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We have cloned the cDNAs that encode two kinds of
molluscan shell matrix proteins, namely N66 and N14,
in the nacreous layer of Pinctada maxima. N66 is com-
posed of carbonic anhydrase-like and repeat domains,
as described for nacrein (1) in the pearls of P. fucata.
N14 is homologous to N16, recently found in the nacre-
ous layer of P. fucata (2) and is characterized by high
proportions of Gly, Tyr, and Asn together with NG
repeat sequences. The molecular weights of these pro-
teins were estimated as 59,814 and 13,734 Da, respec-
tively. Structural differences were clearly indicated in
the alignment and length of the repeat sequences of
the sets of the homogeneous proteins (N66/nacrein and
N14/N16). The longer repeat sequences of N66 and N14
may be responsible for P. maxima’s excellent property
of calcification. The in vitro crystallization experi-
ments revealed that the mixture of N66 and N14 could
induce platy aragonite layers highly similar to the
nacreous layer, once adsorbed onto the membrane of
the water-insoluble matrix. © 2000 Academic Press

The organic matrix components figure in most
schemes describing the regulation of biomineral forma-
tion. The organic matrix of molluscan shell is one of the
best studied of all calcium carbonate biominerals and
considerable information has been accumulated re-
garding the structure of these matrices (3-7), each of
which is generally classified as either a water-soluble
matrix (WSM) or a water-insoluble matrix (WISM).
Recently, several genes encoding the matrix compo-
nents have been isolated and their deduced amino acid
sequences have been clarified (1, 2, 8-10). Since Cren-
shaw isolated Ca-binding glycoprotein from the shell of
Mercenaria mercenaria (11), the Ca-binding property

The complete cDNA and deduced amino acid sequences of N66 and
N14 reported in this paper have been deposited in the EMBL/
GenBank Accession Nos. AB032612 and AB032613, respectively.
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has been assigned to the WSM of many kinds of mol-
luscan species (12-14). The other investigations re-
garding the function of organic matrices come from in
vitro studies in which matrix activities are measured
(15-20). These activities include matrix abilities re-
lated to crystal nucleation, crystal growth and termi-
nation of crystal growth. However, the precise function
of the organic matrix remains unclear even in vitro. It
seems relevant to investigate which structural proper-
ties of each matrix component are correlated to the
regulation of each step of shell formation.

Pinctada maxima, a close relative of the Japanese
pearl oyster P. fucata, has a large thick nacreous layer
and is cultured in south Asian countries as mother-of-
pearl. Such an excellent ability for calcification must be
correlated to the structural properties of the organic
matrix components in the nacreous layer of P. maxima.

Here we report the complete amino acid sequences of
the two matrix components newly isolated from the
nacreous layer of P. maxima, and compare these to the
homogeneous components already reported from P. fu-
cata (1, 2). This is the first comparative biochemical
study of the homogeneous matrix protein from differ-
ent molluscan species. The results indicate how phylo-
genetic and functional differences are reflected in the
protein structure.

MATERIALS AND METHODS

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

For the screening of the cDNA library, two kinds of degenerate
oligonucleotide probes were designed based on the amino acid se-
quences of N-terminal regions of N66 and N14. They were [5'-
GCNWSNATGCAYMGNCAYGAYCAY-3'] and [5'-TAYATGGAYG-
GNMGNCARTGGMGNTAYCC-3'], corresponding to the amino acid

0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



Vol. 269, No. 1, 2000

sequences (ASMHRHDH) and (YMDGRQWRYP) of N66 and [5'-
TAYCARMGNTGYWSNM-GNTA-3'] and [5'-TGGTAYTGYTGGAT-
HCCNTA-3'], corresponding to (YQRCSRY) and (WYCWIPY) of
N14. Positive clones obtained by screening were separated and sub-
cloned into the plasmid vector with pGEM-T (Promega) and se-
quenced by the cycle sequence method using an automated DNA
sequencer Prism 377 (PE Biosystems). The cDNA fragments that
contained the 5’-end sequence were isolated by the 5’-RACE method
using a Marathon cDNA Amplification Kit (Clontech), and the PCR
products were subcloned and sequenced by the method described
above.

Purification and aminoterminal analysis of the organic matrix
components. We mechanically separated the inner nacreous layer
of P. maxima from the outer prismatic layer and crushed it to
powder. The powdered shell was decalcified with 10% (w/v) EDTA-
4Na (pH 7.6) containing 0.01% (w/v) Na-azide, followed by dialysis
against distilled water. The dialyzed solution was concentrated by
evaporation and again dialyzed with a Centriprep-3 dialyzer (Grace
Japan). Following this, WSM and WISM were separated by centrif-
ugation at 15,000 X g for 20 min. The components in the WSM were
analyzed with sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) using 10-20% (w/v) ready-made gel, Pagel
NPG 10-20 (Atto). To determine the aminoterminal sequences, the
bands of the WSM were blotted onto a polyvinylidene difluoride filter
(PVDF Filter, Millipore) using a dry blotting system (Nippon Eido),
cut from the filter and subjected to an automated amino acid se-
quencer LF3000 (Beckman).

RT-PCR analysis. Reverse transcription PCR (RT-PCR) was car-
ried out using the degenerate oligonucleotide primers described be-
low, and mRNAs in the dorsal region of the mantle and the mantle
edge served as the templates. The primers were as follows:
[5'-ATGTGGAGAATGACGACGCTTC-3'] and [5'-CTCTGCGTTG-
ATACCACTGCT-3'], each of which matched the sense sequence of
nucleotide (nt) 1-21 and antisense sequence of nt 1790-1810 of the
clone coding for N66 and [5'-TCAGTGGTAACAACACAGAGT-3']
and [5'-TAATCAATAAAATATTGAAGG-3'], matching of the sense
sequence of nt 22—42 and the antisense sequence of nt 763-783 of the
clone coding for N14.

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

RESULTS

SDS-PAGE revealed the presence of two major com-
ponents with molecular weights of approx. 66 kDa
(N66) and approx. 14 kDa (N14) in the WSM of the
nacreous layer of P. maxima. A minor band was also
visible at the position of approx. 28 kDa. Amino acid
sequence analysis showed that these components had
different N-terminal sequences of ASMHRHDHY M-
DGRQWRYP for N66 and AYQRCSRYWYCWIPY for
N14 and 28 kDa component.

Only one positive clone was isolated from the cDNA
library by each screening procedure using an oligonu-
cleotide probe based on the N-terminal sequence of
N66 and N14, respectively. The DNA sequence analy-
sis of these two clones showed that they were 1811 base
pairs (bp) (C1) and 814 bp (C2) long. Their complete
nucleotide sequences together with the deduced amino
acid sequences are shown in Figs. 1 and 2. C1 revealed
an open reading flame encoding 568 amino acids and
C2 encoding 140 amino acids, both with the translation
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ATGTGGAGAATGACGACGCTTCTTCACTTGACTGCTCTGCTTGTTCTGATTCCATTATGT 60
[MWRMTTLLHLTALLVLIPLGC 20
CATTGCGCCTCCATGCACAGGCATGACCATTATATGGACATGGATCAAACCTACCCTAAT 120
H C]A S M HRHDGH,Y M DMDOQTY PN 40
GGATTGGGATACTGTGAACCTTCAGGTGAAAGCAGCTGTAAAGCCGGATTTAGCTACAAT 180
6 LGYCEPSGESSC CKAGEFSTYN 60
AGAGACATATGCCAAGGTCCGTATCATTGGCACACTATATCTAGTTGCTATAAGGCATGT 248
RDICQGPYHWHTTISSCYKASTC 80
GGACATAAAAGGAGACAATCACCAATCAACATTTGGTCACATAAAGCTGTATTCTTACCT 300
GHKRRQSPTINTIW®WNSHEKAYVTFTLTP 100
TATCTGCCAAGACTGAAATTCAAGCCACATATGAAGTCATTGGATACGGACGTGACAAAT 360
YLPRLKFKPHMEKSLDTDVTN 120
CACCAAAATCGTGCCCCTGAATTCGAGCCGGAGGACGGAGATAAGCTTCATGTGARACTA 420
HQNRAPETFTETPEDG GDTIKTLHVYKL 140
AAGAATCTTGTTGATGGACATTATAAATTTCACAATCTCCATATTCACAACGGCAAAAGT 480
K NLVDGHTYIKTFHNLHTIHNGSEKS 160
AGACGAAAGGGCTCGGAACACAGCGTGAACAGACATTTTACGCCCATGGAGGCTCATTTG 540
RRKGSEHSVYNRHTFTPMEAHTL 18
GTGTTCCATCATGATGATAAAAAGGAAATCAAACCTCCAAGGGTTAAGTTAGGGGGAGTG 600
VFHHDDEKIKETLIKPPRYIKLTESGGV 200
TACGCTGGTCGTAACAAATTTGTTGTCGTTGGAGTCTTTCTAGAGGTGGGTGATGAAGGA 660
Y AGRNKFVVVY GV FLEVGDETG 220
TACGGTGATGAACCGGACGACGATGAATGTAAGCGCATATTAAAGGGTCATTGCGAGAAC 720
Y G DEPDDUDET CKRTITLTEKTEGHT CEN 240
AATGGGGACAATGGTAACAACTGTGATAACGGCAACAATGGTAACAACGACAACAATGGT 780
N GDNGNNG CDNGNNGNNTDNNG 260
AACAACGGAAACAATGGTAATGGTAACAACGGTTATAACGGTAATAACGGTGACAATGGA 848
N NGNNGNGNNGYNGNNGDNG 28
AACAATGGCAATGGTAATGGTAACAACGGTTATAACGGTAATAACGGTTACAATGGCAAC 900
NNGNGNGNNGYNGNNGYNGN 300
AACGGAAACAATGGTAATGGTAACAATGACAATAATGGTAACGATAACAACGGAAATAAC 960
NGNNGNGNNDNNGNTDNNGNN 320
GGTGGCAATGGTAACAACGGAAACAATGGTAATGGTAACAATGGAAATAATGGTAATGGT 1020
G GNGNNGNNGNGNNGNNGNTCG 340
AATAACGGAAATAACGGTGGCAATGGCAACAACGGAAACAATGGTAATAGTAACAACGGA 1080
NNGNNGGNGNNG GNNGNSNNGEG 368
AATAATGG TAATGGTAACAACGGAAATAACGGTGGCAATGGCAACAACGGAAACAATGGT 1140
N NGNGNNGNNGGNGNNGNNG 38
AATGGTAACAATGAAAATAATGGTAACGGTAGTAATGGTAACAATGGTGGAAACGGCAAC 1200
N GNNENNGNGSNGNNGGNGN 400
AATGGTAATAACGGTGATAACGGTAATGGCGACAATGGTTATAACGGTGATAATGGTAAC 1260
NGNNGDNGNGDNGTYNGDNGN 42
AGTGACGGGCGACTCAGACGCTGGGATTTGGCAAATGTCCGACGCATGCACGCCGAGCGA 1320
S DGRLRRWDILANYRERMHAER 440
TATCACTTTAGCGGAGGATGTATCGTCAAAAAAGCTAAACGCCTCAGCAGGATTCTTGAA 1380
Y HFSGGCIVKEKAEKR RLSRTILE 460
TGCGCATATAGACACAAAAAAGTCAGAGAATTCAAAAGGAATGGAGAAGAAAAAGGTCTT 1440
CAYRHKKVYRETFIKRNGETETKTG GL 48
GATGTTGATATTACACCGGAAATGGTTTTACCGCCAATGAAATACAGACATTACTATACT 1500
DVDITPEMVYLPPMEKYRHYTYT 500
TATGAAGGATCTTTGACAACCCCTCCTTGCAATGAGACCGTCCTTTGGGTTGTTGAAAAA 1568
YEGSLTTPPUCNETVLWYVEK 528
TGCCACGTGCAAGTATCCAGAAGGGTGCTTGATGCATTGCGGAACGTCGAAGGATATGAA 1620
CHVQVSRRVYLDALRNYESTGSGTYE 540
GATGGTACCACGCTGAGCAAGTATGGAACCAGACGTCCCACACAAAGAAACAAGCATCCT 1680
D GTTLSKYGTRRPTGQRNIKTHTP 50
CTACGTGTGTACAAAAACTCCATATAATGATCATGGCGAGAGAATGACGACGCTTCTTCA 1740

LRVYKNSTI®* 568
CTTGACTGCTCTGCCTCLTCCCCCCACCCCCCCCCGGCCATATGGCCACTCTGCGTTGAT 1800
ACCACTGCTT 1811

FIG. 1. The nucleotide sequence of the 1.8 kb cDNA clone and
deduced amino acid sequence of N66. Brackets enclose the signal
peptide sequences. The underlines show the amino acid sequences
used for the design of the two kinds of the degenerate oligonucleotide
probes. The asterisk represents the termination codon.

initiation codon ATG and the nucleotides correspond-
ing to the signal peptides (nt 1-66 in C1 and nt 82—156
in C2). The stop codon was TAA for C1 and TAG for C2,
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TCGAGCGGCCGCCCGGGCAGETCAGTGGTAACAACACAGAGTCGCGGGGGGETCTTATCT 68
GGAGGCGGCGCTTTTGTAACCATGGCGTGCACACTTCGTTTGACAATTGCTGCATTGGTT 120
[W. - € T L Re L T T A A B ¥ 13

TTGCTTGGCATTTGCCATTTGTCTAGACCAGTTGCAGCTTACCAGAGGTGTTCTCGTTAC 180

L L6 I CHLSRPVAAYQRTZCCSRY 33
1)
TGGETACTCCTGGCTACCTTATGACATAGAGAGGGACAGATATGACGACGGTTACCGGAAG 240

Y 5 W L P Y DIERTUDIRTYTDTUDSGTYRK 53
(z)

TGTTGCTATTGTAGAAACGCCTGGACACCCTGGCAATGTAGAGAGGATGAGCAGTTTGAG ELT

C C Y CRNAWTUPWOQTCRETDTENGQTFE 73

AGGATGAGATGTGGTTCCAGGTATTACACCCTGTGCTGTTACACAGATGATGATAATGGA 368
R M R CGSRY Y TLCCYTUDODTUDN NG a3

AATGGTAACGGAAATGGCAATGGATATGGCAACGGAAATGGCAATGGTAACGGAAATAAT 428
N G N GNGNGY G N GNGNTUGNTGNN 113

TACCTCAAATATCTTTTTGGTGGAAACGGTAACGGAAATGGTGAATATTGGGAAGAGTAT 488
Y L K YL F GG N GHNGNUGETYWNETEY 133

ATCGACGAGCGGTATGATAAGTAGAAAGAGTAAAAGAAGTTGATCGAATGTACAATGGAT 548
I DERY DK * 148

GAAGCCTCAAGACTGGACAATGTGTGAATGAATCTTCATTTGTCATTCTCTTACAAGAAA  6ee
GAAAAGATAATCACTTCAACATCAGTTAACATAATTTGTTATACAGTGATCACACTATAT 668
TGGTGTACATGAAAAAAAAAAAAAAGAACAGAGAATGACTTAAAGCGTAAGCAATTCATT 720
TanccrsrcrncrcuucGucrccccrcacuncmMmaunrmn 788
AGGCAAAAAAAARAAAAAAAAAAAAAAAAAAAAA B14

FIG. 2. The nucleotide sequence of the 814 bp cDNA clone and
deduced amino acid sequence of N14. The brackets, underlines, and
asterisk are used as described in the legend to Fig. 1. A putative
polyadenylation signal is boxed in dark shadow.

which was located 179 nucleotides upstream of the
putative polyadenylation signal (AATAAT).

Based on the deduced amino acid sequence, N66 was
characterized as having high proportions of Asn and
Gly containing a specific repeat which was composed
mainly of Asn and Gly at the center of the molecule
between residues 240—-420. N14 was rich in Gly, Tyr
and Asn with a specific repeat of NG between residues
92-113 (with 2 exceptions of Tyr instead of Asn and
Asn instead of Gly) and 122-127. The calculated mo-
lecular weights of N66 and N14, before any post-
translational modifications, were 59,814 Da and 13,734
Da, respectively.

A search of the Swissprot protein data bank revealed
high homology between N66 and nacrein (39% identity
for the repeat region and 72% for the remainder), iso-
lated from pearl of P. fucata (1) and between N14 and
N16 (71% identity) isolated from the nacreous layer of
P. fucata (2). Moreover, N66 showed homology with the
carbonic anhydrase (CA) family, exhibiting greatest
identity with human CAVII (33% identity between res-
idue 56-215, and 38% between 486-555). On the con-
trary, N14 had homology among short sequences with
the cell wall protein, QID3 (22) and rabbit hair keratin,
Glycine/Tyrosine-rich protein (23).

The result of the amino acid sequence comparison
between N66 and nacrein is shown in Fig. 3 and sche-
matically in Fig. 4A. It is summarized as follows: Re-
garding the CA-like domain, (1) The most striking
identity of 97.2% was observed among the active site of
CAIl, including a perfect match of 3 zinc-binding sites;
and (2) The degree of conservation of the amino acid
residues varied according to the position of the peptide
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chain. Regarding the repeat domain, (1) The length of
the domain in N66 was almost twice that of nacrein
(see Fig. 4A); (2) Although the repeat domains of both
components were characterized with high proportions
of Gly and Asn, a slight difference was recognized in
the alignment of the two amino acids between them;
and (3) The N-terminal amino acids were identical but
the C-terminals were differenti.e., Ala for N66 and Lys
for nacrein.

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

MW AR MTT LEGHIEGT LS LY L ke 20
- = = M Y IESHSERTENNLE c N v SENRNLG 15
HCiNS M HRIHEDDH Y M D M D Q T ¥ PN “
Y GIAS M F KIHDH Y M B NG Y RY PN
G L@ Y6 E P S GIE S 50 K NG F S ¥ N 60
@ D@ | € K QL NET K EGEDAGEFSYD 55
B D Bt QG Y HINEHETEE s i Y X S 80
A siNG ENGF H YN H T I8 K6 F | TAG 75
G HKRRAGS P I NI WS HKANVEFLFP w
G | caRGas P I NI v8&8 Y DANIKIFRAOQ 95
Y BEERE R IEEKEEEaERE K S Bl D B D TN
RS X SRR E K B« B E B s
G CNR RNRCE F ERE DG D KL HNESE w
NS R NP e F B RECR S E NIE Y NETE ws
KN LV DGHYKFHNLMHI HNGTEKT S 1w
NN L VY DGHYKFHNLHY HNGART 1%
AR KGSEMHSV NRHFTPMEA AHMHIL m
RR KG 8 EHS Y NGRFTPMEAHRL
YVIFUHHIDID K K E | KPP R V KiibhGa@ v
¥E RN RO QT HF EIRTIRTIELGSE A s
Y AJGE RN K FFEVSNOSNSGEVOFERESEYGED E BE
F PIG HEN DEFNMEN NG VI F E EY G D DG
Y GIDUENF DD D ENCHK R MlbuKkaGEH C E N
FGID'E P DD EECK H I L K GHHPUD 2
N G DNGMNN NG CDNGMNNINGNNDNNG M
N NENGNGIDNGMNNGGYNGIDNINTGN 8
N NG NN GNGNNGY Y NGNNIGUDN G M
N G DNGNNSYNGDNGNNGVY NG
N NGNGNGMNNGYNGMNNGGYNOGN
N NG Y NGDNGNNGT DNTGNNGYN 2
N G NMNGMNGN N NUDMNNMNGGNIDNMNNGN NN @
G DNGNNGIDNGMNNMNGENGNNTGE
G G NGNNGMNNIGNIGNNGNNGNHNG M
NG NNGEWN - - - - - - - - - - - - . 3m
N NG NN NUGGR NG GHNNIGNNIGNZSNNG m
a2 e e & - - - =
N NG NGWMNN NG GMNNG GG GNMNIGNNGNNINGG
- =

N GNNEMNNMNGNGSNGNN NGO GNGN
- - a

N GNNGUDN NG NI GIDN NGGYMNGTU DN GN @
- =

8 DGR LAARWDILANUVRARBABMHMHATEMR R w
- - =

Y HF § GIGEG | (NMIK K ATK RIS R BLEE
- G H K HIGC R'M K K AK HL'S A I'L E m
€AY AR HKXK K VRARETFI KR AN GETE-KUGL w
€AY RANDKV RETFI K KUV GETETETGL W
BT ) PR VSRR W iR T
DNCH LT FEN ALPEPFLEYREYYT m
NS SRR P NCE T ke E i e
YRR LT TPSEOG T AR s IO 0 O
C HV¥YaAQVY a8 RAVLDALANNYEGYE s
CH VA Y B RRYLHAMLANNYEGGY K o
DGTTLS KYG@TRRBRPTAQARNIEKMHP W
DaTTLRKYGE@TRARPTQKNEKLYVT W
LAV Y KNS I sen
VY KS F K - - a7

FIG. 3. Comparison of the deduced amino acid sequences of N66
(upper) and nacrein (lower). Dark shadowed backgrounds represent
the identical amino acids. Alignment gaps in the sequences are
represented by dotted lines.
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FIG. 4. (A) Schematic representation of the amino acid se-
qguences of nacrein (upper) and N66 (lower). The column with vertical
stripes corresponds to the repeat domain, the dotted column corre-
sponds to the CA-like domain, and the blank column represents the
remainder of the region. The numbers indicate amino acid residue
positions. The alignment of the repeat domain in nacrein is (AB-A),
(A = GDNGNN, B = G/SYN), whereas that in N66 is the irregular
repeat of GNN and GN, in which the most frequent occurrence is
GNNGNNGN. (B) Schematic representation of the amino acid se-
quences of N16 (upper) and N14 (lower). The column with the ver-
tical stripes corresponds to the region with the NG repeat sequence
and the blank column represents the remainder of the region. The
numbers indicate amino acid residue positions.

N14. Because of the longer NG-repeat, the total length
of the N14 molecule was longer than the N16 molecule.
(2) The most striking identity of 94.1% was observed
among the acidic amino acids, resulting in a high con-
servation of the four acidic regions. An additional se-
guence match was determined at the sequence CCYT-
DDD, containing the phosphorylation site. (3) The Cys
residue commonly present in the first half of both com-
ponents was conserved fairly well (85.5% identity). (4)
A sequence typically seen at the heparin-binding site of
N16 was lacking in N14. (5) A slight difference was
detected in the number of aromatic amino acids (par-
ticularly Tyr and Trp), which were contained in higher
amounts in N14.

RT-PCR revealed that the N66 mRNA was expressed
in both the dorsal region of the mantle and the mantle
edge; the former may be responsible for the nacreous
layer formation and the latter for the prismatic layer
formation (8). In contrast, the N14 mRNA was ex-
pressed at extremely high levels only in the dorsal
region of the mantle (Fig. 6).

A crystallization experiment was carried out using ma-
trix components in each of the following three combina-
tions: (1) WISM only, (2) N66 and N14 without WISM, (3)
N66 and N14 with WISM as a substrate. The result was
fundamentally the same with that obtained from P. fu-
cata (2). N66 and N14 inhibited crystallization in the free
state (without substrate membrane) but they could also
induce platy aragonite crystals morphologically different
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A CT LR L ARAMENE LG L HE 20
M ErECTLRWTITALVYLLGICHL 20
SRPV AAKNY QRCS AR B2 1§ 39
ARPF - -TARY H K KCGIR'Y S CNIP 38
D EIEE R DR Y I D 6 Y R EERCEE Y SRR 59
YDPIERDRRDNGST GEKIEKT CCFICRN 58
AWTPWAQC ENDE Q F BEE R M BREEEE S 79
AN S IERNEONCY K JENDEEI R Y BER w L IREENGE H 78
RYNTLECCYTDDDNGNGNGNG 99
K FIY Y M CCYTDDDNSGNSGDIG - - 9%
N GY GNGMNGNGNGNNYTLIKYLETF 119
—————— NEGENNGE - - F INEENENEY S BN Y 108
G GNGNGNGETYWNETEYTIDTETRTYDK 140
6 6 Y & NG NGEFNEEYIDERKYDK 12

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

from those formed spontaneously, once adsorbed onto the
WISM membrane. Furthermore, addition of the mixture
of N66 and N14 to the crystallization solution initiated
more crystal formation compared with the separate ad-
dition of these two components. More than two days of
incubation resulted in crystalline layers of flat aragonite
highly similar to the nacreous layer of P. maxima (Figs.
7A and 7B).

DISCUSSION

As the calculated molecular weight of N14 was
13,734 Da, which is in agreement with that estimated
by SDS-PAGE, the cDNA represents the full-length
copy of the N14 mRNA coding regions, and no post-
translational modifications can be assumed for the pro-
tein. In contrast, the calculated molecular weight of
N66 was 59,814, which is slightly smaller than that
estimated by SDS-PAGE as in the case of nacrein.
Therefore, we cannot exclude the possibility of post-

1,8 kb =

0,8 kb =

M Al A2 Bl B2

FIG. 6. (A) RT-PCR of N66 mRNA in the dorsal region of the
mantle epithelium (A1) and in the mantle edge (A2). (B) RT-PCR of
N14 mRNA in the dorsal region of the mantle epithelium (B1) and in
the mantle edge (B2).
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FIG. 7. Differential interference contrast microscopy images of the crystal layer of platy aragonite covering the WISM membrane in the
presence of the mixture of each 2.5 ug/ml N66 and N14, similar to that in the nacreous layer. (A) Observation under the normal light (X600).

(B) Observation under the crossed nicols (X600).

translational modifications of N66 such as sulfation by
sulfated polysaccharides in spite of the negative reac-
tion of sugars by lectin-peroxidase test, since sulfate
residues might interrupt the reaction in some cases.
An additional 28 kDa component was thought to be the
dimer of N14 as it had the same N-terminal amino acid
sequences with N14. In addition, N66 and N14 appear
to be homogeneous proteins with nacrein and N16 in P.
fucata, respectively.

As already found in nacrein of P. fucata (1), N66 was
composed of two domains, one CA-like and another a
repeat domain, which is inserted into the former. In
contrast to nacrein, which had its highest homology
with human CAII, N66 showed higher homology with
human CAVII than CAII, although the meaning of this
finding remains unclear. Judging from the structural
analyses and crystallization experiments, we believe a
multi-functional molecule N66 may serve as a producer
of HCO; through the CA-like domain and may also
relate to crystal formation through the repeat region.
We also believe that N14 may be involved in the for-
mation of the membranous structure of the WISM as a
microfibrillar matrix through the keratin-like se-
guence (23) and relate to crystal formation in a similar
manner as N66 through the NG repeat sequence or
acidic amino acids. However, how each of the organic
matrix components i.e., WISM, N66 and N14, take part
in each step of shell formation such as the nucleation of
crystal (regulation of polymorphism), crystal growth
(regulation of crystal morphology) and termination of
crystal growth, is still open to speculation. It appears
that N66 may be involved in the formation of both the
nacreous and prismatic layers, while N14 seems to be
specifically involved in the formation of the nacreous
layer by the results of RT-PCR. In addition, the crys-

tallization experiment clarified that N66 and N14
might react with each other to promote the nucleation
of aragonite crystals. Elucidation of the precise process
of this reaction is now underway in our laboratory.
Based on the sequence analysis of N16 in P. fucata,
Samata et al. (2) have noted the essential involvement
of the NG repeat region for the formation of the nacre-
ous layer. A similar repeat domain composed of Gly-X-
Asn (X = Asp, Asn or Glu) was reported from nacrein of
P. fucata (1). We also found well comparable repeat
sequences in N66 and N14 of P. maxima, except for the
length of the sequences. Although a sequence charac-
terized with the repeat of Asn and Gly has been re-
ported from several proteins, such as the halocyanin
(24), precursor of QID3, a kind of cell wall protein (22)
and lipoprotein in Mycoplasma penetrans (25), it ac-
counted for only a small portion of the whole residues
of these proteins. Therefore, this is the first report of an
unusually long repeat sequence, accounting for about
32% in N66 and 21% in N14 of the length of whole
residues. The presence of such a long specific sequence
leads us to believe that the sequence may be associated
with some important role in calcification. Until now, no
definite idea has been proposed about the function of
such a repeat sequence. However, the aforementioned
results at least imply that the regulation of crystal
formation by this region requires Asn instead of Asp, in
contrast to a commonly accepted central tenet of shell
formation, that a regular arrangement of carboxyl
groups of Asp results in a near-match of the spacing
with Ca®" in CaCO, crystal lattices. Samata et al. (2)
proposed the possibility that the NG repeat can situate
on the surface of N16, enabling this molecule to react
with other molecules such as Ca** on the analogy of the
Gly-loop, typically seen in a Gly-rich region. An addi-
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tional idea is the involvement of the sequence in ad-
sorption of the components onto the other matrix com-
ponents or crystal surfaces, enabling the components
to be involved in the regulation of crystal formation in
a manner similar to that demonstrated by Wheeler
(26). According to this theory, the longer repeat region
may be related to the stronger reaction of the proteins
with Ca®"-molecules, matrix components and crystals,
which would result in the excellent calcification ability
of N14.

The comparison of the amino acid sequence between
the two kinds of the homogeneous proteins (N66 and
nacrein, and N14 and N16) demonstrates that the con-
sensus sequences are located at the presumably signif-
icant regions for the formation of tertiary structure and
function of the components. They are the active site of
CAIll in N66/nacrein and the acidic amino acids, Cys
and phosphorylation site in N14/N16. The results cor-
respond to the idea that the sequence of the function-
ally important region in homogeneous protein mole-
cules can be conserved regardless the phylogenetic
relationship (27). Alternatively, phylogenetic relation-
ship may be reflected in the variation of the amino acid
sequence of the remaining regions. Degens et al. (28)
demonstrated that matrix compositions vary from spe-
cies to species, even within closely related groups, on
the amino acid level. This is the first report relating the
phylogenetic comparison of the amino acid sequences
of the homogeneous proteins in the organic matrices.
Further analysis of diverse species of the different phy-
logenetic relationship will propose important informa-
tion for understanding the process of molecular evolu-
tion happened on organic matrix.
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