization stalls in the absence of Spaca6 differs
between zebrafish and mice. Mouse Spaca6 KO sperm can
penetrate the zona pellucida and bind to the oolemma, but fail
to fuse with the egg (Barbaux et al., 2020; Noda et al., 2020). In
contrast, our findings in zebrafish reveal that zebrafish sperm
lacking Spacaé6 is already unable to bind to the egg membrane,
and is thus required in a step before fusion can take place.

On a molecular level the observed difference could possibly be
reconciled from mouse experiments involving IZUMO1. One
possibility is that mouse Spaca6 KO sperm is still able to bind to
the oocyte due to the presence of IZUMOI, thereby providing a
redundant role in sperm adhesion to the egg. In support of this
notion, IZUMOIL protein levels as well as IZUMOL1 relocation
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FIGURE 5 | Dcst2 levels are reduced in zebrafish spaca6 KO sperm. (A). Immunoblot of sperm samples of different genotypes probed with antibodies against
zebrafish Dest2. Zebrafish Dest2 is predicted to be a glycoprotein, resulting in a wider area of detected signal. Tubulin protein levels of the same blot are shown as loading
control. The uncropped immunoblot is shown in Supplementary Figure S2. (B). Quantification of sperm Dcst2 levels of different genotypes based on three
independent immunoblots. Values were compared to tubulin levels and normalized to wild type. Statistical significance was calculated using one-way ANOVA and
multiple comparisons analysis: n.s, not significant (p > 0.05; ****, p < 0.0001; *, p = 0.045). (C). Immunofluorescent images of Dcst2 protein in sperm heads of different
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FIGURE 5 | genotypes. Upper panels: Overview images (scale bar = 5 pm). Lower panels: Higher magnification images of an individual exemplary sperm head (boxed in
the upper panels) for each genotype (scale bar = 2 pm). Sperm were stained with DAPI (blue) to visualize nuclei and antibodies against zebrafish Dcst2 (green). Dcst2
localizes to distinct foci around the sperm head membrane (green arrowheads in the lower panels) in wild-type, spaca6™” and tg(spacab)-rescued sperm.
Autofluorescence of the sperm midpiece appears as a uniform signal in the Dcst2 channel (magenta arrowhead).

during the acrosome reaction were reported to be normal in
Spaca6 KO sperm (Barbaux et al, 2020; Inoue et al, 2021).
Moreover, IZUMO1 was shown to be sufficient for cells to
bind to the oocyte (Inoue et al., 2013; Noda et al, 2020),
suggesting that one major role of IZUMOI is to enable sperm
to adhere to the egg surface. Although zebrafish have an Izumol
ortholog (Figure 1C), its mammalian binding partner on the egg
surface, JUNO, appears to be absent in fish (Grayson, 2015).
Izumol’s presence may therefore not be sufficient to mediate
binding between the two gametes in fish. Future experiments
exploring the role of Izumol in zebrafish fertilization as well as
potential co-regulation of Spaca6 and Izumol will help elucidate
the molecular mechanisms in fish and mammalian systems alike.

Direct evidence that essential sperm factors co-regulate each
other was recently reported in mice (Inoue et al., 2021). Inoue and
others showed that sperm lacking IZUMO1, DCST1 and/or
DCST2 had undetectable levels of SPACA6 protein, which
suggested that SPACAG levels are dependent on the presence
of each of these factors. Interestingly, SPACAG6 protein levels were
restored when IZUMOI was transgenically expressed in Izumol
KO sperm, but not when DCST1/2 were expressed in Dest1/2 KO
sperm, even though fertilization was rescued. One possibility is
that SPACAG6 levels were undetectable in the rescue but high
enough for fertilization to be restored. Another possibility is that
the role of SPACAG6 can be by-passed by transgenic expression of
DCST1/2, suggesting an indirect role of SPACAG in fertilization.
Our data shows that in zebrafish, transgenic expression of Spaca6
results in a partial rescue of fertilization (Figure 2C), which is
correlated with a partial restoration of Dcst2 levels (Figure 5).
However, it is currently unclear whether this partial rescue in
fertilization is due to insufficient levels of Spaca6, Dcst1/2 or both.
Together, this study and studies in mice point towards a co-
regulation of SPACA6 and DCST1/2. Inoue et al. demonstrated
that DCST1/2 regulates the levels of SPACAG6 (Inoue et al., 2021),
and we show that zebrafish Dcst2 levels depend on the presence of
Spaca6 (Figure 5). Whether these factors act purely as
stabilization factors or whether they also play a role in sperm-
egg interaction remains to be tested. Further studies
characterizing the molecular co-regulation of these factors will
be necessary to understand their role in protein stability, binding
and fusion.

In conclusion, Spaca6 is a conserved factor essential for
fertilization in vertebrates, but its molecular function still
remains unclear. Judging from the current data, there are
several possible explanations to reconcile the role of Spaca6.
Since Dcst2 levels are disrupted in spaca6 KO sperm in
zebrafish, Spaca6 may serve as a stabilization factor. While this
idea has not yet been tested experimentally in mammals, loss of
DCST1/2 protein levels in mammalian Spaca6 KO sperm would
provide direct evidence for a conserved role of Spaca6 across
vertebrates in stabilizing Dcst1/2. Alternatively, due to Spaca6’s

structural similarity to Izumol (Nishimura et al., 2016)—a well-
known adhesion factor - and the inability of spaca6 KO sperm to
bind to the egg surface in zebrafish, Spaca6 could be involved in
sperm-egg adhesion, which may or may not depend on its
regulation of Dcstl/2. In this context, studies of its potential
interaction partner(s) on the egg membrane in zebrafish and mice
might identify new fertilization factors on the egg. Finally, the
notion of a membrane complex needed for binding and fusion
has been previously proposed (Barbaux et al., 2020; Noda et al.,
2020). Spaca6 may contribute to forming and/or stabilizing such a
multi-factor complex on the sperm membrane that regulates both
binding and fusion. Further investigation of the co-regulation and
potential interaction between Spaca6, Dcst1/2, Izumol and other
known essential fertilization factors may help elucidate the
mechanism of gamete fusion on a molecular level.

MATERIALS AND METHODS
Zebrafish Husbandry

Zebrafish (Danio rerio) were raised according to standard
protocols (28°C water temperature, 14/10h light/dark cycle).
TLAB fish were generated by crossing AB and natural variant
TL (Tupfel Longfin) zebrafish and used as wild type for all
experiments. The generation of zebrafish spaca6 KO fish is
described below. The dcst2™~ zebrafish line has been described
previously (Noda et al, 2021). All fish experiments were
conducted according to Austrian and European guidelines for
animal research and approved by the Amt der Wiener
Landesregierung, Magistratsabteilung 58—Wasserrecht.

Identification of the Full-Length Zebrafish

Spaca6b Sequence

Current gene annotations for zebrafish spaca6 (NCBI Danio rerio
Annotation release 106: XM_021466914.1, seven exons; and
ENSEMBL release 104: BX539313.2-201,
ENSDART00000155083.2, eight exons) were found in the
Genome Browser (http://genome.ucsc.edu) using the zebrafish
genome release (GRCz11). To obtain the correct, full-length
sequence for zebrafish Spaca6, wild-type zebrafish testis cDNA
was used for amplifying a region predicted to encompass the full-
length protein sequence (primers used for PCR: Spaca6_CDS_F:
GCTACTTGTTCTTTTTGCAGGATCCGCCACCATGTTTGT
GTTTATTGCAAAAC and Spaca6_CDS_R: ACACTCCTGATC
CTCCTGAGAATTCGGCTGGATTAGAAACGTTG). The
amplified region was cloned and subsequently sequence-
verified (submitted to NCBI as GenelD:101885333; NM_
001397778.1). Published RNA sequencing data from adult
tissues (Herberg et al., 2018; Noda et al., 2021) was used to
analyse spaca6 gene expression levels in various adult tissues and
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to examine the coverage tracks across spaca6 in testis and oocytes
using the Integrative Genomics Viewer (IGV) (http://software.
broadinstitute.org/software/igv/).

Taxonomic Tree of Spaca6, lzumo1 and
DC-STAMP-like Proteins and Analysis of
Spaca6 Protein Structure and Conservation

Spaca6 orthologs were collected in a series of NCBI blast searches
starting with human SPACA6 (sp| W5XKT8|SACA6_HUMAN)
and zebrafish Spaca6 (ref|XP_021322589.1|) from the UniProt
reference proteomes or NCBI non redundant (nr) protein
database applying significant E-value thresholds (1le-05)
(Altschul, 1997; Schoch et al., 2020; Bateman et al., 2021).
Sequences of the DC-STAMP protein family, including human
DCST1, DCST2, DC-STAMP, and OC-STAMP, were identified
in a Hidden Markov Model (HMM) search using the PFAM DC-
STAMP model against UniProt reference proteomes databases
applying significant E-value thresholds (<0.01) (Eddy, 1998; El-
Gebali et al, 2019). Izumol protein family members were
identified using the PFAM IZUMO HMM search tool,
covering the amino-terminal conserved region of human
IZUMO1 (21-165, sp|Q8IYV9|IZUM1_HUMAN) in the
UniProt reference proteomes databases (E-value < 0.01). In
addition, an extended region of IZUMOI (corresponding to
human 1-219) was used and searched for with NCBI blastp in
the NCBI nr database (E-value < 0.001). Out of the full set of 453
taxa containing either DC-STAMP, Izumol or Spaca6 proteins,
52 representative animal species were selected, and a taxonomic
tree was retrieved using the NCBI Taxonomy CommonTree tool
(Schoch et al., 2020). The tree visualization was performed in
iTOL v6 (Letunic and Bork, 2021).

The protein sequence alignment of vertebrate Spaca6 amino
acid sequences was performed using the Muscle alignment tool
(http://www.drive5.com/muscle/, version 3.8.31) and visualized
with Jalview (Waterhouse et al, 2009). The percentage of
sequence identity of the mature Spaca6 protein of different
vertebrate species was derived using the Percent Identity
Matrix from Clustal Omega (Sievers et al., 2011).

The protein domain predictions for zebrafish Spaca6 and
mouse SPACA6 (Uniprot ID: E9Q8Q8) were obtained from
InterPro (Blum et al, 2021). Additionally, the Ig-like domain
annotation was derived from previously published data for mouse
IZUMOI1 and SPACAG6 (Nishimura et al., 2016). Secondary and
tertiary protein structure predictions were obtained using
AlphaFold2 (Jumper et al., 2021). The mouse SPACA6 model
(Identifier: AF-E9Q8Q8-F) was already predicted, whilst the
zebrafish Spaca6 tertiary structure was modeled using the
newly identified Spaca6 amino acid sequence without the
signal peptide.

Generation of spaca6 KO Zebrafish

Spaca6 KO fish were generated by Cas9-mediated mutagenesis.
Two guide RNAs (sgRNAs) targeting the third and fourth exons
of the full-length spaca6 gene were generated according to
published protocols (Gagnon et al., 2014) by oligo annealing
followed by T7 polymerase-driven in vitro transcription (gene-
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specific targeting oligos: spaca6_1_gRNA: TAATACGACTCA
CTATAGGCGGCCTCAAGCCTGCCCAGGTTTTAGAGC
TAGAAATAGCAAG and spaca6_2_gRNA: TAATACGACTCA
CTATAGGTCTGGATGTTTGCCCCCATGGTTTTAGAGCTA
GAAATAGCAAG; common tracer oligo AAAAGCACCGAC
TCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTA
TTTTAACTTGCTATTTCTAGCTCTAAAAC). Cas9 protein
and spaca6 sgRNAs were co-injected into the cell of one-cell
stage TLAB embryos. Putative founder fish were outcrossed to
TLAB wild-type fish. A founder fish carrying a germline
mutation in the spaca6 gene was identified by a size
difference in the spaca6 PCR amplicon in a pool of embryo
progeny (primers: spaca6_gt_F: GCAGAGAAATCTTGATTG
GAGG and spaca6_gt_ R: AAGCAGACCAGTATACAATTT
TTGC). Embryos from this founder fish were raised to
adulthood. Amplicon sequencing of adult fin-clips identified
the 86-nt deletion, which results in a frameshift mutation and a
premature stop codon in intron 2 (GRCz11: Chr16:24,907,548).
Genotyping of spaca6 mutant fish was performed by PCR using
primers: spaca6_gt F and spaca6_gt R. Detection of the
deletion was performed by standard gel electrophoresis using
a 4% agarose gel. Homozygous spaca6 '~ fish were generated by
outcrossing spaca6’’” fish to wild-type fish and then incrossing
spaca6*’” fish from the next generation.

Generation of Zebrafish Expressing

Transgenic Spaca6

The full-length spaca6 coding sequence, including the spaca6
signal peptide, the extracellular region and transmembrane and
intracellular domains, was amplified by PCR from cDNA derived
from adult zebrafish testis (Spaca6_CDS_F and Spaca6_CDS_R)
and subcloned by Gibson cloning (Gibson et al., 2009) into a
vector for Tol2-mediated transgenesis along with a SG-linker-
T2A-sfGFP sequence inserted in frame immediately before the
stop-codon of the spaca6 sequence (resulting vector: pMTB Tol2 -
actb2-promoter—spaca6—SG-linker-T2A-sfGFP ~ SV40UTR).
Zebrafish lines expressing transgenic Spaca6 were generated by
injecting the spaca6 expression construct with Tol2 mRNA into
spaca6*’” zebrafish embryos (15 ng/ul of the plasmid in RNase-
free water, 35ng/ul Tol2 mRNA, 0.083% phenol red solution
[Sigma-Aldrich]), following standard procedures. Injected
embryos with high expression of sfGFP at 1day post
fertilization were raised to adulthood. Putative founder fish
were crossed to spaca6”’” or spaca6"’” fish and the progeny
was screened for fluorescence, raised to adulthood and genotyped
using primers spaca6_gt_F and spaca6_gt_R to identify adult fish
lacking endogenous spacaé. Spaca6”’~ male fish expressing
transgenic spaca6 [spaca6”’"; tg(spaca6)] were crossed to wild-
type females in order to quantify fertilization rates and assess
functionality of the construct.

Quantification of in vivo Fertilization Rates

in Zebrafish

The evening prior to mating, male and female fish were separated
in breeding cages (one male and one female per cage). The next
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morning, male and female fish were allowed to mate. Eggs were
collected and kept at 28°C in E3 medium (5 mM NaCl, 0.17 mM
KCl, 0.33mM CaClz, 0.33 mM MgSOas, 0.00001% Methylene
blue). The rate of fertilization was assessed approximately 3 h
post laying. By this time, fertilized embryos have developed to
~1000-cell stage embryos, while unfertilized eggs resemble one-
cell stage embryos. Direct comparisons were made between
siblings of different genotypes [wild type; spaca6”"; spaca6*’”
spaca6’/ ~ tg(actb2:spaca6-t2a-GFP)].

Assessment of Sperm Morphology

To collect wild-type or mutant sperm, male zebrafish were
anesthetized using 0.1% tricaine. Sperm was collected with a
glass capillary from the urogenital opening and immediately fixed
with 3.7% formaldehyde at 4°C for 20 min. Sperm were spun onto
an adhesive slide using a CytoSpin 4 (Thermo Fisher Scientific) at
1,000 rpm for 5 min followed by permeabilization with ice-cold
methanol for 5min and a wash with 0.1% Tween in 1x PBS
(PBST). After mounting using VECTASHIELD Antifade with
DAPI (Vector Laboratories), sperm were imaged with an Axio
Imager.Z2 microscope (Zeiss) with an oil immersion 63x/
1.4 Plan-Apochromat DIC objective.

Assessment of Sperm Motility

Sperm were isolated from 1 to 2 wild-type and mutant male fish
and kept in 100 ul Hank’s saline (0.137 M NaCl, 5.4 mM KCl,
0.25 mM NazHPOs4, 1.3 mM CaClz, 1 mM MgSOs, and 4.2 mM
NaHCOs) containing 0.5uM MitoTracker Deep Red FM
(Molecular Probes) for >10 min on ice. Sperm (approximately
5,000 sperm/ul) were activated using E3 medium in a 1:4 dilution
and placed onto a 10 um thick chamber slide (Leja counting
chamber, SC 10-01-04-B). Sperm motility was imaged 30 s after
activation using an Axio Imager.Z2 microscope (Zeiss) and a 10x/
0.3 plan-neofluar objective using darkfield. Sperm tracks were
analyzed using Fiji with the “manual tracking” plugin
(Cordelieres, 2005). Sperm that were present in the movie for
more than 30 timeframes were tracked for as many frames as
possible. Coordinates of the sperm cells were used to calculate
average sperm speed and displacement. Sperm displacement was
calculated by measuring the distance between the first and the last
coordinates (normalized by 100 timeframes).

Imaging of Zebrafish Sperm Approach

Sperm were isolated from 2 to 4 wild-type and mutant male fish
and kept in 150 ul Hank’s saline containing 0.5 uM MitoTracker
Deep Red FM (Molecular Probes) for >10 min on ice. Un-
activated, mature eggs were then isolated from a wild-type
female. To prevent activation, eggs were kept in sorting
medium (Leibovitz’s medium, 0.5% BSA, pH 9.0) at room
temperature. Eggs were kept in place using a petri dish with
cone-shaped agarose molds (1.5% agarose in sorting medium)
filled with sorting medium. Imaging was performed with a
LSM800 Examiner Z1 upright system (Zeiss) with a 20x/
1.0 plan-apochromat water dipping objective. Before sperm
addition, sorting media was removed and 1 ml of E3 medium
carefully added close to the egg. 3 pl of stained spermatozoa
(approximately 150,000—300,000 sperm) was added as close to
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the egg as possible during image acquisition. The resulting time-
lapse movies were analyzed using Fiji. Timestamps were
calculated beginning with the addition of sperm to the eggs.

Imaging and Analysis of Zebrafish
Sperm-Egg Binding

Sperm were isolated from 2 to 4 wild-type and mutant male fish and
kept in 200 ul HanK’s saline containing 0.5 pM MitoTracker Deep
Red FM (Molecular Probes) on ice. Unactivated, mature eggs were
squeezed from a wild-type female fish and activated by addition of
E3 medium. After 10 min, 1-2 eggs were manually dechorionated
using forceps and one egg was transferred to a cone-shaped 2%
agarose-coated imaging dish with E3 medium. After focusing on the
egg plasma membrane, the objective was briefly lifted to add 2-5 pl
of stained sperm (approximately 200,000-250,000 sperm). Imaging
was performed with a LSM800 Examiner Z1 upright system (Zeiss)
using a 20x/0.3 Achroplan water dipping objective. Images were
acquired until sperm were no longer motile (5 min). To analyze
sperm-egg binding, stably bound sperm were counted. Sperm were
counted as bound when they remained in the same position for at
least 2 min following a 90-s period in which they activated and
approached the egg. Data was plotted as the number of sperm bound
per 100 um of egg membrane for 2 minutes.

Sperm Immunocytochemistry

Sperm from zebrafish males was collected in 3.7% formaldehyde
diluted in Hank’s saline solution and stored on ice for 20 min to 1 h.
Sperm was pelleted by centrifugation at 850 rpm for 3 min, and the
fixative was replaced with Hank’s saline. Sperm was spun onto an
adhesive slide with a CytoSpin 4 (Thermo Fisher Scientific) at
800 rpm for 3 min. Slides were briefly washed once in 1x PBS, and
the sperm was permeabilized in 0.25% Tween in 1x PBS for 30 min
before blocking with 10% normal goat serum (Invitrogen) and
40 pg/ml BSA in PBST for at least 1 h. Slides were then incubated
with mouse anti-zebrafish-Dcst2 antibody in blocking buffer (1:650;
(Noda et al,, 2021)) overnight at 4°C in a humidified chamber. After
several washes with PBST, slides were incubated with goat anti-
mouse IgG Alexa Fluor 488 secondary antibody (1:380, Thermo
Fisher Scientific) for 1 h, washed several times with PBST and finally
once with 1x PBS. After mounting using VECTASHIELD Antifade
with DAPI (Vector Laboratories), sperm was imaged with an Axio
Imager.Z2 microscope (Zeiss) using an oil immersion 100x/
14 plan-apochromat objective. Widefield sperm images were
processed for each genotype using Fiji by adjusting image
brightness and contrast without clipping of intensity values.

Western Blotting of Sperm Samples

For western blot analysis, sperm from 3-6 males was sedimented at
3,000 rpm for 3.5 min. The supernatant was replaced with RIPA
buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM MgClz,
1% NP-40, 0.5% sodium deoxycholate, 1 X complete protease
inhibitor [Roche]) including 1% SDS. After preparation of all
samples, 1U/ul benzonase (Merck) was added, and samples
were incubated for 30 min at room temperature. Samples were
then mixed with 4 x Laemmli buffer containing
B-mercaptoethanol and boiled at 95°C for 5min. After SDS-
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PAGE, samples were wet-transferred onto a nitrocellulose
membrane. Total protein was visualized by Ponceau staining
before blocking with 5% milk powder in 0.1% Tween in 1 x
TBS (TBST). Membranes were incubated in primary mouse anti-
zebrafish-Dcst2 antibody [1:500; (Noda et al., 2021)] overnight at
4°C, then washed with TBST before HRP-conjugated secondary
antibody [1:10.000 (115-036-062, Dianova)] incubation for 1 h.
Membranes were washed several times in TBST before HRP
activity was visualized using Clarity Western ECL Substrate
(BioRad) on a ChemiDoc (BioRad). For visualizing Tubulin
levels, membranes were stripped using Restore Western Blot
Stripping Buffer (Thermo Fisher Scientific) before washing,
blocking and incubation with mouse anti-alpha-Tubulin
antibody [1:20.000 (T6074, Merck)] and proceeding with
secondary antibody staining and detection as described above.

To assess relative Dcst2 protein amounts, average intensities of
Dcst2-specific bands were quantified in Fiji on three independent
immunoblots for each genotype relative to tubulin levels, which
was used as loading control. Values were then normalized to the
levels of wild-type sperm.
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Most, if not all the cellular requirements for fertilization and sexual reproduction arose early
in evolution and are retained in extant lineages of single-celled organisms including a
number of important model organism species. In recent years, work in two such species,
the green alga, Chlamydomonas reinhardtii, and the free-living ciliate, Tetrahymena
thermophila, have lent important new insights into the role of HAP2/GCS1 as a
catalyst for gamete fusion in organisms ranging from protists to flowering plants and
insects. Here we summarize the current state of knowledge around how mating types from
these algal and ciliate systems recognize, adhere and fuse to one another, current gaps in
our understanding of HAP2-mediated gamete fusion, and opportunities for applying what
we know in practical terms, especially for the control of protozoan parasites.

Keywords: Tetrahymena thermophila, Chlamydomonas reinhardtii, HAP2/GCS1, membrane fusion, fertilization

1 INTRODUCTION

Sexual reproduction was almost certainly present in the last eukaryotic common ancestor (LECA)
and continues to be an important if not essential part of the life cycle of organisms ranging from
metazoans to single-celled protists (Goodenough and Heitman, 2014; Speijer et al., 2015; Brandeis,
2021). While sex is often cryptic in microbial eukaryotes (Dunthorn and Katz, 2010; Hofstatter and
Lahr, 2019), it is readily observed and easy to manipulate in several well-studied model organism
species including Chlamydomonas reinhardtii and Tetrahymena thermophila. Indeed, these simple to
grow, genetically tractable systems have yielded important insights into the basic principles
underlying gamete-gamete interactions culminating with membrane fusion. This is perhaps best
exemplified in recent work on HAP2/GCS1, an ancient gamete fusogen that is now recognized as a
catalyst for zygote formation in representative species across all of the major eukaryotic kingdoms of
life (Mori et al., 2006; Steele and Dana, 2009; Mori et al., 2015; Speijer et al., 2015).

Elucidation of the role of HAP2/GCSI in fertilization began with independent studies in
Arabidopsis thaliana (Johnson et al, 2004; von Besser et al, 2006), Lilium longiflorum (Mori
et al., 2006) and Chlamydomonas reinhardtii (Liu et al, 2008) demonstrating the necessity of
corresponding gene products for male fertility and suggesting their potential role in gamete fusion.
Subsequent studies demonstrated that HAP2 is, in fact, a class II (CII) membrane fusogen whose
structural features closely mimic those of envelope proteins from Dengue, Zika and related viruses, as
well as cell-cell fusion proteins (AFF-1 and EFF-1) from the nematode worm, C. elegans which adopt
a similar fold (Fédry et al., 2017; Pinello et al., 2017; Valansi et al., 2017). The presence of CII fusogens
in eukaryotic cells and the viruses that infect them has interesting and important implications for the
origins of sex, the evolution of class II membrane fusogens more generally, and the molecular
mechanisms by which HAP2 catalyzes the formation of membrane pores between male and female
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gametes (Wong and Johnson, 2010; Doms, 2017; Fédry et al,
2017; Pinello et al., 2017; Valansi et al., 2017; Clark, 2018).
The following review addresses our current understanding of
gamete recognition, adherence, and fusion in Chlamydomonas
reinhardtii and Tetrahymena thermophila, with an emphasis on
the role of HAP2 in membrane fusion and how the HAP2/GCS1
machinery could potentially be exploited to block the
transmission of parasitic protists to prevent disease.

2 CHLAMYDOMONAS REINHARDTII AND
TETRAHYMENA THERMOPHILA AS
MODEL ORGANISMS

Owing principally to their ease of growth and facile genetics,
Chlamydomonas reinhardtii and Tetrahymena thermophila have
served as key models for studies of eukaryotic cellular and
molecular biology since the 1960s (Harris, 2001; Collins, 2012;
Orias, 2012; Ruehle et al., 2016; Salomé and Merchant, 2019). A
free-living freshwater ciliate that feeds largely on bacteria, T.
thermophila inhabits lakes and ponds in eastern and central
North America. C. reinhardtii, on the other hand, is a
biciliated unicellular green alga, known principally as a
temperate soil dweller but is also found in freshwater
ecosystems across a wide geographic range (Sasso et al., 2018).

In the laboratory, Tetrahymena and Chlamydomonas grow
rapidly on inexpensive media in small and large volume cultures,
and clonal isolates can be preserved for long-term use (Cassidy-
Hanley, 2012; Harris, 2013). More importantly, their sexual cycles
can be readily induced and synchronized to generate gametes or
mating types that can pair and undergo fertilization in a highly
predictable manner. Indeed, gamete fusion in both systems
occurs at specific, identifiable regions of mating cells allowing
in-depth studies of membrane dynamics during gamete merger.
Furthermore, the application of forward and reverse genetics in
these systems has made possible the identification of proteins
involved in gamete recognition and signaling, membrane
adhesion and fusion, and revealed many of the molecular
details of fertilization that apply not just to protists but
metazoans as well.

Aside from work on HAP2/GCSI and fertilization more
generally, Tetrahymena has served as a key model for the
study of genome editing (Cheng et al, 2019); stimulus-
dependent  secretion  (Turkewitz, 2004); ciliary and
microtubule-based motility (Gibbons and Rowe, 1965; Vale
and Yano Toyoshima, 1988; Suryavanshi et al., 2010; Reynolds
et al., 2018); ribosome structure and function (Rabl et al., 2011;
Wilson and Doudna Cate, 2012); transgenerational inheritance
and the role of small RNAs in chromatin dynamics (Couzin,
2002; Liu et al., 2007; Noto and Mochizuki, 2017; Neeb and
Nowacki, 2018; Bastiaanssen and Joo, 2021). Tetrahymena has
also been responsible for major discoveries in the areas of
telomere structure and biosynthesis (Blackburn et al., 2006;
Jiang et al., 2015); catalytic (self-splicing) RNAs (Herschlag
and Cech, 1990; Hedberg and Johansen, 2013); and the role of
histone modifications in gene expression (Brownell et al., 1996;
Allis and Jenuwein, 2016; Wahab et al., 2020).

Protist Models

Similarly, Chlamydomonas has a rich history of important
scientific contributions in the areas of photosynthesis and
chloroplast structure (Levine and Goodenough, 1970; Engel
et al, 2015); ciliary motility, biogenesis and intraflagellar
transport (Rosenbaum and Witman, 2002); channelrhodopsins
and their applications in optogenetics (Nagel et al., 2003; Zhang
etal,, 2006; Hegemann and Nagel, 2013); algal biofuel production
(Beer et al., 2009; Gimpel et al., 2013); as well as gamete fusion
(Ferris et al., 1996; Ferris and Goodenough, 1997; Kurvari et al.,
1998; Wang et al,, 2006; Liu et al., 2008; Fédry et al., 2017; Zhang
et al., 2021).

Genetic strains and other materials including plasmids, BACs,
fosmids, educational kits, protocols and other resources are
available for Tetrahymena thermophila and Chlamydomonas
reinhardtii through established stock centers at Cornell
University, Washington University in St. Louis, and the
University of Minnesota (https://tetrahymena.vet.cornell.edu/;
https://www.chlamycollection.org/). Additional resources for
experimental work in these systems include well maintained
genomic and transcriptomic databases (Stover et al, 2012;
Xiong et al, 2013; Gallaher et al, 2015, 2018; Blaby and
Blaby-Haas, 2017; Sheng et al, 2020). The availability of
mRNA expression data for genes that are differentially
regulated in resting, lysin-treated, and activated plus and
minus gametes of C. reinhardtii (Ning et al., 2013), as well as
vegetatively growing, starved and conjugating T. thermophila
(Miao et al,, 2009; Xiong et al.,, 2013) are particularly relevant
to fertilization research.

3 SEXUAL REPRODUCTION IN
CHLAMYDOMONAS AND TETR