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Gonad-stimulating substance (GSS) of starfish is the only known
invertebrate peptide hormone responsible for final gamete mat-
uration, rendering it functionally analogous to the vertebrate
luteinizing hormone (LH). Here, we purified GSS of starfish, Aste-
rina pectinifera, from radial nerves and determined its amino acid
sequence. The purified GSS was a heterodimer composed of 2
different peptides, A and B chains, with disulfide cross-linkages.
Based on its cysteine motif, starfish GSS was classified as a member
of the insulin/insulin-like growth factor (IGF)/relaxin superfamily.
The ¢cDNA of GSS encodes a preprohormone sequence with a C
peptide between the A and B chains. Phylogenetic analyses re-
vealed that starfish GSS was a relaxin-like peptide. Chemically
synthesized GSS induced not only oocyte maturation and ovulation
in isolated ovarian fragments, but also unique spawning behavior,
followed by release of gametes shortly after the injection. Impor-
tantly, the action of the synthetic GSS on oocyte maturation and
ovulation was mediated through the production of cAMP by
isolated ovarian follicle cells, thereby producing the maturation-
inducing hormone of this species, 1-methyladenine. In situ hybrid-
ization showed the transcription of GSS to occur in the periphery
of radial nerves at the side of tube feet. Together, the structure,
sequence, and mode of signal transduction strongly suggest that
GSS is closely related to the vertebrate relaxin.

gonadotropin | gonad-stimulating substance |
insulin-like growth factor/relaxin superfamily | 1-methyladenine
in situ hybridization

G onadotropins play important regulatory roles in reproduc-
tion in both vertebrates and invertebrates. The vertebrate
gonadotropins—follicle-stimulating hormone (FSH) and lutein-
izing hormone (LH)—are structurally and functionally con-
served across various species, whereas no such molecule has
been identified in invertebrates. The insect hormones parsins
have been assumed as the physiological counterpart of LH and
FSH in mammals (1). Some gonadotropic hormones, such as egg
development neurosecretory hormone (2), egg-laying hormone
(3), and androgenic gland hormone (4), have been found in a few
invertebrate species. More recently, an insulin-like peptide
was reported to be responsible for the regulation of egg matu-
ration in the mosquito, Aedes aegypti (5), demonstrating the
involvement of insulin signaling in egg maturation among the
invertebrates.

The gonad-stimulating substance (GSS) of an echinoderm, the
starfish, was the very first gonadotropin to be identified in
invertebrates. GSS mediates oocyte maturation in starfish by
acting on the ovary to produce the maturation-inducing hor-
mone (MIH) 1-methyladenine (1-MeAde), which in turn induces
the maturation of the oocytes (6). In this sense, GSS is func-
tionally identical to vertebrate LH, especially piscine and am-
phibian LHs, acting on the ovarian follicle cells to produce MIH
to induce the final maturation or meiotic resumption of the
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oocyte (7). Considering the functional similarity that GSS shares
with vertebrate LH, it is very important from an evolutionary
point of view to know the chemical and molecular structure of
GSS. In this study, we purified GSS from radial nerves of the
starfish, Asterina pectinifera, and analyzed the activity of the
synthesized GSS. Further, we cloned the gene encoding GSS and
determined the site of its transcription. Interestingly, phyloge-
netic analyses revealed that it belonged to the insulin/insulin-like
growth factor (IGF)/relaxin superfamily and, more precisely, to
the subclass of relaxin/insulin-like peptides.

Results

Purified GSS Comprises 2 Polypeptide Chains; Namely, A and B Chains.
The crude nerve extract was prepared from radial nerves of
~5,500 starfish, A. pectinifera, collected just before the spawning
period. The final yield of GSS was 12.6 pmol per 0.18 mL. The
nerve extract was deproteinized before RP-HPLC. GSS was
purified by 4 steps of RP-HPLC. GSS activity at each step was
assessed by a spawning assay by using ovarian fragments of A.
pectinifera. The first RP-HPLC showed a single peak, the activity
of which is shown in the histogram in Fig. 14. The final fraction
also contained a single peak with a molecular weight of 4,737.
Further chemical reduction of the GSS fraction by using DTT
brought about 2 different signals on MS: 2,507 and 2,236 (Fig.
1B). This result shows that the 4,737 form was a heterodimeric
complex composed of 2 different peptides with molecular
weights of 2,507 (A chain) and 2,236 (B chain). These fractions
were analyzed by a protein sequencer, and their peptides were
separately sequenced de novo by liquid chromatography-MS/
MS. The A chain was composed of 24 aa (SEYSGIASYCCLH-
GCTPSELSVVC); the B chain, 19 aa (EKYCDDDFHMAV-
FRTCAVS). These 2 peptides were found to contain 6 cysteines
that probably form 3 pairs of disulfide bonds, thus losing 6
hydrogen atoms to give a total molecular weight of 4,737, instead
of the sum value of the A and B chains, 4,743.

GSS Is a Relaxin-like Peptide. The A chain of GSS harbored a
cysteine motif, identical to the signature pattern (CCxxx-
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Fig. 1.  Purification of starfish GSS. (A) The final semimicrochromatography
with a SMART system by using a reverse-phase semimicrocolumn (1.5 X 150
mm) at a flow rate of 0.1 mL/min. The activity was recovered at 37-39 min, as
shown by the asterisk (*). The activity of this fraction is shown in the histogram
in the bottom half of the graph. (B) Mass spectrogram of purified starfish GSS
after DTT treatment.

CxxxxxxxxC) of the insulin/IGF/relaxin superfamily (Fig. 24). To
confirm that GSS belongs in this superfamily, we deduced the
nucleotide sequences possibly coding for the amino acids in the
A and B chains and determined the positions of degenerate
codons. By using pairs of degenerate primers based on the B
chain and A chain, cDNA fragments were obtained from the
mRNA of A. pectinifera radial nerves by RT-PCR. A cDNA
sequence encoding GSS was determined by using the SMART
RACE ¢cDNA Amplification Kit (Clontech). The cDNA (351 bp)
consisted of an ORF encoding a peptide of 116 aa, including a
signal peptide of 29 aa (Fig. 2B). This analysis revealed that the
signal peptide at the N terminus was followed by the B chain, and
the A chain was located at the C terminus. Sandwiched between
the A and B chains was an intermediate C peptide with 44 aa
carrying 3 proteolytic sites, of which 2 were located at either end
of the peptide and 1 in the middle. The deduced amino acid
sequences of A and B chains were identical to those determined
for purified natural GSS.

Having determined the identity of GSS, the full-length
amino acid sequence of GSS was aligned by using MAFFT (8)
to other members of the insulin/IGF/relaxin superfamily of
human and mouse. We also searched amphioxus (Branchios-
toma floridae) genomic [Joint Genome Institute (JGI)] and
EST [National Center for Biotechnology Information (NCBI)]
databases and could identify 1 predicted relaxin-like
(RLNL_BRAFL, BRAFLDRAFT_100967; GenBank acces-
sion no.: XM_002238502) and 2 insulin/IGF-like (insulin-like
peptide 1; ILP1_BRAFL, 2; ILP2.BRAFL) genes (Fig. S1). A

9508 | www.pnas.org/cgi/doi/10.1073/pnas.0900243106

A . e
Insulin GIVEQCCTSICSLYQLENYCN
Vi
(human) FVKQHLCGSHLVEALYLVCGERGFFYTPKT
. —
Relaxin 1 RPYVALFEKCCLIGCTKRSLAKYC
7.
(human) KWKDDVIKLCGRELVRAQIAICGMSTWS
: —
Relaxin3  DVLAGLSSSCCKWGCSKSEISSLC
I /
(human) RAAPYGVRLCGREFIRAVIFTCGGSRW
| —
GSS SEYSGIASYCCLHGCTPSELSVVC
. I /
(starfish) EKYCDDDFHMAVFRTCAVS

1 ATGACAAGCAACAACCGCCATCTCTTCCAGGCAACTTGCCTAGTTCTCCTCCTTCTACAC 60
1. 'M T 8 B R EL B Q@& T CL V¥ L ILi i I H 20

61 GCTGCCTTCCACGGTGGAGCCCTCGGTGAGAAGTACTGCGAYGATGATTTTCATATGGCG 120
21 AAF HGGALTGEIU KYU CDUDUDTFHMA 40

121 GTRTTCCGGACGTGCGCGGTCAGCAAGMGGAGCCAGCCGGGGATGAGCCTTAGCGACGTG 180
41 vV F R T € A V S KR S Q P GM S L S DV 60

181 TTGACCATGAACCGCTTTCGAGGTCACAACATTAAACGAAGCATCGACAGCACACTTGAA 240
41 L T M N R F R G H N I KR S I D S TUL E 80

241 GACAACGCCTTTTTCAT TTT TCTGAATACAGCGGCATCGCCTCG 300
81 D N A F FM S GLEIKU®RSEY S G I A S 100

301 TACTGTTGCCTTCACGGMTGCACGCCCAGTGAATTGTCCGTCGTCTGCTAA 351
101 Y ¢ ¢ L HGCTPSETLSVV C * 117
Fig. 2. Amino acid sequence of starfish GSS. (A) Comparison of the het-

erodimeric structure of starfish GSS with those of various representative
members of the insulin superfamily. The cysteine bridges are shown in red. (B)
Coding DNA sequence and predicted amino acid sequences of GSS. Sequences
of A and B chains are shown in green and blue boxes, respectively. Characters
shown in red boldface indicate basic dipeptides that are the sites of proteolytic
cleavage. Inverted triangle shows the deduced cleavage site of the signal
peptide.

comparison of the GSS sequence with other members of the
insulin/IGF/relaxin superfamily, including amphioxus se-
quences, is outlined in Fig. 34. The third cysteine in the A
chain of GSS was preceded by a glycine residue, as in other
relaxins except for INSL 4. Furthermore, the C terminus of
GSS was identical to relaxins 1-3, INSL 5, and RLNL.
However, the first cysteine residue in the B chains of GSS was
not followed by a glycine residue. Thus, GSS differed from
vertebrate relaxins in not having the relaxin-specific receptor-
binding motif, RxxxRxxI/V (9). A phylogenetic tree was gen-
erated (Fig. 3B). Our phylogenetic analysis revealed that GSS
and other insulin/IGF/relaxin superfamily sequences were
divided into 2 distinct clusters: One for insulin/IGF and
another for relaxin/insulin-like clusters. The GSS sequence
belonged to the latter cluster. A BLAST search also confirmed
that the starfish GSS was similar to the relaxin/relaxin-like
members from the scores and e-values (Fig. S2). Further, we
did a phylogenetic analysis of GSS after removing the glycine
residue preceding the third cysteine in the A chain to confirm
the precise position of GSS in the insulin/IGF/relaxin super-
family. Even after the removal of the glycine residue from the
A chain, GSS clustered with the members of relaxin family but
not with those of the insulin family (Fig. S2).

Synthetic GSS Induces Oocyte Maturation and Ovulation in Vitro and
Spawning in Vivo. We examined whether synthetic GSS could
induce oocyte maturation and ovulation in vitro and spawning in
vivo in A. pectinifera. Synthetic GSS could induce oocyte mat-
uration and ovulation in the ovarian fragments of 4. pectinifera
within 30 min of incubation at the median effective concentra-
tion (ECsg) of 2 nM, similar to natural GSS (Table 1). In
contrast, neither oocyte maturation nor ovulation could be seen
when the ovarian fragments were incubated with either of the 2
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Fig. 3. Alignment of the peptide sequences and the phylogenetic tree of the
GSS and insulin/IGF/relaxin superfamily. The descriptions of the abbreviations and
the sequence sources are given in Fig. S2. (A) Two parts of the whole peptide
sequence alignment (Fig. S2) around the B and A chain regions. The cysteine
residues that distinguish the insulin/IGF/relaxin superfamily peptides are indi-
cated by the white characters on the black background. The glycine residues that
are very common in the A peptides of the relaxin subfamily, but not in that of the
insulin/IGF subfamily, are indicated by the white characters on the red back-
ground. (B) The phylogenetic tree constructed from the alignment by using the
neighbor-joining method as described in this work (Fig. S3). The number located
beside each branch is the bootstrap score. The relaxin and the insulin/IGF sub-
families are indicated by red and blue backgrounds, respectively.

peptides alone or in combination, freshly mixed even at an excess
concentration of 1 uM. Additionally, spawning behavior and
subsequent spawning occurred when the males and females of A.
pectinifera with fully grown testes and ovaries, respectively, were

Table 1. Effects of various synthetic peptides on the induction of
oocyte maturation in vitro

Peptide ECso, NM
A chain Inactive*
B chain Inactive*
A chain and B chain Inactive*
GSS 2.0+0.3

Starfish ovarian fragments were incubated with or without various con-
centrations of A chain alone, B chain alone, a mixture of A and B chains, or a
dimeric form (synthetic GSS) for 1 h. The effective dose for inducing gamete
spawning in 50% of ovarian fragments was determined (mean = SEM) from
4 experiments.

*Peptides used in single or mixed forms were examined up to 1 uM.
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Fig.4. Effectsof cruderadial nerve extract (A and B) and synthetic GSS (Cand
D) on cAMP and 1-MeAde production on starfish ovarian follicle cells. (A and
Q) Intracellular cAMP content. The amount of cCAMP was measured by an EIA
system. (B and D) 1-MeAde content produced by follicle cells. The amount of
1-MeAde released into the medium was estimated by in vitro maturation
assays by using isolated oocytes, with an analytical curve generated with
authentic 1-MeAde. Symbols and bars represent the mean + SEM for 4
experiments.

injected with synthetic GSS. Interestingly, starfish injected with
GSS moved upward along the walls of the aquarium and then
shed the gametes within 30 min (oocyte maturation in vitro and
spawning behavior in vivo are available in Movie S1, Movie S2,
and Movie S3).

We then examined whether crude radial nerve extracts and
synthetic GSS could stimulate cAMP and 1-MeAde production.
A dose-dependent increase in intracellular cAMP levels was
observed in the follicle cells treated with either nerve extracts or
the heterodimeric form of synthetic GSS over the entire range
of concentrations tested (Fig. 4 A and C). Similarly, a dose-
dependent increase in the levels of 1-MeAde was observed in the
follicle cells treated with either nerve extracts up to 0.1 mg/mL
or synthetic GSS up to 10 nM (Fig. 4 B and D). We estimated
from these experiments that a single radial nerve contained ~50
pmol/mg (wet weight) GSS.

GSS mRNA Is Expressed in the Radial Nerve of A. pectinifera. In situ
hybridization was used to locate where the mRNA of GSS was
synthesized in the starfish. The radial nerve is located in the arm of
the starfish, surrounded by the tube feet (Fig. 54). The mRNA of
GSS was detected in the peripheral area of radial nerves proximal
to the tube feet but not at the side of the hemal sinus (Fig. 5B). No
significant signal above background levels was observed in control
sections hybridized with sense probes (Fig. 5C).

Discussion

The chemical entity of GSS has been a mystery ever since the
hormone’s discovery in 1959 (10). Here, we report the purification
of GSS, and additionally that GSS was chemically synthesized based
on the amino acid structure we obtained. More intriguingly, cDNA
cloning and phylogenetic analyses revealed that starfish GSS was a
relaxin-like peptide, a member of the insulin/IGF/relaxin super-
family. Thus, the current study represents a relaxin system previ-
ously undescribed in invertebrates and points toward a possible
reproductive role for this peptide in starfish.

The GSS protein that we purified had 2 polypeptide chains, A
and B, with 6 cysteine atoms. The A chain of GSS harbored the
cysteine motif (CCxxxCxxxxxxxxC), which is the signature pat-
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Fig.5. Localization of GSS mRNA in radial nerves by in situ hybridization. (A)
The tissue around radial nerves (RN) was sectioned by using Technovit 7100
resin (Heraeus Kulzer GmbH, Wehrheim) and stained by hematoxylin-eosin to
show the overall structure. TF, tube foot; RHS, radial hemal sinus. (Scale bar:
500 um.) Isolated radial nerves were sectioned by using paraffin-embedding
technique and were hybridized with DIG-labeled antisense (B) or sense (C)
probes. Signals were detected in the peripheral region (arrows). The positions
of B and C correspond to the square in A. (Scale bar: 100 um.)

tern of the insulin/IGF/relaxin superfamily. Among the insulin/
IGF/relaxin superfamily peptides, the relaxin/relaxin-like pep-
tide family has been shown to include relaxins 1 to 3 and INSL
peptides (INSLs 3 to 7). All share high structural similarity with
insulin because of the presence of 6 cysteine residues, which
confer 2 interchain disulfide bonds and 1 intrachain disulfide
bond. Thus, relaxin and insulin were thought to be derived from
a common ancestral gene and therefore grouped as the insulin
superfamily, which later included IGFs I and II (IGF-1 and
IGF-2) (11). Reports on the evolution of the relaxin group have
postulated that relaxin existed before the emergence of the fish
lineage and put forward the possibility of the existence of an
ancestor of relaxin. In fact, it was previously reported that Ciona
intestinalis had an RLN gene (12), but later it was found that this
gene was not present in the completed genome of C. intestinalis
(11). Thus, currently, fish relaxin 3 is considered the earliest form
from which all of the present relaxins have evolved (11).
Sequence comparisons revealed that GSS was closer to the
relaxin/insulin-like group than the insulin/IGF group. For ex-
ample, the prepropeptide of GSS is organized like mammalian
relaxins 1-3, INSL 5, and amphioxus relaxin-like (RLNL); i.e.,
signal peptide, B chain domain, and connecting peptide domain,
followed by the A chain domain. GSS terminates with the
cysteine residue at the C terminus of the A chain, whereas the
insulins have the asparagine residue beyond cysteine. It is also
important to note that the third cysteine in the A chain of GSS
was preceded by a glycine residue. Substitution of Gly*'* in
relaxin with isoleucine reduced the biological activity and the
receptor-binding capacity of relaxin ~100-fold (13). Despite its
similarity with mammalian relaxins, the GSS sequence does not
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possess the vertebrate relaxin-specific receptor-binding motif
RxxxRxxI/V, a distinct and well-conserved feature of the relaxin
group identified thus far (9) (see below for further discussion).

Finally, our phylogenetic tree using sequences of insulin/IGF/
relaxin of human, mouse, and amphioxus along with starfish GSS
returned 2 distinct clusters for insulin/IGF and relaxin/insulin-
like groups. Importantly, GSS was found to be closer to relaxins.
It is of interest to note that the amphioxus RLNL sequence was
also similar to GSS. Two other amphioxus sequences, ILP 1 and
ILP 2, were grouped with mammalian insulin/IGFs. Addition-
ally, our searches of the sea urchin Strongylocentrotus purpuratus
genomic and EST databases could also identify a relaxin-like and
2 insulin/IGF-like genes [Sea Urchin Genome Resources
(NCBI)]. Together, the present study has revealed that relaxin/
relaxin-like peptide exists in invertebrate species also, indicating
a possibility for the emergence of relaxin to be earlier than it has
been thought at present.

Further support to our claim that GSS is a relaxin-like peptide
is the induction of cAMP production in isolated ovarian follicle
cells of starfish in response to GSS. Insulin in general binds to
the receptor tyrosine kinase (RTK), known as the insulin
receptor (IR), and stimulates a signaling pathway that includes
phosphoinositide 3-kinase (PI3K) and serine/threonine kinase
(AKT) (14). IGFs preferentially bind a related RTK and activate
the MAPK pathway (15), whereas relaxins bind G protein-
coupled receptors (GPCRs), stimulating cAMP production (16).
A very recent report showed that an insulin-like peptide could
induce egg maturation in the mosquito by binding to the
mosquito insulin receptor (5). In our study, we found that all
forms of GSS tested invariably induced cAMP production,
indicating GPCRs to be involved in mediating the action of GSS.
As discussed above, however, GSS does not possess the verte-
brate relaxin-specific receptor-binding motif RxxxRxxI/V (9).
The relaxin members achieve receptor specificity reportedly
through this binding motif. For example, in the rat, relaxin 3 is
more specific to RXFP 3 (GPCR 135), even though it can bind
to RXFP 4 (GPCR 142) and RXFP 1 (LGR?7) as well (17).
Because GSS does not possess the relaxin-specific receptor-
binding motif, we need further studies to find the receptors in
starfish to which GSS would bind.

In this study, we found that the major sites of GSS mRNA
expression were the supporting cells in the outer layer of the
radial nerve at the side of tube feet. Based on the gamete-
shedding activity, previous studies could find that GSS was
localized predominantly in the neurosecretory granules on the
supporting cell layer just beneath the outer cuticle of the radial
nerve (18, 19). Our data not only further corroborate these
findings, but also provide proof for the original site of GSS
transcription. Further immunohistochemical analyses are re-
quired to clarify the localization of GSS protein and its secretory
pathway.

GSS has been shown to stimulate the ovarian follicle cells in
starfish to produce the MIH, 1-MeAde, which further induces
the maturation of oocytes. Similarly, in our study the synthetic
GSS could induce oocyte maturation within 30 min of incuba-
tion. Another interesting characteristic of GSS is the induction
of spawning behavior in the starfish injected with the radial
nerve extract (20). In our study, we observed that sexually
mature starfish injected with the synthetic GSS moved along the
walls of the aquarium before releasing the gametes. Because GSS
is found in starfish during nonbreeding seasons, it is interesting
to determine whether synthetic GSS can induce spawning be-
havior in sexually immature starfish during nonbreeding seasons.
Interestingly, a very recent work (21) published during the
preparation of this manuscript reported that a pentapeptide,
cubifrin, induced germinal vesicle breakdown (GVBD) and
spawning behavior in sea cucumber in a manner very similar to
GSS in starfish. However, unlike GSS, cubifrin could induce
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GVBD in follicle-enclosed oocytes only in the presence of
ovarian wall. Therefore, we assume that the action of GSS was
more direct in inducing GVBD and spawning behavior com-
pared with that of cubifrin.

Thus far, relaxin was shown to be a hormone important for
reproduction in mammals only, but our data have shown that in
starfish, relaxin-like peptide has an action analogous to gonad-
otropins in the vertebrates in stimulating the production of MIH,
a role which has not been shown previously in any other species.
Interestingly, the importance of INSL3-RXFP 2 (LGR 8) para-
crine system in gonadotropin (LH)-induced oocyte maturation
has been demonstrated in rats (22). These findings raise the
possibility that relaxin or relaxin-like peptides may play an
important role in reproduction in both vertebrates and inverte-
brates. Identification of a relaxin-like peptide exhibiting distinct
reproductive functions in starfish will open new avenues into the
study of the evolution of relaxin/relaxin-like peptides throughout
the animal kingdom with reference to their highly diversified
functions.

Materials and Methods

Animals. Starfish, A. pectinifera, were collected from the coastal areas of
Yokosuka (Kanagawa, Japan), Noto (Ishikawa, Japan), Asamushi (Aomori,
Japan), and Nagashima (Kagoshima, Japan). Animals were kept in circulating
seawater at 15 °C and used within 2 months of collection. The animals have
been used according to the guidelines set up by National Institutes of Natural
Sciences, Japan.

Preparation of Nerve Extract. Radial nerves were manually isolated by forceps,
then quickly frozen on dry ice and kept at —80 °Cbefore use. The gross weight
of the nerves from =~5,500 starfish was 126.3 g (wet weight). Frozen nerves
were ground in liquid nitrogen by using a mortar and pestle. Subsequently, 4
volumes of extraction buffer [10 mM ammonium acetate solution containing
1 mM pepstatin A, 5 mg/mL leupeptin, and 0.2 mM 4-(2-aminoethyl) benze-
nesulfonyl fluoride] was added, and the ground tissue was homogenized on
ice by using a motorized homogenizer (physcotron; Niti-on Medical and
Physical Instrument Manufacturing). The homogenates were centrifuged at
100,000 X g for 60 min at 4 °C. The supernatants were collected, the precip-
itates were resuspended in the extraction buffer, and the centrifugation step
was repeated. The supernatants from 2 repeated extractions were pooled and
preserved as the crude nerve extract.

Biological Assays. GSS activity was biologically assayed by using ovarian frag-
ments of A. pectinifera, as described previously (23). The ovary of a mature female
was excised and cut into small fragments that contain only a few lobes with
scissors. These fragments were exposed to preparations with or without GSS. The
ovarian fragments responded to the preparations with GSS by shedding oocytes
within 1 h. The released oocytes were observed under a microscope for GVBD so
as to ascertain whether they had completed maturation or not.

Purification of GSS. The crude nerve extract was dissolved in water and
applied to a Sephadex G-50 column (50 X 250 mm) to eliminate proteins.
The crude GSS fractions were lyophilized and subjected to HPLC with a
system comprising a Shimadzu LC-6AD pump, an SPD-6A UV spectropho-
tometer, and an SLC-6B system controller equipped with a reverse-phase
column (Develosil C30 Rpaqueous AR-5 column, 10 X 250 mm; Nomura
Chemical). The first HPLC was carried out under neutral conditions with 10
mM sodium phosphate buffer at pH 7.0. After injection of the sample, a
linear gradient of acetonitrile (0-30%) in 10 mM sodium phosphate buffer
at pH 7.0 was run for 50 min. The GSS fraction obtained was subjected to
asecond HPLC with a reverse-phase column (Develosil C30 Rpaqueous AR-5
column, 10 X 250 mm; Nomura Chemical) under acidic conditions with 10
mM trimethylamine acetate buffer at pH 4.0. After sample injection, a
linear gradient of acetonitrile (24-30%) in 10 mM trimethylamine acetate
buffer at 4.0 was run for 60 min. GSS fractions were lyophilized and used
for athird HPLC by using the SMART system (Amersham Pharmacia Biotech)
equipped with a reverse-phase column (Develosil C30 Rpaqueous AR-3
column, 2.0 X 250 mm; Nomura Chemical). After injection of the sample, a
linear gradient of acetonitrile (20-21%) in 10 mM sodium phosphate
buffer at pH 6.0 was run for 125 min. GSS was finally purified by a fourth
HPLC by using the SMART system equipped with a reverse-phase column
(Develosil C30 Rpaqueous AR-3 column, 1.5 X 250 mm; Nomura Chemical).
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After injection of the sample, a linear gradient of acetonitrile (18-35%) in
10 mM sodium phosphate buffer at pH 6.0 was run for 50 min. An aliquot
of the purified GSS was used for the determination of molecular weight by
MALDI-TOF MS (Reflex Ill; Brucker Daltonics).

Amino Acid Sequencing. The amino acid sequence of the purified GSS was
analyzed with a protein sequencer (Procise 492cLC; Applied Biosystems) and
electronspray ionization-tandem quadruple/orthogonal-acceleration TOF
MS/MS (Micromass) equipped with a nano-HPLC system (Jasco).

Chemical Synthesis. Peptides of A and B chains were synthesized commercially
(Toray Research Center). The heterodimeric form was also produced commer-
cially (Peptide Institute) based on the heterodimeric structure of the insulin/
IGF/relaxin superfamily.

Effect of Synthetic GSS. Follicle cells were isolated from folliculated oocytes as
described previously (24). Ten million follicle cells were incubated with syn-
thetic GSS for 2 h at 20 °C in a total volume of 1.0 mL of artificial seawater.
After the incubation, the cells were spun down at 1,000 X g for 1 min and
quickly frozen in liquid nitrogen. Supernatants were analyzed for the amount
of 1-MeAde released from follicle cells as described previously (23). The frozen
follicle cells were analyzed for the amount of intracellular cAMP with a
BIOTRAK cAMP EIA system (GE Healthcare).

cDNA Cloning. Total RNA was extracted from the radial nerves of A. pectinifera
after homogenization with 350 uL of RLT buffer supplied with the RNeasy
Mini Kit (Qiagen). The poly(A)* RNA fraction was obtained by using Oligotex-
dT30 Super (Nippon Gene) according to the manufacturer’s instructions.
First-strand cDNA was synthesized from 0.5 ug of mRNA by using PowerScript
(Clontech) with oligo(dT) primers. A cDNA fragment encoding GSS was am-
plified with degenerate oligonucleotide primers designed from the amino
acid sequence of the purified GSS by RT-PCR. The forward primer, 5'-
TGYGAYGAYGAYTTYCAYATGGC-3’, corresponded to the amino acid se-
quence CDDDFHMA. The reverse primer, 5-TCRCTNGGNGTRCANCCRTG-3’,
corresponded to the amino acid sequence HGCTPSE. A cDNA encoding GSS
was cloned with the SMART RACE cDNA Amplification Kit (Clontech).

Phylogenetic Analysis. The alignment of the peptide sequence was constructed
by using MAFFT (v6.62b; http://align.bmr.kyushu-u.ac.jp/mafft/software/).
The used method was the L-INS-I (8), and the parameters were as follows:
scoring matrix for amino acid sequence, BLOSUM62; gap opening penalty,
1.53; offset value, 0.00. The phylogenetic tree was described by using the “’NJ
or UPGMA tree” on the MAFFT result page, and the parameters are as follows:
size, 23 sequences X 54 sites; method, neighbor-joining; model, JTT; alpha,
infinity; bootstrap resampling, 100.

In Situ Hybridization. To generate the probe, a GSS cDNA fragment was amplified
by using the forward primer, 5'-CCATCTCTTCCAGGCAACTT-3’, and the reverse
primer, 5'-TCCATTTAACAAAAACCCATGA-3’, by RT-PCR and subcloned into
PGEM-T Easy vector (Promega). Antisense and sense ribonucleotide probes were
in vitro-transcribed with the digoxigenin (DIG) labeling kit (Roche). The paraffin-
embedded sections (5 um in thickness) of radial nerves described above were used
for in situ hybridization. After hybridization, an immunoreaction was induced in
the sections by using an antibody specific to DIG labeled with alkaline phospha-
tase (Roche). The hybridized probes were examined with nitroblue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate (Roche) as a substrate.
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