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Abstract

Organic substances were extracted from the calcified exoskeleton of the reef coral Galaxea fascicularis. In an SDS-PAGE
analysis of the extract, a protein with an apparent molecular mass of 53 kDa was detected as well as two other weaker bands. A Ca®"
overlay analysis failed to find a Ca**-binding protein in the extract. Periodic acid Schiff staining indicated that the 53 kDa protein
was glycosylated. A cDNA containing the entire open reading frame for this protein was obtained. Analysis of the deduced protein
sequence suggests that the protein, named galaxin, is synthesized as a precursor consisting of a signal peptide, a propeptide sequence,
and a mature protein of 298 amino acids. Galaxin exhibits a novel amino acid sequence which is characterized by a tandem repeat
structure. Galaxin transcripts were detected in the adult coral, but not in planktonic larvae.
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Skeletal structures that are mineralized with inor-
ganic calcium crystals are found in a wide range of an-
imals including both vertebrates and invertebrates [1,2].
In vertebrates, endoskeletal structures are found that are
mineralized with hydroxyapatite, whereas in inverte-
brates exoskeletal structures mineralized with calcium
carbonate crystals (usually aragonite or calcite) are
common. Prior to the calcification of skeletal structures,
cells involved in skeletogenesis synthesize organic ma-
trices and secrete them into the extracellular space where
calcification takes place. In corals, for instance, Isa [3]
showed using electron microscopy that the initial phase
of calcification occurred in close association with or-
ganic substances secreted from the calicoblastic ecto-
derm. Thus, it has been suggested that macromolecules
in the matrices may regulate aspects of calcification such
as nucleation (formation of miniscule seeds of crystals)
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and determination of the polymorph (e.g., aragonite/
calcite), shape or size of crystals [4-7].

Researchers have isolated and characterized compo-
nents of organic matrices, especially proteins, in diverse
animal species including both vertebrates and inverte-
brates, in search for key molecules that play important
roles in skeletogenesis. In the vertebrate bone, some of
the non-collagenous proteins have been suggested to
regulate calcification. Bone sialoprotein, for example, is
implicated in inducing nucleation of hydroxyapatite
crystals [8], whereas osteopontin, osteocalcin, and ma-
trix Gla-protein have been suggested to negatively reg-
ulate calcification [9-11]. A number of matrix proteins in
the calcified exoskeleton have also been characterized
for the amino acid sequence in invertebrates such as
crustaceans [12-20] and mollusks [21-29]. Some of these
proteins have also been characterized for the function
[19,21,25,26].

Biochemical studies on the exoskeleton of sclerac-
tinian corals demonstrated the presence of proteins and
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the amino acid composition of the matrix has been de-
termined in a number of species [30-33]. However, no
reports have been published to date on the primary
structure or function of individual proteins. This article
carries the first report on cDNA cloning and deduction
of the primary structure of a matrix protein extracted
from the calcified exoskeleton of a coral.

Materials and methods

Protein extraction and electrophoretic analyses. Colonies of Galaxea
fascicularis were collected around Sesoko and Aka Islands, Okinawa,
Japan. Apical parts of polyps covered by live tissues were collected,
crushed into small pieces, and stirred in 1 N NaOH (2h) to remove
fleshy tissues. Skeletal pieces (10 g) were ground into fine powder with
a mortar and pestle and stirred in I N NaOH (300ml, 2h) and sub-
sequently 12.5% NaClO (300ml, 2 h) to remove remaining soft tissues.
The powder was then extensively washed in H,O and decalcified in
0.5M EDTA (300 ml, overnight). The decalcifying solution was cen-
trifuged to remove insoluble materials and passed through two tan-
demly connected SEP-PAK C,s cartridges (Waters). The adsorbed
macromolecules were eluted in 50% acetonitrile, concentrated by
centrifugation under vacuum, and subjected to sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) or reverse-phase
high performance liquid chromatography (HPLC). “Low molecular
weight standard” (Amersham Pharmacia Biotech) and prestained
molecular weight standard (Bio-Rad) were used in SDS-PAGE. The
Ca®" overlay analysis was carried out as described in [34].

Reverse-phase HPLC and protein sequencing. An ODP-50 column
(4.6 x 250mm, Shodex) was used with a 60-min linear gradient of 0—
60% acetonitrile in 0.05% trifluoroacetic acid (TFA) at a flow rate of
1 ml/min. The eluate was collected in 60 fractions (each corresponding
to 1min of elution) and the protein content of the fractions was
monitored using SDS-PAGE. Fractions containing the 53 kDa protein
were combined, electrophoresed, and blotted onto PVDF membranes.
The 53kDa band, visualized by Coomassie brilliant blue (CBB)
staining, was excised from a membrane and applied to a protein se-
quencer (model 476A, Applied Biosystems) in the pulsed-liquid mode.
The 53kDa protein was electro-eluted from acrylamide gels using a
Maxyield-NP apparatus (model AE-6580, ATTO) and the eluate was
concentrated by centrifugation in Ultrafree-MC (Millipore) and dried
by centrifugation under vacuum. The protein was digested with
Staphylococcus aureus V8 protease (Sigma) and the digest was applied
to reverse-phase HPLC using a CAPCELL PAK Cj column
(2.0 x 150mm, Shiseido). Elution was performed with a 60 min linear
gradient of 0-60% acetonitrile in 0.05% TFA (in the first round) or in
0.05% heptafluoroacetate (the second round) at a flow rate of 0.2ml/
min. Isolated peaks were applied to a sequencer as described above.

Preparation of total RNA and reverse transcription (RT)-PCR.
Preparation of total RNA and synthesis of cDNA have been described
[35]. To isolate a fragment of cDNA encoding the 53kDa protein, a
PCR was carried out with primers D/ and D2 (Fig. 3) using the fol-
lowing program: 30s (5.5 min in the first cycle) at 94°C, 30s at 52 °C,
and 1.5min at 72°C for 40 cycles. The PCR product was subcloned
into the pGEM-T Easy vector (Promega) and sequenced. For PCR to
study expression of galaxin and LGfact, the following program was
used: 30s (5.5 min only in the first cycle) at 95°C, 30s at 58 °C, and 40 s
at 72 °C for 40 cycles. To detect the expression of galaxin and LGfact,
the following primer sets were used: FI and 5 RACE?2 (Fig. 3) and actF
(5-AAGCTCAAAGCAAACGTGGTA-3) and actR (5-AGGCTGG
CTGGAACATGGC-3), respectively.

Rapid amplification of cDNA ends. In the first round of 5-RACE,
cDNA was synthesized with the adult total RNA primed with
SYRACEI (Fig. 3), and then poly(A)-tailed as described in [36]. The

T17ADP and ADP primers [36] were used as the sense primers and
5’RACEI was used as the antisense primer in the following PCR: 1 min
(5 min in the first cycle) at 94 °C, 1 min at 50 °C, and 3 min at 72 °C for
3 cycles, and then 1 min at 94 °C, 1 min at 55°C, and 3 min at 72 °C for
37 cycles. The second round of 5-RACE was carried out using a
SMART RACE cDNA amplification kit (Clonetech) according to
instructions from the manufacturer. S RACE?2 (Fig. 3) was used as the
antisense primer in the following PCR: 30s (5.5min only in the first
cycle) at 94°C, 30s at 60°C, and 3min at 72°C for 35 cycles. In 3’
RACE, cDNA was synthesized with the adult total RNA primed with
T17ADP. The 3’ RACE (Fig. 3) and ADP primers were used to amplify
the cDNA in the following PCR: 30s (5.5 min only in the first cycle) at
94°C, 30s at 54°C, and 30s at 72°C for 40 cycles.

Results

Extraction of proteins from the skeleton and sequence
analysis of the 53 kDa protein

Organic substances in the exoskeleton were solubi-
lized in 0.5M EDTA and proteins in the extract were
analyzed using SDS-PAGE (Fig. 1). Three bands were
reproducibly detected (Fig. 1A): a protein (53 kDa) was
by far the most abundant, and the other two bands, at
45 and 20kDa, appeared weaker. A Western blot was
subjected to a Ca’"-overlay analysis in which none of
the CBB-stained bands exhibited significant Ca*"-bind-
ing (Fig. 1B). Radioactivity was detected near the bot-
tom of the autoradiogram. The corresponding area in a
gel was not stained with CBB (data not shown), sug-
gesting that the Ca’"-binding is not due to a protein (see
Discussion).
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Fig. 1. Electrophoretic analyses of proteins extracted from the exo-
skeleton. (A) SDS-PAGE analysis of an eluate from C;g cartridges.
Lane 1, molecular weight standards; lane 2, the eluate sample. The
sample (derived from 10 g of skeleton) was electrophoresed on a 12%
polyacrylamide gel and stained with CBB. The molecular masses of the
standards and matrix proteins are indicated on the left and right, re-
spectively (in kDa). (B) Ca>" overlay analysis. An eluate (derived from
10 g of skeleton) was run on 15% polyacrylamide gel and transblotted.
The molecular masses of the standards (in kDa) are indicated on the
left. An asterisk indicates radioactive signals due to **Ca’"-binding.
(C) Analysis of the combined fractions (44-52min). Lanes 1, stan-
dards; lanes 2, combined fractions. The 53 kDa protein, as well as a
faint band at 45kDa, is detected with CBB staining (left panel). In
PAS-staining of a Western blot, strong red/purple staining of the
53kDa band, but not the 45kDa band, is observed (right panel).
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Fig. 2. Partial amino acid sequences of the 53 kDa protein. (A) Partial
amino acid sequences of three fragments of the 53kDa protein.
Question marks indicate residues that could not be identified. Two
degenerate oligonucleotide primers, D1 (sense) and D2 (antisense),
were designed based on the amino acid sequences indicated with ar-
rows. In designing D2, one of the unidentifiable residues was assumed
to be cysteine. (B) Conceptual translation of an RT-PCR product.
Sequences that are consistent with the peak 1 sequence and a part of
the peak 2 sequence are underlined.

In an attempt to isolate the 53 kDa protein, extracts
were subjected to reverse-phase HPLC. The protein did
not form a discernible peak, but was eluted over a long
period (44-52 min, data not shown). In these fractions,
the 45kDa protein was also detected (Fig. 1C). The
53kDa protein stained positive in periodic acid Schiff
(PAS) staining, indicating that it was glycosylated (Fig.
1C). In sequencing the N-terminus, signals were not
detected in automated Edman degradation, suggesting
the possibility of N-terminus blocking. The modification
of the terminus was not likely to be formylation or
acetylation, because treatments to remove formyl or
acetyl groups did not result in detection of signals (data
not shown).

Next, digests of the protein with endoproteinase V8
were subjected to reverse-phase HPLC. Partial amino
acid sequences could be determined in two of the col-
lected peaks (peaks 1 and 2 in Fig. 2A). Another peak,
which apparently contained more than one peptide, was
applied to a second round of HPLC (data not shown),
and sequenced (peak 3 in Fig. 2A).
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DI (F)

5'RACEI (R)

721 GACTCTAACGTCTTGCCCAAGCCAGGGGCAACGGGAGCTTGCTGCGGCAGTCAGTCGTATACCCAAGACACTCACCTTTGCTGCGAAGGA
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811 GTCATAGTTCTCAAAGCAGGACCGAGCTTTGCCTGTTGCGGGAGTGCCTCATACAACCAATCGTCTTCCTTATGCTGCGGAGCTACCGTT
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901 GTTGCAAAGACACCATCAAAGCCAGTCTGCTGTGGATCAACTTCGTACAACCCTGTCACAGAAATATGTTGCGATGGCCATGTGGGCACC
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991 AGGGCAGGACTTACAAGTCCAACTTGCTGCGGAGGAGCCGTGTTCGATGCAGCTACCGCGAAATGCTGCGATGGTGTTCCTGTTTTTAAT
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1081 GTACCATCCTGTGCTGGGCTAGCATAGAATAGAGCCCCTCGTAACTCATGCTGAGCTTATCCGTCCGCGCAGTCTGAAATAAATCAGTCG
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1171 TAACAGAATGACTTTAACTAAATGGAGGCTTGTAAATGACACATAAGCATGTATAGTCGTGCAGTGTAACTATAACTAGCCACAACAACT
1261 GTGCACGTAAGTATCTGTAAAACAAACTTAACAAGGGTTACAAGTTATTAGTTTATGATTTGACAAAGGACAGCTGATAGGAGCTGGAAT
1351 GCCGTTCCCTTTTGAATTTCGGAACGGCCAATACTCTGCGCTTGGTATACGTTTCCACGTTTTACAGAGCGCCCACTTTTTAGGGCACCA
1441 TATTGCACCATAGCTGTCAAGCTAAGTTTAACAAGTGAAAATAAGGATGTAGGAGGAGACCAAAGTAGTTTGAGTTTAGGAGTTACTGCT
1531 AATCAACGGAGTACTCATTTTGCAGGTTTGTTGTGTACTGTCAACAAAACAAGAGTTGGGCATTTGGTTTTCGTATCTTCACAACAGCTT
1621 AAATTTATTTTTTGTCTGAAAACATACAT TAAACGGATACACTCGTAGATTAN

Fig. 3. Nucleotide sequence of a cDNA coding for galaxin (GenBank/EMBL/DDBJ Accession No.: AB086183). The following four sequences were
merged to generate the sequence of 1671 bp: (1) T'=A> (derived from the second round of 5-RACE), T>*-C™® (the first round of 5-RACE),
T™-T°% (the original PCR product), and T*°~T'"! (the 3'-RACE). Conceptual translation of the ORF (A™-A'"™) is shown below the nucleotide
sequence in the one letter representation of amino acids. The positions of nucleotides and amino acids are indicated on the left. The putative signal
peptide is underlined and the protease target sequence (RYRR) is boxed. Sequences corresponding to the PCR primers are overlined; F or R in
parentheses indicate whether the primer is a sense primer (F) or an antisense (R) primer. Two potential N-glycosylation sites are circled.
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c¢DNA cloning

With degenerate oligonucleotide primers D/ and D2
(Figs. 2A and 3), a cDNA fragment of about 250 bp was
amplified, which contained an open reading frame
(ORF) for 70 amino acids (Fig. 2B). The translated se-
quence included the peak 1 sequence and a C-terminal
part of the peak 2 sequence (Fig. 2B), indicating that the
product was a part of a cDNA encoding the 53 kDa
protein. Additional cDNA sequences were isolated using
3’ RACE and two rounds of 5 RACE. By merging the
sequences, a sequence of 1671 bp (excluding the poly(A)
sequence) was obtained which contained a putative ini-
tiator codon, an upstream stop codon, a stop codon,
and a variant (ATTAAA) of the typical polyadenylation
signal 14 nucleotides upstream from the poly(A) se-
quence (Fig. 3). Thus, an ORF for 343 amino acids was
revealed (Fig. 3). The deduced protein was named
“galaxin’ after the genus name of the coral.

To address the question whether the composite
cDNA sequence was chimeric, RT-PCR was performed
using primers derived from the 5 and 3’ untranslated
sequences. Two cloned PCR products had the same
ORF sequences as in Fig. 3 except for substitution of
two and three nucleotides, resulting in substitution of
one and two amino acids, respectively (data not shown).
These minor differences are likely to be due to poly-
morphism in the coral population, so we conclude that
the ORF sequence was derived from a single transcript
species.

In the deduced sequence, two potential N-glycosyla-
tion sites were found (Fig. 3). A computer-aided anal-
ysis [37] predicted a signal peptide (Met'-Phe®).
Presence of a recognition site (RYRR) for dibasic pro-
cessing endoproteases suggests another cleavage be-
tween Arg” and GIn*. Thus, the mature protein may
consist of 298 amino acids, with the calculated molec-
ular weight and isoelectric point of 29,890 and 4.57,
respectively.

The protein sequence consists of tandem repeats

The bulk of the protein sequence consists of tandem
repeats of a unit sequence of about 30 amino acids (Figs.
3 and 4). Two dicysteine sequences (Cys-Cys) are found
at fixed positions in nine repeats. The most abundant
residue in GIn**-Ala*® is cysteine (13.4%), followed by
small residues such as serine (11.1%), glycine (10.4%)),
and alanine (9.4%). Fractions of acidic amino acids
(aspartate and glutamate) are not high (5.4% and 1.3%,
respectively). The galaxin sequence was compared with
protein sequences in databases (Protein All ver. 32t09)
using the FASTA program [38], without finding a sig-
nificant match. Proteins with the highest similarity
scores included two hypothetical proteins in Caenor-
habditis elegans, ultra-high sulfur keratin in mouse [39],

and lacunin in the insect wing [40]. The similarity be-
tween galaxin and these proteins was limited to occur-
rence of dicysteine repeats. Dicysteine sequences have
also been found in proteins isolated from the calcified
molluscan exoskeleton such as lustrin A, N14, and N16/
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114: CCASDGYDMSTQLCCNDNVMHKPTGPTALPG
145: CCGDHSYDASVQLCCDSNVVPEMGSLSA---
173: CCGPNSYDTNTTLCCDSNVAFVSGPQAQ---
201: CCGSQGYDGATQLCCDSNVLPKPGATGA---
229: CCGSQSYTODTHLCCEGVIVLKAGPSFA—--
257: CCGSASYNQSSSLCCGATVVAKTPSKEV--—
285: CCGSTSYNPVTEICCDGHVGTRAGLTSPT--
314: CCGGAVFDAATAKCCDGVPVFNVPSCAGLA-

CODSEHSUSSCQUGHCC
CCGS-SYD--T-LCCDGNV--K-GS--A-—-

Fig. 4. (A) A schematic representation of the primary structure of
galaxin. (B) The tandem repeat structure in galaxin. The numbers on
the left represent the amino acid positions and “-—” indicates a gap.
Below the alignment is shown a deduced consensus sequence in which
only the amino acids that are observed in at least five sequences are
shown and “~” represents an arbitrary amino acid.
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Fig. 5. Expression of galaxin in larvae and adult polyps. RT-PCR
products were run on a polyacrylamide gel and stained with ethidium
bromide. Lanes 1-5, larval cDNA templates; lane M, molecular weight
standards; lanes 6-10, adult cDNA templates. Lanes 1 and 10 are
products of PCR to detect LGfact. Galaxin transcripts were detected in
adult (lane 7) but not in larvae (lane 4). Comparison of lanes 7 and 9
shows that the PCR product in lane 7 is derived not from genomic
DNA but from cDNA.
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pearlin [23,25-27], although galaxin did not exhibit
significant similarities to these proteins.

Stage specificity of galaxin expression

Larvae (planulae) of scleractinian corals are plank-
tonic and lack skeletal structures: corals initiate skel-
etogenesis after the settlement and metamorphosis.
Thus, we presumed that the expression of galaxin was
specific to the postmetamorphic stage. To address this
issue, RNA samples prepared from larvae and adult
polyps were subjected to RT-PCR to detect the expres-
sion of galaxin. As shown in Fig. 5, a PCR product of
the expected size was detected only with the adult RNA,
whereas the expression of LGfact, a coral actin [35], was
observed in both.

Discussion

This paper reports isolation of a protein extracted
from the skeletal organic matrix of a scleractinian coral
and deduction of its amino acid sequence for the first
time. The sequence analysis suggests that galaxin is
synthesized as a precursor containing a signal peptide
and a propeptide sequence. The prediction for a signal
sequence is consistent with the possibility that the pro-
tein is secreted by the calicoblastic ectoderm. Although
the role of the putative second processing is unknown,
we may speculate that the propeptide is necessary for
targeting the protein to specialized secretion vesicles, but
not for the skeletogenic process after secretion.

The function of galaxin remains unknown, since
significant Ca®"-binding was not detected, and its se-
quence was novel. The galaxin sequence, however,
showed two structural features that are observed in
some hard tissue proteins: a tandem repeat structure
[36,41] and occurrence of dicysteine repeats (Results).
The galaxin sequence is rich in Cys residues, most of
which (28 out of 30) occur in dicysteine repeats (Fig. 4).
Finding of dicysteine sequences in skeletal matrix pro-
teins in two separate phyla (Cnidaria and Mollusca)
may suggest a role of these motifs in calcification or
interaction with other components of the organic ma-
trix. The abundance of Cys residues in galaxin may raise
the possibility that the protein is highly cross-linked to
form a macromolecular network. However, an in vitro
study using a synthetic peptide containing two dicysteine
sequences showed that Cys residues in dicysteine se-
quences had propensity to form a small intrarepeat cy-
clocystine loop [42]. Thus, only the two terminal Cys
residues (Fig. 4) may be available for intermolecular
disulfide bonds.

Amino acid composition of the organic matrix has
been determined in a number of scleractinian species
[30-33] (G. fascicularis was not included in these stud-

ies). The content of Asx (aspartate plus asparagine) was
high in many species, ranging between 11.5% (Fungia
echinata) [30] and 59.8% (Flabellum alabastrum) [33].
The fraction of Asx in mature galaxin is 9.7% or 11.2%
excluding Cys and Trp. The latter value is comparable
to the Asx content in some of the examined species
such as F. echinata and Pocillopora damicornis (12.3%)
[33].

Proteins with regions that are rich in acidic amino
acids have been identified in calcified exoskeletons of
invertebrates [19,20,24]. These acidic domains are im-
plicated in regulation of calcification through interac-
tion with Ca®" or calcium carbonate crystals [4,5]. In the
present study, no acidic domain was found in the gal-
axin sequence, and none of the extracted proteins ex-
hibited significant Ca’"-binding. These observations,
however, may not necessarily argue that Ca®"-binding is
not present in the skeletal matrix of G. fascicularis, since
the identified proteins may represent only a subset of
matrix proteins of the skeleton. Proteins have been ex-
tracted from the skeleton of another scleractinian, Tu-
bastrea aurea, and subjected to a Ca*"-binding analysis
using the same procedure as in the present study. Two
CBB-stained bands exhibited Ca’"-binding (K. China,
Y. Isa, unpublished observation), raising the possibility
that similar Ca®"-binding proteins are present in
G. fascicularis.

The Ca’"-binding substance in the extract (Fig. 1B) is
not likely to be a protein, based on the lack of CBB
staining. The corresponding area of a gel was stained
yellow with Stains-all (T. Watanabe, unpublished ob-
servation), suggesting that a lipid(s) may bind Ca*" [43].
The presence of Ca’"-binding phospholipids has been
demonstrated in the exoskeleton of the scleractinian
coral, Acropora hebes [44]. This observation may lend
support to the presence of Ca’"-binding lipids in the
exoskeleton of G. fascicularis.
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