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Our knowledge at present on the structure of acrosome-reaction inducing substance (ARIS) in the jelly
coat of starfish eggs is summarized. ARIS ia a proteoglycan-like molecule consisting of very long, linear,
and highly sulfated glycans and three ARIS proteins, ARIS1-3. Detailed structures of the major glycan of
ARIS and of ARIS1-3 are discussed. 3D-models of ARIS glycans are also presented. Phylogenetic distribu-
tion of ARIS proteins and/or genes indicates that ARIS genes are well preserved from the Ctenophore to
Cephalochordata. In the Echinodermata, ARIS1-3 and ARIS genes were detected in all classes except for
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Fertilization is achieved through a series of sequentially pro-
gramed steps such as the acquisition of sperm motility, sperm che-
motaxis to the egg, the induction of acrosome reaction (AR) by egg
surface components, sperm binding to and penetration through the
egg coat(s), sperm-egg fusion, and egg activation to initiate the
developmental program [1]. Egg surface/coat glycoconjugates
serve as a key signal for the induction of AR and for sperm binding
to the egg coat [1].

The AR was discovered by Dan first in starfish [2,3] and is gen-
erally perceived as an obligatory step for fertilization in most met-
azoans. Three different molecules in the jelly coat of eggs act in
concert upon sperm for the induction of AR in starfish [3,4]. These
molecules are AR-inducing substance (ARIS), a highly sulfated pro-
teoglycan-like molecule of a molecular size over 10% kDa [5]; Co-
ARIS, a group of steroid saponins [6]; and asterosap, a group of
sperm activating peptides [7]. The AR is artificially triggered by a
combination of either ARIS and Co-ARIS or ARIS and asterosap in
normal seawater [3], and even solely by ARIS in high Ca%* or high
pH seawater, whereas it is never induced by either Co-ARIS or
asterosap or any combinations of them. Thus, ARIS is the major
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player among the three. This paper summarizes our knowledge
at present on the structure of ARIS of the starfish, Asteria amurensis.

1. The AR in starfish

Upon the AR, starfish sperm extrudes a process, the acrosomal
process (AP), of ca. 25 pm long, which makes AR assays much eas-
ier in this animal than most systems used for fertilization studies
like sea urchins, amphibians and mammals. It is known that simul-
taneous increases in intracellular concentration of Ca%* ([Ca®*];) by
Ca®*-uptake from seawater and in intracellular pH ([pH];) trigger
the AR [8] . When ARIS and asterosap bind simultaneously to their
respective receptors, signal transduction cascades leading to the
prerequisite situation for AR are triggered, which in turn culmi-
nates in the AR as summarized in Fig. 1. ARIS receptors are local-
ized in a restricted area of the plasma membrane of sperm head
[9,10], and asterosap receptor, namely guanylate cyclase, is distrib-
uted over the plasma membrane of sperm tail [11,12] . Co-ARIS
seems to be inserted into the lipid bilayer and induce structural
changes in microdomains of the plasma membrane [13].

2. ARIS glycans

Pronase digest of ARIS (P-ARIS) retained the full biological activ-
ity of ARIS and about a half amount of its proteins. However, per-
iodate oxidation or desulfation of P-ARIS and ARIS completely
destroyed the biological activity, indicating sulfated glycans are
essential for the activity [8,14]. The minimum functional unit of
sulfated glycan named Fragment 1 was isolated from P-ARIS,
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Fig. 1. Induction of the AR in starfish sperm by ARIS, Co-ARIS and asterosap. The upper drawing shows a starfish sperm having ARIS receptor in the head and asterosap
receptor in the tail. The lower drawing shows changes in the sperm from simultaneous binding of ARIS and asterosap to their receptors respectively to sustained increases in
[Ca*"]; and in [pH];, which in turn culminates in the AR. Structural changes in microdomains of the plasma membrane by insertion of Co-ARIS into the lipid bilayer are
schematically illustrated. Modified from Fig. 2 of Matsumoto et al. [4] with permission, by adding the data of Naruse et al. [13].

though the activity was much reduced. The molecular size of this
glycan was about 10 kDa and did not contain amino acid residues.
Its structure was revealed as ten or so repeats of the following pen-
tasachharide unit; [—4)-B-p-Xylp-(1 — 3)-a-p-Galp-(1 — 3)-ot-1-
Fucp-4(SO57)-(1 — 3)-o-L-Fucp4 (S057)~(1 — 4)-o-L-Fucp-(1—]
[14]. It is suggested that Fragment 1 is derived from a very long lin-
ear glycan, the outer layer of the major ARIS glycans, composed of
hundreds of the pentasaccharide repeating units.

The second fragment isolated from ARIS was named Fragment 2
[15]. This fragment was mostly composed of sulfated glycans, but
it was shown to retain about 10% (w/w) of the protein part, sug-
gesting that its saccharide chains are located in the region of carbo-
hydrate-protein linkage (core region). The estimated average
molecular mass of Fragment 2 was over 400 kDa. Almost all of
the sugar portion of Fragment 2 was released by reductive B-elim-
ination, thus almost all, if not all, glycans of Fragment 2 are O-
linked. Similarly, reductive B-elimination of ARIS and P-ARIS re-
leased almost all sugar portions. The O-glycans from Fragment 2
gave practically a single peak by gel filtration and ion-exchange
chromatography, and was named Fragment 2-1, which should rep-
resent the inner layer of the major ARIS glycans. Its structure was
revealed to be as follows; [—3)-Galp-(1 — 3)-Fucp-(1 — 3)-Galp-
(1 - 4)-GalNAcp-(1 — 4)-GIcNAcp-6(SO537)-(1 — 6)-Galp4(SO57)-
(1 - 4)-GalNAcp-(1—]s100 [15]. The reducing terminus of Frag-
ment 2-1 was suggested to be mostly 6-GalNAc. Thus it is con-
cluded that the major saccharide chains of ARIS have the
following structure [15].

[—-4)-B-p-Xylp-(1 — 3)-a-p-Galp-(1 — 3)-o-L-Fucp-4(S05~)-

(1 - 3)-0-L-Fucp4(S057)-(1 - 4)-o-L-Fucp-(1- |ms200-(glycan  X)-
[—3)-Galp-(1 - 3)-Fucp-(1 — 3)-Galp-(1 - 4)-GalNAcp-(1 — 4)-

GIcNAcp-(SO37)-(1 — 6)-Galp4(SO5~)-(1 — 4)-GalNAcp-(1— |n>100-
(glycan Y)-(1 — 6) GalNAc-Ser/Thr (ARIS proteins). We do not have
any information so far on the structures and sizes of glycans X and
Y. Almost no branching, if any, was suggested to exist in ARIS gly-

cans from the data of permethylation analysis. Neither phosphate
nor sialic acid was detected in ARIS, indicating that the sulfate
groups are solely liable to the anionic character of ARIS, which
ought to be present in the sugar chains of ARIS for its biological
activity. Taking all published data in our hands into account, we
conclude that ARIS is a proteoglycan-like molecule to our best
knowledge.

It may be worthy to note, as a matter of fact, that ARIS glycans
have at least two unusual sugar structural features, namely in-
chain Fuc residues and in-chain a-Gal residues. Also, besides the
glycan structure above, ARIS has another acidic sugar chain com-
posed of Man, GalNAc and GlcNAc (molar ratio; ca. 2:1:4) although
it does not seem important for the biological activity.

3. Superstructure of ARIS glycans

Over the years, we have been attempting to elucidate the 3D-
structure of ARIS glycans in order to address their remarkable roles
in fertilization as described above. From the chemical structures,
an extensive conformational freedom is present in ARIS glycans
originated from the glycoside linkages. One of the primary ques-
tions about ARIS glycans is whether they have superstructure or
not. Current modeling of both outer and inner glycans indicates
that the ARIS sugar chains tend to adopt a sort of coiled structure
(Fig. 2). Partly coiled structures have a dimension of 1.6 nm in head
to tail in both models. The outer glycans can extend to 1.6 pm
assuming a thousand polymerization of the unit. Since a typical
thickness of the jelly coat is about 20-25 pum, further polymeriza-
tions of outer glycans are necessary to form the layer. Inner glycans
seem to have condensed packing due to their lower pitch of coil
than outer glycans. Since the predicted polymerization of the inner
glycans is about 100, they only cover 0.2 pm.

Preliminary X-ray diffraction experiment on a stretched P-ARIS
fraction suggested the ordered state with the fourfold symmetry.
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