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ABSTRACT  The evolution of barriers to inter-specific hybridization is a crucial step in the

fertilization of free spawning marine invertebrates. In sea urchins, molecular recognition between

sperm and egg ensures species recognition. Here we review the sulfated polysaccharide-based

mechanism of sperm-egg recognition in this model organism. The jelly surrounding sea urchin

eggs is not a simple accessory structure; it is molecularly complex and intimately involved in

gamete recognition. It contains sulfated polysaccharides, sialoglycans and peptides. The sulfated

polysaccharides have unique structures, composed of repetitive units of α-L-fucose or α-L-

galactose, which differ among species in the sulfation pattern and/or the position of the glycosidic

linkage. The egg jelly sulfated polysaccharides show species-specificity in inducing the sperm

acrosome reaction, which is regulated by the structure of the saccharide chain and its sulfation

pattern. Other components of the egg jelly do not possess acrosome reaction inducing activity,

but sialoglycans act in synergy with the sulfated polysaccharide, potentiating its activity. The

system we describe establishes a new view of cell-cell interaction in the sea urchin model system.

Here, structural changes in egg jelly polysaccharides modulate cell-cell recognition and species-

specificity leading to exocytosis of the acrosome. Therefore, sulfated polysaccharides, in addition

to their known functions as growth factors, coagulation factors and selectin binding partners, also

function in fertilization. The differentiation of these molecules may play a role in sea urchin

speciation.

KEY WORDS: acrosome reaction, sperm-egg recognition, cell recognition, sulfated fucan, speciation

Introduction

The contribution of complex glycoconjugates to cell-cell inter-
action have been extensively studied (Couchman et al., 2001;
Selva and Perrimon, 2001). One of the biological phenomena
used to study the role of carbohydrates in cellular interaction is
fertilization, where the recognition mechanism between egg and
sperm involves protein-carbohydrate interactions (Miller and Ax,
1990, Diekman, 2003).

Free-spawning echinoderms are excellent models to investi-
gate molecular events involved in fertilization and to understand
the evolutionary pathways that lead to speciation. Successful
fertilization in these organisms depends upon overcoming a
series of constraints even before the sperm makes contact with
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the egg. Males and females must synchronize gametogenesis
and the timing of gamete release to the seawater. Once spawned,
sperm must find and interact with a homologous egg, avoiding
cross-fertilization with eggs of other species.

In this review we will focus on the molecular mechanisms that
ensure species-specificity during sea urchin fertilization. Although
different sea urchin species inhabit the same geographic region,
eggs are mostly fertilized by homologous sperm. This species-
specificity has required the development of precise regulatory
mechanisms to keep species from interbreeding. Since there are
no yet known environmental spawning signals related with spe-
cies-specificity (Walker et al., 2001), the steps involved in estab-
lishing such barriers should be controlled at the level of gamete
interaction. From this point of view, the sperm acrosome reaction
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(AR) is a crucial event.
In all animal sperm with acrosomes the AR is a necessary

event for fertilization. When sperm approach the sea urchin egg,
the egg jelly induces the sperm AR, which exposes the protein
bindin at the tip of the acrosomal process of the sperm head. Only
then can sperm attach to the egg and their plasma membrane fuse
(Moy and Vacquier, 1979). In the sea urchin the sperm AR
involves the exocytosis of the acrosomal vesicle and polymeriza-
tion of actin to form a ~1 µm long acrosomal process. The AR was
discovered in sea urchins, starfish and other marine invertebrates
by J.C. Dan, working in Japan in the early 1950s (for a review see
Hoshi et al., 1994). In the following decades, extensive studies

described the morphological and physiological changes that
occur in the spermatozoa during the AR. The AR involves the
influx of Na+ and Ca2+ and the efflux of H+ and K+ through a variety
of ion channels. These ion fluxes result in the increase of both
intracellular calcium and pH (Darszon et al., 2007). A sustained
increase of intracellular calcium is necessary for exocytosis of the
acrosomal vesicle, while the increase of intracellular pH allows
the polymerization of actin to form the acrosomal process and the
exposure of bindin at the tip of the sperm head.

Previous work in the field assumed that in sea urchins, gametic
mate “choice” during fertilization is controlled primarily, if not
exclusively, by interaction of the sperm protein bindin and its egg
receptor (Minor et al., 1991; Kamei and Glabe, 2003). However,
SeGall and Lennarz (1979) suggested that the egg jelly (a
gelatinous layer which surrounds sea urchin eggs) induces the
AR in a species-specific way. The egg jelly is composed of a
mixture of sulfated polysaccharides, sialoglycans and peptides,
but the identification of the specific molecule involved in the
induction of the AR was not achieved until 1997, when it became
clear that the sulfated polysaccharides are the inducers of the AR
(Alves et al., 1997).

Unique sulfated polysaccharides in sea urchin egg
jelly

The first evidence showing sulfated fucans in sea urchins
was published ∼60 years ago (Vasseur, 1948), but no structural
study was performed on these compounds. Since 1994 we
have begun a systematic analysis of the structures of the
sulfated fucans (and also sulfated galactans) from different
species of sea urchins.

Sulfated polysaccharides from sea urchin egg jelly have
simple and unique structures, composed of unbranched, linear
chains of α-L-fucose or α-L-galactose units, with well-defined
repetitive units. The specific pattern of sulfation and the posi-
tion of the glycosidic bond vary among sulfated fucans and
sulfated galactans from different species (Fig. 1).

A simple sulfated fucan was identified in the egg jelly from
the sea urchin S. franciscanus, which is a [3-α-L-Fuc-2(OSO3)-
1]n (Vilela-Silva et al., 1999), as well as a sulfated galactan in
the egg jelly from E. lucunter, a [3-α-L-Gal-2(OSO3)-1]n (Mulloy
et al., 1994). Other sea urchins so far studied possess sulfated
fucans with oligosaccharide repeating units, which vary among
the different species according to the position of the glycosidic
linkage and the sulfation site at 2- and 4-positions.

Sulfated fucans have already been found in marine brown
algae as a constituent of the cell wall. But in contrast with the
simple and ordered structures of the sea urchin polysaccha-
rides, algal fucans have complex and heterogeneous struc-
tures. More recent studies have revealed the occurrence of
repeating units in the sulfated fucans from some species of
algae (Mourão, 2004; Berteau and Mulloy, 2003). Even in these
cases, the presence of highly branched portions and the com-
plex distributions of sulfate and acetyl groups highlight the
heterogeneity of algal fucans in contrast with the echinoderm
polysaccharides.

Sulfated polysaccharides are species-specific induc-
ers of the sea urchin sperm acrosome reaction
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Fig. 1. Structures of sulfated polysaccharides from the egg jelly of

various sea urchin species. Seven species have their sulfated polysac-
charides structurally characterized. Some species may present two
different isotypes of sulfated polysaccharides in their egg jelly. Except for
E. lucunter, which contains a sulfated galactan, all other species present
sulfated fucans. The specific pattern of sulfation and the position of the
glycosidic linkage vary among the species.
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In an initial experiment to test whether sulfated polysaccha-
rides from sea urchin egg jelly induce the AR, we incubated
purified sulfated fucans and a sulfated galactan with homolo-
gous and heterologous sperm from species that co-inhabit the
same area in Rio de Janeiro (sympatric species). We observed
that the sulfated polysaccharides are species-specific inducers
of the AR (Fig. 2).

The fact that the sulfated fucans are species-specific AR
inducers was confirmed as the study was extended to the
species Strongylocentrotus franciscanus  and
Strongylocentrotus purpuratus, both from the eastern north
Pacific (Vilela-Silva et al., 1999; Hirohashi et al., 2002a). These
species contain 3-linked fucans, which differ in the proportions
of 2- and 4-sulfation. The pattern of sulfation is an important
feature for recognition of fucans by sperm. As exemplified in
Fig. 3, sperm from S. purpuratus were sensitive to homologous
4-sulfated fucan but not to heterologous 2-sulfated fucan (red
symbols in Fig. 3). In these 3-linked sulfated fucans, the 2- and
4-positions are the only ones capable of sulfation. Oversulfation
of the fucan from S. purpuratus did not change its responsive-
ness to homologous sperm, suggesting that increased 2-sul-
fates do not increase nor inhibit the biological activity in this
species (blue symbols, Fig. 3). But, the sulfated fucan from S.
franciscanus, which was ineffective on the S. purpuratus sperm,
induced the AR as did the homologous fucan after chemical
oversulfation, because of increased 4-sulfation. Thus, the po-
sition of sulfation is crucial for AR inducing activity of the fucans
of these Strongylocentrotus species, rather than the nonspe-
cific charge density or sulfate content of the polysaccharide.

When sulfated fucans were tested at a concentration of 100
µg hexose/mL in Strongylocentrotus species, we observed that
the position of the glycosidic linkage (whether 3- or 4-linked) is
the crucial structural requirement for the induction of the AR.
Thus, a 2-sulfated, 4-linked fucan is inactive on S. franciscanus
sperm, which recognize the homologous 2-sulfated, but 3-
linked fucan (Hirohashi et al., 2002a). Various 3-linked fucans,
with variable sulfation at 2- and/or 4 positions are inactive on S.
droebachiensis, which has a 4-linked fucan (Fig. 4B).

Also curious, a 2-sulfated, 3-linked α-L-galactan has the
same potency as an AR inducer in sperm from S. franciscanus
as the homologous 2-sulfated, 3-linked α-L-fucan. This indi-
cates that S. franciscanus sperm do not differentiate between

the CH2OH of L-galactose and the CH3 of L-fucose at position
6. These two polysaccharides present the same sulfation pat-
tern and glycosidic bond, differing only in the sugar moiety.
Recently, comparison of these two sulfated polysaccharides
regarding their solution conformation showed that they possess
similar conformations and that the substitution pattern at C-5
(either CH2OH or CH3) has a small influence over the two
pyranose conformational preferences of the monosaccharide
residues (Becker et al., 2007).

The sulfated fucans of egg jelly have high molecular masses
(≥100 kDa) and this characteristic is crucial to induce the AR,
possibly due to the effect of the polysaccharide on the sperm
Ca2+ channels. When the sulfated fucan from S. purpuratus was
subjected to mild acid hydrolysis, a decrease of its size pro-
duced a marked decrease in the ability to induce Ca2+ influx.
After 5 h of mild hydrolysis, the sulfated fucan almost com-
pletely lost its capacity to induce the AR, but could still produce
modest and continuous increases in intracellular Ca2+ and pH.
The use of specific inhibitors of Ca2+ channels and a detailed
analysis of the patterns of Ca2+ uptake induced by the low-
molecular-mass sulfated fucan indicated that this derivative is
not enough to open the first Ca2+ channel (characterized as
voltage-dependent calcium channel), but it opens the second
channel (characterized as store operated channel), at high
concentrations (Hirohashi and Vacquier, 2002c). The increase
of intracellular Ca2+ obtained by this low mass sulfated fucan
induces exocytosis of the acrosomal vesicle, but only at slower
kinetics, which are not able to induce a complete AR. A com-
plete AR involves both the exocytosis of the acrosomal vesicle
and the polymerization of the acrosomal process. In the incom-
plete AR, the vesicle undergoes exocytosis, but the actin is not
polymerized to form the acrosomal process. This could result if
there is not enough of an increase of intracellular pH. The

Fig. 2. Structure of sul-

fated polysaccharides

from sea urchin spe-

cies that co-inhabit

the Rio de Janeiro in-

tertidal zone and their

activity as inducers of

the acrosome reac-

tion. Modified from
Alves et al., 1997.
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second Ca2+ channel responsible for the sustained calcium
increase needed for the AR is known to be positively regulated
by the increase in intracellular pH (Hirohashi and Vacquier,
2003).

Two mechanisms of sperm-egg recognition in sea
urchin fertilization

We demonstrated that purified sulfated fucans from egg jelly
induce the species-specific sperm AR. However, we had not
investigated the contribution of this finding to the final biological
event, that is, fertilization of the eggs. Furthermore, the relation-
ship between the sulfated polysaccharide-based mechanism of
sperm-egg recognition and the well-known bindin protein para-
digm (Vacquier et al., 1995; Cameron et al., 1996; Glaser et al.,
1999, see the paper by Zigler in this issue) remained to be
clarified.

At this stage we outlined an experimental approach to
distinguish between the bindin- and the sulfated polysaccha-
ride-based recognition mechanisms using three closely related
sympatric Strongylocentrotus species (Biermann et al., 2004).
Initially we determined fertilization among the species as-
sessed by counting the proportions of fertilized eggs (Fig. 4A).
For homologous (conspecific) gametes we observed a high
percentage of successful fertilization, whereas heterospecific
sperm fertilized only a small percentage of eggs. After inducing
the AR with conspecific egg jelly, interspecific fertilization
between Strongylocentrotus  droebachiensis and
Strongylocentrotus pallidus increased significantly in both di-
rections. In contrast, the eggs of S. purpuratus could not be
fertilized, even after the induction of the AR of the heterospecific

sperm with their conspecific egg jelly.
These observations indicated that induction of the AR by the

egg jelly sulfated polysaccharides is the major limitation for
interspecific fertilization between S. droebachiensis and S.
pallidus (sulfated polysaccharide-based species recognition
mechanism). In contrast, the major limitation for interspecific
fertilization between S. purpuratus and the other two species is
a step that follows the AR. Possibly this involves reaction of the
protein bindin, exposed on the outside of the sperm acrosomal
process, with its cognate egg membrane receptor (the bindin
paradigm of species recognition). These two hierarchical steps
in sea urchin gamete recognition are shown in Fig. 5.

To investigate whether failure of the sperm AR, induced by
the egg jelly sulfated polysaccharides, is in fact the major
limitation for interspecific fertilization between S. droebachiensis
and S. pallidus, we determined the proportion of sperm that
undergo the AR in response to egg jelly sulfated polysaccharide
(Fig. 4B). S. droebachiensis sperm responded exclusively to
the conspecific polysaccharide, whereas S. pallidus and S.
purpuratus sperm cross-reacted. S. droebachiensis contains a
sulfated fucan with a structure unique among the other
Strongylocentroid species examined, since it contains 4-linked
instead of 3-linked fucose units. This sulfated fucan specifically
triggered the AR only in sperm from its own species. Sperm
from S. pallidus and S. purpuratus responded to conspecific
and heterospecific 3-linked, but not to 4-linked sulfated fucans,
independent of their sulfation patterns at the O-2 and O-4
positions.

In summary, we have shown that sulfated carbohydrate from
egg jelly induces the AR species-specifically in S. droebachiensis
and S. pallidus. This characterizes a sulfated polysaccharide-
based species recognition mechanism involving signal trans-
duction driving an exocytotic event. There are no other signifi-
cant barriers to interspecific fertilization between these two

0.1 1 10
0

20

40

60

0

10

20

30

40

50

Sulfated fucan - µg

S. purpuratus fucan

S. franciscanus fucan

%
 o

f a
cr

os
om

e
re

ac
tio

n

0.1 1 10
0

20

40

60

0

10

20

30

40

50

Sulfated fucan - µg

S. purpurat fucan

S. franciscanus fucan

%
 o

f a
cr

os
om

e
re

ac
tio

n S. franciscanus

O
-O3SO

CH3HO

O-O3SO

O
-O3SO

CH3

-O3SO O

O

CH3

O3SO O

O

CH3

-O3SO OO3SO

O3SO

-

-

-

S. purpuratus

0.1 1 10
0

20

40

60

0

10

20

30

40

50

Sulfated fucan - µg

S. purpuratus fucan

S. franciscanus fucan

%
 o

f a
cr

os
om

e
re

ac
tio

n

0.1 1 10
0

20

40

60

0

10

20

30

40

50

Sulfated fucan - µg

S. purpurat fucan

S. franciscanus fucan

%
 o

f a
cr

os
om

e
re

ac
tio

n

0.1 1 10
0

20

40

60

0.1 1 10
0

20

40

60

0

10

20

30

40

50

0

10

20

30

40

50

Sulfated fucan - µg

S. purpuratus fucan

S. franciscanus fucan

%
 o

f a
cr

os
om

e
re

ac
tio

n

0.1 1 10
0

20

40

60

0.1 1 10
0

20

40

60

0

10

20

30

40

50

0

10

20

30

40

50

Sulfated fucan - µg

S. purpurat fucan

S. franciscanus fucan

%
 o

f a
cr

os
om

e
re

ac
tio

n S. franciscanus

O
-O3SO

CH3HO

O-O3SO

S. franciscanus

O
-O3SO

CH3HOHO

O-O3SO
-O3SO

O
-O3SO

CH3

-O3SO O

O

CH3

O3SO O

O

CH3

-O3SO OO3SO

O3SO

-

-

-

O
-O3SO

CH3

-O3SO O

O

CH3

O3SOO3SO O

O

CH3

-O3SO OO3SOO3SO

O3SOO3SO

-

-

-

S. purpuratus

Fig. 3. Structures and effects of two sulfated fucans from two Strongylocentrotus

species as inducers of the acrosome reaction of S. purpuratus sperm. These species
contain 3-linked fucans, which differ in the proportion of 2- and 4-sulfation (represented in red).
Chemical oversulfation of these polysaccharides promotes the addition of sulfate esters at the
2- and 4-positions (represented in blue), the sole positions available for sulfation. Data
modified from Hirohashi et al., 2002.

species. In other Strongylocentroid species, the AR is
triggered nonspecifically by heterogeneous egg jelly
polysaccharides from the same genus, but exhibit
species-specific sperm binding due to the protein
bindin (the bindin paradigm of species recognition)
(Fig. 5). In a previous study, Metz et al. (1994) com-
pared fertilization between the species Echinometra
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oblonga and E. matthei and observed that the egg jelly of one
species induces the AR perfectly in the sperm of the other
species, but the reacted sperm can only bind to their own eggs.
This indicates that for these two species the fertilization block
is not AR induction but the binding and fusion of the reacted
sperm to the egg. This is an example of a bindin-based mecha-
nism of species recognition.

Isoforms of sulfated fucans

Some species of sea urchins from the eastern north Pacific
present two isotypes of sulfated fucan, which differ in their
sulfation pattern. In the case of S. purpuratus one isoform has
the repeating unit [3-α-L-Fuc-2(SO4)-1]n, with some degree of
4-O-sulfation, while another is composed of the repeating
oligosaccharide [3-α-L-Fuc-2,4(SO4)-1→ 3-α-L-Fuc-4(SO4)-1→
3-α-L-Fuc-4(SO4)-1]n (Alves et al., 1998). For the species S.
droebachiensis, one isoform has a 4-linked tetrasaccharide
repeating unit, while another isoform is composed of a single [4-

α-L-Fuc-2(OSO3)-1] unit (Vilela-Silva et al., 2002). In those
cases, both isotypes have equivalent potency in inducing the
AR in homologous sperm and therefore are irrelevant under a
physiological point of view. The biological significance of these
isoforms is still unclear. They could represent differentiation
within the species that might be a forerunner of incipient
sympatric speciation.

The sea urchin L. variegatus also expresses two sulfated
fucan isoforms. One is composed of the repeating tetrasaccha-
ride [3-α-L-Fuc-2(SO4)-1→ 3-α-L-Fuc-4(SO4)-1→ 3-α-L-Fuc-
2,4(SO4)-1→ 3-α-L-Fuc-2(SO4)-1]n while another is composed
exclusively of 4-sulfated and 3-linked fucose units. In contrast

Fig. 4. Experimental approach to distinguish between the

bindin and the sulfated polysaccharide-based mechanisms of

sperm-egg recognition in sea urchin fertilization. (A) Fertiliza-
tion success among three Strongylocentrotus species using sperm
diluted in seawater (upper panel) and pre-reacted with conspecific
egg jelly to induce the AR (lower panel). (B) Structures of sulfated
fucans isolated from the egg jellies of sea urchins and their effects as
inducers of the AR. The sulfated fucans were used at a concentration
of 100 µg of hexose/mL. Data modified from Biermann et al., 2004.

Fig. 5. Schematic representation of the two hierarchical steps in sea

urchin gamete recognition. (a) Sulfated polysaccharide-based species
recognition: the sperm acrosome reaction (AR) is induced when a sperm
with the correct receptor type contacts specific sulfated polysaccharide
in the egg jelly coat (red triangles). This reaction exposes the protein
bindin (shown in blue). (b) The bindin paradigm: the protein bindin,
coating the outside of the acrosomal process, reacts with a matching egg
membrane receptor. Reprinted from Biermann et al., 2004, with permis-
sion.
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Fig. 6. Other components of the egg jelly potentiate the acrosome

reaction. (A) The whole egg jelly (EJ, •) is a better inducer of the AR than

the purified sulfated fucan (FSP, °). Sperm were incubated with either EJ
or FSP for 5 min in HEPES-sea water and scored for AR. (B) The
sialoglycan (SG) alone, or in the presence of the FSP, does not cause an
increase in the sperm intracellular Ca2+. The percentages indicated in the
panel refer to AR activity obtained with the same concentrations of FSP
and SG. (C) The sperm intracellular pH was measured in the presence of
the sulfated fucan or the sialoglycan, in the absence and the presence of
different calcium channel inhibitors such as nifedipine (Nif), high concen-
trations of extracellular K+ and Ni2+. Nif blocks the opening of the first
calcium channel, while Ni2+ blocks the second one. Reprinted from
Hirohashi and Vacquier, 2002, with permission.

to the isoforms found in S. purpuratus and S. droebachiensis,
those of L. variegatus differ dramatically in their capacity to
induce AR in homologous sperm. Furthermore, in this species,
expression of the fucan isotypes by females varies during
different seasons of the year, and seems to be related to the
periodicity of the reproductive cycle (Cinelli et al., 2007). The
inactive isoform, which is composed of [3-α-L-Fuc-4(SO4)-1]
units, is expressed mostly during periods of low reproduction.

Other molecules from the egg jelly also contribute to
sea urchin fertilization

Soluble egg jelly is a more potent AR inducer than the
purified sulfated fucan (Fig. 6A). Furthermore, several treat-
ments of egg jelly, which affect components other than the
sulfated polysaccharide, result in a ~50% decrease in the AR
activity (Shimizu et al., 1990, Keller and Vacquier, 1994). These
observations indicate that other components in egg jelly, mostly
sialoglycans and sperm-activating peptides, may potentiate the
sulfated fucan’s AR inducing activity.

The sialoglycans alone, or in the presence of the sulfated
polysaccharide, do not increase intracellular Ca2+ (Fig. 6B), but
clearly promote an increase in intracellular pH even in the
absence of sulfated polysaccharide (Hirohashi and Vacquier,
2002d). An elevation of ~0.25 units in intracellular pH is crucial
for the AR, triggering the polymerization of actin to form the
acrosomal process. The change in intracellular pH produced by

the sulfated polysaccharide is greater than that promoted by the
sialoglycans alone and seems to depend upon the correct
openning of sperm calcium channels. But the elevation of
intracellular pH promoted by the sialoglycans is probably de-
rived from a different pathway, as it is not inhibited by nifedipine
or high extracellular K+, which block the first calcium channel
(Fig. 6C). Probably, this property occurs through targeting the
Na+/K+ exchanger. The sialic acid residues of the sialoglycans
are critical for this activity, as treatment with neuraminidase or
mild oxidation with periodate abolishes the elevation of intrac-
ellular pH (Hirohashi and Vacquier, 2002d).

The sperm-activating peptides of sea urchin egg jelly con-
tribute to fertilization through a distinct mechanism. These
peptides diffuse away from the egg jelly and promote an
activation of sperm metabolism and increase in flagellar motility
(Shiba et al., 2005). Speract, the sperm-activating decapeptide
from S. purpuratus, induces changes in intracellular Ca2+, Na+,
cAMP, cGMP, and pH (Darszon et al., 2007). Its receptor is
localized in the sperm tail (Cardullo et al., 1994) and the
speract-induced increase of intracellular Ca2+ appears to ini-
tiate in the flagella and then spread to the sperm head (Wood
et al., 2003). All these events favor efficient fertilization.

The role of the sperm activating peptides in AR induction is
controversial. For some authors these peptides potentiate the
effect of sulfated polysaccharide on the AR (Yamaguchi et al.,
1989); while others indicate no contribution in AR (Schackmann
and Chock, 1986). More recently, it has been shown that
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speract causes an elevation in intracellular pH and conse-
quently functions as a positive cofactor, favoring the effect of
sulfated polysaccharide on AR (Hirohashi and Vacquier, 2002b).

A sperm receptor for sulfated fucan

The action of sulfated polysaccharides as inducers of the
sperm AR suggests the occurrence of a receptor in the sperm
plasma membrane. The first indication of a receptor was achieved
in S. purpuratus. A 210-kD sperm membrane glycoprotein, with
homology to the human polycystic kidney disease protein, PKD1,
was shown to bind species-specifically to the egg jelly dotted onto
nitrocellulose (Podell and Vacquier 1984). This protein was later
called “sea urchin receptor for egg jelly” (suREJ1; Moy et al.,
1996). Monoclonal antibody to suREJ1 induces the AR and the
antibody also competes with the sulfated fucan for binding the
same inductive site on suREJ1 (Moy et al., 1996). Sequence
analysis of REJ1 shows that it is a sperm membrane protein with
two carbohydrate recognition domains. It localizes on the sperm
tail and over the acrosomal vesicle and binds to the sulfated fucan
in an affinity chromatography experiment (Vacquier and Moy,
1997).

In addition to REJ1, there are other potential receptors for the
egg jelly sulfated polysaccharide. Of the 10 REJ proteins in the
sea urchin genome, four are expressed on sperm (Gunaratne et
al., 2007). suREJ2 is an intracellular plasma membrane protein
and therefore not involved in the AR (Galindo et al., 2004).
suREJ4 is found exclusively in the sperm flagellar membrane
(Gunaratne et al., 2007). suREJ3, which is structurally similar to
REJ4, localizes on the sperm membrane only over the acrosomal
vesicle and possesses a C-terminal transmembrane region that is
homologous to voltage-dependent Ca2+ channels (Mengerink et
al., 2002). Although suREJ3 could be possibly correlated to a
signaling transduction event as the AR, there is no evidence that

Lytechinus
variegatus

S.droebachiensis

S.pallidus

S.purpuratus

S.franciscanus

Echinometra
lucunter

Arbacia
lixula

>
2
0
0

M
y
r

3
0

M
y
r

1
0
-

2
0
M

y
r

3
M

y
r

Myr = Million years of evolutionary divergence

SulfationGlycosidic linkage

Structure of the sulfated polysaccharides

Sugar

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Gal

1 4

1 3

1 3

1 3

1 3

1 3

1 4

1 3

1 4

I

II

I

II

2S

2S 2S

4S2S2S 4S

2S

2S

2S

2S 2S

2S 4S (80%)

2,4diS
4S2S

4S
2,4diS

4S

Species:
Sulfated polysaccharide mechanism

Bindin mechanism

Lytechinus
variegatus

S.droebachiensis

S.pallidus

S.purpuratus

S.franciscanus

Echinometra
lucunter

Arbacia
lixula

>
2
0
0

M
y
r

3
0

M
y
r

1
0
-

2
0
M

y
r

3
M

y
r

Myr = Million years of evolutionary divergence

SulfationGlycosidic linkage

Structure of the sulfated polysaccharides

Sugar

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Gal

1 4

1 3

1 3

1 3

1 3

1 3

1 4

1 3

1 4

1 41 4

1 31 3

1 31 3

1 31 3

1 31 3

1 31 3

1 41 4

1 31 3

1 41 4

I

II

I

II

2S2S

2S 2S2S 2S

4S2S2S 4S4S2S2S 4S

2S2S

2S

2S2S

2S 2S2S 2S

2S 4S (80%)2S 4S (80%)

2,4diS
4S2S

2,4diS
4S2S

4S
2,4diS

4S4S
2,4diS

4S

Species:
mechanismmechanism

Bindin mechanismBindin mechanism

Lytechinus
variegatus

S.droebachiensis

S.pallidus

S.purpuratus

S.franciscanus

Echinometra
lucunter

Arbacia
lixula

>
2
0
0

M
y
r

3
0

M
y
r

1
0
-

2
0
M

y
r

3
M

y
r

Myr = Million years of evolutionary divergence

SulfationGlycosidic linkage

Structure of the sulfated polysaccharides

Sugar

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Gal

1 4

1 3

1 3

1 3

1 3

1 3

1 4

1 3

1 4

1 41 4

1 31 3

1 31 3

1 31 3

1 31 3

1 31 3

1 41 4

1 31 3

1 41 4

I

II

I

II

2S2S

2S 2S2S 2S

4S2S2S 4S4S2S2S 4S

2S2S

2S

2S2S

2S 2S2S 2S

2S 4S (80%)2S 4S (80%)

2,4diS
4S2S

2,4diS
4S2S

4S
2,4diS

4S4S
2,4diS

4S

Species:
Sulfated polysaccharide mechanism

Bindin mechanismBindin mechanism

Lytechinus
variegatus

S.droebachiensis

S.pallidus

S.purpuratus

S.franciscanus

Echinometra
lucunter

Arbacia
lixula

>
2
0
0

M
y
r

3
0

M
y
r

1
0
-

2
0
M

y
r

3
M

y
r

Myr = Million years of evolutionary divergence

SulfationGlycosidic linkage

Structure of the sulfated polysaccharides

Sugar

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Fuc

L-Gal

1 41 4

1 31 3

1 31 3

1 31 3

1 31 3

1 31 3

1 41 4

1 31 3

1 41 4

1 41 4

1 31 3

1 31 3

1 31 3

1 31 3

1 31 3

1 41 4

1 31 3

1 41 4

I

II

I

II

2S2S

2S 2S2S 2S

4S2S2S 4S4S2S2S 4S

2S2S

2S

2S2S

2S 2S2S 2S

2S 4S (80%)2S 4S (80%)

2,4diS
4S2S

2,4diS
4S2S

4S
2,4diS

4S4S
2,4diS

4S

Species:
mechanismmechanism

Bindin mechanismBindin mechanism

suREJ3 serves as the receptor for sulfated fucan. suREJ3 is
complexed with sea urchin PKD2, and in mammals PKD2 is
known to form a nonspecific cation channel carrying calcium and
sodium ions (Neill et al., 2004) Like suREJ3, PKD2 is only located
in the plasma membrane over the acrosomal vesicle. Other
molecules present in the egg jelly, which contribute to potentiation
of the AR, could interact with the REJ3/PKD2 complex.

Sulfated fucans: another avenue for sea urchin specia-
tion?

Phylogenetic relationships and species divergence times of
sea urchins and a summary of the structure of the polysaccha-
rides from their egg jellies are shown in Fig. 7. These observations
indicate that the genes involved in the biosynthesis of the sulfated
fucans did not evolve in concordance with evolutionary distance,
but underwent a dramatic change near the tip of the
Strongylocentrotid tree. The AR specificity could have played a
role in establishing the prezygotic reproductive isolation that gave
rise to these species. There is evidence that S. droebachiensis
and S. pallidus separated from S. purpuratus before their diver-
gence from each other. The bindin mechanism may have func-
tioned as an isolation mechanism in the earlier separation of the
lineage from S. purpuratus. A later speciation event originated the
species S. droebachiensis and S. pallidus, possibly due to incom-
patibility of the sulfated fucans and AR induction (sulfated polysac-
charide-based mechanism).

Surprisingly, the egg jelly of S. droebachiensis contains a 4-
linked sulfated fucan clearly distinct from those of the two closely
related congeneric species. However, Arbacia lixula, that di-
verged from Strongylocentrotus 200 million years ago, also has a
4-linked fucan. This similarity in glycosidic bonding among fucosyl
residues could be due to convergent evolution. The occurrence of
the same sulfated fucan in these two very distantly related species

Fig. 7. Phylogenetic relationship and

divergence times of sea urchin spe-

cies and a summary of the structure

of the polysaccharides from their

egg jelly. Data modified from Biermann
et al., 2004. The sulfated polysaccha-
ride-mediated mechanism of egg-
sperm recognition may have played a
role in the separation of S.
droebachiensis from S. pallidus. The
bindin mechanism may have functioned
as an isolation mechanism on the ear-
lier separation of the joint lineage from
S. purpuratus. Experiments show that
in Echinometra, the bindin bond of
sperm to the egg is more important
than AR induction (Metz et al., 1994),
indicating a preponderance of the bindin
mechanism of species differentiation.
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is not relevant for their cross-fertilization, because the popula-
tions of A. lixula and S. droebachiensis do not overlap geographi-
cally. Nevertheless, this observation suggests that the gene for
the biosynthesis of 4-linked fucan may have been retained during
evolution of S. droebachiensis, but remained repressed or non-
expressed until a period of strong natural selection. This observa-
tion reminds us of a general concept on evolution, stating that “the
past of an organism not only determines its future but also gives
an enormous reserve for a rapid modification, based on little
genetic changes” (Gould, 1984).

Conclusions and challenges

Our work on the structural characterization of sea urchin
sulfated polysaccharides led us to the discovery of unique poly-
mers in these organisms. These polysaccharides have simple,
linear structures, composed of repeating units of oligosaccha-
rides. They differ among the various species of sea urchins in
specific patterns of sulfation, the glycosidic linkage within their
repeating units and in the type of monosaccharide. These polysac-
charides show species-specificity in inducing the AR, providing a
clear example of a biological transduction event regulated by a
sulfated polysaccharide. This distinct sulfated polysaccharide-
mediated mechanism for cell-cell recognition during fertilization
co-exists with the sperm bindin recognition of its egg receptor.

The major challenge at this stage is the identification of the
metabolic pathways involved in the biosynthesis of the egg jelly
polysaccharides. This is not only a fascinating challenge for
carbohydrate research, but may also help to define the genetic
basis for the carbohydrate mechanism of species recognition.
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