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has been assigned to the WSM of many kinds of mol-
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We have cloned the cDNAs that encode two kinds of
olluscan shell matrix proteins, namely N66 and N14,

n the nacreous layer of Pinctada maxima. N66 is com-
osed of carbonic anhydrase-like and repeat domains,
s described for nacrein (1) in the pearls of P. fucata.
14 is homologous to N16, recently found in the nacre-
us layer of P. fucata (2) and is characterized by high
roportions of Gly, Tyr, and Asn together with NG
epeat sequences. The molecular weights of these pro-
eins were estimated as 59,814 and 13,734 Da, respec-
ively. Structural differences were clearly indicated in
he alignment and length of the repeat sequences of
he sets of the homogeneous proteins (N66/nacrein and
14/N16). The longer repeat sequences of N66 and N14
ay be responsible for P. maxima’s excellent property

f calcification. The in vitro crystallization experi-
ents revealed that the mixture of N66 and N14 could

nduce platy aragonite layers highly similar to the
acreous layer, once adsorbed onto the membrane of
he water-insoluble matrix. © 2000 Academic Press

The organic matrix components figure in most
chemes describing the regulation of biomineral forma-
ion. The organic matrix of molluscan shell is one of the
est studied of all calcium carbonate biominerals and
onsiderable information has been accumulated re-
arding the structure of these matrices (3–7), each of
hich is generally classified as either a water-soluble
atrix (WSM) or a water-insoluble matrix (WISM).
ecently, several genes encoding the matrix compo-
ents have been isolated and their deduced amino acid
equences have been clarified (1, 2, 8–10). Since Cren-
haw isolated Ca-binding glycoprotein from the shell of
ercenaria mercenaria (11), the Ca-binding property

The complete cDNA and deduced amino acid sequences of N66 and
14 reported in this paper have been deposited in the EMBL/
enBank Accession Nos. AB032612 and AB032613, respectively.
1 To whom correspondence should be addressed. Fax: 81-42-769-

938. E-mail: samata@azabu-u.ac.jp.
213
uscan species (12–14). The other investigations re-
arding the function of organic matrices come from in
itro studies in which matrix activities are measured
15–20). These activities include matrix abilities re-
ated to crystal nucleation, crystal growth and termi-
ation of crystal growth. However, the precise function
f the organic matrix remains unclear even in vitro. It
eems relevant to investigate which structural proper-
ies of each matrix component are correlated to the
egulation of each step of shell formation.
Pinctada maxima, a close relative of the Japanese

earl oyster P. fucata, has a large thick nacreous layer
nd is cultured in south Asian countries as mother-of-
earl. Such an excellent ability for calcification must be
orrelated to the structural properties of the organic
atrix components in the nacreous layer of P. maxima.
Here we report the complete amino acid sequences of

he two matrix components newly isolated from the
acreous layer of P. maxima, and compare these to the
omogeneous components already reported from P. fu-
ata (1, 2). This is the first comparative biochemical
tudy of the homogeneous matrix protein from differ-
nt molluscan species. The results indicate how phylo-
enetic and functional differences are reflected in the
rotein structure.

ATERIALS AND METHODS

cDNA cloning. Specimens of P. maxima cultured at the Institute
f Tasaki Marine Biology (Tokushima, Japan) were used for RNA
xtraction. Total RNA was isolated from the dorsal region of the
antle tissue using the acid-guanidium-phenol-chroloform (AGPC)
ethod (21). Poly(A)1 RNA was fractionated by an Oligotex dT30
RNA Purification Kit (Takara). Approximately 5 mg of mRNA was
sed to construct the cDNA using a Time Saver cDNA Synthesis Kit
Amersham Pharmacia Biotech.). The cDNA was then inserted into
he Lambda gt10 vector and packaged with a Lambda DNA Packag-
ng System (Amersham Pharmacia Biotech.).

For the screening of the cDNA library, two kinds of degenerate
ligonucleotide probes were designed based on the amino acid se-
uences of N-terminal regions of N66 and N14. They were [59-
CNWSNATGCAYMGNCAYGAYCAY-39] and [59-TAYATGGAYG-
NMGNCARTGGMGNTAYCC-39], corresponding to the amino acid
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



sequences (ASMHRHDH) and (YMDGRQWRYP) of N66 and [59-
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AYCARMGNTGYWSNM-GNTA-39] and [59-TGGTAYTGYTGGAT-
CCNTA-39], corresponding to (YQRCSRY) and (WYCWIPY) of
14. Positive clones obtained by screening were separated and sub-

loned into the plasmid vector with pGEM-T (Promega) and se-
uenced by the cycle sequence method using an automated DNA
equencer Prism 377 (PE Biosystems). The cDNA fragments that
ontained the 59-end sequence were isolated by the 59-RACE method
sing a Marathon cDNA Amplification Kit (Clontech), and the PCR
roducts were subcloned and sequenced by the method described
bove.

Purification and aminoterminal analysis of the organic matrix
omponents. We mechanically separated the inner nacreous layer
f P. maxima from the outer prismatic layer and crushed it to
owder. The powdered shell was decalcified with 10% (w/v) EDTA-
Na (pH 7.6) containing 0.01% (w/v) Na-azide, followed by dialysis
gainst distilled water. The dialyzed solution was concentrated by
vaporation and again dialyzed with a Centriprep-3 dialyzer (Grace
apan). Following this, WSM and WISM were separated by centrif-
gation at 15,000 3 g for 20 min. The components in the WSM were
nalyzed with sodium dodecyl sulfate polyacrylamide gel electro-
horesis (SDS-PAGE) using 10–20% (w/v) ready-made gel, Pagel
PG 10–20 (Atto). To determine the aminoterminal sequences, the
ands of the WSM were blotted onto a polyvinylidene difluoride filter
PVDF Filter, Millipore) using a dry blotting system (Nippon Eido),
ut from the filter and subjected to an automated amino acid se-
uencer LF3000 (Beckman).

RT-PCR analysis. Reverse transcription PCR (RT-PCR) was car-
ied out using the degenerate oligonucleotide primers described be-
ow, and mRNAs in the dorsal region of the mantle and the mantle
dge served as the templates. The primers were as follows:
59-ATGTGGAGAATGACGACGCTTC-39] and [59-CTCTGCGTTG-
TACCACTGCT-39], each of which matched the sense sequence of
ucleotide (nt) 1–21 and antisense sequence of nt 1790–1810 of the
lone coding for N66 and [59-TCAGTGGTAACAACACAGAGT-39]
nd [59-TAATCAATAAAATATTGAAGG-39], matching of the sense
equence of nt 22–42 and the antisense sequence of nt 763–783 of the
lone coding for N14.

Crystallization experiment. The crystallization experiment was
arried out according to the method of Samata et al. (2), using an
ragonitic crystallization solution.

ESULTS

SDS-PAGE revealed the presence of two major com-
onents with molecular weights of approx. 66 kDa
N66) and approx. 14 kDa (N14) in the WSM of the
acreous layer of P. maxima. A minor band was also
isible at the position of approx. 28 kDa. Amino acid
equence analysis showed that these components had
ifferent N-terminal sequences of ASMHRHDHYM-
GRQWRYP for N66 and AYQRCSRYWYCWIPY for
14 and 28 kDa component.
Only one positive clone was isolated from the cDNA

ibrary by each screening procedure using an oligonu-
leotide probe based on the N-terminal sequence of
66 and N14, respectively. The DNA sequence analy-

is of these two clones showed that they were 1811 base
airs (bp) (C1) and 814 bp (C2) long. Their complete
ucleotide sequences together with the deduced amino
cid sequences are shown in Figs. 1 and 2. C1 revealed
n open reading flame encoding 568 amino acids and
2 encoding 140 amino acids, both with the translation
214
nitiation codon ATG and the nucleotides correspond-
ng to the signal peptides (nt 1–66 in C1 and nt 82–156
n C2). The stop codon was TAA for C1 and TAG for C2,

FIG. 1. The nucleotide sequence of the 1.8 kb cDNA clone and
educed amino acid sequence of N66. Brackets enclose the signal
eptide sequences. The underlines show the amino acid sequences
sed for the design of the two kinds of the degenerate oligonucleotide
robes. The asterisk represents the termination codon.
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hich was located 179 nucleotides upstream of the
utative polyadenylation signal (AATAAT).
Based on the deduced amino acid sequence, N66 was

haracterized as having high proportions of Asn and
ly containing a specific repeat which was composed
ainly of Asn and Gly at the center of the molecule

etween residues 240–420. N14 was rich in Gly, Tyr
nd Asn with a specific repeat of NG between residues
2–113 (with 2 exceptions of Tyr instead of Asn and
sn instead of Gly) and 122–127. The calculated mo-

ecular weights of N66 and N14, before any post-
ranslational modifications, were 59,814 Da and 13,734
a, respectively.
A search of the Swissprot protein data bank revealed

igh homology between N66 and nacrein (39% identity
or the repeat region and 72% for the remainder), iso-
ated from pearl of P. fucata (1) and between N14 and
16 (71% identity) isolated from the nacreous layer of
. fucata (2). Moreover, N66 showed homology with the
arbonic anhydrase (CA) family, exhibiting greatest
dentity with human CAVII (33% identity between res-
due 56–215, and 38% between 486–555). On the con-
rary, N14 had homology among short sequences with
he cell wall protein, QID3 (22) and rabbit hair keratin,
lycine/Tyrosine-rich protein (23).
The result of the amino acid sequence comparison

etween N66 and nacrein is shown in Fig. 3 and sche-
atically in Fig. 4A. It is summarized as follows: Re-

arding the CA-like domain, (1) The most striking
dentity of 97.2% was observed among the active site of
AII, including a perfect match of 3 zinc-binding sites;
nd (2) The degree of conservation of the amino acid
esidues varied according to the position of the peptide

FIG. 2. The nucleotide sequence of the 814 bp cDNA clone and
educed amino acid sequence of N14. The brackets, underlines, and
sterisk are used as described in the legend to Fig. 1. A putative
olyadenylation signal is boxed in dark shadow.
215
he domain in N66 was almost twice that of nacrein
see Fig. 4A); (2) Although the repeat domains of both
omponents were characterized with high proportions
f Gly and Asn, a slight difference was recognized in
he alignment of the two amino acids between them;
nd (3) The N-terminal amino acids were identical but
he C-terminals were different i.e., Ala for N66 and Lys
or nacrein.

The result of the amino acid sequence comparison
etween N14 and N16 is shown in Fig. 5 and schemat-
cally in Fig. 4B. It is summarized as follows: (1) A well
omparable repeat sequence was found where the dou-
let Asn-Gly recurred 6 times in N16 and 12 times in

FIG. 3. Comparison of the deduced amino acid sequences of N66
upper) and nacrein (lower). Dark shadowed backgrounds represent
he identical amino acids. Alignment gaps in the sequences are
epresented by dotted lines.
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14. Because of the longer NG-repeat, the total length
f the N14 molecule was longer than the N16 molecule.
2) The most striking identity of 94.1% was observed
mong the acidic amino acids, resulting in a high con-
ervation of the four acidic regions. An additional se-
uence match was determined at the sequence CCYT-
DD, containing the phosphorylation site. (3) The Cys

esidue commonly present in the first half of both com-
onents was conserved fairly well (85.5% identity). (4)
sequence typically seen at the heparin-binding site of
16 was lacking in N14. (5) A slight difference was
etected in the number of aromatic amino acids (par-
icularly Tyr and Trp), which were contained in higher
mounts in N14.
RT-PCR revealed that the N66 mRNA was expressed

n both the dorsal region of the mantle and the mantle
dge; the former may be responsible for the nacreous
ayer formation and the latter for the prismatic layer
ormation (8). In contrast, the N14 mRNA was ex-
ressed at extremely high levels only in the dorsal
egion of the mantle (Fig. 6).

A crystallization experiment was carried out using ma-
rix components in each of the following three combina-
ions: (1) WISM only, (2) N66 and N14 without WISM, (3)
66 and N14 with WISM as a substrate. The result was

undamentally the same with that obtained from P. fu-
ata (2). N66 and N14 inhibited crystallization in the free
tate (without substrate membrane) but they could also
nduce platy aragonite crystals morphologically different

FIG. 4. (A) Schematic representation of the amino acid se-
uences of nacrein (upper) and N66 (lower). The column with vertical
tripes corresponds to the repeat domain, the dotted column corre-
ponds to the CA-like domain, and the blank column represents the
emainder of the region. The numbers indicate amino acid residue
ositions. The alignment of the repeat domain in nacrein is (AB-A),
A 5 GDNGNN, B 5 G/SYN), whereas that in N66 is the irregular
epeat of GNN and GN, in which the most frequent occurrence is
NNGNNGN. (B) Schematic representation of the amino acid se-
uences of N16 (upper) and N14 (lower). The column with the ver-
ical stripes corresponds to the region with the NG repeat sequence
nd the blank column represents the remainder of the region. The
umbers indicate amino acid residue positions.
216
rom those formed spontaneously, once adsorbed onto the
ISM membrane. Furthermore, addition of the mixture

f N66 and N14 to the crystallization solution initiated
ore crystal formation compared with the separate ad-

ition of these two components. More than two days of
ncubation resulted in crystalline layers of flat aragonite
ighly similar to the nacreous layer of P. maxima (Figs.
A and 7B).

ISCUSSION

As the calculated molecular weight of N14 was
3,734 Da, which is in agreement with that estimated
y SDS-PAGE, the cDNA represents the full-length
opy of the N14 mRNA coding regions, and no post-
ranslational modifications can be assumed for the pro-
ein. In contrast, the calculated molecular weight of
66 was 59,814, which is slightly smaller than that

stimated by SDS-PAGE as in the case of nacrein.
herefore, we cannot exclude the possibility of post-

FIG. 5. Comparison of the deduced amino acid sequences of N14
nd N16. Identical amino acids are boxed in dark shadow. Gaps are
arked by dotted lines.

FIG. 6. (A) RT-PCR of N66 mRNA in the dorsal region of the
antle epithelium (A1) and in the mantle edge (A2). (B) RT-PCR of
14 mRNA in the dorsal region of the mantle epithelium (B1) and in

he mantle edge (B2).
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ranslational modifications of N66 such as sulfation by
ulfated polysaccharides in spite of the negative reac-
ion of sugars by lectin-peroxidase test, since sulfate
esidues might interrupt the reaction in some cases.
n additional 28 kDa component was thought to be the
imer of N14 as it had the same N-terminal amino acid
equences with N14. In addition, N66 and N14 appear
o be homogeneous proteins with nacrein and N16 in P.
ucata, respectively.

As already found in nacrein of P. fucata (1), N66 was
omposed of two domains, one CA-like and another a
epeat domain, which is inserted into the former. In
ontrast to nacrein, which had its highest homology
ith human CAII, N66 showed higher homology with
uman CAVII than CAII, although the meaning of this
nding remains unclear. Judging from the structural
nalyses and crystallization experiments, we believe a
ulti-functional molecule N66 may serve as a producer

f HCO3
2 through the CA-like domain and may also

elate to crystal formation through the repeat region.
e also believe that N14 may be involved in the for-
ation of the membranous structure of the WISM as a
icrofibrillar matrix through the keratin-like se-

uence (23) and relate to crystal formation in a similar
anner as N66 through the NG repeat sequence or

cidic amino acids. However, how each of the organic
atrix components i.e., WISM, N66 and N14, take part

n each step of shell formation such as the nucleation of
rystal (regulation of polymorphism), crystal growth
regulation of crystal morphology) and termination of
rystal growth, is still open to speculation. It appears
hat N66 may be involved in the formation of both the
acreous and prismatic layers, while N14 seems to be
pecifically involved in the formation of the nacreous
ayer by the results of RT-PCR. In addition, the crys-

FIG. 7. Differential interference contrast microscopy images of th
resence of the mixture of each 2.5 mg/ml N66 and N14, similar to tha
B) Observation under the crossed nicols (3600).
217
allization experiment clarified that N66 and N14
ight react with each other to promote the nucleation

f aragonite crystals. Elucidation of the precise process
f this reaction is now underway in our laboratory.
Based on the sequence analysis of N16 in P. fucata,

amata et al. (2) have noted the essential involvement
f the NG repeat region for the formation of the nacre-
us layer. A similar repeat domain composed of Gly-X-
sn (X 5 Asp, Asn or Glu) was reported from nacrein of
. fucata (1). We also found well comparable repeat
equences in N66 and N14 of P. maxima, except for the
ength of the sequences. Although a sequence charac-
erized with the repeat of Asn and Gly has been re-
orted from several proteins, such as the halocyanin
24), precursor of QID3, a kind of cell wall protein (22)
nd lipoprotein in Mycoplasma penetrans (25), it ac-
ounted for only a small portion of the whole residues
f these proteins. Therefore, this is the first report of an
nusually long repeat sequence, accounting for about
2% in N66 and 21% in N14 of the length of whole
esidues. The presence of such a long specific sequence
eads us to believe that the sequence may be associated
ith some important role in calcification. Until now, no
efinite idea has been proposed about the function of
uch a repeat sequence. However, the aforementioned
esults at least imply that the regulation of crystal
ormation by this region requires Asn instead of Asp, in
ontrast to a commonly accepted central tenet of shell
ormation, that a regular arrangement of carboxyl
roups of Asp results in a near-match of the spacing
ith Ca21 in CaCO3 crystal lattices. Samata et al. (2)
roposed the possibility that the NG repeat can situate
n the surface of N16, enabling this molecule to react
ith other molecules such as Ca21 on the analogy of the
ly-loop, typically seen in a Gly-rich region. An addi-

rystal layer of platy aragonite covering the WISM membrane in the
the nacreous layer. (A) Observation under the normal light (3600).
e c
t in
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orption of the components onto the other matrix com-
onents or crystal surfaces, enabling the components
o be involved in the regulation of crystal formation in

manner similar to that demonstrated by Wheeler
26). According to this theory, the longer repeat region
ay be related to the stronger reaction of the proteins
ith Ca21-molecules, matrix components and crystals,
hich would result in the excellent calcification ability
f N14.
The comparison of the amino acid sequence between

he two kinds of the homogeneous proteins (N66 and
acrein, and N14 and N16) demonstrates that the con-
ensus sequences are located at the presumably signif-
cant regions for the formation of tertiary structure and
unction of the components. They are the active site of
AII in N66/nacrein and the acidic amino acids, Cys
nd phosphorylation site in N14/N16. The results cor-
espond to the idea that the sequence of the function-
lly important region in homogeneous protein mole-
ules can be conserved regardless the phylogenetic
elationship (27). Alternatively, phylogenetic relation-
hip may be reflected in the variation of the amino acid
equence of the remaining regions. Degens et al. (28)
emonstrated that matrix compositions vary from spe-
ies to species, even within closely related groups, on
he amino acid level. This is the first report relating the
hylogenetic comparison of the amino acid sequences
f the homogeneous proteins in the organic matrices.
urther analysis of diverse species of the different phy-

ogenetic relationship will propose important informa-
ion for understanding the process of molecular evolu-
ion happened on organic matrix.
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