S International Journal of
Molecular Sciences

Article

Diversified Biomineralization Roles of Pteria penguin Pearl
Shell Lectins as Matrix Proteins

Tomohisa Ogawa 12-3:*

, Rie Sato 2, Takako Naganuma 2,3 Kayeu Liu 2 Saho Sato 2, Shizuka Sakaue 2,

Makoto Osada 300, Kyosuke Yoshimi > and Koji Muramoto 2

check for

updates
Citation: Ogawa, T.; Sato, R,;
Naganuma, T.; Liu, K; Sato, S.;
Sakaue, S.; Osada, M.; Yoshimi, K.;
Muramoto, K. Diversified
Biomineralization Roles of Pteria
penguin Pearl Shell Lectins as Matrix
Proteins. Int. ]. Mol. Sci. 2021, 22,
1081. https://doi.org/10.3390/
ijms22031081

Received: 15 December 2020
Accepted: 19 January 2021
Published: 22 January 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Graduate School of Agricultural Science, Tohoku University, Sendai 980-8572, Japan;
makoto.osada.a8@tohoku.ac.jp

Graduate School of Life Sciences, Tohoku University, Sendai 980-8577, Japan; riesato310@gmail.com (R.S.);
naga@mishima.ac.jp (T.N.); knight.Jky@gmail.com (K.L.); saho_land@me.com (S.S.);
sakaue.2013@gmail.com (S.S.); kojimuramoto@yahoo.co.jp (K.M.)

Center for Interdisciplinary Research, Tohoku University, Sendai 980-8578, Japan;
yoshimi@material.tohoku.ac.jp

Department of Materials Science, Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan
*  Correspondence: tomohisa.ogawa.c3@tohoku.ac.jp; Tel.: +81-22-757-4341

Abstract: Previously, we isolated jacalin-related lectins termed PPL2, PPL3 (PPL3A, 3B and 3C)
and PPL4 from the mantle secretory fluid of Pteria penguin (Mabe) pearl shell. They showed the
sequence homology with the plant lectin family, jacalin-related 3-prism fold lectins (JRLs). While
PPL3s and PPL4 shared only 35%-50% homology to PPL2A, respectively, they exhibited unique
carbohydrate binding properties based on the multiple glycan-binding profiling data sets from
frontal affinity chromatography analysis. In this paper, we investigated biomineralization properties
of these lectins and compared their biomineral functions. It was found that these lectins showed
different effects on CaCOj crystalization, respectively, although PPL3 and PPL2A showed similar
carbohydrate binding specificities. PPL3 suppressed the crystal growth of CaCOj calcite, while
PPL2A increased the number of contact polycrystalline calcite composed of more than one crystal
with various orientations. Furthermore, PPL4 alone showed no effect on CaCOj crystalization;
however, PPL4 regulated the size of crystals collaborated with N-acetyl-D-glucosamine and chitin
oligomer, which are specific in recognizing carbohydrates for PPL4. These observations highlight
the unique functions and molecular evolution of this lectin family involved in the mollusk shell
formation.

Keywords: biomineralization; carbohydrate; chitin; lectin; pearl shell

1. Introduction

Biomineralization is the biological process of crystallization of inorganic materials
under the strict biocontrol by living organisms. They include bones, teeth, eggshells,
mollusc shells, corals, and coccolithophore, which are organic-inorganic nano-composite
composed of organic matrices such as proteins and polysaccharides. Mother of pearl is one
sophisticated organic-inorganic hybrid material composed of CaCOs aragonite crystals
arranged in multi-layered mineral lamellae. Pearl oysters can produce two types of calcium
carbonate crystals concurrently and specially: calcite on the prismatic structured layer and
aragonite on the nacreous layer. The winged pearl oyster (Pteria penguin) occurs naturally
in the tropical Southeast or West Pacific Ocean coastlines, and is one of the important
species for pearl aquaculture to provide the large half-round pearls. While some studies
have investigated the biomineralization-related genes in P. penguin at the transcriptomic
level [1,2], the molecular mechanisms involved in nacre formation and regulation are
almost unknown. Previously, we isolated and characterized jacalin-related (3-prism fold
lectins termed PPL2A, PPL2B, PPL3s and PPL4 from the secretory fluid of P. penguin man-
tle [3,4]. These lectins shared 35%-50% homology each other and showed only 20%-27%
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homology to jacalin. Lectins are nonenzymatic proteins that bind to carbohydrates specifi-
cally and regulate the biological roles of cells, carbohydrates and proteins. Both PPL2A and
PPL2B regulated the morphological populations of calcite crystals in vitro [3], suggesting
that lectins from the secreted fluid of P. penguin are involved in shell formation. Recently,
their carbohydrate-binding properties were analyzed by frontal affinity chromatography
analysis, resulting in multiple glycan binding profiling data sets for PPL2A, PPL3 and PPL4.
These data revealed that the carbohydrate-binding specificity of PPL3s was similar to that
of PPL2A, except only for Man3FuclXyl1GlcNAc2 (M3FX) N-linked oligosaccharide, while
PPL4 showed the different carbohydrate-binding properties compared to PPL2A and PPL3s.
PPL2A and PPL3s can recognize both agalactosylated and galactosylated-type glycans,
while PPL4 binds to high-mannose and hybrid-type N-linked glycans, but not agalacto-
sylated and galactosylated-type glycans [4]. PPL4 can also recognize chitin oligomers [4],
of which polymers are well known as components of the shell matrix. Furthermore, we
recently determined the 3D structures of PPL3s by X-ray crystallography, including the
free lectin forms and lectins complexed with trehalose and isomaltose, respectively [5].
Docking simulations of PPL3 to various calcite crystal faces based on its 3D structure
also revealed the charged amino acid residues located on the edge of a 3-sheet and the
carbohydrate-binding site can contribute to the interaction with calcite [5].

In this study, to clarify the biological functions and relevance of P. penguin multiple
lectins and their ligand carbohydrates to biomineralization, we investigate the effects of
two jacalin-related lectins, PPL3 and PPL4, on CaCOs crystalization and shell formation,
and compared with those of PPL2A and PPL2B. These lectins showed the different uneque
biomineralization activities of each other with/without carbohydrates.

2. Results
2.1. Knockdown Analysis of PPL3 and PPL4 in the Biomeneralization Processes

To analyze the direct involvement of the P. penguin lectins, PPL3s and PPL4, within the
biomineralization process, the knockdown experiments using morpholino oligos (MOs),
which can be suppressed by the expression at the translational level, were conducted
and compared with PPL2A and PPL2B, of which knockdown experiments and in vitro
crystallization have been previously reported [3]. After introducing the MOs of each
gene, the rate of D-shell formation for each experiment was estimated by counting four
morphological types of larva at 48 h post fertilization (hpf), that is D-shaped shell larva (D-
shell), small D-shaped shell larva, incomplete shell and no shell, which were determined
from SEM micrographs (Figure 1A). Two independent knockdown experiments using
different P. penguin larvae sets prepared from different individual were conducted by using
each MO with respective controls (C-1, C-2 and C-3), respectively (Figure 1B left and right
panels). As the sizes of D-shells in the controls of the second experiment (right panel of
Figure 1B) were slightly smaller than those in the first experimental controls (Figure 1B);
knockdown experiments were assessed by counting the number of combined D-shell and
small D-shell larvae. The percentage of complete D-shaped larva, including small size,
was similar among three control experiments (84%-92%), although the second experiment
including PPL2 and PPL4 (right panel of Figure 1B) showed the larger numbers of small
size but distinct D-shaped larva than the other (left panel). These results indicated that
there was no effect of Endo-porter and/or control MOs on the morphology during P.
penguin larva development, although some interexperimental differences were detected on
the size of D-shaped larva (Figure 1B).
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Figure 1. Morphological effects of knockdown of PPL2A, PPL2B, PPL3 and PPL4 on D-shaped shell formation at larval
stage. (A) Typical SEM images of D-shaped larvae with or without morpholino oligos at a X700 magnification. Larva
phenotypes could be divided into four groups, no shell, incomplete shell, small D-shaped larva, and D-shaped larva. Scale
bars indicate 25.7 um. (B) Frequency of the phenotypes obtained by knockdown analysis of PPL3 and PPL4 in addition to
PPL1, PPL2A, and PPL2B. MO-PPL1: treated with morpholino oligo for PPL1, MO-PPL2B: treated with morpholino oligo
for PPL2B (3 subunit), PPL2A: treated with morpholino oligo for PPL2A (y subunit), MO-PPL3: treated with morpholino
oligo for PPL3, MO-PPL4o: treated with morpholino oligo for PPL4x, MO-PPL4f3: treated with morpholino oligo for PPL4f3,
MO-PPL4: treated with both morpholino oligos (MO-PPL4« and MO-PPL4§3) for PPL4cc and PPL4§3. Two independent
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experimental groups were conducted with three controls, C-1: no regent, C-2: treated with Endo-porter, and C-3: treated

with Endo-porter and control oligos (10 nM), respectively. Each experiment was conducted in duplicate and analyzed

using chi-square tests (df = 2). a: criteria samples, b: p > 0.005, c: p < 0.001. (C) Typical SEM images of larvae knockdown
by MO-PPL2B (e f for incomplete shell; g,h for small D-shell), MO-PPL2A vy subunit (i,j for small D-shell; k,1 for D-shell),
MO-PPL3 (m,n for D-shell), MO-PPL4« (o,p for no shell), MO-PPL4f3 (q,r for no shell), MO-PPL4x + MO-PPLA4f (s,t for no
shell), and controls (a,b for normal blastulae; ¢,d for normal D-shell) with x1.20 k (c,g,i,k,m), x1.50 k (s), x2.0 k (e), x2.50
k (a,0,q), x5.00 k (d,h,j,1,n), and x10.0 k (b f,p,t) magnifications.

Knockdown analysis for D-shell structure formation at the larval stage showed that
PPL4 o and P subunits have significant effects on D-shell formation the same as PPL2A
(PPL2y subunits) and PPL2B (PPL2 subunit)—that is, 78.7% of larva treated with MO-
PPL4 (PPL4x and PPL4f3) had no shell (38.3%) and incomplete shell (40.4%); only 21.2%
had small or normal D-shaped shell formation (Figure 1B). D-shell formation of larva was
more affected by MO-PPL4f-treated (63.6% of no or incomplete shell) than MO-PPL4«x
(38.1% of no or incomplete shell). However, the knockdown of PPL3 showed no effect on
D-shell formation, which is the same as PPL1 (Figure 1B). Furthermore, to elucidate the
direct effects of PPL3 and PPL4 in addition to PPL2A and PPL2B on D-shell formation
in more detail, microimages of larva treated with each MO were analyzed by SEM and
compared morphologies with each other (Figure 1C). Knockdown of PPL2B showed the
severe damage and defect for shell formation such as incomplete shell (Figure 1C(e,f))
and largely distorted shell (Figure 1C(g,h)). Interestingly, knockdown of the PPL2A vy
subunit brought on cracks along the lines with the boundary face of crystal grain in both
small D-shell (Figure 1C(i,j)) and D-shell (Figure 1C(k,1)). Knockdown of PPL3 showed no
effect on D-shell apparently (Figure 1C(m)); however, it increased surface fine roughness
(Figure 1C(n)) compared to controls (Figure 1C(d)). Knockdown of PPL4«x and 3 subunits
caused defects on D-shell formation at the early level, although some matrix layer and
small crystals were observed on the surface of larvae (Figure 1C(o-t)).

2.2. Molecular Properties of PPL3 and PPL4 on In Vitro Crystallization

In vitro crystallization experiments using PPL3 and PPL4 were also conducted and
the crystal numbers and forms were compared to those of PPL2A. Optical microscope
images of in vitro crystallization showed that the number of calcites increased depending
on the concentration of PPL3, while PPL4 showed no effect on the morphology and the
number of crystals (Figure 2A). However, PPL2A was repeatedly shown to increase the
rate of polycrystalline CaCOj3 in a dose-dependent manner, which is the same as shown in
previous reports (Figure 2A) [3]. Furthermore, the crystal sizes in the presence of PPL3 were
smaller than those of PPL2A and BSA (used as a control) at a concentration of 133 ug/mL,
indicating that PPL3 regulated the crystal growth of calcite by suppressing (Figure 2B).
However, the crystal sizes in the presence of PPL4 were slightly larger, as compared to
controls, BSA and no proteins (Figure 2B).

In order to further elucidate how PPL3 and PPL4 affect the growth of crystals, their
distributions in crystal formation were investigated using the fluorescence-labeled PPL3
and PPL4, respectively (Figure 2C). During crystallization with AF568-labeled PPL3 (red),
PPL3 was located at the surface of crystals (Figure 2C), suggesting that PPL3 inhibited
the calcium carbonate crystallization by binding to the crystal growth surface. However,
AF488-labeled PPL4 (green) was located at the interior aragonite in addition to the surface
of calcite crystals (Figure 2C), although PPL4 alone showed no effect on the number of
crystals (Figure 2A).



Int. . Mol. Sci. 2021, 22, 1081

50f12

(A)
L & =
1" ppPL3 i
FWT calcite™ . f_
2 100 N -
i -
§ 60 _I. I «I;A\ N .
g 40 + N T N . - .
Z 20— ——1_— h— e =
0

12

4

Number of crystals

2

(8)

Numbers of crystals

Number of crystals

Figure 2. Effects of PPL2A, PPL3 and PPL4 on the in vitro CaCOj crystallization. (A) Effects of PPL3 and PPL4 on the
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number and morphology of CaCOjs crystals, i.e., calcite, calcite polycrystal, and aragonite. Bovine serum albumin (BSA)
and PPL2A [3] were used as negative and positive controls, respectively; (B) Effects of PPL2A and PPL3 on the crystal size.
Distribution of crystal size (square) was estimated by using MetaMorph software (Molecular Devices, LLC, San Jose, CA,

USA); (C) Fluorescence microscopy imaging of Alexia568-labeled PPL3 (red) and Alexia488-labeled PPL4 (green) on CaCOj3

crystallization.
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2.3. Effect of Carbohydrates on the Biomeneralization Processes of PPL3 and PPL4

Previously, we found that trehalose, which is abundant in the secretary fluid of P.
penguin and specifically recognizes carbohydrates for PPL2A, can regulate the biomineral-
ization via PPL2A [3]. Furthermore, a comprehensive study of carbohydrate binding speci-
ficities of PPL2A, PPL3 and PPL4 revealed that PPL4 can also recognize chitin oligomers,
of which polymers are well known as components of the shell matrix [4]. Based on these
previous studies, to further elucidate the carbohydrate functions on the CaCOj crystal-
lization, the effects of trehalose, N-acetyl-D-glucosamine (GlcNAc), and chitin oligomer
that are specific sugars for PPL3 or PPL4, respectively, were assessed in vitro (Figure 3).
PPL3 had no additive effect by trehalose, which is different from PPL2A (Figure 3A).
Most interestingly, PPL4 was greatly affected by GlcNAc and penta-N-acetyl chitopen-
taose (one of chitin oligomers), although PPL4 alone has no or a small effect on CaCOs3
crystalization (Figure 3B). Thus, the specific carbohydrates such as GlcNAc increased the
number of calcite crystals and decreased the crystal sizes in the presence of PPL4. However,
penta-N-acetylchitopentaose oligosaccharide increased the size of polycrystals (186 um
x 157 pm) with PPL4, although the crystal number was markedly decreased (Figure 3B).
These results suggest that PPL4 are regulated by sugars, resulting in considerably different
biomineralization functions, which can either suppress or enhance the crystal growth.
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Figure 3. Effects of carbohydrates on the CaCOj crystallization in the presence of PPL3 (A) and
PPL4 (B). Trehalose (treha), N-acetyl-D-glucosamin (GlcNAc), and penta-N-acetyl-chitopentaose
(Penta) were used at indicated concentrations (mM), respectively, with the same concentration
(66.7 mg/mL) as PPL3 and PPL4. Micrographic images of crystals with or without carbohydrates at
a x4 magnification. The data were evaluated by using t-test. ***: p < 0.001, **: p < 0.005.
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3. Discussion

Two jacalin-related lectins, PPL3 (3A, 3B, 3C) and PPL4, isolated from the secreted
fluid of mantle of Pteria penguin pearl shells, were characterized as matrix proteins of pearl
shell in addition to PPL2A and PPL2B [3,4]. Knockdown of PPL4 expression caused severe
defects in D-shaped shell formation during larva development in vivo, which was the
same as PPL2A and PPL2B [3] (Figure 1B). In particular, knockdown of both PPL4 o and 3
subunits showed the severe defects and additive effect on D-shell formation at the early
level (Figure 1C). In in vitro assay for crystallization, although PPL4 alone showed no or
small effect on the number of crystals without carbohydrate (Figure 2A), PPL4 increased
the crystal sizes, including aragonite-like crystals (Figure 2B,C). These properties and
effects of PPL4 on the in vitro CaCOj crystallization were similar to that of PPL2B, as pre-
viously reported [3]. Furthermore, PPL4 showed the unique biomineralization properties
in combination with specific carbohydrates such as chitin oligomer and GlcNAc—that is,
PPL4 increased the size of polycrystals with chitin oligomer (Figure 3B). Chitin is well
known as a key component of the extracellular matrix of mollusk shells produced by chitin
synthases [6-8], and highly ordered at the molecular level responsible for the interlamellar
structure that was proposed as a matrix model of chitin-silk fibroin gel proteins—-acidic
macromolecules [9,10], including the nacreous layer [11-14] and regulates calcite nucle-
ation [15]. Furthermore, it has been reported that the polysaccharides that contain high
levels of carboxylate and sulfate also regulate (promote) the growth and morphology of
calcite crystals [16]. Chitin synthases have also been found in transcriptome data of P.
penguin reported by Li et al. [2]. Additionally, numerous examples of chitin-binding pro-
teins that show important roles on biomineralization involved in nacreous layer formation
such as Pif-like [17,18], pearlin/N16 family [19], Hichin [20] and PS19 [21], etc., have been
reported. Taken together with PPL4 activity with chitin oligomer, PPL4 may participate in
the biomineralization process of P. penguin nacre and the D-shell formation from an early
stage as chitin-binding proteins and calcium carbonate crystallization regulators.

However, we have previously reported that PPL2A and PPL2B contribute directly to
biomineralization [3]. Specifically, PPL2A increased the number of contact polycrystalline
calcite by binding to the boundary regions of crystals or the emergence region of the
polycrystalline on the nacreous layer, while PPL2B induced the flower petal-like shape
aragonite crystals [3]. In this study, interestingly, we found that the knockdown of PPL2A
v subunit brought on the cracks along the lines with a boundary face of crystal grain in
both small D-shells and D-shells (Figure 1C(i-1)). These results agree well with previous
observations, including PPL2A distribution at the boundary region of crystals, and confirm
that PPL2A functions as a glue for crystal grain.

Conversely, knockdown of PPL3 had no apparent effect on larva development (Figure 1B);
however, it increased the surface fine roughness compared to controls (Figure 1C). In vitro
crystallization experiments indicated the significant effects on the number of calcite crystals
and crystal sizes in the presence of PPL3—that is, the smaller crystals were increased in a
concentration dependent manner, indicating that it might suppress and control the growth of
calcite crystals by binding to the crystal growth surface (Figure 2). The docking simulations of
PPL3B to calcite crystals clearly suggested that its interaction on the calcite crystal surface is
comprised of negatively charged residues, Asp32 and Glu86, interacting with calcium ions,
and the positively charged residues, Lys83, Lys107, Lys118, Arg119, and Argl47 binding to
carbonates on the crystal faces (Figure 4) [5]. Suppression factors of calcite formation seem to
be crucial to aragonite formation on nacre such as perlwapin and perlinhibin isolated from
abalone nacre as inhibitors of calcite growth, respectively [22,23].
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Figure 4. Aligned amino acid sequences of PPL subunits with jacalin-related lectins (A) and schematic structure of PPL3
and a comparison of the amino acid residues found at the interfaces of PPL3 to calcite crystal faces among PPL2A, PPL3
and PPL4 (B,C). The sequences were aligned using Clustal W program and represented by using BOXSHADE 3.21. The
residues identical to the column-consensus were presented by inverse character (black background), while the residues,

which are not identical but at least similar to the column-consensus, were presented by gray background. C1 to C5 indicates

the half cysteine residues with inter and intra-disulfide bonds. Secondary structural elements (f3 strands) are shown as

arrows ($1-p12). The GG loop, recognition loop, and binding loop indicated by arrows were parts of the carbohydrate

recognition domain. Red-colored arrowheads indicate the residues found at the interfaces to calcite faces analyzed by the

docking study [5].

Thus, the multiple JRL isoforms of P. penguin pearl shells, PPL2A, PPL2B, PPL3
and PPL4, showed, respectively, the unique and different biomineralization activities
with/without carbohydrate and roles directly involved in nacreous pearl shell formation.
These carbohydrate-depending biomineralization properties may be due to a possible
involvement of residues found in PPL3 at the interfaces to calcite faces, which were closed

to the carbohydrate binding site.

In recent decades, the genome, transcriptome and proteome analyses for several pearl
oyster species have been achieved using next generation sequencing technology and/or
MS/MS technology to identify the key players in nacre formation and to understand
the molecular mechanisms of biomineralization [24-31]. In this study, we characterized
lectins termed PPL3 and PPL4, in addition to PPL2A and PPL2B, which contribute to
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the biomineralization processes of P. penguin nacreous shells with different carbohydrate
recognition profiles. We also found that carbohydrates such as GleNAc and chitin oligomers
can function as regulatory factors for biomineralization coordination with PPLs. While
the common nacre matrix proteins such as Pif-like, schematrin-like, Naclein-like, MSI60,
and carbonic anhydrase have been identified in molluscan shells, jacalin-like lectins were
specifically only identified in P. penguin. These observations highlight the unique functions
and molecular evolution of this lectin family and their specific-carbohydrates, which work
collaboratively in mollusk shell formation.

4. Materials and Methods
4.1. Materials

Large-winged pearl-shells (Pteria penguin, 6-years-old) were provided by Amami
South Sea and Mabe pearl Co. Ltd. (former Amami-branch, Tasaki & Co. Ltd.), Kagoshima,
Japan. The mantle and its secretory fluid were collected and stored at —80°C or —30°C
until use, respectively. A POROS® HS column was purchased from Applied Biosystems,
Thermo Fisher Scientific KK (Tokyo, Japan). Resource S and HiTrap NHS activated columns
were purchased from GE Healthcare (Chicago, IL, USA). Trehalose was purchased from
Hayashibara (Okayama, Japan). All other reagents were of the purest grade commercially
available.

4.2. Isolation of Lectins from Secretory Fluid of Mantle

The protein samples of PPL2A, PPL2B, PPL3 and PPL4 were prepared from the
secretory fluid of the mantle of Pteria penguin, as previously reported [4]. In brief, secretory
fluid of the mantle was dialyzed against desalinized water. After centrifuge at 10,000 rpm,
the supernatant was fractionated by HPLC using cation exchange chromatography on
a POROS HS column equilibrated with 10 mM MES/HEPES buffer (pH 6.5) and eluted
with a linear gradient of 0 to 1 M NaCl. The eluted fractions were further purified by
cation exchange chromatography on a Resource S column pre-equilibrated with 20 mM
MES buffer (pH 7.0) and eluted with a linear gradient of 0 to 2 M NaCl in the same buffer,
after being dialyzed against water, respectively. Finally, purified PPLs were checked by
SDS-PAGE.

4.3. Morpholino Design and Morphological Phenotype Analysis of Morphants of P. penguin
D-Shaped Larva

The knockdown experiments using morpholino oligos were conducted by reference
to the previous papers for invertebrate embryos. Translational-blocking morpholino oligos
(MOs) of P. penguin lectins, MO-PPL2A, MO-PPL2B, MO-PPL3, MO-PPL4«, and MO-
PPL4p corresponding to the antisense nucleotides from the initiator codons of PPL2A vy
subunit, PPL2B, PPL3 and PPL4 « and 3 subunits were designed to block their translation,
respectively, and were synthesized using Gene Tools (Philomathe, OR, USA). MO-PPL1 was
designed for PPL1 as control. These sequences are as follows: 5'-ACATAAGCACAGCTAT
CACCAACAT-3' for MO-PPL1, 5-AAATAATAGACAAGGCCGATTTCAT-3' for MO-
PPL2A (y subunit), 5-TCAGTCCTCCAAAGGTCTTCGACAT-3’ for MO-PPL2B, 5'-CTACC
AGATATAGTCCAGAAATCAT-3' for MO-PPL3, 5'-ACACATAGACACCCATTCTGCTGGT-
3’ for MO-PPL4«x, and 5'-ACACATAAGAAACCCATTCCGCTGGT-3' for MO-PPL4§. Stan-
dard control morpholino oligo, 5'-CCTCTTACCTCAGTTACAATTTATA-3', was from Gene
Tools. After fertilization of P. penguin eggs, floating blastulae were selected by decanta-
tion to synchronize the embryonic development. MO-PPL2A, MO-PPL2B, MO-PPL1 and
control oligo were dissolved in nuclease-free water at 0.2 mM, and were transfected into
synchronized P. penguin larvae at a final concentration of 10 mM for each oligo per larvae
(5 x 10% population/mL sterilized artificial sea water) at late trochophore larval stage
by Endo-porter (8 mM). After incubation at 20°C overnight, the morphants and control
D-shaped larvae (treated with or without Endo-porter only) were fixed by adding 20 mL of
paraformaldehyde (final 2%) for SEM examination. SEM images of D-shaped larvae were
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acquired using Hitachi S-4200 and SU-8000 at an acceleration voltage of 5.0 kV and 3.0 kV.
Phenotypes of morphants (ca. 50 to 100) were counted and scored according to the relative
percentage of 4 morphological types (D-shaped, small D-shaped, incomplete shell, and no
shell larvae). Each experiment was conducted in duplicate and analyzed using chi-square
tests.

4.4. In Vitro Crystallization

The in vitro crystallization experiments were carried out in 96-well titer plates (Non-
binding surface, #3881, Corning Inc., New York, NY, USA) by adding PPL3 or PPL4 to
the artificial seawater (0.5 M NaCl and 0.011 M KCl), including 10 mM CaCl; and 8§ mM
NaHCOs;. The plate was kept for 12 h, 24 h and 48 h at room temperature, and the
morphological effects of proteins and carbohydrates on the crystallization of CaCO3; were
monitored at each interval using an optical microscope. The morphology, size, and number
of crystals formed in the presence of proteins was compared to those of crystals grown
in parallel without protein prepared as a negative control. Bovine serum albumin (BSA)
was also used as a negative control. The effects of trehalose, N-acetyl-D-glucosamine,
and N-acetyl chitopentaose (one of chitin oligomer), which are specific to PPL3 and PPL4,
on the crystallization of CaCO3; were also assessed. The number and sizes of crystals
were estimated using MetaMorph software (Molecular Devices, LLC, CA, USA). The
polycrystalline was counted and measured as one polycrystalline entire form but not
multiple subunits. Furthermore, the localization of PPL3 and PPL4 on CaCOj crystals was
analyzed by using Alexa Fluor 568 (AF568)-conjugated PPL4 (red) and AF488-conjugated
PPL3 (green), respectively. Labeling of PPL3 and PPL4 (500 pg each) was conducted using
AF568 carboxylic acid 2,4,5,6-Tetrafluorophenyl (TFP) ester or AF488 TFP ester, according
to the manufacturer’s protocols (Life Technologies Co., Carlsbad, CA USA). After samples
were purified by gel filtration and concentrated by ultrafiltration, AF568-conjugated PPL3
and AF488-conjugated PPL4 were used for in vitro crystallization experiment. Localization
of PPL3 and PPL4 on crystals was imaged via fluorescence microscopy (Olympus IX71
equipped with Hamamatsu Digital camera C10600 ORCA-R2) using MetaMorph NX
software. A mercury lamp with U-MNIBA3 filter (Ex 470-495 nm, Em 510-550 nm, dichroic
filter 505 nm) and U-MWIGS3 filter (Ex 530-550 nm, Em 575 nm, dichroic filter 570 nm) were
used for fluorescence imaging.

5. Conclusions

In the present study, we found unique functionally distinct properties of divergent
lectins termed PPL3 and PPL4, in addition to PPL2A and PPL2B, which contribute to the
biomineralization processes of P. penguin nacreous shells. We also found that carbohydrates
such as GlcNAc and chitin oligomers can function as regulatory factors for biomineraliza-
tion coordination with PPLs. These observations highlight the unique biomineralization
functions and molecular evolution of this lectin family and their specific-carbohydrates,
which work collaboratively in mollusk shell formation.
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A Alexa Fluor

BSA bovine serum albumin

CRD carbohydrate recognition domain

Fuc fucose

GlcNAc N-acetyl-D-glucosamine

HPLC high performance liquid chromatography

JRL jacalin related lectin

Man mannose

MO morpholino oligo

MS mass spectrometry

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEM scanning electron microscopy

Xyl xylose

MB3EX Manaxl~6(Manxl~3)(XylB1~2)ManB1~4GlcNAcp1~4(Fucal~3)GlcNAc-
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