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ABSTRACT—In the crayfish Procambarus clarkii, the gastroliths are formed as a paired structure in the
stomach during the premolt period, and contain calcium carbonate and a small amount of an organic matrix.
In this investigation, a cDNA encoding an insoluble matrix protein was isolated from P. clarkii. The open
reading frame encoded 505 amino acid residues including two unique repeated sequences. The N-terminal
half of the amino acid sequence, which included 10-amino-acid repeats, exhibited a high degree of similarity
to that of involucrin, a protein synthesized in human keratinocytes. Northern blot analysis revealed that
mRNA encoding the matrix protein is specifically expressed in the gastrolith discs during the premolt period
in which the gastroliths formed. In the gastrolith discs, levels of expression of this mRNA correlated in-
creases in weights of the gastroliths concomitant with their formation. Organ culture of the gastrolith discs
suggested that expression of mRNA in the discs is induced by molting hormone, 20-hydroxyecdysone. These
results reinforced the relationship between the matrix protein and formation of the gastroliths. Functional
analysis showed that the protein inhibits calcium carbonate crystallization in a solution system, suggesting
that the protein plays a role in the calcification of the gastroliths.

INTRODUCTION

Hard tissues, observed in many organisms, help main-
tain body structure, defend against enemies and store
calcium. They often contain biominerals, which are mostly com-
posed of inorganic compounds with a small amount of organic
components which are considered to regulate formation of
biominerals. In mammals, osteocalcin (Hauschka and Carr,
1982) and several proteins (Stetler-Stevenson and Veis, 1983;
Gorski, 1992; George et al., 1993) have been identified as
trace constituents contained in the calcium phosphate mak-
ing up bones or teeth. In many invertebrates, the main com-
ponent of such biomineral material is calcium carbonate,
present in crystalline or amorphous form. Organic compounds
contained in biominerals may control the formation of
biomineral like in mammals, and influence crystal phase,
affecting balances of substances such as aragonite or calcite
(Belcher et al., 1996; Falini et al., 1996). A few matrix proteins

have recently been characterized. cDNAs encoding matrix
proteins in the spicules of the sea urchin have been isolated
and their nucleotide sequences have been determined, thereby
allowing the primary structure of the spicule matrix proteins to
be deduced (Kato-Fukui et al., 1991). A soluble matrix pro-
tein, nacrein, has been characterized from the pearl oyster
and found to have two functions, carbonic anhydrase activity
and calcium-binding ability (Miyamoto et al., 1996). Two sepa-
rate cDNA clones encoding framework proteins have been
isolated and sequenced from the same animal (Sudo et al.,
1997). A cDNA clone encoding Lustrin A, a matrix protein of
the nacreous layer of abalone, have been isolated (Shen et
al., 1997).

Crustaceans form skeletal structures by storing calcium
carbonate within the cuticle comprising their exoskeletons.
Some of the proteins which are contained in the exoskeleton
have been studied. One of these is a matrix protein in the
calcareous concretion of the terrestrial crustacean Orchestia
cavimana, for which 14 amino acid residues at its N-terminus
have been determined. This protein has been shown to pos-
sess calcium-binding ability (Luquet et al., 1996). In some crus-
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taceans, calcium liberated from the exoskeleton during the
premolt period is stored inside the body tissues. In the cray-
fish Procambarus clarkii, most of the liberated calcium is stored
in a pair of gastroliths, a kind of biomineral, which form on a
pair of gastrolith discs located at the fore of the stomach
(Travis, 1960). Gastroliths are composed mainly of calcium
carbonate and contain a small amount of organic materials
including proteins and carbohydrates. Gastroliths continue to
enlarge as the molt cycle proceeds. After molting, they are
digested and the calcium carbonate in the gastroliths is used
to harden the new exoskeleton. Gastrolith formation is known
to be induced by the molting hormone, 20-hydroxyecdysone
(Sonobe et al., 1991; Ueno et al., 1992). Histological exami-
nation has revealed that gastroliths form between the cuticle
and epidermis of the gastrolith discs, suggesting that the epi-
dermal tissue facing the gastroliths are responsible for gas-
trolith formation (Ueno, 1980). Based on the above evidence,
we investigated gastrolith formation in consideration of calci-
fication as well as transportation of calcium in synchroniza-
tion with the molting cycle. We have thereby isolated and char-
acterized a gastrolith matrix protein (GAMP) from the insoluble
organic matrix of gastroliths (Ishii et al., 1996, 1998). GAMP
was thought to be a major protein contained in the gastroliths
and to be tightly associated with chitin which is a main com-
ponent of the insoluble matrix. It had a molecular mass of
about 50.5 kDa and a blocked amino terminus. By enzymatic
digestion and microsequencing, five partial amino acid se-
quences with a total of 225 amino acid residues have been
identified. In the present study, we describe the cloning and
sequencing of cDNA encoding GAMP, analysis of expression
of its mRNA, and possible functioning of GAMP.

MATERIALS AND METHODS

Animals
Freshwater crayfish, P. clarkii, were purchased from a local dealer.

They were maintained in indoor aquaria at 18–20°C and provided
artificial pellets (MARUHA Co. Ltd., Tokyo) every 2 to 3 days. Males
at the intermolt stage with a carapace width of 20–23 mm and body
length of 80–90 mm were used for all experiments. In this study, cray-
fishes during premolt period are those animals which were artificially
induced to reach premolting by bilateral eyestalk ablation (Sonobe et
al., 1991).

Isolation of RNA
Gastrolith discs were removed from crayfishes at 0, 2, 4, 6, 9,

12, 16, and 21 days after bilateral eyestalk ablation. In addition, the
fan blade, abdominal muscle, intestine, and thorax connective tissue
were dissected from crayfishes 0 and 16 days after eyestalk ablation.
Total RNA was isolated from these organs using ISOGEN (Wako,
Osaka), according to instructions of the manufacturer.

Construction of the cDNA library
Using Oligotex-dT30 super (Roche, Japan), poly(A)+ RNA was

prepared from total RNA which had been isolated from the anterior
part of the stomach including the gastrolith discs of crayfish at 16
days after bilateral eyestalk ablation. The poly(A)+ RNA was subjected
to cDNA library construction using a TimeSaver® cDNA synthesis kit
(Pharmacia Biotech). The synthesized cDNA was ligated to the λ ZAP-
II vector (Stratagene). The ligation product was packaged using

Gigapack® II Gold (Stratagene).

Screening of the cDNA library
Two degenerate oligonucleotide primers, 2F and 2R,  were de-

signed based on the amino acid sequence of GAMP (Fig. 1). They
were derived from the sequences of amino acid positions 3–8 and
30–35 of partial sequence 2 (Ishii et al., 1998), respectively. PCR
amplification was carried out in a 50 µl solution containing 10 mM
Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl2, 0.02% gelatin, 400 µM
dNTP, 3.2 µM of each primer 2F and 2R, and 2 U rTaq DNA poly-
merase (TaKaRa). After an initial denaturation at 94°C for 3 min, 36
cycles of PCR were carried out with the following program: denatur-
ation at 94°C for 1 min, annealing at 45°C for 1 min and extension at
55°C for 3 min. Final extension was done at 55°C for 10 min. All PCR
amplifications were performed on a PROGRAM TEMP CONTROL
SYSTEM PC-700 (ASTEC). The product of the PCR was subcloned
into the pCR™ II plasmid vector using a TA Cloning® Kit (Invitrogen).
The EcoRI fragment of this plasmid was self-ligated using T4 DNA
ligase to generate longer fragments, and labeled with digoxigenin
(DIG)-labeled dUTP by using a DIG DNA Labeling and Detection Kit
(Boehringer Mannheim). The cDNA library of the gastrolith discs was
screened with this DIG-labeled DNA. Positive plaques were isolated
in the second round of screening, and the recombinant pBluescript
SK– phagemids were rescued from the bacteriophage clones accord-
ing to instructions of the manufacturer (Stratagene). Dideoxy sequenc-
ing reactions were carried out using a Thermo Sequenase Cycle Se-
quencing Kit (Amersham), and electrophoresis and signal detection
were done on an automatic sequencer SQ-3000 (HITACHI).

Rapid amplifications of 5’ cDNA end (5’ RACE)
Poly(A)+ RNA (1 µg) isolated from the gastrolith discs of crayfish

16 days after bilateral eyestalk ablation was reverse-transcribed in a
20 µl solution containing 100 pM primer JR (nucleotides 921–940,
Fig. 1), 500 µM dNTP, 10 mM dithiothreitol, 25 U RNase inhibitor
(GIBCO BRL), and 200 U reverse transcriptase (GIBCO BRL) for 1 hr
at 42°C. The reaction was stopped by the addition of 80 µl TE buffer
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The resulting single-stranded
cDNA was tailed with poly(dA) by a 3’-end labeling kit (Amersham).
The PCR was carried out using an LA PCR Kit Ver.2 (TaKaRa) with
primer NR, Adaptor, T17-Adaptor (500 nM each, Fig. 1), and the
poly(dA)-tailed cDNA as a template. The initial denaturation at 94°C
for 4 min, 3 PCR cycles of 94°C for 1 min, 50°C for 1 min and 72°C for
3 min was followed by 37 cycles of 94°C for 1 min, 55°C for 1 min and
72°C for 3 min, and the final extension at 72°C for 15 min. The PCR
product was subcloned and sequenced as described above. The same
PCR was also performed using primer NR2 (Fig. 1) instead of primer
NR and the poly(dA)-tailed cDNA as a template.

Northern blot analysis
Total RNA (10 µg/lane) obtained from the gastrolith discs, ab-

dominal muscle, intestine, thorax connective tissue and fan blade at
each intermolt and premolt period were run on a 1% formaldehyde-
agarose gel, transferred to a Hybond-N+ membrane (Amersham). A
GAMP cDNA fragment (corresponding to nucleotides 1–271, Fig. 2)
which had been labeled with [α-32P]dCTP (Amersham) using
Megaprime™ DNA labeling system (Amersham) was used as a probe.
The membrane was hybridized with the radiolabeled probe (1×106

cpm/ml) at 42°C in 50% formamide, 6×SSC, 1×Denhard’s solution,
0.4% SDS and 100 µg/ml calf thymus DNA for 14 hr. The membrane
was washed with 0.1×SSC and 0.1% SDS at 65°C. RNA ladder (0.24–
9.4 kb, GIBCO BRL) was used as the molecular weight marker.

A Northern blot of total RNA of the gastrolith discs of crayfish at
0, 2, 4, 6, 9, 12, 16, and 21 days after eyestalk ablation was hybrid-
ized with a part of the GAMP cDNA corresponding to nucleotides 1–
271 (Fig. 2) as described above. Levels of hybridized transcripts were
determined by a Fujix Bio-imaging analyzer BAS 1000 (Fuji Film).
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Immunological quantification of ecdysteroids
Hemolymph collected from crayfish at 0, 2, 4, 6, 9, 12, 16, and 21

days after eyestalk ablation was subjected to radioimmunoassay (RIA)
to determine hemolymph ecdysteroid titer according to Borst and
O’Conner (1972) and Brown et al. (1993). An anti-20-hydroxyecdysone
serum was provided from Dr. S. Takeda of the National Institute of
Sericultural and Entomological Science, Ministry of Agriculture,
Forestry, and Fisheries of Japan.

Organ culture of gastrolith discs
Crayfish carapace was washed with 70% ethanol, after which a

pair of gastrolith discs including their surrounding stomach tissue were
dissected. The gastrolith discs were rinsed with sterile culture
medium which was prepared according to Sonobe et al.  (1991) and
separated from one another. One disc was cultured in 5 ml of the
medium alone and the other was incubated in the medium containing
20-hydroxyecdysone (40 ng/ml). They were maintained in a Tissue
Culture Flask (IWAKI GLASS) at 25°C for 20 hr. Using total RNA
extracted from each cultured tissue, Northern blot analysis was car-
ried out as described above.

Collection of gastroliths and purification of gastrolith matrix pro-
tein (GAMP)

A pair of gastroliths were taken out from crayfishes at 0, 2, 4, 6,
9, 12, 16, and 21 days after bilateral eyestalk ablation. GAMP was
purified from gastroliths collected from the crayfish 12 and 16 days
after bilateral eyestalk ablation according to methods described pre-
viously (Ishii et al., 1998).

Endoproteinase Asp-N digestion of GAMP
GAMP (68 mg, 1.3 nmol) was digested with endoproteinase Asp-

N (Boehringer Mannheim) and the digest was separated by reverse-
phase HPLC as reported previously (Ishii et al., 1998).

Mass spectral analyses
Mass spectra were measured on a time-of-flight (TOF) mass

spectrometer (Voyager™Elite, Perceptive Biosystems) in the posi-
tive ion mode with sinapinic acid as the matrix.

Calcium binding test
GAMP and calmodulin were separated on a 12.5% SDS-PAGE

(Laemmli, 1970) and transferred to a polyvinylidene difluoride mem-
brane (ATTO). A 45Ca2+ binding test was performed according to a
standard protocol (Maruyama et al., 1984) with 45Ca2+ (DuPont New
England Nuclear). Radioactivity was detected using a Fujix Bio-im-
aging analyzer BAS 1000 (Fuji Film).

Inhibition of calcium carbonate precipitation
The effect of GAMP on the rate of CaCO3 precipitation was de-

termined with supersaturated solutions prepared as described by
Wheeler et al. (1981). CaCO3 formation was followed by recording
the pH decrease of a solution containing 1.5 ml of 20 mM NaHCO3,
pH 8.7, and 10 µl of sample, after 1.5 ml of 20 mM CaCl2 was added.
Changes of pH of the solutions were measured with a glass/calomel
electrode pair.

RESULTS

Isolation and characterization of a GAMP cDNA
In order to isolate the cDNA clones encoding GAMP, a

cDNA library was prepared from the gastrolith discs during
the premolt period. Two degenerate primers, 2F and 2R (Fig.
1), were designed based on partial amino acid sequence 2 of
GAMP (Ishii et al., 1998). A PCR product of the expected size
(98 bp) was obtained from the cDNA of the gastrolith discs

Fig 1. Positions and nucleotide sequences of oligonucleotide primers used to clone GAMP cDNA. Two degenerate primers, 2F and 2R, were
used for PCR amplification, the products of which were used to screen a cDNA library of the gastrolith discs during the premolt period. The other
primers were used for 5’ RACE PCR amplifications. GAMP sequence 2 was obtained by protein sequencing (Ishii et al., 1998). Nucleotide
numbers of GAMP cDNA sequences are consistent with those of Fig. 2.
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Fig. 2. Composite nucleotide sequence and deduced amino acid sequence for GAMP. The cDNA sequence was derived from a combination
of a sequence of a clone (begins at 145) and a sequence obtained by 5’ RACE. The deduced amino acid sequence which is shown below their
respective codons in italics starts at nucleotide position 34 and the stop codon is indicated by an asterisk (*). Nucleotide and amino acid numbers
are indicated on the left and right sides, respectively. Only part of 3’ untranslated region is shown and the putative polyadenylation signal is
underlined. This nucleotide sequence has been submitted to the GenBank™/EMBL Data Bank with accession number AB017017.

using these primers. Results of sequence analysis showed
that the product was derived from a GAMP cDNA, because
the deduced amino acid sequence was identical to a part of
sequence 2 (Ishii et al., 1998) of GAMP (data not shown).

This PCR product was used as a probe to screen a cDNA
library.

Among the isolated clones, that with the longest insert
(4,275 bp excluding the poly(A)+ tail) was analyzed for its nucle-
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otide sequence (nucleotide position 145–4,419 in Fig. 2). In
this cDNA clone, an open reading frame of 468 amino acids
was found. Four out of the 5 partial amino acid sequences of
GAMP (sequences 1, 2, 3, and 4 (Ishii et al., 1998)) were
included in the deduced amino acid sequence (Fig. 2).

In the open reading frame, the first methionine was found
in the partial sequence 1 (Fig. 2), suggesting that the ana-
lyzed clone was a partial one and that the 5’ region including
sequence 5 and the initial methionine was missing. To re-
cover the missing part, 5’ RACE was carried out, and an addi-
tional sequence of 144 bp (nucleotide position 1–144 in Fig.
2) was obtained. When this sequence was merged into the
cDNA clone, the open reading frame was extended by 37
amino acid residues (amino acid position -18 – +19 in Fig. 2).
The partial amino acid sequence 5 (Ishii et al., 1998) follow-
ing an initial methionine was included in the added region (Fig.
2). Thus, all of the partial amino acid sequences of GAMP
determined previously (Ishii et al., 1998) were included in the
open reading frame. We, therefore, concluded that the ana-
lyzed cDNA encoded GAMP. GAMP mRNA contained 33 bp
of a 5’ untranslated region, 1,515 bp of an open reading frame,
and 2,871 bp of a 3’ untranslated region. A putative
polyadenylation signal sequence ATAAA was found at the 3’
untranslated region 20 nucleotides upstream from the poly(A)
tail.

Determination of the N-terminal residue of GAMP
A fragment, designated D1, was obtained by digestion of

GAMP with endoproteinase Asp-N (Ishii et al., 1998). D1 had
a molecular mass of 977.48 Da as determined by TOF mass
analysis and had possibly a blocked N-terminus, because it
did not give any significant amino acid sequence by automated
Edman degradation. The mass value was in complete agree-
ment with the theoretical value for the decapeptide, pGlu-Val-
Ser-Pro-Gln-Ala-Ser-His-Ala-Ala, providing that the N-termi-
nal glutamine residue would be cyclized to a pyroglutamic acid
residue. However, pyroglutamate aminopeptidase digestion
of D1 did not provide clear results. In the post-source decay
mass spectrum of D1, a series of b-type fragment ions were
observed at m/z 211.26, 298.39, 395.70, 524.07, 594.69,
682.08, 818.50, and 889.44, indicating the presence of the
sequence from Ser3 to Ala10. A collision-induced dissociation
mass spectrum of D1 clearly showed the presence of pGlu
and Val as well as Ala, Ser, Pro, Gln, His. Thus, the amino
acid sequence of D1 was established, and therefore it was
determined that the N-terminal residue of GAMP was pGlu.
The glutamine residue at position 1 of the deduced amino
acid sequence was the second most likely site of cleavage
calculated according to methods of Von Heijne (1986).

Characterization of the deduced amino acid sequence of
GAMP

The mature protein had a calculated molecular mass of
50,854 Da. This value was close to the value of 50,501 mea-
sured on a TOF mass spectrometer (Ishii et al., 1998). There
was no potential N-glycosylation site in the GAMP, which was

Table 1. Amino acid composition of GAMP

Amino acid acid hydrolysis* deduced from cDNA sequence*

Gly 8.2 8.2
Ala 16.1 17.9
Val 6.5 6.2
Leu 5.8 4.9
Ile 2.4 1.2
Met 0.0 0.2
Phe 5.1 4.1
Trp — 0.8
Pro 5.6 5.8
Ser 8.9 9.5
Thr 2.9 3.9
Cys 0.0 0.0 Asn 1.9
Asx 2.9 3.5 Asp 1.6
Glx 31.8 29.5 Gln 20.5
Lys 1.4 0.4 Glu 9.0
His 0.0 1.4
Arg 2.0 1.9
Tyr 0.5 0.6

Total 100.1 100.0

* Amino acid compositions are represented as percent.
— : Tryptophan was not determined.

consistent with the previous report (Ishii et al., 1998). The
amino acid composition of the deduced sequence of GAMP
was close to that obtained by amino acid analysis (Table I). In
the deduced amino acid sequence of GAMP, two unique re-
peated sequences were found: one was Gly-Ser-Xaa-Ser/Gly-
Phe (Xaa indicates any amino acid residue), which has been
reported previously (Ishii et al., 1996), and the other was Gln-
Val/Ala-Ala-Gln-Glu-Gln-Ala-Gln-Glu-Gly (Fig. 3). The BLAST
algorithm (Altschul et al., 1990) identified that the latter re-
peated sequence consisting of 10 amino acid residues had
some similarity to that of involucrin (Eckert and Green, 1986)
(Fig. 3), a keratinocyte protein, which is cross-linked to mem-
brane proteins by transglutaminase (Simon and Green, 1985;
Thacher and Rice, 1985). Unlike GAMP, involucrin was com-
posed mainly of repeats of 10 amino acid residues.

Distribution of the GAMP mRNA
Tissue specific expression of the GAMP mRNA was ana-

lyzed by Northern hybridization. Total RNA was prepared from
the gastrolith discs, abdominal muscle, intestine, thorax con-
nective tissue, and fan blade during both intermolt and
premolt periods. The RNA blot was hybridized with the 32P-
labeled GAMP cDNA. Hybridization signals were detected in
the gastrolith discs only during the premolt period and, in con-
trast to expected results, in the fan blade only during intermolt
period, but not in other tissues (Fig. 4). The probe hybridized
to a single band of approximately 4.4 kb in the gastrolith discs
and 3.2 kb in the fan blade. The size of the band in the gas-
trolith discs was in good agreement with that of the GAMP
cDNA obtained by combination of screening of a cDNA library
and 5’ RACE method (4,419 bp). This result suggested that
the GAMP cDNA was complete or nearly complete.
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Changes in relative levels of the GAMP mRNA in the gas-
trolith disc

Changes in levels of GAMP transcript in the gastrolith
disc during premolt period were examined by Northern
hybridization. The same cDNA fragment was used to probe a

Northern blot containing total RNA from the gastrolith discs of
crayfish at 0, 2, 4, 6, 9, 12, 16, and 21 days after bilateral
eyestalk ablation. As a result, a single band approximately
4.4 kb long was detected in Day-4, -6, -9, -12, -16, and -21
crayfish. The levels of hybridization changed significantly

Fig. 3. Two repeated structures in the deduced GAMP sequence. The 10-amino-acid repeat found in amino acid positions 62–231 and the
5-amino-acid repeat in positions 394–467 are presented with the respective consensus sequence. Numbers on the left represent amino acid
positions of the leftmost residues of each row. Consensus sequence of the 10-amino-acid repeats in amino acid positions 153–541 of human
involucrin (Eckert and Green, 1986) is also shown.
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after eyestalk ablation, the minimal level being observed 4
days after eyestalk ablation and the levels being increased
with days (Fig. 5). Maximum levels were observed on days 12
and 16, whereas a significant decrease was observed 21 days
after eyestalk removal, just prior to molting. To ensure equal
loading of RNA samples, gels were stained with ethidium bro-
mide before blotting; levels of ribosomal RNA thus visualized
were almost equal (data not shown).

Results of changes in levels of GAMP mRNA in the gas-

trolith discs after eyestalk ablation, weight of gastroliths and
hemolymph ecdysteroid titers in the same animals are shown
in Fig. 5. The increase in the hemolymph ecdysteroid titer was
observed at 2 days after eyestalk ablation and that was fol-
lowed by the increase in GAMP mRNA and weight of gastroli-
ths.

Induction of expression of GAMP mRNA by 20-hydroxy-
ecdysone

Organ culture of gastrolith discs was carried out to exam-
ine whether the expression of GAMP was induced by
ecdysteroids. One disc from a pair of gastrolith discs was
placed into culture medium alone and the other was plated
into the same medium containing 20-hydroxyecdysone and
incubated at 25°C for 20 hr. Northern blot analysis using total
RNA extracted from the cultured organs revealed that expres-
sion of GAMP mRNA was significantly enhanced in the gas-
trolith disc cultured with 20-hydroxyecdysone compared with
that organ cultured without 20-hydroxyecdysone (Fig. 6).

Ca2+-binding property of GAMP
As the first step to study the role of GAMP in the calcifi-

cation of the gastroliths, we examined Ca2+ binding ability of
GAMP according to a procedure developed by Maruyama et
al. (1984). A Western blot of GAMP and calmodulin (a posi-
tive control) was immersed in a solution containing 45Ca2+ and
radioactivities in the protein bands were detected. Weak sig-
nals were observed at positions where GAMP was electro-
phoresed, but the intensity of the signals did not increase in
proportion to loaded amounts of protein as compared with
calmodulin, a calcium binding protein, whose intensity was

Fig. 4. Northern blot analysis of tissue specific expression of the GAMP mRNA. Total RNA (10 µg/lane) from the gastrolith discs during the
intermolt period (lane 1), gastrolith discs during the premolt period (lane 2), abdominal muscle during the intermolt period (lane 3), abdominal
muscle during the premolt period (lane 4), intestine during the intermolt period (lane 5), intestine during the premolt period (lane 6), thorax
connective tissue during the intermolt period (lane 7), thorax connective tissue during the premolt period (lane 8), fan blade during the intermolt
period (lane 9), and fan blade during the premolt period (lane 10) were blotted onto a nylon membrane and probed with GAMP cDNA which
corresponded to nucleotides 1-271. Positions of the five molecular weight markers (9,490, 7,460, 4,400, 2,370 and 1,350 nucleotides) are
indicated.

Fig. 5. Changes in relative expression levels of the GAMP mRNA in
the gastrolith disc, weight of the gastroliths, and hemolymph
ecdysteroid titers after eyestalk removal. Solid squares, weight of gas-
troliths; solid circles, ecdysteroids in the hemolymph; open circles,
relative levels of the GAMP encoding mRNA.
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increased with the loaded amounts of protein. Thus, the sig-
nal may be attributed to non-specific biding. In conclusion,
significant binding of Ca2+ to GAMP could not be detected.

Inhibition of calcium carbonate precipitation by GAMP
In order to estimate the functioning of GAMP, the effects

of GAMP on the inhibition of calcium carbonate precipitation
was examined by monitoring the pH value of supersaturated
calcium carbonate solution with time. Fig. 7 shows these
results. When GAMP was added to a NaHCO3 solution prior
to the addition of CaCl2 solution, the rate of decreasing pH
value was suppressed significantly as compared with H2O or
bovine serum albumin as negative controls. GAMP did not
show inhibitory effects at concentrations of 5×10–9 M, but weak
inhibition was observed at concentrations of 5×10–8 M. The
inhibitory effects of GAMP were enhanced at concentrations
of 1×10–7 M.

DISCUSSION

We have been studying the molecular mechanisms of
biomineralization through purification and characterization of
proteins in organic matrices of mineralized tissues. In the
present experiment, we have isolated and characterized cDNA
encoding GAMP, which constitutes a significant proportion of
the insoluble matrix proteins of the gastroliths of the crayfish.
This is the first report detailing a complete amino acid
sequence and describing the functioning of a purified insoluble
matrix protein contained in invertebrate biomineral material.
All experiments conducted thus far on insoluble matrix pro-
teins have revealed only amino acid composition, apparent
molecular weight on SDS-PAGE, and ability to regulate crys-
tallization. There had been little evidence demonstrating the
purity of such insoluble proteins.

From the deduced amino acid sequence of GAMP, it was
seen that GAMP had two different sets of unique repeated
sequences. All matrix proteins from invertebrate hard tissues
studied thus far have repeated sequences, but sequences
differed from one another (Kato-Fukui et al., 1991; Miyamoto
et al., 1996; Shen et al., 1997; Sudo et al., 1997). These
repeated sequences would be associated with crystal growth
by binding of calcium ions or by formation of a particular struc-
ture appropriate or inappropriate for crystallization. Data base
searches have detected a similarity of the repeated sequence
composed of 10 amino acids of GAMP with involucrin (Fig. 3),
which is a protein produced specifically in terminally differen-
tiated keratinocytes. Involucrin forms an insoluble envelope
with other cytosolic proteins through a γ-glutamyl-ε-lysine
isopeptide bond by transglutaminase, which prevents solubi-
lization of cross-linked proteins from denaturants and reduc-
tants. In the case of gastroliths, a main component in the
insoluble matrix was chitin. GAMP appears to become
insoluble as a result of associating with chitin. Each 10-amino-
acid repeat possesses glutamine residues, which can act as
a primary amine acceptor in involucrin (Simon and Green,
1988), at four conserved positions. However, it is difficult to

Fig. 6. Northern blot analysis of expression of GAMP mRNA from
cultured gastrolith discs. Total RNA (15 µg/lane) from the gastrolith
discs cultured without 20-hydroxyecdysone (lane 1) and cultured with
20-hydroxyecdysone (lane 2) were blotted onto a nylon membrane
and probed with GAMP cDNA which corresponded to nucleotides 1–
271. Positions of the five molecular weight markers (9,490, 7,460,
4,400, 2,370, and 1,350 nucleotides) are indicated.

Fig.7. Effects of GAMP on CaCO3 precipitation. Changes of pH
value of the solutions containing 1.5 ml of 20 mM NaHCO3 after the
addition of 1.5 ml of 20 mM CaCl2 at time 0 are shown. Solid squares,
control DW; solid circles, 5×10–7 M BSA; open squares, 5×10–9 M
GAMP; open triangles, 5×10–8 M GAMP; open circles, 1×10–7 M GAMP
(final concentration).
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postulate that transglutaminase renders GAMP insoluble as
in the case of involucrin, because GAMP could be solubilized
in 1% SDS containing 10 mM DTT. GAMP has no cysteine
residues, and therefore there is no possibility of direct binding
of GAMP with chitin through disulfide bonds. Details regard-
ing the manner of the binding are still unknown. A model for a
chitin-protein complex in insect cuticle has been proposed
(Blackwell and Weih, 1980), but the detailed structure con-
necting these two large molecules has not been identified.

Amino acid composition of GAMP calculated from the
deduced amino acid sequence was in good agreement with
the analytical data in our previous report (Ishii et al., 1998).
The data estimated the existence of a moiety rich in glutamine
and/or glutamate residues in GAMP. Most of the two residues
are contained in the 10-amino-acid repeats as mentioned
above. This moiety, which was predicted to form α-helical
structures according to Chou-Fasman’s method (Chou and
Fasman, 1978), was not recovered from various enzymatic
digests by reverse-phase HPLC possibly because of low solu-
bility or due to unusual tertiary structure, which could be re-
sponsible for association with chitin or regulation of crystal
growth. On the other hand, Chou-Fasman’s method predicted
that the 5-amino-acid-repeats near to the C-terminus would
be abundant in random coils and turns, which suggested that
the repeats could be relatively flexible within the structure of
GAMP.

GAMP showed no similarity to any proteins other than
involucrin thus far identified, which presented difficulties in
estimating its function. However, it is of interest that both pro-
teins are produced in the epidermis. GAMP mRNA was ob-
served in tissues which were calcified and during periods in
which calcification took place. GAMP had a unique repeated
sequence of 10 amino acid residues with each unit containing
two glutamate residues. It was assumed that GAMP possesses
calcium binding property, because some known calcium bind-
ing proteins have carboxyl groups of Asp and/or Glu side
chains which are responsible for calcium binding (Hauschka
and Carr, 1982). GAMP had almost no calcium ion binding
ability under the conditions which were used in the present
experiment. However, GAMP is expected to have a weak
affinity to calcium ion because of its ability to inhibit crystalli-
zation of calcium carbonate.

In Northern blot analysis, GAMP mRNA was detected in
the gastrolith discs during premolt period and also in the fan
blade during the intermolt period. Gastroliths are formed on
the gastrolith discs during the premolt period and calcification
of the cuticle is observed during the postmolt and intermolt
periods. Hence, these results explain that GAMP mRNA is
expressed in the calcifying tissues. This is interesting from a
point of view relating to not only the process of calcification
itself, but also to the question of calcium transportation as a
process synchronized with the molting cycle. As a result of
detailed analyses of the gastrolith discs, the increase in the
hemolymph ecdysteroid titer after transition to the premolt
period, as induced by bilateral eyestalk ablation, paralleled
the levels of GAMP mRNA and the increase in weight of the

gastroliths with a delay of several days. These results strongly
suggest that GAMP is responsible for the calcification of the
epidermis as well as of the gastroliths. The existence of GAMP
in both tissues was also supported by immunohistochemical
studies using an anti-GAMP antiserum (unpublished data).
The stage-specific and tissue-specific expression of GAMP
under the control of molting hormone indicates that GAMP
would be a good marker for not only calcification but also
postembryonic development. The relationship between
hemolymph ecdysteroid titer and weight of gastroliths has
already been reported (Sonobe et al., 1991; Keller and Schmid,
1979). The expression of GAMP mRNA induced by molting
hormone was demonstrated more directly by organ culture of
the gastrolith discs. Formation of gastroliths is an essential
event in the molting process, and it is reasonable to consider
that the event is induced by molting hormone. By histological
examination, it has been suggested that many ecdysteroid-
binding sites appear in the gastrolith discs during the premolt
period (Ueno et al., 1992), and some genes induced by
ecdysteroids would encode proteins involved in formation of
gastroliths such as GAMP. On the other hand, what regulates
the expression of GAMP mRNA in the epidermis has not been
known. It is possible to assume that molt-inhibiting hormone
induces the expression of GAMP mRNA in the epidermis and
ecdysteroids suppress it contrary to the case of the gastrolith
discs. In Northern blot analysis, a signal observed in the fan
blade was approximately 3.2 kb (Fig. 4), which was 1.2 kb
shorter than that of the gastrolith discs. This difference in size
would result from deletion in the 3' untranslated region or from
alternative splicing which generates different transcripts in each
tissue. Alternatively, the signal would be mRNA originated from
another gene which was homologous to GAMP.

Microheterogeneity in the amino acid sequence of GAMP
was observed in our previous report (Ishii et al., 1998). There
was a large difference between the deduced amino acid
sequence and partial sequence 1; lack of the sequence Phe-
Gly-Ser-Pro-Ser-Leu-Gly-Ser-Ala-Ala between residues 441
and 442 of the deduced amino acid sequence. It is supposed
that the deletion of two units of 5-amino-acid repeats, and this
type of deletion, such as deletion of a repeating unit, would
exist, because some microheterogeneities were observed in
a GAMP preparation from a single gastrolith. The cDNA clone
obtained in this study might be one derived from similar clones.
The band detected in a series of Northern blot analyses gave
the appearance of a singular entity and was considerably sharp
with an approximate size of 4.4 kb in the gastrolith discs, which
suggested that the heterogeneities were sufficiently small in
size.
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