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ARTICLE INFO ABSTRACT

Proteinase inhibitors with the ability to inhibit specific proteinases are usually closely connected with the im-
mune system. Interestingly, proteinase inhibitors are also a common ingredient in the organic matrix of mollusk
shells. However, the molecular mechanism that underlies the role of proteinase inhibitors in immune system and
shell mineralization is poorly known. In this study, a Kunitz serine proteinase inhibitor (HcKuPI) was isolated
from the mussel Hyriopsis cumingii. HcKuPI was specifically expressed in dorsal epithelial cells of the mantle
pallium and HcKuPI dsRNA injection caused an irregular surface and disordered deposition on the aragonite
tablets of the nacreous layer. These results indicated that HcKuPI plays a vital role in shell nacreous layer
biomineralization. Moreover, the expression pattern of HcKuPI during LPS challenge and pearl formation in-
dicated its involvement in the antimicrobial process during pearl sac formation and nacre tablets accumulation
during pearl formation. In the in vitro calcium carbonate crystallization assay, the addition of GST-HcKuPI in-
creased the precipitation rate of calcium carbonate and induced the crystal overgrowth of calcium carbonate.
Taken together, these results indicate that HcKuPI is involved in antimicrobial process during pearl formation,
and participates in calcium carbonate deposition acceleration and morphological regulation of the crystals
during nacreous layer formation. These findings extend our knowledge of the role of proteinase inhibitors in
immune system and shell biomineralization.
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1. Introduction Numerous studies in recent years have shown that biomineraliza-

tion system of mollusks is closely associated with its immune system. It

Biomineralization is the process by which organic macromolecules
interact with inorganic ions at an interface and the biomacromolecules
regulate and control the crystallization of inorganic minerals, thereby
allowing the mineral to undergo an elaborate assembly process and
develop special hierarchical structures. The mollusk shell is a typical
biomineral, and it provides protection for the visceral mass. In general,
the longitudinal section of shell contains the combination of highly
insoluble periostracum, prismatic layer, and nacreous layer [1,2]. In the
calcified layer, calcium carbonate is the major element, whereas bio-
macromolecules such as polysaccharides, matrix proteins, lipids, and
polypeptide account for only about 5% (w/w) [3]. Despite this low
proportion, biomacromolecules, especially matrix proteins, play a
dominant role in determining crystal nucleation and morphology,
which provide excellent mechanical properties for shells [4,5].

is common sense that hemocytes are essential for innate immuse re-
sponses [6], previous studies also documented that hemocyte is an
absolutely necessary component for biomineralization process, such as
grafting and shell regeneration [7]. Hemocytes always accumulate in
the gaps between mantle graft and host tissues during pearl sac for-
mation, and the residual haemocytes within the nucleus cavity could
induce low-quality pearl formation [8]. Besides, haemocytes in extra-
pallial fluid also have the capacity to induce CaCO3 nucleate and fur-
ther transfer them to the mineralization front during shell regeneration
[9,10].

Proteinase inhibitors with the ability to inhibit specific proteinases
are usually closely connected with the immune system. While, protei-
nase inhibitors are also ubiquitous ingredient in the shell organic ma-
trix. For example, proteinase inhibitors were found in the water-soluble
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shell matrix of the oyster Pinctada margaritifera, and nacre organic
proteinases showed activity against several serine proteinases in a
subsequent proteinase inhibition assay [11]. In the mantle tran-
scriptome of the mussel Mytilus edulis and the oyster Pinctada maxima,
several potential peptide fragment contained a Kunitz-like type II do-
main [12,13]. Subsequently, proteomic analysis revealed the presence
of proteinase inhibitor domains in the shell matrix of different mollusk
species [14-20]. However, the molecular mechanism that regulates
how proteinase inhibitors function in immune and shell mineralization
systems is poorly known because only tiny amounts of related protein
have been isolated.

Among the known matrix proteins, lustrin A, which is a nacre
protein of the abalone Haliotis rufescens, shares homology with a
mammalian serine proteinase inhibitor, but a functional study has not
been performed [21]. MSP22.8 of the mussel Mytilus galloprovincialis,
which is a serpin-like protein, was found to be expressed in the shell
organic matrix, mantle edge, extrapallial fluid (EPF), and EP hemocytes
[22]. Furthermore, MSP22.8 had two biological effects: it was trans-
ported by EP hemocytes to the shell as part of the matrix framework,
and it prevented proteolytic damage to other constituents of the organic
matrix to help the biomineralization process run smoothly [22,23]. The
existence of proteinase inhibitors in the mollusk shell is also thought to
be involved in immunological defense [24], promoting matrix ma-
turation [25], and inhibiting crystal formation [26].

Despite evidence that proteinase inhibitors are common in the
mollusk shell matrix, few protease inhibitors have been isolated and
their main roles in immune and shell mineralization systems are poorly
explored. In this study, the matrix protein HcKuPI (Kunitz-type serine
protease inhibitor), was isolated from the mussel H. cumingii. After
tissue-specific gene expression analysis, the expression pattern during
pearl formation was analyzed, and the nacreous layer was observed by
scanning electron microscopy (SEM) as part of an RNA interference
(RNAi) assay. Additionally, the recombinant protein glutathione S-
transferase (GST)-HcKuPI was successfully expressed and purified to
validate the direct connection between the protease inhibitor and cal-
cium carbonate crystals using in vitro calcium carbonate crystallization
experiments.

2. Materials and methods
2.1. RNA extraction

H. cumingii (length about 7-8 cm, about 2-years-old) used in the
experiment were purchased from the Wuyi Pearl Farm in Jinhua, China.
Adductor muscle (AM), foot (F), mantle (M), gill (GI), hepatopancreas
(H), blood (B), and gonad (G) tissue samples were collected separately.
After grinding the tissue in liquid nitrogen, total RNA was extracted
using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according
to the manufacturer's instructions. For each tissue, after quality and
concentration detection, equal amounts of RNA (totally 1ug) were
mixed and synthesized to c¢cDNA using the SMART RACE cDNA
Amplification kit (Clontech Bio. Inc., Dalian, China) for rapid amplifi-
cation of cDNA ends (RACE). Total RNA of each tissue (500 ng) then
was reverse-transcribed to cDNA following the instructions of the
PrimeScript™ RT reagent kit (Takara Bio. Inc., Dalian, China) for tissue-
specific gene expression analysis.

2.2. RACE and bioinformatics analysis

According to the amino acid sequence “GGCGGN” of the matrix
protein papilin in the oyster Crassostrea gigas, a degenerate primer was
designed for 3’ RACE polymerase chain reaction (PCR) (Table 1). After
amplification using the Advantage 2 cDNA polymerase mix, the pro-
ducts were further analyzed by sequencing. A specific primer then was
used for 5 RACE PCR based on the result of 3 RACE (Table 1). After
sequencing, the products of 3 RACE and 5'RACE was spliced. The
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following programs then were used to analyze the results: The open
reading frame (ORF) was detected by ORF Finder (http://www.ncbi.
nlm.nih.gov/projects/gorf/); protein domain prediction was performed
by SMART (http://smart.embl-heidelberg.de/); homology analysis was
performed by GenBank and BLAST; the signal peptide was analyzed by
the SignallP4.1 Server (http://www.cbs.dtu.dk/services/SignalP/); the
amino acid sequence of the mature protein was analyzed by ExPasy
(http://web.expasy.org/protparam/); putative phosphorylation sites
were detected by the NetPhos 2.0 server (http://www.cbs.dtu.dk/
services/NetPhos/); glycosylation sites prediction was performed by
the YinOYang 1.2server (http://www.cbs.dtu.dk/services/YinOYang/);
and protein structure prediction was performed by Phyre2 (http://
www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id = index).

2.3. Tissue-specific gene expression analysis

Based on the complete nucleotide sequence of HcKuPl, a pair of
gene-specific primers was designed for reverse transcription PCR (RT-
PCR) and quantitative real-time PCR (qQRT-PCR), and EF-1a was used as
the internal reference (Table 1). RT-PCR was carried out in a 20 pL
reaction system containing 10 puL of 2 X Taq master mix (Novoprotein
Scientific, Inc., Jiangsu, China), 0.8 uL of each primer (10 mM), 2 uL of
c¢DNA (60 ng/uL), and 6.4 uL of RNase-free water. The cycling para-
meters for RT-PCR were as follows: 94 °C initial denaturation for 3 min
(one cycle), 94 °C denaturation for 5s, 58 °C annealing for 30s, 72 °C
extension for 30s (40 cycles), and 72 °C for 10 min (one cycle). The PCR
products then were detected by agarose gel electrophoresis. The reac-
tion system and program for qRT-PCR were similar to those for RT-PCR.
SYBR qPCR super mix (Novoprotein Scientific) was used for the am-
plification reaction. Based on the crossing-point (CT) values, the re-
lative expression of HcKuPI in different tissues was calculated using
equation 2~ 22°Y (ACT = CT of the target — CT of EF-1a, AACT = ACT
of the challenged sample — ACT of the calibration sample). Data from
the qRT-PCR experiments were expressed as the means * standard
error (SE).

2.4. In situ hybridization

A specific segment of HcKuPI was amplified by specific primers
(Table 1), and the anti-sense probe of HcKuPI was synthesized using the
T7 high-efficiency transcription kit (TransGen Biotech, Beijing, China)
according to manufacturer's instructions with some modification.
Briefly, T7 transcription was carried out for 2hat 37 °C in a 10 uL re-
action system containing 4 pL of purified PCR product (200 ng), 2 uL of
5 X T7 Transcription Reaction Buffer, 2 L of DIG RNA Labeling Mix
(Roche Diagnostics, Basel, Switzerland), and 2 puL of T7 Transcription
Enzyme Mix. The anti-sense probe was hybridized with a 10 pm mantle
tissue slice overnight (about 20 h), and after hybridization with Anti-
digoxigenin-AP Conjugate and NBT/BCIP colouration (Roche Diag-
nostics), the hybridization signals were photographed.

2.5. Temporal expression of HcKuPI after LPS challenge

Total 80 adult H. cumingii were used in LPS challenge assay, and 40
mussels were challenged with LPS as experimental group, 40 mussels
were challenged with PBS as control group. Blood and mantle of five
mussels were collected at 0, 3, 6, 12, 24, 36, 48 and 96 h after chal-
lenge. After RNA extraction and cDNA synthesis, QRT-PCR and data
handling was performed as described above, and HcKuPI transcript in
blood at 0 h time point was performed as calibration sample.

2.6. Pearl culture assay
A pearl culture assay was conducted to detect the expression pattern

of HcKuPI during pearl formation. Two hundred H. cumingii were used
in the pearl cultivation experiment. Epithelial cells from the mantle
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Table 1

Primers used in experiments.
Primer Sequence (5' - 3") Usage
HcKuPI-F GGNGGNTGYGGNGGNAAY (N = A/G/C/T; Y=C/T) RACE
HcKuPI-R GGCAGTCTTTCCTCCACATCGTT RACE
HcKuPI-RT/qRT-PCR-F ACGGTCAGGGAAGAAGAAAAAAGGA RT/qRT-PCR
HcKuPI-RT/qRT-PCR-R ACAGGCGCTACGCGAAGTAAAGTTA RT/qRT-PCR
EF-1a-F GGAACTTCCCAGGCAGACTGTGC RT/qRT-PCR
EF-1a-R TCAAAACGGGCCGCAGAGAAT RT/qRT-PCR
HcKuPI-ISH—F CCGTCATCAGAAGGACAAAGTAACA ISH
HcKuPI-ISH-R + T7 GGATCCTAATACGACTCACTATAGGCGGTACAGATCGGTTTCATTGTACT ISH
HcKuPI-RNAi-F CCGTCATCAGAAGGACAAAGTAACA RNAi
HcKuPI-RNAi-F + T7 GGATCCTAATACGACTCACTATAGGCCGTCATCAGAAGGACAAAGTAAC RNAI
HcKuPI-RNAi-R CGGTACAGATCGGTTTCATTGTACT RNAi
HcKuPI-RNAi-R + T7 GGATCCTAATACGACTCACTATAGGCGGTACAGATCGGTTTCATTGTACT RNAi
GFP-RNAI-F AAGGGCGAGGAGCTGTTCACCG RNAi
GFP-RNAI-F + T7 GGATCCTAATACGACTCACTATAGGAAGGGCGAGGAGCTGTTCACCG RNAi
GFP-RNAi-R CAGCAGGACCATGTGATCGCGC RNAi
GFP-RNAi-R + T7 GGATCCTAATACGACTCACTATAGGCAGCAGGACCATGTGATCGCGC RNAi
HcKuPI-YH—F CGGAATTCCAACGGTCAGGGAAGAAGAAAAAAG Prokaryotic expression
HcKuPI-YH-R TTTTCCTTTTGCGGCCGCTTAGGCAGTCTTTCCTCCACATCGT Prokaryotic expression

edge of 100 individuals were made into small strips (saibos)
(0.5cm X 0.5 cm) and transplanted into the center of the mantle of the
other 100 individuals. On days 3, 5, 8, 11, 15, 18, and 25, six mussels
were collected and the pearl sacs were stored in RNAStore (Tiangen,
Beijing, China). After RNA extraction, the RNA was synthesized into
cDNA. The qRT-PCR reaction was conducted and relative expression of
HcKuPI during pearl formation was analyzed as described above. One-
way analysis of variance was perfomed by SPSS18.0 to determine
whether there are any significant differences, and significance was ac-
cepted at the level of p < 0.05.

2.7. RNA-mediated interference (RNAi) assays of HcKuPI during nacreous
layer formation

The RNAI assays was performed as described by Pan et al. [27] with
some modifications. Briefly, double stranded (ds) RNA synthesis was
performed using the T7 RiboMAX™ Express RNAi system according to
the manufacturer's instructions (Promega, Madison, WI, USA). The
dsRNA was diluted to concentrations of 20 pug/100 pL and 40 pug/100 pL
using phosphate buffered saline (PBS) and injected into the adductor
muscle of five mussels. HcKuPI dsRNA was the experimental group, and
green fluorescent protein (GFP) dsRNA and PBS injection served as the
negative and blank groups, respectively. At day 7 after injection,
treated individuals were collected and shells were cut into sections. The
internal surface of each shell was observed under a SEM. The mantle
tissue also was harvested, RNA was extracted, cDNA was synthesized,
and qPT-PCR was performed as described above. Furthermore, sig-
nificance comparison was performed by SPSS 18.0, and significance
was accepted at the level of p < 0.01.

2.8. Expression and purification of recombinant GST-HcKuPI protein

The full-length of HcKuPI (with signal peptide sequences removed)
was amplified using the specific primers HcKuPI-EcoRI-F (containing
EcoR I restriction site) and HcKuPI-Not I-R (containing Not I restriction
site). After double enzyme restriction, the purified PCR product was
subcloned into the prokaryotic expression vector pGEX-4T-1, and the
reading frame was confirmed to be correct by sequencing. The re-
combinant plasmid pGEX-4T-1/HcKuPI was transformed into Rosetta
(DE3) competent cells. The host strain first was cultured at 37 °C to
ODgoo = 0.6, and then isopropyl-3-d-thiogalactoside (IPTG) was added
to a final concentration of 2mM for the inducible expression of re-
combinant protein.

After induction for 10 h at 18 °C, the bacterial cells were harvested
by centrifuging (10,000 rpm, 20 min), and the thalli were resuspended
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with bacteria lysate and sonicated on ice. The supernatant was collected
after centrifugation at 10,000 rpm for 20 min, and inclusion body pro-
tein was dissolved in 8 M urea solution. After filtration using a mem-
brane syringe filter (0.22 um), protein purification was performed ac-
cording to the specifications of the GST prepacked column
(Novoprotein Scientific). The eluant component was concentrated and
purified by ultrafiltration (10kDa cutoff, Millipore, Burlington, MA,
USA), then the recombinant protein was dissolved in Milli-Q water and
analyzed by 12% polyacrylamide gel electrophoresis.

2.9. In vitro calcium carbonate crystallization assay

A saturated calcium bicarbonate solution was prepared as described
by Xu et al. [28] with some modification. First, 1.2 g of calcium car-
bonate power (purity > 99.9%) were mixed with 100 mL of Milli-Q
water, then the solution was ventilated with carbon dioxide and stirred
continuously overnight. The supernatant then was collected and filtered
using a syringe filter (0.22 pym). The recombinant protein GST-HcKuPI
was mixed with saturated calcium bicarbonate solution on siliconized
glass as the experimental group. Saturated calcium bicarbonate solution
mixed with bovine serum albumin (BSA) or GST served as the control
groups. After storing for 48 h in a sealed box, the siliconized glass was
analyzed using a Renishaw RM2000 Raman spectroscopy device
(Bruker, Ettlingen, Germany) to evaluate crystal polymorphism, and
SEM was used to examine crystal morphology.

2.10. In vitro calcium carbonate precipitation rate assay

The effect of HcKuPI on the precipitation rate of calcium carbonate
was evaluated following the experimental method Suzuki et al. [29]
with some modification. Briefly, in the experimental group, 10 pL of
recombinant protein GST-HcKuPI solution were mixed with 100 uL of
20 mM NaHCO; (pH 8.5) in a 96-well Elisa plate, and then 100 uL of
20 mM CaCl, were added to each well. In the control groups, 10 pL of
Milli-Q water or GST protein solution were mixed with the NaHCO3; and
CaCl, as the blank group. The sedimentation rate of the mixture was
recorded once per min for a total of 5 min by reading the absorbance at
570 nm on SpectraMax190 (Molecular Devices Corporation, CA, USA).

3. Results
3.1. Isolation and bioinformatics analysis of HcKuPI

Using RACE, a 621 base pair (bp) transcript was amplified from
mantle tissue cDNA. The transcript contained a 333 bp ORF coding 110
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Fig. 1. Bioinformatics analysis of HcKuPI. A, The full-length cDNA and putative amino acid sequence of HcKuPI. The initiation codon (ATG) and termination codon
(TAA) are marked by imaginary line. The putative signal peptide is underlined. The putative O-glycosylation sites are marked by wavy line, and putative phos-
phorylation sites are boxed. B, The modular structure of HcKuPI. S, signal peptide. C, Based on the protein sequence of HcKuP]I, the secondary structure prediction is
performed by Phyre?. The amino acids are colored based on the physiochemical properties of the side chains. The regions adopting putative a-helix and B-sheet
conformations are represented as green spiral and blue arrow, respectively. The degrees of confidence 0.9 are also indicated by a rainbow color gradient. D, The
tertiary structure of HcKuPI performed by Phyre?. E, Detailed information about template in the secondary structure prediction. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
The amino acid content and composition of the mature protein.

Amino acid Percent % Amino acid Percent %
Lys 20.9% Asp 3.5%
Gly 12.8% Pro 3.5%
Ser 10.5% Thr 3.5%
Cys 7.0% Val 3.5%
Arg 5.8% Ala 2.3%
Asn 5.8% Ile 2.3%
Gln 4.7% Leu 2.3%
Glu 4.7% Tyr 2.3%
Phe 4.7%

Mw [kDa] 9.5kD pl 9.96

amino acids (Fig. 1 A). The bioinformatics analysis showed that the
deduced protein contained a Kunitz domain and that it shared high
homology with other Kunitz-type inhibitors (based on BLASTP re-
trieval) (Fig. 1 E). Therefore, the mature protein was referred to as
HcKuPI, an abbreviation for Kunitz-type serine protease inhibitor from
Hyriopsis cumingii. Furthermore, the first 24 amino acids in the N-
terminal constituted a signal peptide that caused HcKuPI to be secreted
into the extracellular space (Fig. 1A). The molecular weight of the
mature protein was 9.5 kD, and the amino acid composition of mature
protein HcKuPI was characterized by high proportions of lysine
(20.9%), glycine (12.8%), and serine (10.5%). Its theoretical isoelectric
point was 9.96 (Table 2). Posttranslational modification prediction re-
vealed two glycosylation sites (*’S and '°°T) and four potential phos-
phorylation sites on Ser (position 27, 35, 37, and 77) (Fig. 1 A). Overall,
the amino acid sequence of HcKuPI exhibited a remarkable modular
structure, including the N-terminal signal peptide (residues 1-24), the
lysine-rich region (residues 25-52), and the C-terminal Kunitz domain
(residues 53-106) (Fig. 1 B). The cDNA sequence of HcKuPI was sub-
mitted to Genbank under accession no. MH796550. The structure pre-
diction showed that the secondary structure of HcKuPI is composed of
a-helices (21%) and B-strands (21%) (Fig. 1 C). The potential tertiary
structure of HcKuPI was characterized by a distorted antiparallel (-
sheet and a regular a-helix section in the C-terminal (Fig. 1 D).

3.2. Expression analysis of HcKuPI

Relative expression of HcKuPI in different tissues was first detected
by RT-PCR. Agrose gel electrophoresis analysis showed that the HcKuPI
gene was expressed specifically in the mantle, and it was not detectable
in any other tissues (Fig. 2 A). qRT-PCR detection showed that HcKuPI
was expressed mainly in the mantle, but a negligible amount was found
in the adductor muscle, no expression was detected in the foot, gill,
hepatopancreas, blood and gonad (Fig. 2 B). Due to different functions
of each region within mantle tissue, we further analyzed the location of
HcKuPI in the mantle by in situ hybridization. In experimental group,
the hybridization signals were mainly detected in dorsal epithelial cells
of the mantle pallium, and no signals were detected in epithelial cells of
the periostracal groove and mantle edge. While, no signal in the dorsal
epithelial cells of the mantle pallium was detected in negative control
group (Fig. 2 C).

3.3. Relative expression of HcKuPI after LPS challenge

After LPS challenge, qRT-PCR was performed to determine the ex-
pression pattern of HcKuPI in mantle and blood. As shown in Fig. 3, the
expression of HcKuPI in mantle did not significantly increase before
36 h after LPS challenge, but peaked at 48 h and returned to normal
level at 96 h. Compared with mantle tissue, the levels of HcKuPI tran-
script in blood were very low. HcKuPI was significantly increased in the
blood at 6 h, and almost no expression at other time points.

3.4. Relative expression of HcKuPI during pearl calcification

In the pearl graft transplantation experiment, pearl sacs were har-
vested to detect the expression pattern of HcKuPI during pearl forma-
tion. Relatively high expression of HcKuPI was first detected on days 3
and 5 after implantation, then it decreased and returned to normal le-
vels on day 8. In subsequent days, the expression of HcKuPI increased,
peaking on day 18 and remaining high on day 25 (Fig. 4).

3.5. Effects of HcKuPI during shell nacreous layer formation

To further explore the role of HcKuPI in nacre formation, HcKuPI
dsRNA was injected into the adductor muscle in the experimental
group. The relative mRNA level of HcKuPI in the experimental group
exhibited a significant and sustained decline as the concentration of
HcKuPI dsRNA increased (Fig. 5 A). Compared with PBS and GFP
treated groups, the expression level of HcKuPI decreased to 60% in the
20 ug injected group and to about 50% in the 40 ug injected group
(Fig. 5 A).

SEM observation of the microstructure of the nacreous-layer surface
in the GFP and PBS injected groups showed that the newborn tablet had
a regular shape and a distinct boundary (Fig. 5 B, C). In the experi-
mental group, the newborn crystals exhibited an obscure boundary,
irregular surface and disordered deposition (Fig. 5 D, E).

3.6. Expression and purification of the recombinant HcKuPI protein

The full-length mature protein HcKuPI gene (except for the signal
peptide) was cloned by PCR and further subcloned into the pGEX-4T-1
vector after double enzyme restriction. The bacteria solution PCR
conducted using primers pGEX5’ and pGEX3’ revealed a band of about
430 bp in the recombinant plasmid pGEX-4T-1/HcKuPI and a band of
about 170 bp in the vector pGEX-4T-1, which indicated that the re-
combinant plasmid was constructed successfully (Fig. 6 A). The re-
combinant plasmid pGEX-4T-1/HcKuPI was transformed into Rosetta
(DE3) competent cells and induced by IPTG (2mM) for 10hat 18 °C.
The supernatant of the lysate was purified using a GST prepacked
column and analyzed by SDS-PAGE. The recombinant protein of GST-
HcKuPI was present mainly in the supernatant of the bacteria lysate: a
visible band (recombinant protein GST-HcKuPI) of about 34 kDa was
detected in the experimental group, and a visible band (protein GST) of
about 25kDa was detected in the control group (Fig. 6 B).

3.7. Calcium carbonate precipitation and crystallization assay

The recombinant protein GST-HcKuPI was mixed with saturated
calcium carbonate solution, and absorbance was recorded at 570 nm to
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adductor muscle; F, foot; M, mantle; GI, gill; H, hepatopancreas; B, blood; G, gonad. C, In situ hybridization analysis of HcKuPI expression in the Hyriopsis cumingii
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Fig. 3. Relative expression of HcKuPI in mantle and blood after LPS challenge.

determine the sedimentation rate of calcium carbonate. The precipita-
tion rate of the GST added group was similar to that of the Milli-Q water
added group. The precipitation rate of the GST-HcKuPI group was
significantly higher than that of the control group (Milli-Q water/GST
addition), and the precipitation rate increased with increasing GST-
HcKuPI concentration (Fig. 7).

In the in vitro crystallization assay, GST-HcKuPI in a concentration
gradient was mixed with saturated calcium carbonate solution. In the
control group (BSA/GST addition), the microstructure of the deposited
crystal was characterized by typical rhombohedra with a smooth sur-
face (Fig. 8 M, N, P, and Q). In the low dose GST-HcKuPI group (10 ug/
mL), additional quadrate granule deposition on the rhombohedra sur-
face occurred, and the surface of this additional deposition was smooth
(Fig. 8A-C). However, the presence of a higher dose of GST-HcKuPI
(20 pg/mL) resulted in a rough surface on some of the deposited crystal,
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Fig. 4. Relative expression of HcKuPI in the pearl sac during the early stages of
pearl formation after implantation.

and this roughness consisted mainly of club-shaped granule (Fig. 8D-F).
In the high dose GST-HcKuPI group (40 pg/mL), the crystal was roughly
circular and its surface was consisted of a number of cylindrical ara-
gonite fibers, these aragonite fibers congregated in clumps and verti-
cally grow on the top surface (Fig. 8G-I). Furthermore, the micro-
structure of deposition in the 50pg/mL GST-HcKuPI group also
consisted of cylindrical aragonite fibers, and further detection showed
the cylindrical aragonite fibers were consisted of the subgrains, which
was vertical growth and arranged in an orderly fashion (Fig. 8J-L).
Raman analysis showed that the surface of the crystals in both the
control and experimental groups had the distinct Raman spectra of
calcite (Fig. 8 O and R).
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4. Discussion

Serine proteinase inhibitors with strong ability to inhibit specific
proteinases are closely connected to the immune system. In vertebrates,
they specifically affect serine protease and are involved in the anti-in-
flammatory process [30]. In invertebrates, serine proteinase inhibitors
are generally play a role in many physiological and pathological pro-
cesses, including fighting microbial infection and blood clotting
[31-33]. Therefore, previous studies of serine protease inhibitors in

443

aquatic animals focused mainly on their antimicrobial activity in the
immune response [31,34,35]. In this study, we isolated a novel matrix
protein gene, HcKuPI, from H. cumingii. The mature HcKuPI peptide
contained a Kunitz motif and shares 40-60% homology with other
Kunitz-type inhibitors, which suggested that HcKuPI was a Kunitz-type
protease inhibitor.

Generally, serine proteinase inhibitors first combine with hemocytes
before they play an important role in immune system. While, gene
expression analysis showed that HcKuPI was highly expressed in the
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mantle, and almost not detectable in hepatopancreas present in the
circulatory system, and the expression of HcKuPI in mantle increased
significantly at 48 h after LPS challenge. A previous study showed that
KuSPI of H. cumingii is also not expressed in hepatopancreas, and the
expression of KuSPI was even the highest in mantle after Aeromonas
hydrophila infection [35]. Therefore, HcKuPI could be involved in
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inhibiting environmental microbes. Moreover, the levels of HcKuPI
transcript in blood was significant high at 6 h after LPS challenge, and
almost no detectable at other time points, indicating its involvement in
antimicrobial process. The hypothesis was verified in this study using
the pearl culture assay. Previous studies have demonstrated that graft
operation could cause pathogen invasion, massive hemocytes always
accumulate in the gaps between mantle graft and host tissues [8], and
immune related genes always respond to pearl sac formation. The high
expression of HcKuPI was first appeared at day 3 and 5 during pearl sac
formation, and low expression was appeared after pearl sac formation.
These results indicated HcKuPI might combine with the hemocytes
secreted by mantle and further involve in the antimicrobial process
during pearl sac formation.

In shellfish, the mantle is a vital tissue that is responsible for se-
creting matrix proteins to regulate shell formation, and specific areas of
the mantle are in charge of processing different calcified layers bio-
mineralization [36]. Briefly, the outer epithelium of the edge in the
outer fold accounts for prismatic layer formation, and the dorsal region
participates in nacreous layer formation. HcKuPI was highly expressed
in the dorsal epithelial cells of the mantle pallium. Therefore, HcKuPI
might be a matrix protein that is mainly involved in nacreous layer
calcification. Moreover, the mRNA level of HcKuPI in the pearl sac was
significantly high between days 18 and 25. During pearl formation, a
disordered prismatic layer first is deposited on the nucleus and then an
ordered nacreous layer forms on the organic membrane [37]. In a
previous study, tawny pearls of H. cumingii were first collected on day
14 after implantation, and pearls with fine luster were harvested on day
21 [38]. Furthermore, the decreased expression of HcKuPI in RNAi
induced abnormal morphology of the shell in the nacreous layer. All
results indicated that HcKuPI was essential for nacreous layer forma-
tion.

The bioinformatics analysis showed that the amino acid sequence of
HcKuPI shared typical features with other matrix proteins, which ex-
hibited a remarkable modular structure and mainly were composed of
several specific amino acids. A putative signal peptide was located in
the N-terminal region, which mainly accounted for protein secretion,
and a lysine-rich basic region was located in the central region. In some
known matrix proteins, the basic region is thought to interact effec-
tively with anionic molecules such as CO52~ and HCO5~ [39]; it also
may be involved in intermolecular cross-linking via Schiff's base con-
jugates [40]. The basic part could also interact with acidic soluble
proteins. An acidic region (ENDQQD, residues 48-53) was also found in
the lysine-rich basic region, and it mainly interacted with Ca®* to
participate in crystal formation [41]. Additionally, a KU domain was
located in the C-terminal. Kunitz-type serine protease inhibitors usually
have a highly conserved tertiary structure. Six Cys residues located in
the KU domain promote formation of intramolecular disulfide bonds to
maintain its space conformation and biological activity, and the in-
hibiting effects of the domain are determined by five active sites.
Briefly, the P1 residue is the principal determinant of inhibitor speci-
ficity, and the P1’ residue affects the association constant values be-
tween protease inhibitor and protease [42]. The P1 and P1’ residues of
HcKuPI were found to be Lys and Gly, respectively, indicating that
HcKuPI mainly inhibited trypsin. Finally, the basic C-terminal region
(RKRCGGKTA) may effectively interact with other matrix proteins [43].
Therefore, the role of HcKuPI in shell mineralization likely involves
preventing proteolytic damage of other matrix proteins and binding
with other functional matrix protein to directly regulate nacreous layer
formation.

The pathway by which proteinase inhibitors participate in shell
biomineralization has been poorly understood. Because proteinase in-
hibitors usually are located in plasma and blood and are involved in the
immune response, proteinase inhibitors involved in shell formation
were thought to be abundant in hemocytes [27]. However, HcKuPI was
specifically expressed in the mantle, and it was not detected in hemo-
cytes. Bivalves have an open circulatory system, in addition to the
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circulatory system, hemocytes are also abundant in mucosal tissues
(e.g. gills and digestive tract) [44]. Recently, hemocytes were detect-
able in mantle tissue and further migration by epithelium [45]. Calvo-
Iglesias et al. isolated a protease inhibitor-like protein (MSP22.8) from
M. galloprovincialis [22], and its monoclonal antibody was not detect-
able in hemolymph extracted from adductor muscle but it was detect-
able in hemolymph extracted from EPF [23]. Additionally, numerous
studies have illustrated the involvement of hemocytes in the miner-
alization process (e.g., in shell formation and the regeneration process)
[9,10]. During shell regeneration, an increasing number of calcium-
bearing granulocytes in EPF are fused into shell sheets and finally
translocated to the mature area of regenerated shell [7,46,47]. There-
fore, Mount et al. hypothesized that the granulocyte part of hemocytes
is secreted by the outer surface of the mantle center, and crystals are
translocated to nucleation sites [48]. Therefore, HcKuPI might first be
secreted by the mantle pallium into the EPF, followed by transportation
by granulocytes to the mineralization front where it can prevent pro-
teolytic damage of other matrix proteins and participate in biominer-
alization process directly.

To explore the involvement of HcKuPI in crystal regulation, the
recombinant protein GST-HcKuPI was expressed and purified. Results
of the in vitro crystallization assay showed that the addition of GST-
HcKuPI increased calcium carbonate precipitation and led to crystal
overgrowth. In previous study, after crystal nucleation, the changes of
pH and inorganic ion concentrations in extrapallial fluid could further
regulated the exposed aragonite crystals overgrow in mature nacre, but
it was uncertain that whether the process is strictly controlled by matrix
protein [49]. In present study, GST-HcKuPI could induce crystal over-
growth directly and the morphology of the overgrowth crystals was
precisely controlled by the dose of GST-HcKuPI. As GST-HcKuPI con-
centration increased, the overgrowth deposition changed from co-
lumnar grains to cylindrical aragonite fibers, and the stacking manner
was also changed from disordered accumulation to ordered accumula-
tion. These results indicated HcKuPI could combine with the hemocytes
within extrapallial fluid and further involved in deposition acceleration
and morphological regulation at a nanometer scale.

In conclusion, HcKuPI might combine with hemocytes in mantle
tissue and involve in the antimicrobial process during pearl sac for-
mation. Moreover, HcKuPI can directly interact with calcium carbonate
to increase precipitation and morphological regulation during nacreous
layer formation. More in-depth studies of HcKuPI will provide more
information about the molecular mechanism by which proteinase in-
hibitors affect shell mineralization.
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