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ABSTRACT  Extracellular matrices are essential for cell survival and function. This is especially

relevant for eggs, which establish a physical barrier at fertilization to protect a new embryo from

additional sperm and pathogens. Formation of an extracellular matrix is most dramatic in sea

urchins, in which fertilization was first observed in animals with the "sudden appearance of a

perfectly transparent envelope" (A. Derbès, 1847). The process of assembling this extracellular

"envelope" has been a topic of intense study ever since. Here we integrate the cellular and

molecular events necessary to form this fertilization envelope within the first few minutes of a

new embryo’s life.
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Introduction

Most cells within an animal body are in contact with an
extracellular matrix. This heterogeneous environment partici-
pates in signaling to and from the cell, functions as adhesive
substrates for movement or tension, and protects the cell. No-
where is the function of protection more evident than at fertiliza-
tion, when the egg modifies its extracellular matrix to block
supernumerary sperm from reaching the egg cell surface. Despite
the diversity in morphology, molecular composition, and mecha-
nism of renovation following fertilization across species, the
ultimate role of these extracellular matrices is highly conserved:
eggs with aberrant matrices are subject to multiple sperm fusions,
leading to irregular cell division and eventual embryonic death
(comparatively reviewed in Wong and Wessel, 2006a).

The sea urchin fertilization envelope is a classic representative
of the protective function of an extracellular matrix. It serves as the
first indication of sperm-mediated egg activation, described by
Derbès as a “circular line” encompassing the egg following
fertilization (Derbès, 1847; Briggs and Wessel, 2006). Immedi-
ately after its formation, this fertilization envelope is further
challenged in the open ocean by thousands of sperm, microbes,
and high shear force. Thus, the formation and stability of this
matrix is essential for the survival of the early sea urchin embryo.

The sea urchin egg has selected for an extracellular matrix with
several critical properties that ensure its timely formation, includ-
ing: 1) Speed of modification. The sea urchin egg extracellular
matrix is called the vitelline layer, a nascent scaffold used to
assemble the final product, the fertilization envelope. The fertili-
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zation envelope is constructed within about thirty seconds of
sperm fusion, a rate that is essential for its role in the blockage of
other sperm. It should be noted that this animal also has an
electrical block to sperm fusion. This temporary change in electri-
cal potential across the plasma membrane occurs within millisec-
onds of the first sperm fusion, and inhibits the fusion of any
subsequent sperm for 60 seconds; after this window, the mem-
brane potential returns to pre-fertilization levels that are compat-
ible with sperm fusion. The 60-second duration, though, is suffi-
cient to prevent additional sperm fusion since fertilization enve-
lope assembly requires half of that time to complete. 2) Separa-
tion from the egg cell surface. During its construction, the vitelline
layer is lifted off the surface of the egg, separating it from the
plasma membrane by tens of microns (depending on the spe-
cies). This process has obvious benefits in distancing sperm and
microbes from the egg, but it complicates the logistics. Somehow
construction occurs while the vitelline layer scaffold is expanding
its surface area by as much as 400% — all within the 30 seconds
of construction. The force necessary for this lifting is thought to be
a result of the hydration of glycosaminoglycans secreted at
fertilization (Schuel et al., 1974), but separation also requires
proteolysis of linkages that anchor the scaffold to the egg plasma
membrane (Carroll and Epel, 1975a; Haley and Wessel, 1999). 3)
Stabilization. Within minutes of assembly, proteins of the fertiliza-
tion envelope are covalently joined to each other to form a large
and stable macromolecular structure. This new extracellular
matrix is both mechanically and biochemically stable (Shapiro,
1975; Just, 1939; Wong et al., 2004; Harvey, 1909). Indeed, it
takes a unique and specific protease to free the developing
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embryo from this shell for further development (Mozingo et al.,
1993; Lepage and Gache, 1989, 1990; Nomura et al., 1997). 4)
Filtration. The fertilization envelope establishes a diffusion limit of
approximately 40 kDa (Wong and Wessel, 2008; Kay and Shapiro,
1985). (By comparison, the kidney glomerulus, the major blood
filtration organ of vertebrates, achieves a filtration limit of approxi-
mately 69 kDa – the molecular mass and globular radius of serum
albumin – through a dynamic interface established by extracellu-
lar matrix proteins and cellular remodeling (Patari-Sampo et al.,
2006; Chang et al., 1975)). Given the environment in which the
sea urchin embryo develops, this limited permeability may be
important for establishing an embryonic microenvironment free of
microbial toxins or harmful pathogens. This review will emphasize
both the classical studies and recent molecular details regarding
the fertilization envelope that help us understand the extracellular
architecture that enhances the reproductive success of the sea
urchin.

Construction of the Fertilization Envelope

The fertilization envelope is constructed from two protein
populations (Fig. 1). The unfertilized egg has a nascent extracel-
lular matrix referred to as the vitelline layer, upon which other
proteins are added during a secretory process that occurs after
fertilization. Of the estimated twenty-five major glycoproteins in
the sea urchin vitelline layer (Gache et al., 1983; Niman et al.,
1984; Longo, 1981), two are known and, consistent with historical
biochemical data, are sensitive to disulfide reducing agents
(Aketa and Tsuzuki, 1968; Chandler and Heuser, 1980; Tegner
and Epel, 1976; Epel et al., 1970; Carroll et al., 1977). The two
vitelline layer proteins identified are enriched in CUB domains
(originally found in complement factors Clr and Cls, urchin EGF,
and bone morphogenetic protein 1), motifs of an anti-parallel β-
strand fold that are stabilized by up to four positionally conserved
disulfide bonds (Bork and Beckmann, 1993; Romero et al., 1997;
Varela et al., 1997). These domains have been shown to homo-
or heterodimerize to form carbohydrate-binding pockets or pro-
tein-interactive surfaces, and are found in extracellular proteins
throughout animal phylogeny (Romero et al., 1997; Varela et al.,
1997).

The two CUB-containing proteins within the vitelline layer
include p160, a 160-kDa post protein clustered at the tips of
microvilli (Haley and Wessel, 2004), and rendezvin120, the egg
extracellular matrix splice-variant of the oocyte-specific rendezvin
gene (Wong and Wessel, 2006b) [see Box 1 below]. p160 con-
tains 5 CUB domains and anchors the vitelline layer to the egg
plasma membrane. Cleavage of this linker protein must occur in
order for the vitelline layer scaffold to separate from the egg
surface (Haley and Wessel, 2004). The protease responsible for
this cleavage appears to be CGSP1, the serine protease that
resides within the cortical granules (Haley and Wessel, 1999,
2004). Unlike the proteolyzed fragments of p160, rendezvin120 is

retained in the modified egg ECM after it lifts off the egg surface
(Wong and Wessel, 2006b), serving as a core scaffold that
organizes fertilization envelope assembly (Carroll et al., 1986;
Ruiz-Bravo et al., 1986; Kay and Shapiro, 1985). It too has several
CUB domains, and we hypothesize that it associates directly with
p160 to remain anchored to the egg surface. This binding may
occur directly through the CUB domains, forming heterodimers,
or indirectly, by a lectin function of CUB dimers for binding to other
glycoproteins (Romero et al., 1997; Varela et al., 1997; Bork and
Beckmann, 1993). Different from most extracellular matrices, the
vitelline layer of the egg is synthesized with the anticipated
function of separating from the plasma membrane. Thus, the
points of anchorage appear to be limited to enable rapid separa-
tion of the vitelline layer scaffold from the egg surface at fertiliza-
tion.

The second major contribution in construction of the fertiliza-
tion envelope is the contents of the cortical granules. Cortical
granules are secretory vesicles synthesized during oogenesis
and released following gamete fusion (reviewed in Wessel et al.,
2001). These oocyte- and egg-specific organelles number up to
15,000 per sea urchin egg (Laidlaw and Wessel, 1994), and are
enriched within the distal region of the egg’s cortex, subjacent to
the plasma membrane. Sea urchin cortical granule membranes
are hemifused to the plasma membrane, making them primed for
content release upon exposure to an appropriate concentration of
their calcium trigger (Wong et al., 2007). The shear number of
granules per egg and their rapid secretion en masse following
fertilization implies that cortical granule contents can significantly
alter the local extracellular environment upon exocytosis, easily
transforming a sperm-competent egg vitelline layer into a physical
barrier against additional sperm.

The major mass of protein released from the sea urchin cortical
granules is non-enzymatic and contributes significantly to the
permanent block to polyspermy. Of the 12 different proteins
secreted by the cortical granules (Wessel et al., 2001), the six
major proteins visible by Coomassie staining are directly incorpo-
rated into the fertilization envelope (Wong and Wessel, 2004).
Five genes encode these cortical granule proteins, including
proteoliaisin (Somers et al., 1989; Somers and Shapiro, 1991),
sfe1 (Wessel et al., 2000; Laidlaw and Wessel, 1994), sfe9
(Wessel, 1995; Laidlaw and Wessel, 1994), rendezvin (Wong and
Wessel, 2006b) [see Box 1 below], and the enzyme ovoperoxidase
(LaFleur et al., 1998; Nomura and Suzuki, 1995; Nomura et al.,
1999). These six proteins rapidly self-assemble within the vitelline
layer scaffold to form the fertilization envelope (Fig. 1). These high
affinity interactions are likely due to the tandem arrangement of
common protein-binding domains in all these proteins: proteoliaisin,
SFE1, and SFE9 are abundant in low density lipoprotein receptor
type A (LDLrA) repeats – containing up to 28 tandem LDLrA
repeats, in some orthologs (Wessel et al., 2000; Wessel, 1995;
Wong and Wessel, 2004) whereas the cortical granule members
of the rendezvin family are, like their vitelline layer sibling

BOX 1: The rendezvin protein family has a complex series of processing and distribution events. The full-length rdz transcript is alternatively
spliced into at least three forms, with the most abundant pool of mRNA encoding the parent of cortical granule-destined rendezvin60 and
rendezvin90 (Wong and Wessel, 2006b). Two significantly less-abundant transcripts are also created, encoding the vitelline layer-destined
rendezvin120. During posttranslational processing, S. purpuratus rendezvin60 is cleaved from its carboxy-terminal partners (cortical granule
rendezvin90 or vitelline layer rendezvin120). Differential trafficking of each variant follows secretory paths for their respective destinations.
Amazingly, after fertilization these segregated siblings reunite within the fertilization envelope.
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Fig. 1. Milestones of fertilization envelope formation. Diagram detailing the time-course of modification of the egg cortex and fertilization envelope
assembly, starting from sperm fusion (top) to ovoperoxidase-dependent crosslinking (bottom). Milestones are highlighted, and are described in the
text. In panel (7), arrows denote dityrosine crosslinks formed by active ovoperoxidase. Abbreviations: CGSP1, cortical granule serine protease 1
(proCGSP1 = zymogenic form); OVOP, ovoperoxidase (ovop = zymogenic form); TG, transglutaminase; Udx1, urchin dual oxidase 1; RDZ, rendezvin;
PLN, proteoliaisin; H2O2, hydrogen peroxide; “R-Q=K-R”, covalent epsilon(gamma-glutamyl)lysine bonds; “R-Y=Y-R”, covalent dityrosine crosslink;
40 kDa, macromolecules of 40,000 daltons. (Modified with permission from Wong and Wessel, 2008).
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rendezvin120, abundant in CUB domains (Wong and Wessel,
2006b) [see Box 1]. Although CUB domains and LDLrA repeats
are common throughout the animal kingdom where they function
in protein–protein binding, the fertilization envelope provides the
first direct evidence that proteins with these two modules interact
in a specific, high-affinity manner (Song et al., 2006).

Proteolysis is one enzymatic activity considered to be con-
served in the block to polyspermy (Carroll and Epel, 1975b;
1975a; Runnstrom, 1966; Vacquier et al., 1973). Many functions
have been ascribed to a cortical granule-derived protease, includ-
ing removal of the sperm receptor, modification of the vitelline
layer, and even egg activation (Carroll and Epel, 1975a; Carroll
and Jaffe, 1995; Runnstrom, 1966; Vacquier et al., 1973) – yet it
appears that only one enzyme is responsible for all activities. The
cortical granule serine protease (CGSP1) is the only protease
activity detected from sea urchin cortical granules (Carroll and
Epel, 1975a; Haley and Wessel, 1999). Furthermore, CGSP1
activity at the egg surface appears to be selective, suggesting that
it has specific roles and/or regulators that are not required at any
other time during development (Haley and Wessel, 1999). Of the
200-300 estimated proteins at the egg cell surface, this protease
cleaves and liberates peptides from approximately 15% of the
total population (Carroll and Epel, 1981; Shapiro, 1975). Cleaving
the vitelline post protein p160, for example, separates 85, 60, and
35 kDa peptides of the ectodomain from its transmembrane
domain (Haley and Wessel, 2004), thus permitting the physical
detachment of the vitelline layer from the egg surface during the
formation of the fertilization envelope (Kay and Shapiro, 1985).

The sea urchin fertilization envelope is also mechanically
transformed from a flexible network of glycoproteins into a hard-
ened shell. This physical transformation is a consequence of
enzymatic activity including transglutaminase and peroxidase.
Transglutaminase catalyzes isopeptide amide bonds between
glutamine and lysine, thereby fusing adjacent proteins to one
another (Lorand and Graham, 2003; Battaglia and Shapiro, 1988;
Nemes et al., 2005). This extended family of calcium-dependent
enzymes generates intermolecular bonds through a cysteine-
protease-like catalytic mechanism (reviewed in Lorand and Gra-
ham, 2003; Nemes et al., 2005). A zymogenic form of
transglutaminase appears to reside at the sea urchin egg surface
and is activated within 1 minute following cortical granule exocy-
tosis (Battaglia and Shapiro, 1988). This activity generates
isopeptide bonds necessary for stabilizing the initial fertilization
envelope assembly (Battaglia and Shapiro, 1988; Kay and Shapiro,
1985; Cariello et al., 1994). Curiously, transglutaminase activity
requires cortical granule exocytosis, suggesting that its zymogen
is activated by CGSP1 proteolysis – a similar phenomenon for the
activation of homologs such as transglutaminase type 3 and
plasma factor XIIIa (Lorand and Graham, 2003; Nemes et al.,
2005).

While transglutaminase activity is necessary for fertilization
envelope resilience (Cariello et al., 1994), matrix rigidity is prima-
rily established by peroxidase activity (Showman and Foerder,
1979; Wong and Wessel, 2008). Peroxidases catalyze the forma-
tion of dityrosine bonds between adjacent proteins through a free-
radical intermediate that originates from hydrogen peroxide (Gross,
1959). The hydrogen peroxide is synthesized by members of a
specific family of enzymes e.g. the Nox family (Lambeth, 2002;
Lambeth et al., 2007). The source of the sea urchin hydrogen

peroxide is a single enzyme member of the dual oxidase (Duox)
family of enzymes. This sea urchin dual oxidase Udx1 is present
at the egg cell surface and is activated by calcium fluxes within the
cytoplasm as a result of sperm activation (Wong et al., 2004).
Duoxes are transmembrane enzymes with a peroxidase (hydro-
gen peroxide consumer) domain at their amino termini, and an
NADPH-dependent oxidase domain (hydrogen peroxide genera-
tor) at their carboxy-termini (Lambeth et al., 2007; Lambeth,
2002). The function of the amino terminal peroxidase domain is
unclear, but its similarity to catalases suggests that it may be
important for neutralizing stray hydrogen peroxide before the
reactive molecule can damage the embryo (Wong et al., 2004).
The NADPH oxidase domain utilizes the cofactor NADPH as an
electron donor, and is activated by calcium, presumably through
the EF-hands located in the cytoplasm between the peroxidase
and oxidase domains (Lambeth et al., 2007; Wong et al., 2004).
While steric conformational changes that occur following calcium
binding are hypothesized to enable enzyme activation, exactly
how calcium regulates this or any other Duox is unknown.

In the sea urchin egg, the cortical granule-derived ovoperoxidase
consumes the hydrogen peroxide generated by Udx1 in order to
establish mechanical and chemical resilience in the sea urchin
fertilization envelope (Showman and Foerder, 1979; Foerder and
Shapiro, 1977; Hall, 1978; Bryan, 1970). This myeloperoxidase-
like family of enzymes is specifically transcribed in oocytes, and
packaged into cortical granules (LaFleur et al., 1998; Nomura and
Suzuki, 1995). When released from the cortical granule lumen,
ovoperoxidase is drawn away from the egg surface by the tether-
ing protein, proteoliaisin, that keeps the enzyme associated with
the elevating vitelline layer, thereby restricting its cross-linking
activity to the ECM undergoing modification (Somers et al., 1989;
Mozingo et al., 1994).

The chemistry of the peroxidase-mediated dityrosine
crosslinking process was recently exploited to identify
ovoperoxidase protein substrates within the fertilization envelope
(Wong and Wessel, 2008). A fluorophore-conjugated tyramide
molecule from the tyramide signal amplification mechanism
(Bobrow et al., 1989) was used to compete with the formation of
endogenous dityrosine crosslinks, thereby covalently labeling the
protein substrate and enabling the proteins of the fertilization
envelope to remain separable by SDS-PAGE. These targets were
then identified by immunoblotting and tandem mass spectrom-
etry. Surprisingly, these results show that the free-radical
crosslinking mechanism in the sea urchin egg extracellular is
remarkably selective and is capable of distinguishing target
proteins derived from the same gene family. All of the LDLrA-
containing proteins (proteoliaisin, SFE1, SFE9) are cross-linked
to the vitelline layer rendezvin120 whereas the cortical granule-
derived rendezvin60 and rendezvin90 remain free, both intra- and
inter-molecularly (Wong and Wessel, 2008). The relationship
between binding affinity and crosslinking of cortical granule pro-
teins with rendezvin120 is consistent with the high percentage of
tyrosine residues in this isoform (Wong and Wessel, 2006b).
From the perspective of ovoperoxidase, this specificity implies
that either 1) free radical production is exquisitely localized,
enabling only a specific population of crosslinks to be made, or 2)
ovoperoxidase-dependent free radical production is ubiquitous,
but the intermediates react very specifically such that subtle
structural differences within the hierarchy of protein-protein inter-



The egg extracellular matrix at fertilization   549

actions dictate selectivity of crosslinking. Although the binding
interactions between the different proteins that constitute the
fertilization envelope are known, we do not yet know if the
molecular structure of this matrix can distinguish between these
two models describing how the specificity of free radical cross-
linking is achieved.

Implications

At the level of the single cell, the paradoxical relationship
between conservation of function and sequence radiation is best
exemplified by the constituents of the physical block to polyspermy
(Wong and Wessel, 2006a). Yet the implications for the simplicity
of interacting partners and biochemical modifications that occur to
this extracellar matrix extend well into embryogenesis and adult
tissue. For example, the more high-affinity interacting domains a
protein retains, the more freedom a structurally unrelated domain
in that same protein would have to diverge without losing affinity
for its original binding partner. Thus, minor alterations to an
otherwise conserved protein foundation can greatly expand the
functionality and flexibility of an extracellular matrix, possibly
resulting in diversification and specialization of the tissues that
rely on these evolving matrices. Some cases where this can be
seen in action include protein superfamilies such as laminin,
fibronectin, and collagen, whose members are used throughout
the animal kingdom in matrices as diverse as the basal lamina to
tendons and ligaments.
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