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Gastroliths, the calcium storage organs of crustaceans, consist
of chitin-protein-mineral complexes in which the mineral com-
ponent is stabilized amorphous calcium carbonate. To date,
only three proteins, GAP 65, gastrolith matrix protein (GAMP),
and orchestin, have been identified in gastroliths. Here, we
report a novel protein, GAP 10, isolated from the gastrolith
of the crayfish Cherax quadricarinatus and specifically
expressed in its gastrolith disc. The encoding gene was cloned
by partial sequencing of the protein extracted from the gas-
trolith matrix. Based on an assembled microarray cDNA chip,
GAP 10 transcripts were found to be highly (12-fold) up-regu-
lated in premolt gastrolith disc and significantly down-regu-
lated in the hypodermis at the same molt stage. The deduced
protein sequence of GAP 10 lacks chitin-binding domains and
does not show homology to known proteins in the GenBank™
data base. It does, however, have an amino acid composition that
has similarity to proteins extracted from invertebrate and ascid-
ian-calcified extracellular matrices. The GAP 10 sequence con-
tains a predicted signal peptide and predicted phosphorylation
sites. In addition, the protein is phosphorylated and exhibits
calcium-binding ability. Repeated daily injections of GAP 10
double strand RNA to premolt C. quadricarinatus resulted in a
prolonged premolt stage and in the development of gastroliths
with irregularly rough surfaces. These findings suggest that
GAP 10 may be involved in the assembly of the gastrolith chitin-
protein-mineral complex, particularly in the deposition of
amorphous calcium carbonate.

Biomineralization in crustaceans has been and continues to
be a subject of intensive study due to the key role of calcium
metabolism in the periodic shedding of the exoskeleton during
molting and its subsequent replacement. It is known that sev-
eral crustacean species form temporary extracellular calcium
carbonate storage deposits during the premolt stage (1). In
freshwater crayfish, including our model organism the red claw
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crayfish Cherax quadricarinatus, these deposits include a pair
of disc-like structures, known as gastroliths, that are located on
each side of the stomach wall (2, 3). Gastroliths are also found in
other decapods, including lobsters and several species of land
crabs (1).

Gastrolith formation takes place in the gastrolith pouch, a
cavity formed between the columnar epithelium of the gastro-
lith disc and the cardiac stomach wall. The main functions of
the gastrolith disc epithelium are the transport of hemolymph
calcium to the gastrolith and the synthesis of the gastrolith
organic matrix (4). Like the exoskeleton, gastroliths consist of a
chitinous organic matrix in which calcium carbonate is depos-
ited (1, 5). In most crustacean species, the calcium carbonate of
the exoskeleton exists in the form of one of two polymorphs,
either the stable crystalline calcite (1, 6, 7) or the less stable
amorphous calcium carbonate (ACC)> (8-12). We have
reported previously that in C. quadricarinatus the major form
of calcium present is ACC, not only in the gastroliths but also in
the exoskeleton (12). It is likely that stabilization of otherwise
unstable ACC requires unique conditions and the mediation
of specialized macromolecules, such as proteins or peptides,
within the extracellular matrix.

To date, only three transient storage organ proteins have
been identified in crustaceans as follows: orchestin, gastrolith
matrix protein (GAMP), and GAP 65. Orchestin is a calcium-
binding phosphoprotein that was isolated from the organic
matrix of the calcium storage organ of the terrestrial crustacean
Orchestia cavimana (13). GAMP, which was isolated from the
gastrolith of the crayfish Procambarus clarkia (14, 15), is
believed to be a chitin-binding protein that inhibits calcium
carbonate precipitation (16). GAP 65, which was extracted
from late premolt gastroliths of C. quadricarinatus, is a calci-
um-binding glycoprotein, predicted to bind chitin. In vivo
silencing of GAP 65 resulted in the formation of gastroliths with
morphological deformities and sparsely packed ACC spherules,
suggesting that the protein has a dual function, i.e. both in the
formation of the extracellular matrix and in the calcification
process of the gastrolith (17). All three proteins have acidic
pl values, and all are expressed in the premolt calcium stor-

2The abbreviations used are: ACC, amorphous calcium carbonate; GAMP,
gastrolith matrix protein; GAP, gastrolith protein; OPIM, optical phase
interference microscopy; SH, Swedish height; MMI, molt mineralization
index; GO, gene ontology; EST, expressed sequence tag; RT, reverse tran-
scription; dsRNA, double strand RNA; MS, mass spectrometry.
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age forming tissue, whereas GAMP (16, 18) and GAP 65 are
also expressed in the hypodermis. These and additional
studies performed on proteins involved in calcified chitinous
matrices suggest the relevance of traits such as phosphoryla-
tion, calcium binding, acidity, and the ability to bind chitin to
their performance.

In parallel to the studies of proteins isolated from chitinous
matrices in crustaceans, a great deal of attention has been
addressed to such proteins isolated from insect cuticles. To
date, these studies have yielded a number of ubiquitous simple
repeat sequences (19), i.e. the AAP(A/V) repeat and several gly-
cine-rich regions such as GGX and/or GA repeats, which are
also found in crustacean cuticular proteins (see the cuticleDB
website). These repeats, and others such as A, can also be found
in spider silk proteins, where they are believed to be critical for
the high tensile strength of spider silk (20).

Here, we report the identification and characterization of a
novel protein obtained from the gastrolith matrix of premolt C.
quadricarinatus and its encoding transcript. /n vivo silencing of
the transcript resulted in a prolongation of the premolt stage
and the development of amorphous mineral-containing extra-
cellular matrices with significant surface irregularities.

EXPERIMENTAL PROCEDURES

Animals and Molt—C. quadricarinatus males were grown in
artificial ponds at Ben-Gurion University of the Negev, Beer-
Sheva, Israel, under the conditions described in Shechter et al.
(12). Intermolt crayfish were held in individual cages and endo-
crinologically induced to enter premolt through removal of the
X organ-sinus gland complex. The progression of the molt cycle
was monitored daily by measuring gastrolith molt mineraliza-
tion index (MMI), as described by Shechter et al. (11). For all
dissection procedures, crayfish were placed on ice for 5-10 min
until they were anesthetized.

Purification of Gastrolith Proteins—Gastroliths were dis-
sected from endocrinologically induced premolt crayfish,
cleaned from cellular matter, and ground to powder in liquid
nitrogen. Gastrolith proteins were extracted and separated fol-
lowing the procedure detailed in Shechter et al. (17). Briefly,
EGTA-extracted gastrolith proteins were separated on a DEAE
column. Elution was performed with a 0—1 M NaCl gradient.

Two-dimensional Separation and Visualization—The frac-
tions collected at 100-200 mm NaCl were separated in two
dimensions according to Arnott et al. (21) with a few modifica-
tions. Briefly, for isoelectric focusing, Immobiline dry strips (11
cm, pH 3-10) were rehydrated and aligned on the isoelectric
focusing tray. Samples were loaded adjacent to the anode, and
voltage was applied for a total of 11.9 kV-h. Following isoelec-
tric focusing, the gel strips were equilibrated in a buffer con-
taining 6 M urea, 0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glyc-
erol, and either 2% dithiothreitol for reduction or 8%
iodoacetamide for alkylation. The strips were then mounted on
a 15% SDS-PAGE with the Tris/glycine running buffer system
according to Laemmli et al. (22). Bands were visualized with
Coomassie Blue staining.

Mass Spectrometry—Reduction, alkylation and trypsiniza-
tion steps were carried out according to Rosenfeld et al. (23).
For peptide sequencing, extraction of the fragments from the
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gel, mass spectrometry, and data analysis were performed
according to Shechter et al. (17). For validation of GAP 10 from
the two-dimensional electrophoresis, the tryptic digest was
separated on a 75-um internal diameter fused silica column,
packed with C-18 (New Objective, Woburn, MA) connected to
an Eksigent nano-LC system (Eksigent, Dublin, CA), and the
peptides were eluted with the following solutions: buffer A was
composed of 2% acetonitrile, 0.1% formic acid, and buffer B was
composed of 80% acetonitrile in 0.1% formic acid, in nano-pure
water. A linear gradient of 20 — 65% of buffer B was created over
45 min. MS peptide analysis and tandem MS fragmentation
were performed using the LTQ-Orbitrap (Thermo Fisher Sci-
entific, San Jose, CA). The mass spectrometer was operated in
the data-dependent mode to switch between MS and collision-
induced dissociation tandem MS of the top six ions. The colli-
sion-induced dissociation fragmentation was performed at 35%
collision energy and 30-ms activation time. Protein identifica-
tion and validation were performed using Sequest and Mascot
algorithms operated under Proteome Discoverer 1.0 (Thermo
Fisher Scientific) using an unpublished data base containing the
GAP 10 sequence.

Detection of Protein Phosphorylation—Proteins separated by
two-dimensional electrophoresis were fixed on the gel over-
night, washed, and stained with PhosDecor™ phosphoprotein
stain (Sigma) according to the manufacturer’s protocol. Visual-
ization was performed using a 300-nm UV transluminator
(Chemi-Genius Bio-imaging System, Syngene, Cambridge,
UK).

Detection of Calcium-binding Proteins—Calcium overlay
procedure was performed according to Maruyama et al. (24).
Briefly, proteins separated by SDS-PAGE were transferred to a
nitrocellulose membrane. The membrane was washed three
times with incubation buffer (60 mm KCl, 5 mm MgCl, and 10
mM imidazole HCI, pH 6.8) followed by incubation in the same
buffer containing 10 nCi/25 ml **CaCl, for 10 min. The mem-
brane was rinsed with distilled water for 5 min. Excess water
was absorbed between two sheets of Whatman filter paper, and
the dried membrane was exposed to a Kodak BioMax MS x-ray
film at —80 °C for 7 days. For both the detection of protein
phosphorylation and the calcium-binding assay, 5 ug of casein
(Sigma) was used as positive control.

Sequencing of GAP 10 Transcript Using Degenerative Primers—
Degenerative primer GAP 10 AF, 5'-GAY GGN GGN TGG
GARTTY AC-3’, was generated based on a partial fragment
sequence of GAP 10 obtained by tandem MS. A fragment of
the ¢cDNA was amplified using this forward primer and
oligo(dT),sVN as areverse primer. The fragment was cloned
into the pGEM-T Easy vector (Promega, Corp., Madison, W1I)
and sequenced. 5'- and 3’-rapid amplifications of cDNA ends
were carried out with the Clontech SMART™ rapid amplifica-
tion of cDNA ends kit (Clontech), according to the manufac-
turer’s protocol to obtain the entire open reading frame
sequence of GAP 10.

The deduced amino acid sequence of the gene was obtained
bioinformatically by the ExPASy Translate tool, available on
line. Signal peptide and phosphorylation sites were predicted
using the SignalP 3.0 and NetPhosK 1.0, respectively, CBS Pre-
diction Servers.
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Construction of a cDNA Library of the Gastrolith Disc Using
Suppression Subtractive Hybridization—Total RNAs of the
gastrolith disc and muscle tissue were extracted from premolt-
induced males using EZ-RNA total RNA isolation kit (Biologi-
cal Industries, Beit Haemek, Israel). cDNA was prepared from 1
pg of total RNA using the Super SMART PCR cDNA synthesis
kit (Clontech). The cDNAs were then used to prepare a sup-
pression subtractive hybridization library of the gastrolith disc
with the PCR Select cDNA subtraction kit, according to the
manufacturer’s instructions (Clontech). Briefly, the cDNA
from gastrolith disc was used as the tester, and the cDNA from
muscle tissue was used as the driver. After two hybridization
cycles, unhybridized cDNAs, representing mostly genes that
were expressed in the tester but absent from the driver, were
amplified by two PCRs. The primary (27 cycles) and secondary
(20 cycles) PCRs were performed with the Advantage™ 2 PCR
kit (Clontech), and the PCR products were cloned into the
pGEM-T Easy vector (Promega) and electrophoretically trans-
formed into competent bacteria. Clones containing the inserts
were isolated and grown overnight. Plasmid DNA was purified
(Qiagen Miniprep kit) and sequenced.

Construction of a C. quadricarinatus cDNA Microarray, RNA
Hybridization, and Data Analysis—The cDNA microarray
used here was performed as described previously by our group
(25) but broadened by the addition of 1000 cDNAs cloned from
premolt gastrolith disc suppression subtractive hybridization
library in the framework of the present study. Sequences were
annotated by using both BLASTX and BLASTN comparisons
(26). When available, gene ontology (GO) annotations (27)
were borrowed from the BLAST hits, thereby further assisting
the appropriate gene annotation. Both sequence and GO anno-
tations were obtained with the BLAST2GO software (28). Only
BLAST hits with e-values <10~ ° and their derived GO terms
were considered valid annotations.

Expressed sequence tags (ESTs) identified as up-regulated
during premolt following hybridizations with mRNA from
the gastrolith disc were sequenced. To enhance the quality of
the selected ESTs, the obtained cDNA sequences were first
stripped of low quality, vector, and primer sequences using
SequencherTM software (GeneCodes Corp., Ann Arbor, MI).
Clustering, assembly, and annotation of the remaining se-
quences were performed as elaborated in Yudkovski et al?
Unannotated genes were searched for GAP 10 sequence simi-
larity using a local installation of tBLASTx algorithm (NCBI).

The calculation and statistical analysis of log, expression
ratios for each clone in a binary comparison were carried out
using the LIMMA package (Linear Models for Microarray data
Analysis (29)) as described in Yudkovski et al.® For each spot,
LIMMA calculated an M value, M = (log,(Cy5)/Cy3), where
Cy5 and Cy3 are the normalized emission intensities of the spot
and an emission intensity A value (A = (log,(Cy5)-Cy3)/2).
Mean |M| values of >2 were plotted against mean A values
of >9 in expression scatter plots.

Tissue-specific Expression of GAP 10—To identify tissue-
specific GAP 10 expression, RNA was extracted from the

3Y. Yudkovski, L. Glazer, A. Shechter, A. R. Reinhardt, V. Chalifa-Caspi, A. Sagi,
and M. Tom, submitted for publication.
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gastrolith disc, hypodermis, hepatopancreas, muscle, and
sperm duct as described above. First strand cDNA was gener-
ated with oligo(dT),sVN using expand RT (Roche Diagnostics).
PCR was performed with the following primers: GAP 10-F
5 -CTTGGTGCTGGCCAGGTGGGAGGTGCTG-3" and GAP
10-R5'-CAGCCTCCGTCAGACTCC ACGCGCACAT-3'.

In Situ Hybridization—Gastrolith discs were dissected out
from an induced premolt crayfish 5 days after induction
through removal of the X organ-sinus gland. Fixation, para-
plast embedding, sectioning, and the hybridization procedure
were conducted as described by Ventura et al. (30). Digoxyge-
nin-labeled oligonucleotides for antisense and sense probes
corresponding to nucleotides 31-403 of GAP 10 cDNA were
synthesized using SP6 and T7 RNA polymerases, as described
in the digoxygenin application manual (Roche Diagnostics).
Hybridization was carried out as described previously by
Shechter et al. (31), with the slight modification of adding 100
pg/ml tRNA to the hybridization solution.

Physicochemical Properties of GAP 10—The physicochemi-
cal properties of GAP 10, including molecular weight and
amino acid composition, were deduced from its translated pro-
tein sequence using the ExXPASy ProtoParam tool (32).

In Vivo Silencing of GAP 10 Transcripts during Premolt—In-
termolt males (MMI = 0), each weighing 5-10 g, were divided
to four groups. Ten animals were injected daily with both
ecdysone (Sigma), 1 ng/ul (17), and dsRNA of GAP 10, 5 pg/g;
eight were injected with ecdysone, 1 ng/ul; six were injected
with both ecdysone and dsRNA of CqVyg, 5 ng/g; and four were
injected with ecdysone carrier only, i.e. 10% ethanol in diethyl
pyrocarbonate-treated doubly distilled water. Injections were
given into the sinus of the first abdominal segment. For each
individual crayfish, the experiment was terminated at MMI =
0.1, at which time the animal was anesthetized, and its gastro-
liths were dissected out. Premolt duration was defined as the
number of days until termination.

Optical Phase Interference Microscopy (OPIM) Analysis—
OPIM was performed using the NewView 200 (Zygo Corp.,
Middlefield, CT) microscope, for analysis of gastrolith surface
roughness. Four to eight different locations on the surface of
each dissected gastrolith were analyzed. A cylindrical reference
surface was fitted to and subtracted from each image. Swedish
height (SH) was calculated as the height difference between two
reference values on a topographic image; the upper reference
was positioned at a depth that exposes 5% of the data and the
lower reference at a depth that exposes 90% of the data.

Statistical Analysis—Premolt duration, SH, and relative
transcript level data were expressed as means * S.E. Statistical
analysis for premolt duration and SH was performed using one-
way analysis of variance, followed by Fisher’s LSD multiple
comparison test. For relative transcript levels, Mann-Whitney
U test was used. p values < 0.05 were considered statistically
significant.

Relative Quantitative Real Time RT-PCR—RNA was ex-
tracted as described above. First strand cDNA was generated by
reverse transcription using random hexamer primers (Verso™ ™
¢DNA kit, Thermo Fisher Scientific). Relative quantification
was performed with the following primers: qGAP_10_F,
5'-AAAAACACAGGTTCTGTTGCTCT-3' and qGAP_10_R,
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ACGCGGGACAGGTCAGCTATTAGAGTCGCACCAGCAACATCCTCTCCAGCAACATGAAGA 60
M K I 3

TTTTCATTCTCCTTGTGGTGATTGGTGTGGTGTCAGCC CAGCTTGGTGCTGGCCAGGTGG 120
F I L L V V I G V VvV S AYQ L G A G Q V G 23

GAGGTGCTGCTCCAGCMCAGGGTGCTGGAGGTGCTGCT GGTGTTGGTGGTCCWGGGGCAG 180
G A AP A Q GA G GAA GV G G P G A A 43

CTCCTGTAAACCCCTACGGACCTAAAGTGTATGGTTCT GGCCTCAACAATCCCTTCGCCT 240
P V N P Y G P K V Y G [j G L N N P F A F 63

TCCCTCACAACACGTGGGAAGTGAGTCGTGCTGCGGCGGTGGCAGCTACCAACCCCAACC 300
P H NTWEV S R A A A VA ATNUPNTL 83

TCTATGTGCGCGTGGAGTCTGACGGAGGCTGGGAATTCACCAACCGCTTCGGAGAGAAGG 360
Y VRV E[§DGGGwWETFTNTZ RTFGE K V 103

TTGATGTGTACAACAGCTTCGGCCAAGAGCTTGACTAGTGCAGTCTTTATCTCCTTCTGT 420
DV Y NS F G Q E L D * 114

CATTCACCTCATCTCGCCTCTATGAAGGCTGTCACCTCAATAATTTACCCCTCCCATACA 480
TCTGGATGTAAAAAAAACACAGGTTCTGTTGCTCTACAGCCCTGGCTATACAGCAGGTCT 540
GCTGCTACACAGCCCTGGCTATGCAGCAGGTCTGCTGA TACACAGCCCTGGCTATACAGC 600
AGGTCTGCTGCTACACAGCCCTGGCTGTGCAGCAGGTC TGCTGATACACAGCCCTGGCTA 660
TGCAGCAGGTCTGCTGCTACACAGCCCTGGCTATGGAGCAGGTCTGCTGCTACACAGCCC 720
TGGTTATGCAGCAGTTCTGCTGTGCAAATCATTAGATACCAATTGGAGTCAGAATAAGAA 780
CAGTCAATTTTGGCTGTGATAAAAACGATAAAATCTTGAATTTTGTAAGCTTTCATGTAA 840
ATATNIATHTCIACACCCICHCICHCTCHCTCTECHCNCHCICICHCNEHCNCIEGICIEH 500
CTCTAAGTCATCTCAAAACACAACCGCTCGACTCTATAGCCCATGAAGGTGTGAGCTTTT 960
CCTTATCCTCCTGTCCTAGGTGTTCACAAGTGCTCAGTAGTGTTCACCAGTGTTCACACG 1020
TGTCCACATGTGCCCACAAGCGTTCACTAGTGTTCAGCAGTGTTCACCAGCATTCAGCAG 1080
TGTTTAGCAGCGTTCAGCAGTGTTCAGCAGCGTTCACCACGGAGGATTCAGAACTATGGC 1140
ACACCTGGCATGGGAGTTTTGGCTGCCCTGTGATAACACACACGTCTACTGCTCCCTCTA 1200
TCAGGGGAAATTTTGACTGAAAACTATAACTTCAGTAATTATAAACATTGATTATATGTA 1260
AATAARACATATAGACAGT 1278

FIGURE 1. Nucleotide sequence of GAP 10 cDNA and deduced amino acids
of its open reading frame. The 5'- and 3’-untranslated regions are high-
lighted in gray. The putative signal peptide in the N terminus is underlined.
Arrowhead indicates signal peptide cleavage site. Predicted phosphorylation
sites are boxed. ltalic letters indicate AAP(A/V), GGX, and A, consensus
sequences. The asterisk indicates a stop codon.

5'-TAGCCAGGGCTGTGTAGCA-3". 18 S rRNA, used as the
normalizing agent, was also evaluated by real time RT-PCR
at similar conditions using the following primers: q18 S_F,
5'-CTGAGAAACGGCTACCACATC-3', and ql8S R, 5'-
GCCGGGAGTGGGTAATTT-3'. Real time reactions were
performed using Universal ProbeLibrary Probes 62 and 74,
respectively (Roche Diagnostics), with an ABI Prism 7000
sequence detection system (Applied Biosystems, Foster City,
CA).

Accession Numbers—GAP 10 sequence data has been depos-
ited in the GenBank™ Data Bank with accession number
GQ231313. The microarray platform was deposited in the
Gene Expression Omnibus (GEO) data base of the NCBI (GEO
accession number GPL8761), and the gastrolith disc and hypo-
dermal dataset were assigned the accession number GSE16866.

RESULTS

Identification and Sequencing of GAP 10 and Bioinformatic
Analysis of the Deduced Protein—The protein fraction ex-
tracted from the gastrolith and eluted from a DEAE column
with 100-200 mMm NaCl revealed a prominent band, migrating
at apparent molecular mass of ~11 kDa (data not shown). The
transcript was successfully sequenced using tandem MS of
trypsin-digested fragments, followed by nanospray QTof2-
based degenerative primers, followed by specific primers for 5'-
and 3'-rapid amplification of cDNA ends (Fig. 1). The 1278-bp
transcript included a 5'-untranslated region of 53 bp, an open
reading frame of 342 bp encoding a deduced 114 amino acid
protein sequence, and a 3'-untranslated region of 880 bp. The
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TABLE 1

Physicochemical properties calculated for the GAP 10-deduced
protein

Amino acid composition is categorized according to side chain properties. Per-
centage of amino acids corresponding to the total of each category is indicated in
parentheses.

Amino acid class Amino acid GAP 10
Nonpolar aliphatic Gly 18
Ala 15
Val 10
Leu 4
Ile 0
Met 0
Total 47 (47.5%)
Aromatic Phe 5
Tyr 4
Trp 2
Total 11 (11.1%)
Polar uncharged Ser 4
Pro 8
Thr 3
Cys 0
Asn 8
Gln 4
Total 27 (27.2%)
Positively charged Lys 2
His 1
Arg 3
Total 6 (6%)
Negatively charged Asp 3
Glu 5
Total 8(8.1%)
Total amino acids 99
Asx 11
Glx 9
Total 20 (20.1%)

first 15 amino acids included a signal peptide, as predicted by
CBS Prediction Servers, with a predicted cleavage site between
Ala™ ' and GIn'. The deduced mature protein has a calculated
molecular mass of 10 kDa and was therefore termed GAP 10.
According to a kinase-specific phosphorylation site prediction
software, it is suggested that Ser*® and Ser’* are phosphorylated
by protein kinase A.

GAP 10 was not found to be similar to any protein or trans-
lated sequence in the GenBank™ data base. However, it does
contain two known consensus sequences identified in arthro-
pod cuticular proteins and in spider silk, i.e. one copy of the
AAP(A/V) (residues 25-28) repeat and four copies of the gly-
cine-rich GGX (residues 23-25, 32—34, 3840, and 91-93)
repeat, and an additional A, motif starting at residue 73.

Table 1 presents the predicted physicochemical properties of
the deduced protein. It has a relatively high percentage (43.5%)
of the nonpolar aliphatic amino acids, Gly (18.2%), Ala (15.2%),
and Val (10.1%) and also of the polar but uncharged amino acids
Asn (8.1%) and Pro (8.1%).

Identification of GAP 10 as a Calcium-binding Phos-
phoprotein—The protein fraction extracted from the gastrolith
and that contained GAP 10 was separated first by isoelectric
focusing and then on SDS-PAGE, revealing several distinct pro-
teins (Fig. 24, left). A number of these proteins were found to be
phosphorylated (Fig. 24, middle) and to have calcium-binding
capacity (Fig. 24, right). Proteins that were both phosphoryl-
ated and calcium binding were prepared for liquid chromatog-
raphy-MS. Two of them, migrating at apparent molecular
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expression of GAP 10 to be specific
to the gastrolith disc during pre-
molt. The transcript, showing a
strong, specific signal using an anti-
sense probe, was localized to the
columnar epithelium of the gastro-
lith disc and was not detected in the
adjacent muscle tissue (Fig. 4B). No
signal was detected with the sense-
strand probe.

In Vivo Silencing of GAP 10 Tran-
scripts during Premolt—Repeated
daily injections of ecdysone to-
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gether with GAP 10 dsRNA to
intermolt animals resulted in an
increase in premolt duration (the
number of days until reaching
MMI = 0.1, see under “Experimen-
tal Procedures”) from an average of
10.1 days in the ecdysone-injected
control group to 13.1 days in the
group receiving ecdysone and GAP
10 dsRNA, with the difference
between the two groups being sig-
nificant (p < 0.05) (Fig. 5). Another
group was injected with ecdysone
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FIGURE 2. Identification of GAP 10 and characterization of its phosphorylation and calcium-binding
properties. A, left, GAP 10-enriched fraction was separated first by isoelectric focusing and then on SDS-
polyacrylamide gel. Molecular weight standard (7st lane) and casein (2nd lane) were added to the SDS-poly-
acrylamide gel. The gel was stained with Coomassie Blue. Middle, staining of the same gel as in A for phospho-
proteins. Right, transfer of the same fraction as in A to a nitrocellulose membrane and incubation with *°Ca?™.
Spots identified as GAP 10 by liquid chromatography-MS are circled. Positive control (PC) is casein (5 ug).
B, identification of GAP 10 peptides by liquid chromatography-MS. The identified peptides are underlined on

the GAP 10 sequence, and the related peaks are indicated on the spectrum.

masses of ~9 and ~11 kDa (Fig. 24, circled), were identified as
GAP 10 (Fig. 2B), and their pI values were calculated as 5 and
5.5, respectively. Because GAP 10 has a mildly acidic p], it is
negatively charged at the pH of the gastrolith pouch, which is
~8.7 (12).

Microarray Analysis of GAP 10 Regulation in the Gastrolith
Disc and Hypodermis during Premolt—Hybridizations of
mRNA from the gastrolith disc of ecdysone-induced premolt
animals versus intermolt control animals to the C. quadricari-
natus cDNA microarray® revealed prominent up-regulation of
GAP 10 transcripts at premolt (Fig. 34). GAP 10 transcripts
were up-regulated up to 65-fold, with an average of ~12-fold,
and included ~12.7% of the total of up-regulated transcripts
identified in this experiment. Hybridizations under the same
conditions of mRNA from the hypodermal tissue of the same
animals at the same molt stages revealed distinct down-regula-
tion of GAP 10 transcripts in this tissue, with an average of
7-fold, including ~9.2% of the total number of down-regulated
transcripts identified in this experiment (Fig. 3B).

Tissue-specific Expression and Localization of GAP 10—Spe-
cific expression and localization of GAP 10 were tested in pre-
molt crayfish in a variety of target tissues by RT-PCR (Fig. 44)
and in situ hybridization (Fig. 48). Both methods showed
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and CqVg dsRNA (a hepatopancre-
atic-specific gene found mostly in
reproductive females) and served
as a control for sequence-specific
silencing. The average premolt du-
ration in this group was 8.2 days,
which is significantly lower than the
value calculated for the ecdysone
and GAP 10 dsRNA-injected group
(p < 0.05), but not significantly different from the one calcu-
lated for the ecdysone-injected control. It was also found that
GAP 10 silencing resulted in development of gastroliths with
significant surface irregularities (Fig. 6A) as opposed to the
fairly smooth gastroliths that developed in animals injected
with ecdysone alone. For analysis of the gastrolith surface
roughness, OPIM analysis was used (Fig. 6B). SH calculations
on the topographic images obtained by OPIM revealed a signif-
icant difference (p < 0.001) between the ecdysone control
group (4.4 * 0.5 um) and the ecdysone/GAP 10 dsRNA-in-
jected group (11.3 £ 1 wm) (Fig. 6C, right). GAP 10 transcript
levels in the ecdysone/GAP 10 dsRNA-injected group were sig-
nificantly lower than those found in the ecdysone control group
(p < 0.01) (Fig. 6C, left).

715 720

DISCUSSION

In this study, a novel protein encoded by GAP 10 was identi-
fied from the extracellular gastrolith matrix. Similarly to
orchestin, GAMP, and GAP 65, GAP 10 has an acidic pl. The
deduced protein sequence contains a predicted signal peptide,
in accordance with the protein identification in the extracellu-
lar gastrolith matrix. Unlike GAP 65 (17), the premolt tran-
script expression of GAP 10 is specific to the gastrolith disc, as

JOURNAL OF BIOLOGICAL CHEMISTRY 12835



Protein Involved in Calcium Storage Matrix Assembly

A 9
.
. °
& 5—§ ° o o ¢ °
S %0 0.5 288 ©04% °o Be% & ©
Q3 ¢§ %5 & Bop 08 BN ©
) S o < O 0400 0 e o
51
-] : . .
=-1g 10 12 14
3§Q§’3@Q>%0@0% ©0 9
325
-5
MeanA [log,(Cy3*Cy5)/2]
B ;e
5
T
> 3,0 <
S
S ; . ,
<)
= -1 10 12 14
= MY AR ®
3 Po 00600 0® 0°£ o%
° < o <o OOO
5 °
MeanA (log; [Cy3*Cy5]/2)

FIGURE 3. Multigenic expression pattern of gastrolith disc (A) and hypo-
dermis (B) in premolt versus intermolt crayfish. Expression scatter plots of
all the ESTs were identified as being differentially expressed between the
treatment and the control. M, log,-fold change of normalized emission inten-
sity between the treatment and the control filtered by |[M| >2; mean A, log, of
average signal intensity filtered by mean A >9. Cy3 (premolt) and Cy5 (inter-
molt-control) are normalized microarray signals. Empty diamonds represent
all differentially expressed ESTs. Full circles represent GAP 10 ESTs.
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FIGURE 4. Specific expression of GAP 10 in premolt gastrolith discas dem-
onstrated by RT-PCR (A) and localization of GAP 10 expression to the
columnar epithelium forming the gastrolith by in situ hybridization (B).
Total RNA was extracted from the gastrolith disc, hypodermis, hepatopan-
creas, muscle, and sperm duct. Ribosomal 18 S unit was used to confirm RNA
extraction. Genomic control with gastrolith disc RNA was used. B, Tst lane,
hematoxylin and eosin (H&E) staining. 2nd lane, tissue probed with the neg-
ative control sense, GAP 10 probe. 3rd lane, tissue probed with the GAP 10
antisense probe, with the far rightimage corresponding to an enlargement of
a specific area. Ga, gastrolith disc; Msc, muscle tissue. Scale bar, 200 um,
except for in the enlarged box, where it represents 20 um.

shown by RT-PCR and by in situ localization. Moreover,
microarray hybridizations revealed that the transcript of GAP
10 is notably highly up-regulated in the gastrolith disc during
premolt, while being significantly down-regulated in the hypo-
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FIGURE 5. Prolongation of premolt following GAP 10 silencing. Mean pre-
molt duration (the number of days until experiment termination) was calcu-
lated for each experimental group injected with ecdysone (n = 8; empty bars)
or ecdysone and GAP 10 dsRNA (n = 10; black bars) or ecdysone and CqVg
dsRNA (n = 6; gray bars). Asterisk represents statistically significant difference
of p < 0.05.

dermis, emphasizing its involvement in the construction proc-
ess of the gastrolith matrix. The expression pattern of GAP 10is
shared by the majority of the gastrolith transcripts, suggesting a
mirror image pattern of regulation for the expression of struc-
tural and other genes in these two epithelial tissues during the
molt cycle. Such a pattern coincides with the known opposite
functions of these tissues, specifically with regard to calcifica-
tion (12). During premolt, the hypodermis absorbs calcium
from the cuticle, whereas the gastrolith disc deposits that same
calcium into the gastrolith. The expression of GAP 10 in the
hypodermis of intermolt animals, as demonstrated by the
microarray results, suggests a role for the protein during this
particular molt stage.

GAP 10 was not found to have significant similarity to any
known protein in the GenBank™ data base. However, it does
contain several known consensus sequences previously identi-
fied in arthropod extracellular structural proteins (19), includ-
ing the AAP(A/V) repeat. This consensus sequence is a small,
hydrophobic tetrapeptide, which occurs mainly in proteins of
hard cuticles (33), in which water content is low and sclerotiza-
tion is intense. It has been suggested that the importance of this
element lies in its role in the optimal folding of these proteins
(34), because the Pro residue induces bends in the peptide
chain, and the hydrophobic residues stabilize the structure
through hydrophobic interactions. Glycine-rich regions in
cuticular proteins may be expected to have a high tendency for
forming B-turns, where the turns will be stabilized by hydrogen
bonds, and the side chains of the hydrophobic residues can
interact hydrophobically. Both the AAP(A/V) consensus and
the glycine-rich regions are thought to confer elasticity and
high tensile strength on matrix proteins.

Amino acid composition analysis of GAP 10 revealed abun-
dant nonpolar, aliphatic amino acids, Gly, Ala, and Val, and also
polar but uncharged amino acids, Asn and Pro. An abundance
of Ala and Gly is also characteristic of GAMP (16). Similar
amino acid composition profiles are present in several crusta-
cean cuticular proteins, such as CAP-1 and CAP-2, both iden-
tified from the exoskeleton of the crayfish P. clarkii (35, 36).
These proteins are highly acidic and contain abundant Gly and
Val. CAP-1 is also abundant in Ala. Both are calcification-asso-
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Both GAMP and GAP 65 are be-
lieved to bind chitin; GAMP could be
extracted from a chitin-rich insoluble
gastrolith matrix only by using ag-
gressive conditions, trypsin digestion
and 6 M urea, which suggest a tight
association between the protein
and the matrix (14). In GAP 65,
the amino acid sequence contains
a chitin-binding domain 2, also
known as a peritrophin-A domain
(17). In arthropods, there are two
known chitin-binding domains,
chitin-binding domain 2 (46) and
the Rebers-Riddiford motif (1, 47,
48), both of which have also been
reported in crustaceans. GAP 10
was extracted from the EGT A-solu-
ble fraction of the gastrolith, and
the deduced protein sequence does
not have predicted chitin-binding
domains either of the chitin-bind-
ing domain 2 or of the Rebers-Rid-
diford type. This lack of a chitin-
binding domain suggests roles for
GAP 10 that do not require a direct
association with the chitinous
matrix, such as participation in cal-
cium carbonate precipitation.

GAP 65 was shown both to have
calcium-binding ability and to play a
role in the calcification process of
the gastrolith by stabilization of syn-
thetic ACC (17). GAMP inhibits
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calcium carbonate precipitation in
vitro (16), and orchestin has calci-
um-binding ability dependent on

Relative GAP 10 transcript level

asterisk represent statistically significant difference of p < 0.001.

ciated peptide (CAP) proteins and are calcium-binding entities
that inhibit calcium carbonate precipitation. Two other highly
similar genes, expressed in the epithelial cells of the tail fan of the
penaeid prawn Penaeus japonicus, are DD9A and DD9B (37). Both
DD9-deduced proteins have acidic pI values, and their amino acid
compositions are very similar to that of GAP 10, with regard to the
richness in Gly, Ala, Val, and Pro. Moreover, this pattern of amino
acid composition can be found in organic matrices and several
proteins extracted from calcium carbonate precipitations of other
invertebrate groups, such as echinoderms (38 —40), mollusks (41—
44), and also ascidians (45). The most abundant amino acids are
Asx, Glx, and Gly, and in some matrices also Ser, Ala, and Pro.
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FIGURE 6. Visualization and OPIM measurement of gastrolith surface irregularities and relative tran-
script levels of GAP 10 in the gastrolith disc following GAP 10 silencing. A, top view of representative
gastroliths, dissected from crayfish injected with ecdysone (left) or ecdysone and GAP 10 dsRNA (right). B, topo-
graphicimages of representative surface samples from each group. G, real time RT-PCR relative quantification
of GAP 10 transcript levels in the gastrolith disc as calculated for each experimental group injected with ecdys-
one (n = 5;empty bars) or ecdysone and GAP 10 dsRNA (n = 6; black bars) and mean SH as calculated for the two
groups (n = 3 and n = 4, respectively). Asterisk represents statistically significant difference of p < 0.01. Two

-0 phosphorylation of Ser (49). CAP-1,
identified from the exoskeleton of
P. clarkii (35), is an inhibitor of
calcium carbonate precipitation, a
property found to be associated
with the phosphorylation of a spe-
cific Ser residue (50). GAP 10 was
found to have calcium-binding abil-
ity and to be phosphorylated, with
two predicted phosphorylation sites at Ser residues. The impor-
tance of protein phosphorylation for the inhibition of calcium
carbonate precipitation has also been shown for the acidic, sol-
uble organic matrix protein RP-1, isolated from the shells of the
Antarctic scallop Adamussium colbecki (51); dephosphorylation
of this protein resulted in almost complete loss of its inhibitory
activity. This property has yet to be tested for GAP 10.

The in vivo silencing of GAP 10 was followed by a consider-
able delay in premolt duration and the development of gastro-
liths with significant surface irregularities. Similarly, it was
previously found that injection of GAP 65 dsRNA into C. quad-
ricarinatus resulted in surface irregularities in addition to
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much deeper structural deformities of the gastroliths (17).
Scanning electron microscopy of fractures of gastroliths from
GAP 10-silenced animals showed no apparent evidence for
such penetrating structural deformities (data not shown).

Administration of ecdysone has been shown previously to
induce molt in C. quadricarinatus (11, 35, 36). The typical
induced premolt duration is 10 -14 days until ecdysis, and the
peak observed MMI is 0.125—0.145, which is reached 1-2 days
before the molt event. In this study, the injections were termi-
nated at MMI = 0.1 so as to prevent molting, and premolt
duration was calculated up to that point. Therefore, the ~10-
day mean premolt duration of the ecdysone-induced, nonsi-
lenced animals was within the expected range, whereas the
~13-day mean premolt duration of the silenced animals
implies a significant delay, which together with the structural
effects suggests a multifaceted role for GAP 10.

We suggest that GAP 10 plays a crucial role in gastrolith
formation, because depletion of the protein secreted into the
matrix, following transcript silencing, significantly prolonged
premolt and was manifested in irregularities appearing exclu-
sively on the surface of the gastroliths, representing the most
recently deposited layers. However, it should be noted that the
lack of a sequenced genome for decapod crustaceans makes it
impossible to reliably predict potential effects of small interfer-
ing RNAs within target cells on additional transcripts.

The above-discussed characteristics of GAP 10 suggest sig-
nificant involvement of the protein in the formation of the
chitin-protein-mineral complex of the gastrolith, especially
with regard to the deposition of calcium carbonate. Because
there is no indication for a possible association of GAP 10 with
the chitinous matrix, protein-protein interactions between
GAP 10 and a chitin-binding protein could be hypothesized.
However, further studies are needed to unravel the role of this
protein in the context of the gastrolith model used here, as a
relatively simple model for the more complex biomineraliza-
tion processes occurring throughout the animal kingdom.
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