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The cell biology of fertilization: Gamete attachment
and fusion
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Fertilization is defined as the union of two gametes. During fertilization, sperm and egg fuse to form a diploid zygote to
initiate prenatal development. In mammals, fertilization involves multiple ordered steps, including the acrosome reaction, zona
pellucida penetration, sperm–egg attachment, and membrane fusion. Given the success of in vitro fertilization, one would
think that the mechanisms of fertilization are understood; however, the precise details for many of the steps in fertilization
remain a mystery. Recent studies using genetic knockout mouse models and structural biology are providing valuable insight
into the molecular basis of sperm–egg attachment and fusion. Here, we review the cell biology of fertilization, specifically
summarizing data from recent structural and functional studies that provide insights into the interactions involved in human
gamete attachment and fusion.

Introduction
During sexual reproduction, the oocyte and sperm fuse to gen-
erate a new and unique embryo. The journey of a sperm to an
egg ends in the ampulla of the female oviduct. From there, the
sperm must overcome a number of physical and biochemical
barriers. After undergoing the acrosome reaction and binding
the ova, the sperm penetrates through the cumulus oophorus
cells and the zona pellucida (ZP) to reach the perivitelline space
(PVS) and oocyte membrane. Upon fusion of the sperm and egg
membranes, the sperm nucleus and organelles are incorporated
into the egg cytoplasm.

An understanding of the mechanisms of mammalian fertili-
zation is crucial to treat infertility and develop new methods of
birth control. Infertility affects 15% of couples globally, and in
one third of these cases, the underlying cause is unknown
(Gelbaya et al., 2014). Developments in assisted reproductive
technologies have provided coupleswith new options to conceive but
may have epigenetic side effects (Mani et al., 2020). Furthermore,
only 40% of couplesmanage to have a child despite 2 yr of treatment.
Safety, efficacy, and acceptability of contraceptives are also criti-
cally important, but many current female contraceptive methods
have side effects that limit long-termuse (Aitken et al., 2008), while
male contraceptives are limited to condoms or vasectomy (Kanakis
and Goulis, 2015). A better understanding of the molecular players
involved in fertilization is necessary to drive innovation in both
assisted reproductive technologies and contraception.

In this review, we will first briefly review the events that
prepare the gametes for fertilization. We will then discuss
how recent studies of genetically altered mice and structural
biology efforts have shed light on the molecular mechanisms
of sperm–egg attachment and fusion. We will also discuss the
gaps in current knowledge and suggest new perspectives and
future directions in the search for other protein factors in-
volved at the gamete fusion synapse.

Cell biology of gametes
Fertilization requires proper gametogenesis (oogenesis in the
female and spermatogenesis in the male), which produces hap-
loid cells and introduces diversity. Primordial germ cells (PGC)
are the embryonic precursors to spermatocytes and ova. The
cells produced by the first few divisions of the fertilized egg are
totipotent and capable of differentiating into any cell type, in-
cluding germ cells. PGCs originate within the primary ectoderm
of the embryo and then migrate into the yolk sac. Between
weeks 4 and 6, the PGCs migrate back into the posterior body
wall of the embryo, where they stimulate cells of the adjacent
coelomic epithelium and mesonephros to form primitive sex
cords and induce the formation of the genital ridges and gonads.
The sex (gonadal) cords surround the PGCs and give rise to the
tissue that will nourish and regulate the development of the
maturing sex cells (ovarian follicles in the female and Sertoli
cells in the male).
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Egg
Oogenesis is a complex differentiation process by which mature
functional ova develop from germ cells (Fig. 1 A; Edson et al.,
2009). In humans, oogenesis begins in the ovary at 6–8 wk of
fetus development, when PGCs differentiate into oogonia. By the
12th week, several million oogonia enter prophase, the first
meiotic division and become dormant until shortly before ovu-
lation (Hayashi et al., 2020). Due to their large and watery nu-
clei, these cells are referred to as germinal vesicles (Pan and Li,
2019). These primary oocytes become enclosed by follicle cells to
form primordial follicles. The number of primordial follicles
peaks at ∼7 million by the fifth month of fetal life, with
∼700,000 left at birth and 400,000 by puberty (Marcozzi
et al., 2018). All of the egg cells that the ovaries will release
are already present at birth.

During each menstrual cycle, hormones from the hypothalamic–
pituitary–gonadal axis restart the division of the primary oocytes
in meiosis I and follicular development (Atwood and Vadakkadath
Meethal, 2016). Primary follicles develop into secondary follicles,
containing each growing oocyte surrounded by two ormore layers of

proliferating follicle cells. ZP glycoproteins are secreted by the
oocyte of the primary follicle and possibly the follicular cells
(Törmälä et al., 2008). Although these glycoproteins form a
physical barrier between the follicle cells and the oocyte, fol-
licle cells and the oocyte remain connected through transzonal
cytoplasmic projections from the follicle cells until fertilization
(Makabe et al., 2006). A reciprocal dialog between the oocyte
and its surrounding follicular cells coordinates the different
phases of follicular development and the maintenance of mei-
otic arrest (Dalbies-Tran et al., 2020). Oocyte-derived micro-
villi control female fertility by optimizing ovarian follicle
selection in mice (Zhang et al., 2021). The epithelium of 5–12
primary follicles proliferates to form a multilayered capsule
around the oocyte. A few of these growing follicles continue
to enlarge in response to follicle-stimulating hormone (FSH;
Visser and Themmen, 2014). A single follicle becomes domi-
nant, and the others degenerate by atresia (Atwood and
Vadakkadath Meethal, 2016). Meiosis of the oocyte in the ma-
ture preovulatory follicle is blocked until a surge in levels of
FSH and luteinizing hormone that occurs midway through the

Figure 1. Gametogenesis and fertilization. (A–C) Illustration of oogenesis and follicle development (A), spermatogenesis (B), and the major steps in fer-
tilization (C): (1) initial contact, (2) acrosome reaction, (3) ZP penetration, (4) sperm–egg fusion, (5) entry of sperm nucleus, (6) cortical reaction, and (7) fusion
of the sperm and egg nuclei. The oocyte with its ZP measures 130 μm in diameter. Created with BioRender.
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menstrual cycle. The membrane of the germinal vesicle nucleus
breaks down, the chromosomes align in metaphase, and the
oocyte expels its first polar body. The secondary oocyte then
begins the second meiotic division, which is arrested at the
meiotic metaphase II stage until ovulation (Gougeon, 1996).
Ovulation depends on the breakdown of the follicle wall and
occurs ∼38 h after the increase in levels of FSH and luteinizing
hormone (Holesh et al., 2021). The disruption of the follicle wall
expulses the oocyte, which is captured by the fimbriated mouth
of the oviduct and moved into the ampulla. The oocyte retains
its ability to be fertilized for ∼24 h and completes meiosis only
if it is fertilized.

Sperm
In contrast to oogenesis, which is complete before birth, sper-
matogenesis is a continuous process that begins at puberty
(Fig. 1 B). In humans, spermatogenesis takes 74 d to complete;
thus, multiple spermatogenesis events occur simultaneously to
allow for continual sperm production. Spermatogenesis occurs
in the testis in a stepwise manner, beginning with diploid
spermatogonia at the basal surface of seminiferous tubules and
ending with mature elongated spermatozoa that are released in
tubule lumens in a process called spermiation (Clermont, 1972;
Yang and Oatley, 2014). During spermatogenesis, mitosis results
in gene amplification, meiosis results in genome reduction, and
finally maturation occurs (Hess and Renato de Franca, 2008). At
this stage, sperm are not motile and are fertilization incompe-
tent. Two additional sperm maturational processes are required
outside the testis. First, sperm undergo a maturation process
during epididymal transit (Bedford et al., 1973) involving post-
translational modifications of previously synthesized proteins
and acquisition of proteins from the epididymal epithelium
(James et al., 2020; see text box). After ejaculation into the fe-
male reproductive tract, dilution triggers additional changes in
sperm, collectively termed capacitation (see text box), that
prepare the sperm for the acrosome reaction.

Spermatogenesis takes place in a species-specific cycle called
the seminiferous epithelial cycle and is regulated in particular
through the hypothalamic–pituitary–testicular axis. Indeed, at
puberty, the testes (interstitial steroidogenic Leydig cells) se-
crete an increased amount of testosterone, which triggers
growth of the testes, maturation of the seminiferous tubules,
and the commencement of spermatogenesis. The Sertoli cells are
the major somatic cells present in the seminiferous tubules and
are considered to be the main regulators of spermatogenesis.
They orchestrate spermatogenesis by supporting spermatogo-
nial stem cells, determining the testis size, organizing meiotic

and postmeiotic development and sperm output, supporting
androgen production by maintaining the development and
function of Leydig cells, and regulating other aspects of testis
function like peritubular myoid cells, immune cells, and the
vasculature, which participate in the maintenance of the
spermatogonial stem cell niche.

Acrosome reaction
The acrosome is a secretory vesicle located on the anterior re-
gion of sperm that originates from the spermatid Golgi ap-
paratus. An acrosomal granule is formed by the fusion of
proacrosomal vesicles in the vicinity of the nucleus. The region
increases in size and spreads over the anterior part of the nu-
cleus. The acrosome reaction is driven by SNARE complexes and
results in the exocytosis of the contents of the acrosome upon
fusion of the plasma membrane with the outer acrosomal
membrane (Fig. 1 C; reviewed in Okabe, 2016; De Blas et al.,
2005). The timing of the acrosome reaction is critical. Only
sperm that have undergone this reaction are fertilization com-
petent, but when a high proportion of sperm undergo the ac-
rosome reaction prematurely, success of in vitro fertilization is
low (Wiser et al., 2014). Several studies indicate that only a
fraction of sperm is capable of undergoing spontaneous acro-
some reaction. In human and mice sperm samples, 15–20% of
cells undergo spontaneous acrosome reaction (Nakanishi et al.,
2001), whereas only 20–30% undergo progesterone-induced
acrosome reaction (Stival et al., 2016), suggesting physiological
heterogeneity of sperm population. In addition, Inoue et al.
demonstrated that acrosome-reacted mouse spermatozoa re-
covered from the PVS can fertilize other eggs (Inoue et al., 2011).

Based on in vitro data, it was thought that the acrosome re-
action occurs when the sperm contacts the ZP, particularly the
ZP3 protein (Litscher and Wassarman, 1996). Using transgenic
mice that express fluorescent markers in the acrosome
(Nakanishi et al., 1999) and the midpiece mitochondria (Hasuwa
et al., 2010), real-time observation of acrosomal exocytosis was
possible. These experiments showed that most mouse sperma-
tozoa capable of fertilization had undergone the acrosome re-
action before contact with the oocyte ZP (Jin et al., 2011). Most
spermatozoa begin to react in the isthmus of the oviduct before
reaching the ampulla (Hino et al., 2016; La Spina et al., 2016).
Contact with the ZP in vitro probably makes it possible to
complete a partial acrosome reaction. The most important
function of the acrosome reaction is to induce changes in the
sperm membrane (Okabe, 2016). The relocations of IZUMO1 and
SPACA6, proteins essential for sperm–egg fusion, that occur af-
ter the acrosome reaction are illustrative examples of these

Epididymal maturation

Sperm exchange with the epididymal epithelium occurs by direct interaction with epithelial cells, by interaction with soluble proteins in the epididymal fluid or via
extracellular exosome-like vesicles released by epithelial cells called epididymosomes (James et al., 2020). The purposes of this exchange are to redistribute sperm
proteins and change the composition and lipid balance of the sperm membrane. These changes take place during the transit from the epididymis initial segment,
through the caput and the corpus, to the cauda where sperm are stored (Cornwall, 2009). Epididymal transit lasts 10–12 d inmammals, but storage is dependent on
sexual activity. Since fertilization is not immediate, fertilizing capacities of the spermatozoa are preserved by decapacitation factors that are active in the epi-
didymis. An example of a decapacitation factor is SPINK3, which is secreted by seminal vesicles; it impairs sperm membrane hyperpolarization and calcium influx
through CatSper (Zalazar et al., 2020). Epididymal plasma and sperm represent only a small fraction (5%) of semen in men (Batruch et al., 2011). Two thirds of the
volume of semen comes from the seminal vesicles and the other third from the prostate. These secretions protect the sperm and prevent early maturation.
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changes (Sosnik et al., 2009; Barbaux et al., 2020; Satouh et al.,
2012). The presence of these proteins on the sperm membrane,
in addition to the classic markers Pisum sativum agglutinin,
Peanut agglutinin lectins, or CD46, can be used as markers for the
acrosome reaction (Ito and Toshimori, 2016). The acrosome
and its disruption are both crucial for effective fertilization, as
low fertilization rates are observed upon intracytoplasmic
sperm injection of acrosome-intact sperm (Morozumi and
Yanagimachi, 2005) or round spermatozoa lacking acrosomes
(Dávila Garza and Patrizio, 2013).

ZP penetration
The ZP is a physical barrier between the oocyte and the follicular
cells that forms from glycoproteins secreted from the primary
follicles (Fig. 1 C). The human ZP consists of four glycoproteins
(hZP1–hZP4; Harris et al., 1994). Mice, which have been used for
most of the ZP studies in mammals, express only three ZP gly-
coproteins (mZP1–mZP3; Litscher and Wassarman, 2007).
Analysis of mouse lines expressing human ZP proteins dem-
onstrated that only hZP2 is important in human sperm–egg
binding (Gupta, 2021). Experiments using purified native or
recombinant human ZP proteins have shown that hZP1, hZP3,
and hZP4 bind to the capacitated human spermatozoa and
induce the acrosome reaction (Gupta, 2021). ZP1 is required
for the structural integrity of the ZP (Chakravarty et al.,
2008). To better understand the roles of ZP glycoproteins,
further studies, particularly on ZP protein glycosylation, are
needed. The species-specific binding of the ZP to sperm is pre-
sumably related to these carbohydrate moieties (Clark, 2014). The
sialyl-Lewis(x) sequence is the major carbohydrate ligand for hu-
man sperm–egg binding (Pang et al., 2011). The current hypothesis
that hZP1, hZP3, and hZP4 bind to capacitated sperm and hZP2
binds to sperm with intact acrosomes will need to be revisited due
to the recent demonstration that the acrosome reaction takes place
before ZP contact. Regardless, the role of the ZP in preventing
polyspermy is clear. Indeed, ZP hardening is due to ZP2 cleavage by
ovastacin, a protease released into the PVS by cortical granules after
the first sperm–egg fusion (Burkart et al., 2012).

Sperm–egg attachment and membrane fusion
After penetration of the ZP, the sperm enters the PVS and can
attach and fuse with the egg plasma membrane. The develop-
ment of genetic knockout animal models has proven critical in
determining the importance of various sperm and egg proteins
in sperm–egg attachment and fusion. Surprisingly, genetic
knockout studies revealed that many factors originally thought
to be important for fertilization were in fact not necessary (re-
viewed in Okabe, 2018, 2015). The proteins from sperm and egg
that are essential for sperm–egg membrane interaction and fu-
sion are listed in Table 1 and are discussed individually from a
structural and functional perspective in the sections below.

Sperm IZUMO1
In 2005, Inoue et al. discovered that homozygous Izumo1−/− mice
are healthy and show normal mating behavior, but males are
infertile. IZUMO1 is named after a shrine in Japan that honors
the deity for marriage (Inoue et al., 2005). The spermatozoa of
Izumo1−/− mice can undergo acrosomal reaction and penetrate
the ZP but fail to fuse with oocytes. When the fusion step is
bypassed using intracytoplasmic sperm injection, Izumo1−/−

spermatozoa can fertilize oocytes, resulting in offspring; thus,
IZUMO1 is only necessary at the adhesion/fusion stage of fer-
tilization. An anti-IZUMO1 antibody, OBF13, completely abol-
ishes gamete fusion by blocking IZUMO1 from binding to its
receptor. There are four IZUMO family members (Ellerman
et al., 2009), but in mice, IZUMO1 is the only paralog that is
essential to fertilization (Inoue et al., 2005). IZUMO1 is a type I
transmembrane protein consisting of 350 residues that is ex-
pressed exclusively in sperm (Inoue et al., 2005; Ellerman et al.,
2009; Young et al., 2015). As sperm transit through the epidid-
ymis, IZUMO1 undergoes posttranslational modifications. In
immature spermatozoa isolated from the proximal caput region
of the epididymis, IZUMO1 is localized to both the acrosome and
flagella of spermatozoa and is phosphorylated at two sites (S339
and S346; Young et al., 2015). In the cauda epididymis, IZUMO1 is
found predominantly in the acrosome of spermatozoa and is
phosphorylated at seven residues (S346, S352, S356, S366, T372,

Sperm capacitation

More than 70 yr ago, Austin and Chang described capacitation as the changes required for sperm to fertilize oocytes in vivo (Austin, 1952; Chang, 1951). Once sperm
enter the female reproductive tract, they undergo capacitation. Capacitation results in hyperactivation of spermmovement and initiation of the acrosome reaction
(Saling et al., 1979; Florman and First, 1988). During capacitation, stabilizing or decapacitation factors that are adsorbed on the sperm plasma membrane are
removed (Bedford and Chang, 1962). These agents that initiate removal of decapacitation factors are electrolytes, energy substrates, and proteins such as seminal
plasma protein or albumin. Removal of decapacitation factors increases sperm plasma membrane fluidity, allowing an increase in the permeability to calcium,
chloride, and bicarbonate ions (Gangwar and Atreja, 2015). Sperm motility depends on the membrane potential, intracellular pH, and balance of intracellular ions
(reviewed in Nowicka-Bauer and Szymczak-Cendlak, 2021). The most important ion for this function is Ca2+ (Hwang et al., 2019). This secondary messenger is an
important signaling pathways activator that regulates spermmotility (Finkelstein et al., 2020). The activation of soluble adenyl cyclases generates cyclic adenosine
monophosphate that in turn activates serine/threonine protein kinase A, which induces a cascade of protein phosphorylation initiating the induction of sperm
motility (Chen et al., 2000). Protein phosphorylation, sperm hyperactivation, and the acrosome reaction are used in vitro to evaluate capacitation. Capacitation can
be induced in vitro by incubation in medium containing calcium, bicarbonate ions, and serum albumin (Touré, 2019).

Mammalian sperm capacitation occurs during sperm migration in the female tract. Mammalian males ejaculate millions of sperm cells into the female
reproductive tract, but only a few hundred sperm at most reach the oocytes. This massive elimination process likely prevents polyspermy (reviewed in Kölle, 2015).
Selection of human sperm during the journey begins in the acidic environment of the vagina. In the cervix, only morphologically normal sperm can migrate. Some
sperm immediately pass into the cervical mucus, whereas the remaining sperm becomes a part of the coagulum. The next selection occurs at the uterus–tubal
junction, the connection between the uterus and the oviduct that represents a major obstacle for sperm migration (Kölle, 2015). Experiments in mice indicate that
sperm motility alone is insufficient for sperm migration through the uterus–tubal junction (Fujihara et al., 2018). Uterine contractions facilitate sperm transport as
domolecular interactions. Several proteins, such as ADAM3 and other ADAM familymembers, are known to be involved in this step in mice (Yamaguchi et al., 2009;
Xiong et al., 2019); most ADAM proteins have human orthologues.
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S374, and S375; Young et al., 2015). Cell-based fluorescence
studies show that after the acrosomal reaction, IZUMO1 is re-
located to the membrane surface in the equatorial segment of the
acrosome (Satouh et al., 2012).

Three crystal structures of the human and mouse IZUMO1
ectodomain were recently published (Aydin et al., 2016; Ohto
et al., 2016; Nishimura et al., 2016). In one structure, IZUMO1
is in an upright conformation; however, other crystallo-
graphic structures are angled at the hinge region in a “boo-
merang” shape, which is also observed in solution small-angle
x-ray scattering studies (Aydin et al., 2016). The structural
discrepancy is not unusual, because the crystal lattice can
induce distortions. The crystal structures of the human and
mouse IZUMO1 ectodomain show that the extracellular region

is organized into two domains, an N-terminal four-helix
bundle (4HB) and an Ig-superfamily (IgSF) domain (Fig. 2 A;
Aydin et al., 2016; Ohto et al., 2016; Kato et al., 2016). The two
domains are connected by a β-hairpin that serves as a flexible
hinge. There are five disulfide bonds, one buried at the pro-
tein core and four others that are solvent exposed on the
surface. Three disulfide bonds connect the N-terminal 4HB
domain to the hinge region, and the fourth links the hinge
region to the IgSF domain. Interestingly, IZUMO1 shows
marked similarities to two protozoan Plasmodium sp. parasite
proteins: TRAP, which plays a critical role in gliding motility
and host invasion (Song et al., 2012), and SPECT1, which plays a
role in host cell fusion and hepatocyte invasion (Ishino et al.,
2004; see text box).

Table 1. Cellular protein factors involved in sperm–egg attachment or fusion

Protein Year
identified

Role in fertilization Structural features References

CD9 1999 CD9 is expressed on the surface of the
oocyte and accumulates during the
attachment event; it may modulate the
integrity of the oocyte membrane; its
precise role in sperm–egg fusion remains
unclear

CD9 is a tetraspanin with four
transmembrane domains and two
extracellular loops (short and long)

Miyado et al., 2000; Le Naour et al., 2000;
Kaji et al., 2000; Chen et al., 1999; Umeda
et al., 2020; Zimmerman et al., 2016; Zhang
and Huang, 2012; Dahmane et al., 2019;
Runge et al., 2007; Zhu et al., 2002; Chalbi
et al., 2014; Rubinstein et al., 2006; Ziyyat
et al., 2006

IZUMO1 2005 IZUMO1 relocates to the equatorial region
of the sperm head after the acrosome
reaction; high-affinity binding of IZUMO1
to JUNO results in initial attachment of
sperm and egg in the PVS

The protein has an N-terminal 4HB,
followed by a β-hinge and an IgSF
domain; the structure is stabilized by five
disulfide bonds

Inoue et al., 2005; Ellerman et al., 2009;
Young et al., 2015; Satouh et al., 2012; Aydin
et al., 2016; Ohto et al., 2016; Nishimura
et al., 2016; Kato et al., 2016

JUNO 2014 JUNO is expressed on the surface of the
oocyte membrane and serves as the
receptor of IZUMO1

JUNO has structural similarity to folate
receptors; it is a globular α/β protein
composed of five α helices, three 310
helices, and four short β strands stabilized
by eight disulfide bonds

Bianchi et al., 2014; Kato et al., 2016; Han
et al., 2016; Jean et al., 2019; Yamaguchi
et al., 2007; Aydin et al., 2016; Ohto et al.,
2016

SPACA6 2014 SPACA6 is expressed in sperm and
localized to the equatorial segment after
the acrosome reaction, but its specific role
in sperm–egg fusion remains unknown

The three-dimensional structure of
SPACA6 is currently unknown; SPACA6 is
similar in organization to IZUMO1 with a
signal peptide, followed by an α-helical
domain, an IgSF domain, a
transmembrane helix, and a cytoplasmic
tail

Lorenzetti et al., 2014; Noda et al., 2020;
Barbaux et al., 2020

TMEM95 2014 TMEM95 is localized to the equatorial
segment of sperm and is essential for
sperm–egg fusion and male fertility in
mice, but its specific role in sperm–egg
fusion is currently unknown

The structure of TMEM95 is currently
unknown; TMEM95 consists of a signal
peptide, an N-terminal helix-rich region, a
transmembrane helix, and a leucine-rich
cytoplasmic domain

Pausch et al., 2014; Zhang et al., 2016; Noda
et al., 2020; Fernandez-Fuertes et al., 2017;
Lamas-Toranzo et al., 2020

SOF1 2020 SOF1 is predicted to be a secreted factor
essential for fusion; its role is still not fully
understood

No structural information to date; primary
sequence analysis revealed the presence
of conserved LLLL and CFNLAS motifs

Noda et al., 2020

FIMP 2020 FIMP is involved in sperm–egg fusion;
only the transmembrane form is
important in fertilization, but its role is
still not fully determined

No structural information to date Fujihara et al., 2020

DCST1/
DCST2

2021 DCST1 and DCST2 are involved in
sperm–egg fusion; stability of SPACA6 is
regulated by DCST1/2; DCST1/DCST2 are
evolutionary conserved in vertebrates and
invertebrates

No structural information to date;
contains six putative transmembrane
helices

Inoue et al., 2021
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Oocyte JUNO
In 2014, Bianchi et al. made the groundbreaking discovery of the
oocyte receptor for IZUMO1 (Bianchi et al., 2014). The group
iteratively cloned and expressed the entire mouse oocyte cDNA
library in mammalian cells and tested each clone for IZUMO1
binding using avidity-based extracellular interaction screening

(AVEXIS; Kerr and Wright, 2012). Folate receptor δ (or folate
receptor 4), which was aptly renamed JUNO, after the Roman
goddess of marriage and fertility, was the only protein that
bound to IZUMO1. Mouse JUNO shares 58% sequence identity
with human folate receptors FOLR-α and FOLR-β but does not
bind to folate (Kato et al., 2016; Han et al., 2016). Juno−/− mice

Figure 2. Structures of cellular factors involved in sperm–egg attachment and fusion. (A) Human IZUMO1 is shaped like a boomerang in an unbound
state (Protein Data Bank [PDB] accession no. 5F4T). The 4HB, hinge, and IgSF domains are shown in orange, green, and cyan, respectively. (B) Human JUNO
(PDB accession no. 5F4Q) belongs to the folate receptor family. (C) The structure of human IZUMO1–JUNO complex (PDB accession no. 5F4E) reveals that
JUNO binds to IZUMO1 via the β-hairpin hinge, four residues from the 4HB domain and two from the IgSF domain. (D) Human CD9 (PDB accession no. 6K4J)
adopts a conical shape formed by four transmembrane helices (TM1–TM4; blue) and two extracellular loops (SEL, pink; and LEL, red).

Perspectives: Similarity to Plasmodium host invasion proteins

The β-hinge region of IZUMO1 is highly similar to an extensible β-ribbon region in TRAP (root-mean-square deviation [RMSD] 1.4 Å; Nishimura et al., 2016). The
TRAP β-ribbon has been proposed to undergo conformational changes upon binding to a host cell to mediate sporozoite gliding and host cell invasion. The IZUMO1
4HB domain shows structural similarities to Plasmodium berghei SPECT1 (RMSD 3.3 Å; Nishimura et al., 2016; Aydin et al., 2016). SPECT1 is required for cell
traversal of sporozoites. Both SPECT1 and IZUMO1 adopt 4HBs with the same connectivity. In SPECT1, the 4HB is proposed to be a metastable structure that
transitions from a solvent-accessible to a membrane-associated state. It has also been proposed that SPECT1 interacts with SPECT2, which has a membrane-attack
complex/perforin domain, to form a pore. How the two proteins cooperatively mediate pore formation remains to be determined, but the similarity of IZUMO1 to
proteins involved in parasite entry is intriguing.
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show normal development and mating behaviors, but females
are infertile, and eggs from Juno−/− mice are unable to fuse with
wild-type sperm (Bianchi et al., 2014). Moreover, an anti-JUNO
antibody incubated with human zona-free oocytes effectively
blocks fertilization (Jean et al., 2019).

While JUNO is primarily expressed on the surface of oocytes,
it is also expressed on CD4+ CD25+ regulatory T cells, albeit at a
much lower level (Yamaguchi et al., 2007). JUNO is highly ex-
pressed in unfertilized eggs but upon fusion with sperm is
rapidly shed from the cell surface into extracellular vesicles
(Bianchi et al., 2014). By the anaphase II stage, which takes place
30–40 min after fertilization, JUNO is barely detectable at the
cell surface (Bianchi et al., 2014). The rapid removal of JUNO
from the egg surface may help prevent the entry of more than
one sperm into an oocyte.

JUNO is a glycoprotein of 250 residues with a C-terminal
glycosylphosphatidylinositol anchor. The crystal structures of
human andmouse JUNO, both alone and in complexwith human
IZUMO1, were determined in 2016 (Aydin et al., 2016; Kato et al.,
2016; Ohto et al., 2016; Han et al., 2016). The overall structure of
human JUNO resembles structures of FOLR-α and FOLR-β with
RMSDs of 1.1 Å and 1.0 Å, respectively. Like the folate receptors,
JUNO has a compact, globular shape with five α helices, three 310
helices, and four short β strands stabilized by eight conserved
disulfide bonds (Fig. 2 B). Despite its structural homology to
folate receptors, five key residues in JUNO (A93, G121, Q122,
R154, and G155) are not conserved compared with the folate-
binding sites of FOLR-α and FOLR-β (Aydin et al., 2016). The
aromatic and charged residues that in FOLR-α and FOLR-β an-
chor folate in the binding site through hydrogen bonds are re-
placed by alanine or glycine in JUNO, resulting in a larger cavity
that cannot bind folate. Recombinant IZUMO1 binds to oocytes
(and to nongamete human cells transfected with JUNO) but does
not bind to oocytes that have been preincubated with an anti-
JUNO antibody (Bianchi et al., 2014). The cocrystal structure of
IZUMO1 in complex with JUNO reveals a 1:1 stoichiometrywith a
binding interface of ∼910 Å2 (Aydin et al., 2016). Biolayer in-
terferometry, surface plasmon resonance, and isothermal titra-
tion calorimetry revealed that the complex of JUNO and IZUMO1
has a dissociation constant between 48 and 91 nM (Aydin et al.,
2016; Ohto et al., 2016). The tight binding affinity results from an
additive effect of extensive van der Waals, hydrophobic, and
aromatic interactions, as well as two salt bridges. IZUMO1 binds
to JUNO primarily via the β-hairpin hinge, with four residues
from the 4HB domain and two from the IgSF domain also con-
tributing to the binding (Fig. 2 C). In JUNO, the binding site is an
elongated surface formed by the flanking regions of helices
α1–α3 and loops L1–L3. The IZUMO1–JUNO interaction is not
strictly species specific, as there is cross-species interaction
between human IZUMO1 and hamster JUNO (see text box).

The binding sites on both IZUMO1 and JUNO have been
verified by alanine-substitution experiments (Ohto et al., 2016).
W62 and L81 in JUNO and W148 in IZUMO1 play critical roles at
the interface, as substitution of these residues by alanine dra-
matically reduces binding affinity (Ohto et al., 2016). These
residues are strictly conserved across mammalian species. To
verify the biological relevance of the IZUMO1–JUNO interface,

the binding of oocytes to COS-7 cells expressing wild-type
IZUMO1 or to mutants with one or more mutations to residues
proposed to be important in JUNO binding was tested. Mutating
W148, K154, H157, I158, R160, or L163 in IZUMO1 significantly
reduced oocyte binding. COS-7 cells that expressed IZUMO1with
multiple mutations at the JUNO-binding interface showed a
complete lack of binding to oocytes (Ohto et al., 2016). These
results confirmed the JUNO-binding residues identified in the
crystal structures and biophysical studies (Ohto et al., 2016).

Oocyte CD9
The importance of CD9 in sperm–egg fusion was first described
in 1999 (Chen et al., 1999) and confirmed in 2000 (Miyado et al.,
2000; Le Naour et al., 2000; Kaji et al., 2000; Chen et al., 1999).
CD9 is expressed on the plasma membrane of oocytes, and
an anti-CD9 antibody inhibits sperm–egg fusion in a dose-
dependent manner (Chen et al., 1999). Interestingly, anti-CD9
antibodies do not block sperm from binding to oocytes but in-
stead prevent the fusion of sperm and egg membranes (Miyado
et al., 2000; Le Naour et al., 2000). These findings are consistent
with mouse studies, which showed that CD9−/− mice develop
normally and that male mice are fertile but female mice have
dramatically reduced fertility (Miyado et al., 2000; Le Naour
et al., 2000; Kaji et al., 2000). When the sperm–egg fusion
step is bypassed by injecting capacitated sperm into the cyto-
plasm of CD9−/− oocytes, the fertilized eggs show normal im-
plantation efficiencies, and embryos develop normally.

CD9 belongs to the tetraspanin superfamily and is 228 amino
acids long. It has four membrane-spanning domains (TM1–TM4)
linked by a short extracellular loop (SEL) between TM1 and TM2
and a large extracellular loop (LEL) between TM3 and TM4
(Fig. 2 D). The transmembrane regions are highly conserved
among tetraspanins, with sequence divergence only in the ex-
tracellular loops. The first structure of CD9 was recently deter-
mined to 2.7 Å resolution (Umeda et al., 2020). The four
transmembrane helices tilt toward the cytoplasmic membrane
interface to form a cone-shaped structure that creates a spacious
cavity in the intramembranous region (Fig. 2 D). This is remi-
niscent of the CD81 structure; CD9 and CD81 have ∼60% se-
quence similarity and the same overall fold (RMSD of 1.9 Å;
Umeda et al., 2020; Zimmerman et al., 2016). Previous studies
have demonstrated the localization of tetraspanins in curved
regions of cell membranes (Zhang and Huang, 2012; Dahmane
et al., 2019). As CD9 clusters at the contact region of the egg and
sperm membranes, the tight array of cone-shaped CD9 may
increase the curvature of the oocyte membrane, effectively
causing it to protrude. CD9-knockout oocytes produce short and
sparse microvillus structures with a large radius of curvature of
microvillar tips, which results in impaired fusion ability with
spermatozoa (Runge et al., 2007).

The relative lengths of the SEL and LEL of tetraspanins
control access to the intramembranous cavity. In silico analysis
revealed that the LEL undergoes a conformational change be-
tween the open and closed states during binding partner rec-
ognition (Umeda et al., 2020). In the closed-state CD9 structure,
the LEL is weakly associated with the SEL. In the open state, the
LEL moves away from the SEL, thereby allowing access to the
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intramembranous cavity. The importance of the LEL in fertili-
zation was demonstrated in a domain-swapping experiment,
in which the LEL of a fertilization-incompetent tetraspanin
CD53 was swapped with its equivalent section from CD9. The
CD9–CD53LEL chimera had dramatically reduced fertiliza-
tion competency, whereas the chimera with the LEL from
CD9, CD53–CD9LEL, was ∼50% competent (Umeda et al., 2020).
This suggests that additional regions such as the SEL and
transmembrane domains are also important in fertilization.
Alanine-substitution experiments on residues within the LEL
have produced conflicting results.Mutation of the 173SFQ175 motif
in the murine CD9 LEL suggests that these residues are essential
for fertilization (Zhu et al., 2002). However, themurine 173SFQ175

LEL region is not conserved in human CD9 (175TFT177). A triple-
alanine mutations of this region in both murine and human CD9
revealed that contrary to previous findings, both mutants res-
cued fertilization in CD9−/− oocytes (Umeda et al., 2020). Further
studies are required to probe the roles of specific CD9 LEL, SEL,
and transmembrane residues in fertilization.

Like other tetraspanins, CD9 can act as a scaffolding protein
to bring together multiple protein partners to execute a bio-
logical function. For instance, CD9 associates with Igs, integrins,
and other adhesion receptors and proteins (reviewed in Charrin
et al., 2014). Recently, interaction studies using human sperm
and mouse oocytes revealed that IZUMO1 and JUNO colocalize
with CD9 on the surface of the egg during sperm–egg attach-
ment. Along with sperm IZUMO1, egg CD9 accumulates at ad-
hesion area surroundings, suggestive of a cis interaction with
egg JUNO (Chalbi et al., 2014; Ravaux et al., 2018). In the same
context, by measuring the force necessary to break contact be-
tween one sperm and an egg, it was suggested that CD9 induces
the clustering of sperm receptors on the oocyte membrane,
generating fusion-competent sites (Jégou et al., 2011).

Single-particle cryoelectron microscopy studies of CD9 in
complex with EWI-2 provide insights into how CD9 engages
with its targets. EWI-2 belongs to the IgSF, with four to eight
predicted IgSF domains and a single-pass transmembrane an-
chor. EWI-2 is a major binding partner to both CD9 and CD81
(Runge et al., 2007; Umeda et al., 2020; Rubinstein et al., 2006).
An anti-IgSF8 antibody had moderate inhibitory effects on
sperm–egg binding, suggesting that mouse EWI-2 participates
in gamete interactions (Glazar and Evans, 2009). Cryoelectron

microscopy revealed that a 2:2 heterotetrameric arrangement of
the extracellular domains of two EWI-2 molecules forms a tight
dimer and that the EWI-2 transmembrane helix is sandwiched
by two CD9 molecules. The transmembrane helix of EWI-2 in-
teracts with TM3 and TM4 of CD9 via hydrophobic residues
(Umeda et al., 2020). The nonspecific nature of the transmem-
brane hydrophobic interactions in the CD9–EWI-2 complex may
explain the promiscuous nature of tetraspanins.

Newly identified players in mammalian fertilization
The use of CRISPR-Cas9 technology has led to the recent iden-
tification of six new factors essential for mammalian fertiliza-
tion: SPACA6, TMEM95, SOF1, FIMP, and DCST1/DCST2.

Sperm SPACA6
In 2014, Lorenzetti et al. characterized a mutant mouse line that
had a deletion removing Spaca6 (Lorenzetti et al., 2014). Male
homozygous knockoutmice were infertile with a phenotype that
closely resembles that of Izumo1-deficient mice. Subsequent
studies by two other groups confirmed that Spaca6 deletion in
male mice results in infertility, although mating behavior is
normal and sperm are motile and morphologically normal (Noda
et al., 2020; Barbaux et al., 2020). Fertility could be restored by a
transgene (Noda et al., 2020). In a human zona-free in vitro
fertilization assay, an anti-SPACA6 antibody reduced fertiliza-
tion rates by threefold (Barbaux et al., 2020).

Recovery of oocytes from female mice that were mated with
Spaca6−/−malemice revealed that the spermatozoa were trapped
in the PVS. This indicates that knockout spermatozoa migrate
through the female genital tract to the oocyte and penetrate the
ZP but fail to fuse with the oocyte membrane. When Spaca6−/−

sperm was injected into the cytoplasm of oocytes to bypass the
membrane fusion step, fertilization was successful, and the
fertilized eggs showed normal embryonic development, sug-
gesting that SPACA6 does not play a critical role downstream of
sperm–egg fusion.

SPACA6 is primarily expressed in testis, with low levels of
expression in the epididymis, seminal vesicle, and ovary (Noda
et al., 2020; Lorenzetti et al., 2014). Orthologues of SPACA6 have
been annotated in bull, hamster, human, mouse, rat, and ze-
brafish (Noda et al., 2020). In fresh spermatozoa, SPACA6 is
not detected on the plasma membrane; rather, it is localized

Perspectives: Cross-species interactions

Fertilization is a species-specific event, as sperm typically cannot fertilize eggs from a different species. The ZP provides an effective barrier against cross-species
fertilization, but beyond this glycoprotein layer, IZUMO1-JUNO recognition is promiscuous. Human sperm cannot penetrate the hamster ZP, but they can fuse with
zona-free hamster eggs (Inoue et al., 2005). Indeed, zona-free hamster eggs have been used to assess human sperm quality in fertility treatments. Using the ELISA-
based AVEXIS platform, human IZUMO1 was confirmed to bind to hamster JUNO in solution (Bianchi and Wright, 2015). Like human IZUMO1, mouse and pig
IZUMO1 also bind to hamster JUNO in solution (Bianchi and Wright, 2015). The results are consistent with the ability of human, mouse, and pig sperm to fuse with
zona-free hamster eggs (Creighton and Houghton, 1987; Hanada and Chang, 1972).

Hamster and human JUNO are highly similar, with a sequence identity of 73%; however, eight residues at the IZUMO1–JUNO interface are not conserved. To
understand the cross-species specificity, a homology model of hamster JUNO was generated based on the crystal structure of human JUNO. Despite key sub-
stitutions in hamster JUNO, the IZUMO1-binding site preserves the same structural architecture and physiochemical characteristics as human JUNO, with the
exception of E45. In human JUNO, E45 forms a key salt bridge at the IZUMO1–JUNO interface. How an E45L substitution in hamster JUNO is able to maintain
binding remains unclear. It was previously shown that E45 is critical for human JUNO recognition to IZUMO1, as E45A or E45K mutations severely reduced the
interaction (Aydin et al., 2016). It may be possible that other interactions between hamster JUNO and human IZUMO1 compensate for the loss of the critical salt
bridge. A crystal structure of hamster JUNO in complex with human IZUMO1 would provide important insight into the molecular basis of cross-species specificity in
IZUMO1–JUNO recognition.
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underneath the membrane of the sperm head. After the acro-
somal reaction, SPACA6 relocates to the equatorial segment of
the sperm head, with reduced levels detected in the midpiece,
and completely diminishes from the neck region (Barbaux et al.,
2020). Immunofluorescence staining revealed that the localiza-
tion of IZUMO1 is unaffected in Spaca6−/− sperm before and after
the acrosomal reaction (Barbaux et al., 2020). To verify this
result, Spaca6−/− male mice were mated with female mice and
oocytes were extracted and immunostained with an anti-
IZUMO1 antibody revealing that IZUMO1 distribution in
Spaca6−/− spermatozoa was identical to that in wild-type
spermatozoa (Barbaux et al., 2020). This confirmed that
SPACA6 does not affect IZUMO1 localization.

Both IZUMO1 and SPACA6 belong to the IgSF and are ex-
pressed in sperm and localized to the equatorial segment upon
the acrosomal reaction (Noda et al., 2020). The phenotypes of
knockout mutants are highly similar as well. The similarities
also extend into their domain organization. Both proteins have
an N-terminal signal peptide, followed by a helical domain,
a single IgSF domain, a single N-linked glycosylation site, a
monotopic transmembrane helix, and a short cytoplasmic tail
(Noda et al., 2020). Despite these similarities, the proteins are
not redundant, as both cell-based and mouse studies show that
one cannot compensate for the lack of the other (Barbaux et al.,
2020). Moreover, SPACA6 does not accumulate at the interface
with IZUMO1, and SPACA6-expressing COS-7 or HEK293T cells
do not bind to the surface of the oocyte (Inoue et al., 2015; Noda
et al., 2020). No interaction was detected between SPACA6 and
IZUMO1 by coimmunoprecipitation from testis extracts (Noda
et al., 2020). How SPACA6 interacts with other sperm and
oocyte proteins to mediate sperm–egg adhesion and fusion re-
mains to be determined.

Sperm TMEM95
A genome-wide analysis designed to reveal genetic associations
with infertility in bulls revealed the essential role of TMEM95 in
fertility (Pausch et al., 2014). A nonsense mutation that in-
troduces a premature stop codon in Tmem95 diminishes male
fertility, although it does not significantly affect sperm mor-
phology or motility (Pausch et al., 2014). TMEM95 is conserved
in primary sequence among bull, hamster, mouse, rat, and hu-
mans (Zhang et al., 2016; Noda et al., 2020). In bulls, TMEM95 is
expressed in spermatozoa and is localized on the acrosome, on
the equatorial segment and on the connecting piece (Pausch
et al., 2014). Bull spermatozoa with a knockout mutation in
Tmem95 are unable to fuse with oocytes, suggesting that
TMEM95 is required for sperm–oocyte fusion (Fernandez-
Fuertes et al., 2017).

RT-PCR analysis revealed that in mice Tmem95 is expressed
exclusively in testis. Expression begins on day 21 postpartum
when spermiogenesis begins. Tmem95−/− mice that carry a 1,919-
bp deletion in the Tmem95 locus have normal mating behavior
but males are infertile (Noda et al., 2020). The Tmem95−/−

spermatozoa have normal morphology and motility and bind to
oocytes; however, the mutant sperm have impaired ability to
fuse with oocytes and accumulate in the PVS. Expression of a
Tmem95 transgene in Tmem95−/− male mice restored fertility

(Noda et al., 2020). The fertility of Tmem95−/− female mice is
unaffected (Noda et al., 2020). Consistent with the study by
Noda et al., Lamas-Toranzo et al. also found that Tmem95−/−male
mice were infertile (Lamas-Toranzo et al., 2020).

In silico analysis suggested that TMEM95 shares organiza-
tional similarities with IZUMO1 (Zhang et al., 2016). Like
IZUMO1, it is a type I single-pass transmembrane protein with a
signal peptide at the N terminus, a helix-rich N-terminal region,
and a transmembrane helix. TMEM95 has an additional leucine-
rich cytoplasmic domain compared with IZUMO1. Examination
of the localization of IZUMO1 in acrosome-reacted wild-type and
Tmem95−/− sperm revealed no difference in IZUMO1 transloca-
tion (Lamas-Toranzo et al., 2020). Moreover, TMEM95 dis-
appears after the acrosomal reaction (Fernandez-Fuertes
et al., 2017). Since IZUMO1 relocates to the equatorial seg-
ment only after the acrosomal reaction, this suggests that
TMEM95 and IZUMO1 function independently. Experi-
ments using the AVEXIS platform showed that TMEM95
does not bind to JUNO or IZUMO1 (Lamas-Toranzo et al.,
2020). In contrast, coimmunoprecipitation studies using
HEK293T cells coexpressing IZUMO1 and TMEM95 sug-
gested that IZUMO1 does bind to TMEM95 (Noda et al.,
2020). Further studies are required to verify whether or
not IZUMO1 and TMEM95 interact.

Sperm SOF1
Another new molecular player important for male fertility
identified byNoda and collaborators using CRISPR-Cas9–mediated
gene knockout was a gene called 1700034O15Rik (also known as
Llcfc1; Noda et al., 2020). The gene was aptly renamed SOF1
(sperm–oocyte fusion required 1). SOF1 is widely conserved in
mammals and is highly expressed in the testis. SOF1 is predicted to
be a 147-residue secreted protein with conserved LLLL and CFN(L/
S)AS motifs. These motifs are observed in the DUF4717 family of
proteins that have an unknown function but are exclusively found
in eukaryotes. SOF1 reportedly undergoes posttranslational mod-
ifications during sperm maturation, and it was detected as a
protein singlet in testicular germ cells but a doublet in acrosome-
intact spermatozoa (Noda et al., 2020).

The sterility of Sof1−/− male mice is likely due to defective
membrane fusion (Noda et al., 2020). The morphology and
motility of Sof1−/− spermatozoa are similar to wild type; however,
when used for in vitro fertilization with cumulus-intact oocytes,
Sof1−/− spermatozoa do not fuse or fertilize oocytes and accu-
mulate in the PVS. This inability to fuse was also observed using
zona-free oocytes, but sperm continued to bind to the oocyte
membrane, suggesting a role in either sperm–egg fusion or in
the control of sperm–egg adhesion properties. Expression levels
and localization of IZUMO1 are not affected in Sof1−/− sperma-
tozoa before or after the acrosome reaction. Thus, sterility in
Sof1−/− male mice is not due to a disruption of IZUMO1.

Sperm FIMP
CRISPR-Cas9–mediated deletion of Fimp (also known in mice as
4930451I11Rik) results in failure in sperm–egg fusion in mice
(Fujihara et al., 2020). Similar to SOF1, FIMP is also a small
protein of 132 amino acids that is highly expressed in the testis.
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The expression of this testis-specific gene is first observed 20 d
after birth. The protein is detected in two distinct isoforms:
membrane anchored and secreted. Only the transmembrane
form appears to be critical for sperm-oocyte fusion in mice.
Fimp−/− mice have normal testicular and sperm morphologies,
and Fimp−/− spermatozoa penetrate the ZP but fail to fuse with
oocytes (Fujihara et al., 2020). In an in vitro fertilization assay
using zona-free oocytes, Fimp−/− sperm ability to fuse are se-
verely reduced. IZUMO1 localization and expression levels in
Fimp−/− mice are similar to the wild type. FIMP localizes to the
equatorial segment membrane, but the FIMP-mCherry signal
disappeared in 40% of the acrosome-reacted sperm (Fujihara
et al., 2020). In contrast to IZUMO1, it does not appear FIMP
is involved in the initial attachment step, as FIMP-expressing
cells do not bind oocytes. The precise role of FIMP in sperm–egg
fusion remains unclear.

Sperm DCST1/DCST2
As identified by gene disruption and complementation experi-
ments, the evolutionarily conserved factors dendrocyte expressed
seven transmembrane protein (DC-STAMP) domain-containing
1 and 2 (DCST1/DCST2) are required for gamete fusion (Inoue
et al., 2021). Individual or double gene deletion results in male
sterility with the same phenotype as that of Izumo1−/− or
Spaca6−/− knockouts. Although their molecular mechanism
of action is still unknown, DCST1 and DCST2 function might
be intrinsically related to SPACA6. Surprisingly, while the
rescued double transgenic males had normal fertility, SPACA6
was not detected. The protein stability of SPACA6 may be dif-
ferently regulated by DCST1/DCST2 and IZUMO1 (Inoue et al.,
2021).

Molecular mechanism of sperm–egg fusion
When the acrosome-reacted spermatozoon reaches the PVS, it is
primed to interact and fuse with the egg. The molecular mech-
anism of mammalian sperm–egg attachment and fusion requires
a complex sequence of events that for the most part remain a
mystery (Fig. 3). However, new insights into some of the steps
have now been obtained through structural, biophysical, and
genetic analyses of the proteins essential to the adhesion fusion
process.

Initial attachment
At the molecular level, the first step in the attachment of the
sperm to the egg involves binding of IZUMO1, which is localized
on the equatorial segment of acrosome-reacted sperm (Satouh
et al., 2012), to its counterpart receptor JUNO on the oocyte
membrane (Fig. 3 A). JUNO is monomeric when it binds to
IZUMO1 (Fig. 3 B; Inoue et al., 2015). Comparison of the crystal
structures of IZUMO1 with and without JUNO suggests that
there is a binding-induced conformational change in IZUMO1
whereby the 4HB domain moves ∼20° to adopt an upright
conformation (Aydin et al., 2016). IZUMO1 binding to JUNO
drives the accumulation and local membrane organization of
CD9. The accumulation of CD9 at the sperm–egg interface causes
the egg membrane to protrude toward the sperm membrane
(Chalbi et al., 2014).

IZUMO1 multimerization
After the initial IZUMO1–JUNO attachment, Inoue et al. sug-
gested that the IZUMO1–JUNO complex undergoes a multi-
merization event that is critical for sperm–egg fusion (Fig. 3 C;
Inoue et al., 2015). Bimolecular fluorescence complementation
and photon-counting histogram analyses were used on a cul-
tured cell–oocyte system to reveal that IZUMO1 forms a multi-
mer at the cell–oocyte interface, but not on the rest of the cell
surface. After IZUMO1 oligomerization, JUNO is not detected at
the cell surface and presumably is shed (Inoue et al., 2015).

Inoue et al. suggested that the trigger for IZUMO1 multi-
merization involves a protein disulfide isomerase (PDI). Locali-
zation studies revealed the presence of PDIs on the sperm
surface (Fig. 3 C; Ellerman et al., 2006). PDIs are responsible for
proper folding of extracellular or membrane proteins during the
maturation process in the endoplasmic reticulum. Western blot
and proteomic analysis detected at least four PDI members on
the sperm surface, PDI, ERp57, ERp72, and P5. Interestingly, PDI
inhibitors reduce sperm–egg fusion in vitro in a dose-dependent
manner (Ellerman et al., 2006), and a membrane-impermeable
thiol-reactive reagent significantly reduces cell–oocyte binding
(Inoue et al., 2015). To identify those PDIs that function in
gamete fusion, sperm were preincubated with antibodies that
specifically blocked each PDI member, and the ability of the
spermatozoon to fuse with the oocyte was assessed (Ellerman
et al., 2006). This revealed ERp57 is critical for gamete fusion.
On the IZUMO1 ectodomain, 10 cysteines form five disulfide
bonds. Four of the five disulfide bonds are located on the surface
and are solvent accessible. The N-terminal helical domain of
IZUMO1 was proposed to undergo a collapse or becomes buried
at the oligomeric interface (Inoue et al., 2015). ERp57 and/or
other PDIs may catalyze a thiol-disulfide exchange during this
conformational rearrangement.

Fusogen recruitment
After IZUMO1 multimerization, the next step is thought to in-
volve the recruitment of the bona fide human sperm–egg fus-
ogen. Dimerized IZUMO1 was suggested to directly recruit a
tight binding unidentified oocyte receptor (Fig. 3 D; Inoue et al.,
2015). The identity of the gamete fusion complex remains un-
known. SPACA6 was proposed to interact with IZUMO1 to me-
diate the binding of an oocyte receptor (Lorenzetti et al., 2014).
However, coimmunoprecipitation studies of testis extracts
did not show an interaction between SPACA6 and IZUMO1,
whereas coimmunoprecipitation analysis using HEK293T cells
showed interactions between IZUMO1 and SPACA6, FIMP,
TMEM95, and SOF1 (Noda et al., 2020). Expression of all five
proteins on HEK293T cells did not lead to fusion with zona-free
oocytes, suggesting the recruitment of a yet-to-be discovered
fusogen is required (Noda et al., 2020). Intriguingly, IZUMO1
and SPACA6 both contain an IgSF domain. While IgSF domains
are known to facilitate protein–protein interactions, their
role and importance in sperm–egg fusion is unknown (see text
box). A complete understanding of the interplay of these
proteins and the composition of the human gamete fusion
machinery will require additional biochemical and func-
tional experimentation.
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Fusion pore formation
The merger of the egg and sperm membranes is an energetically
unfavorable process andmust requiremodulation of themembrane
architecture in order to form a fusion pore (Fig. 3 E). The formation
of a fusion pore typically proceeds through one of two mech-
anisms, either via a hemifusion intermediate or via direct fu-
sion (Chernomordik and Kozlov, 2005). In the case of hemifusion,
the fusion of the two membranes occurs through the sequential
mergers of each pair of bilayer leaflets. First, the outer membrane
leaflets contact and mix to form the hemifusion stalk intermediate.
This is followed by mixing of the inner leaflets to form the fusion
pore. Enveloped viral-cell fusion proceeds through a hemifusion
intermediate that is catalyzed by a viral fusion glycoprotein as
previously discussed (Harrison, 2015; Sapir et al., 2008;White et al.,
2008; Podbilewicz, 2014). The viral fusogens all contain distinctive
hydrophobic fusion peptides that are inserted into the host target
membrane when triggered. In direct fusion, proteins on both
membranes arrange into complexes at the site of fusion and bind in
trans to bring the two membranes together. This forms a contin-
uous connection between the two protein-lined pores to allow for
content mixing. In yeast vacuolar fusion, two proteolipid hexamers
formed in trans by the V0 subunit of vacuolar H+-ATPase estab-
lishes a bridging channel/pore between the two membranes
(Peters et al., 2001; Chernomordik and Kozlov, 2003). The pore

is subsequently opened through a Ca2+-triggered conforma-
tional change that expands the proteolipid hexameric complex.

It is thought that sperm–egg fusion also proceeds via a
membrane hemifusion intermediate, similar to viral-cell fusion.
This is at least true in lower eukaryotic cells, in which the
sperm–egg fusogen HAP2/GCS1 has a similar overall structure to
the class II viral fusogens (Fédry et al., 2017), such as tick-borne
encephalitis virus E glycoprotein. No evidence for HAP2/GCS1
orthologues has been found in vertebrates or mammals; thus, in
an early vertebrate ancestor, a new fusogen likely replaced HAP2/
GCS1 (Vance and Lee, 2020). The structures of CD9, IZUMO1, and
JUNO lack characteristics common to viral fusogens such as the
prototypical hydrophobic fusion peptide (Aydin et al., 2016).
Moreover, no readily identifiable fusion peptides were detected
upon sequence analysis of SOF1, DCST1/DCST2, TMEM95, FIMP,
or SPACA6. Furthermore, cell fusion assay experiments show that
the sperm proteins alone or together are not able to trigger cell–
cell fusion (Fujihara et al., 2020; Noda et al., 2020; Barbaux et al.,
2020; Lamas-Toranzo et al., 2020). Thus, additional factors re-
main to be identified that are essential for fusion pore formation.

Concluding remarks
While significant advances have been made to fully understand
the molecular mechanism of fertilization, many questions are

Figure 3. Current model of sperm–egg attachment and fusion. (A) Acrosome reaction. After the acrosome reaction, IZUMO1 (blue), SPACA6 (purple), and
TMEM95 (violet) colocalize to the equatorial regions of sperm. FIMP (pink) appears to function before the acrosome reaction. There are conflicting data on
whether or not TMEM95 interacts with IZUMO1. SOF1 (turquoise) is a secreted sperm protein. DCST1 (green) and DCST2 (orange) are transmembrane proteins
implicated in regulating the protein stability of SPACA6. (B) Initial attachment. After the sperm reaches the PVS, it attaches to the egg. IZUMO1 is localized on
the equatorial segment of acrosome-reacted sperm and its counterpart receptor, JUNO (yellow), on the oocyte membrane. JUNO specifically recognizes and
binds to IZUMO1 in a monomeric conformation. IZUMO1 binding to JUNO drives the accumulation of CD9 (pink) at the sperm–egg interface to form a physical
anchor that holds the sperm and oocyte membranes in proximity. (C) IZUMO1 multimerization. After the initial IZUMO1–JUNO attachment, the complex
undergoes a dimerization event. The trigger for IZUMO1 oligomerization is not fully understood; however, colocalization analysis revealed the presence of PDI
(gray) on the sperm surface. JUNO is thought to be shed from the oolemma and into the PVS after fertilization. (D) Fusogen recruitment. The bona fide
sperm–egg fusogen remains a mystery. However, data suggest that IZUMO1 forms a scaffold to recruit the gamete fusion complex. The roles of SPACA6,
TMEM95, and SOF1 remain unclear, but these proteins likely play roles in fusion. (E) Fusion pore formation. The merger of the egg and sperm membranes
requires modulation of the membrane architecture. The fusogen is thought to catalyze the formation of a hemifusion intermediate, which is a stalk-like
structure where the outer leaflets of the sperm and egg membrane bilayers mix. Subsequently, the inner bilayer leaflets mix to form the fusion pore. The
precise mechanism of this step will require the identification of the sperm–egg fusogen. Created with BioRender.
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still outstanding. The identification of proteins involved in the
sperm–egg fusion process remains the holy grail in reproductive
biology. Understanding the interplay of all the partners involved
has the potential to impact multiple areas of biology. Identifying
the full complement of proteins involved in sperm–egg attach-
ment and fusion will allow the mapping of genotype–phenotype
correlations and improve diagnostic tests for people suffering
from infertility. Understanding the mechanisms of sperm–egg
fusion will also reveal ways to improve assisted reproductive
technologies for humans and animals. High and predictable
fertility rates for cows, pigs, chickens, and sheep are essential
for efficient food animal production. Finally, although generally
safe and effective, current hormone-based contraceptives may
lead to adverse side effects that discouragemany from long-term
use. The safety and acceptability of contraceptives are particu-
larly important for women, since they bear the greatest burden
of contraceptive side effects. It is important to innovate and
develop new alternative contraceptives that better meet the
reproductive needs and desires of women and couples. Mole-
cules that disrupt sperm–egg protein–protein interactions by
binding to the sperm or egg protein side of the axis should result
in a potent contraceptive. These reasons underscore why un-
derstanding the mechanisms of sexual fertilization is one of the
most crucial biological questions.
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