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1. INTRODUCTION
Biomineralization is a universal phenomenon found 

in all living organisms from unicellular organisms to 
plants and animals. Among them, the biomineral with 
the highest biomass on the earth is calcium carbonate. 
Calcium ion is present in large quantity in seawater and 
strongly electrostatically interact with carbonate ions to 
form calcium carbonate. Calcium carbonate is used for 
support of soft body and protection from foreign enemies 
(Kobayashi 1996), mineral storage (Kobayashi 1996), 
and gravity sensing (Kondrachuk and Wiederhold 2001; 
Kondrachuk and Boyle 2006).

Mollusk shells are formed by calcium carbonate crystals 
and by insoluble organic matrix that surrounds them. In 
mollusks, it was known that there are many acidic amino 
acids from analysis of amino acid composition of the 
organic matrix contained in the hard tissue. Therefore, it 
has been considered important for the formation of the 

hard tissue that acidic proteins containing a large amount 
of acidic amino acids are negatively charged and interact 
with positively charged calcium ions. Furthermore, it has 
been pointed out that the crystal form may be controlled 
by the arrangement of acidic amino acids in the protein. 
It has been shown that water-soluble substrate proteins 
play a central role in the "calcite-aragonite problem" 
(Falini et al., 1996; Belcher et al., 1996).

Abundant groups of pigment of marine fishes and 
invertebrates including mollusks are broadly classified 
into three groups. The first group is that of porphyrins 
and bile pigments. The pigments with colors ranging 
from blue to green are known to be present in many 
tissues of marine fishes and mollusks, as a complex with 
protein. Biliverdins and related compounds are known to 
be present in blood serum of eel (Kochiyama et al. 1966) 
and family cottidae (Low and Bada 1974), muscle of ao-
hirosa (Cheilinus undulatus) (Yamaguchi and Matsuura 
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1969), erythrocytes of flying fish, scales of sculpin and 
saury, ovary of turban shell (Turbo sazae) (Yamaguchi 
and Ogata 1978, Benedikt et al., 1988), and shell of 
tokobushi (Monodonta turbinata) (Bannister et al. 1970). 
Many of these pigments bind to apoproteins by covalent 
bonds. Molecular weights of those pigment-protein 
complexes have been reported as ranging from 10 kDa to 
1000 kDa, by using size exclusion chromatography or gel-
electrophoresis. Concerning porphyrins, protoporphyrin 
and uroporphyrin are observed in the shells of marine 
snails and bivalves (Verdes et al. 2015, Williams et 
al. 2016, Bonnard et al. 2020). However, the state of 
presence of these pigments is not clear yet.

The second group is carotenoid. Non-covalent 
association between carotenoid and apoprotein is 
common among the marine invertebrates showing a 
multitude of colors (blue, green, purple, red etc.) (Wade 
et al. 2009). Among those, crustacyanin in exoskeleton 
of lobsters exhibits blue color (Milicua et al. 1985, 
Zagalsky 1985). The chromophore is astaxanthin. The 
complex between astaxanthin and apoprotein forms β
-crustacyanin (dimer of the complex; Mw =40kDa). 
Eight β-crustacyanins associate each other to form α
-crustacyanin (Mw=320 kDa). The blue color develops 
by bathochromic shift due to the higher-order structuring 
(Cianci et al. 2002). Concerning molluscan shell color 
pigments, although polyene compounds have often been 
suggested to be carotenoids based on Raman spectral 
features (Barnard and Waal 2006, Hedegaard et al. 
2006, de Oliveira et al. 2013), further investigations are 
expected for definitive identification (Williams 2017).

The third group is melanin. The melanin pigments 
are believed to be responsible for dark, tan, and even 
yellowish or reddish pigmentations, and are derived by 
the oxidation and polymerization of tyrosine or phenolic 
compounds. There are two forms of melanin in mollusk: 
eumelanin and pheomelanin. For example, eumelanin is a 
component of cephalopod ink (Dubey and Roulin 2014). 
Pheomelanin has recently been found in chiton shell-
eyes (Speiser et al. 2014). It has generally been thought 
that tyrosinase plays an important role in melanin 
synthesis. The formation of an abnormal pearl with a 
blue shade on the surface is suggested as being caused 
by a tyrosinase (Miyashita and Takagi 2011). From the 
expression pattern of the tyrosinase genes in the mantle 
of different shell-color strains of Manila clam (Ruditapes 
philippinarum), it was suggested that tyrosinases might 

be involved in different shell-color formation (Jiang et 
al. 2020). On the other hand, it was recently found that 
many brown and black color patterns on bivalve and 
gastropod shells, commonly considered melanin, are not 
necessarily of melanic origin (Affenzeller et al. 2019). 
Furthermore, the most highly expressed genes encoding 
for tyrosinase are found in the pallial mantle, which is 
responsible for producing the nacreous, unpigmented 
layer of shell (Zhang et al. 2012). The authors suggest 
that the oxidation of tyrosine may be essential for shell 
matrix maturation.

Pigmentation in mollusk shells has also been of interest 
from the perspective of pattern formation. Two models 
have been proposed to explain the pattern formation of 
mollusk shells. One is the diffusion-reaction model in 
which diffusing morphogens play central roles (Meinhardt 
1984, Meinhardt and Klingler 1987, Fowler et all. 1992, 
Meinhardt et al. 2003). Although substantive basis of the 
morphogens has not been clarified, the models can be 
viewed as an analogy for neural activity (Murray 2003). 
The other is the neural model in which the mantle neural 
net can encode the appropriate information required for 
shell growth as well as pigment deposition (Saleuddin 
ASM 1979, Saleuddin and Kunigelis 1984, Boettiger et 
al. 2009). The latter neural net model may reflect the 
actual situation. However, as in the case of the diffusion-
reaction model, the material basis of pigmentation has 
not been of well understand yet.

In the previous study (Murakami and Tamura 1995), 
the authors found that a blue polymer (protein) was 
extracted as an aqueous solution from the shell of 
Japanese littleneck clam (Ruditapes philippinarum) by 
an aqueous acetic acid solution (Fig. 1 (A)). This protein 
solution has a light absorption peak at 627 nm. This 
experiment clarified the composition principle of the 
shell-surface-pattern color of the clam, as follows. The 
surface of the shell (periostracum) is composed of two 
layers; the outer layer in contact with seawater is brown 
or transparent color depending on the lateral position 
along the shell edge, the inner layer inside it is blue or 
white (the color of calcium carbonate), and the brown 
area of the outer layer and the blue area of the inner 
layer overlap exactly. By superimposing these colors of 
the two layers, five surface pattern colors of the shell 
appear. That is, white (transparent outer layer + white 
inner layer), brown (brown outer layer + white inner 
layer) (Fig.1 (B) upper left-hand side), green (light brown 
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outer layer + light blue inner layer), blue (transparent 
outer layer + blue inner layer) and black (dark brown 
outer layer + dark blue inner layer) (Fig 1 (B) lower left-
hand side). It was also found that iron and aluminum 
are bound to this blue protein, and that the color tone of 
the aqueous solution changes by the addition of alkali, 
alcohols, surfactants or by heating. However, the detailed 
molecular properties of the protein and the mechanism of 
the color development are not clear yet.

Figure 1. (A) Blue protein solution extracted from 
the shell of Japanese littleneck clam (Ruditapes 
philippinarum) by 0.1 moldm-3 aqueous acetic acid 
solution. (B) State of shell surface pattern before 
(left hand side) and after (right hand side) the 
acetic acid treatment. The shells on the upper side 
are brown colored ones, and those on the lower 
side are black shells.

Clarifying the properties of the blue protein, especially 
the cause of blue coloration, will contribute to elucidate 
the mechanism of the pattern formation from material 
basis. The purpose of this study is to characterize the blue 
protein that causes the surface pattern color of the shell 
of Japanese littleneck clam (Ruditapes philippinarum).

2. EXPERIMENTAL
Materials   Live specimens of Japanese littleneck clam 
(Ruditapes philippinarum) have been collected on the 
coast of Ajisucho-Higashikiwa in yamaguchi city.
Extraction and purification of the blue protein    The 
blue protein was extracted from the shell by immersing 
the outer part of the shell in a 0.1 moldm-3 aqueous 
acetic acid solution. After filtration by a filter paper 
and extensive dialysis against water, the protein was 
precipitated out by (NH4)2SO4 at 60% saturation. The 
precipitate was collected by a centrifugation, and was 
dissolved in a large amount of 0.01 moldm-3 phosphate 
buffer (pH=7.0), and was adsorbed on an anion exchange 
resin (DEAE-TOYOPEARL650) column (26.4 mm×450 

mm) equilibrated with the same buffer solution, and then 
eluted with a linear gradient of NaCl (0—1 moldm-3). By 
collecting the blue fractions with absorbance more than 
0.2, the above procedure was repeated once more. The 
blue fractions with absorbance more than 0.2 obtained by 
the second-time chromatography were dialyzed against 
water to remove the salt for subsequent analyses.

For comparison, the protein sample from the mantle 
was prepared as follows. To 44 g of the mantle tissue, 
100 ml of an aqueous acetic acid solution of 1 moldm-3 
was added, and the mixture was finely crushed using a 
mixer. The sample was filtered and then centrifuged at 
5000 rpm for 20 min using Sakuma Model 55-1 at a low 
temperature. The supernatant was filtered and collected. 
The sample was extensively dialyzed against distilled 
water at low temperature for 4 days while exchanging the 
external solution twice a day. The subsequent purification 
procedures are the same as those for the blue protein 
from the shell.
Amino-acid analysis and estimation of isoelectric 
point   The sample prepared as above was lyophilized 
and 6N hydrochloric acid was added to prepare a 
concentration of 0.1 mg/mL. This sample solution 
was degassed, sealed, and hydrolyzed in an aluminum 
heating block at 110 ℃ for 24 hours. After hydrolysis, 
hydrochloric acid was removed by spraying nitrogen gas. 
To the residue, 500 μl of citric acid buffer (pH=2.2) was 
added for amino acid analysis, dissolved, and filtered 
through a membrane filter. The analysis was performed 
with an IRIKA Automatic Amino Acid Analyzer Model 
A-5500. In this analysis, some of tryptophan, cysteine and 
cystine might not be detected because of hydrochloric 
acid hydrolysis under the normal condition. Isoelectric 
point of the blue protein was estimated by using Protein 
Identification and Analysis Tools on the ExPASy Server 
(Gasteiger et al. 2003).

Molecular weight measurements
Size exclusion chromatography (SEC)    To evaluate 
the molecular weights under the native condition, the 
peak fractions A and B, that were obtained by the anion-
exchange chromatography, have been subjected to size-
exclusion chromatography on a Toso HPLC system with 
TSK3000SWxL column (7.8 mm×300 mm) in 0.1 mol 
dm-3 phosphate buffer (pH=7.0). The molecular weight 
of these samples was evaluated by using the calibration 
curve constructed from the data for seven reference 
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proteins: bovine serum albumin (66 kDa), ovalbumin 
(45 kDa), porcine stomach pepsin (34.7 kDa), bovine 
erythrocytes carbonic anhydrase (29 kDa), bovine 
pancreas trypsinogen (24 kDa), horse heart cytochrome 
C (12.4 kDa), and bovine lung aprotinin (6.5 kDa).

SDS-polyacrylamide gel electrophoresis (SDS-
PAGE)    The blue protein solution was also subjected 
to SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) according to Laemmli（Laemmli 1970）, by 
using Ato AE-6200 slab-electrophoresis apparatus. Gel 
concentration of 20 % was found to be suitable for this 
sample system. The molecular weights of appeared bands 
were evaluated by using the calibration curve made from 
the data of the reference proteins: bovine serum albumin 
(66 kDa), ovalbumin (45 kDa), porcine stomach pepsin 
(34.7 kDa), bovine erythrocytes carbonic anhydrase (29 
kDa), bovine pancreas trypsinogen (24 kDa), hen egg 
white lysozyme (14.3 kDa), horse heart cytochrome C 
(12.4 kDa), and bovine lung aprotinin (6.5 kDa).

Matrix-assisted laser desorption/ionization time-
of- flight mass spectrometry (MALDI TOF Mass)

Matrix-assisted laser desorption/ionization time-
of- flight mass spectrometry was carried out with a 
AppliedBiosystems Voyager DE-Pro MALDI-TOF Mass 
Spectrometer in the linear mode at 20-kV accelerating 
voltage. The spectrum was obtained by an average 
over 128 laser shots. The spectrum was calibrated 
using instrumental calibration, based on the parameters 
determined from analysis of horse heart muscle 
apomyoblobin (+1, 16952 and +1, 33904).

An aliquot of freeze-dried sample of the blue protein 
was dissolved in 50µl water. This sample solution was 
mixed with the matrix solution (10 mg/ml sinapinic 
acid in 0.1 % TFA in water/acetonitrile=2/1) at a ratio 
of 1:9. A 1 µL of the sample solution was applied to the 
target and followed by drying at room temperature and 
atmospheric pressure.

ICP-AES measurement   The amounts of iron and 
aluminum in the fractions of the anion exchange 
chromatography for the blue protein in the shell and for 
the colorless protein in the mantle were measured by 
inductively coupled plasma-atomic emission spectrometry 
(ICP-AES method) using a Varian Liberty Series II, 
according to standard addition method. The detection 

wavelengths of emission from iron and aluminum were 
259.940 nm and 396.152 nm, respectively. The detection 
limits for iron and aluminum were 0.3×10-6 moldm-3 and 
1.0×10-6 moldm-3, respectively.

Attempt to extract chromophore    It is well known 
that heme and porphyrins are one of the typical 
chromophores in many biological systems. In order to 
examine these possibilities, we attempted to separate 
heme or porphyrine from the protein and extract into 
organic solvent. The following six kinds of treatment 
of the sample were performed. 1) Hydrochloric acid-
acetone treatment (Yamaguchi and Ogata 1978); a 1 
ml of the blue protein solution was added dropwise to 
10 volume of HCl-acetone (1:400 V/V) under vigorous 
stirring at -10 ℃, 3 ml of concentrated hydrochloric acid 
was added, then the acetone moiety was evaporated in a 
vacuum desiccator under reduced pressure for 3 days, the 
sample was dried in a vacuum desiccator in the presence 
of diphosphorus pentoxide, a 5% H2SO4-methanol was 
added to the residue for esterification, finally the resulting 
substance was extracted into chloroform after washing 
with water. 2) Hydrochloric acid-methanol treatment 
(Low and Bada 1974); 1 ml of the blue protein solution 
was added dropwise to 3 ml of 10 % HCl-methanol 
under stirring, boiled in a hot water bath for 20 min, 
after cooling with ice water, the sample was dried in 
a vacuum desiccator in the presence of diphosphorus 
pentoxide, a 5% H2SO4-methanol was added to the residue 
for esterification, finally the resulting substance was 
extracted into chloroform after washing with water. 3) 
Potassium hydroxide-methanol treatment (Yamaguchi 
and Matsuura 1969); 1 ml of the blue protein solution 
was added dropwise to 2 ml of 5 % KOH-methanol 
under stirring, boiled in a hot water bath for 5 min, after 
cooling with ice water, 0.4 ml of acetic acid was added to 
neutralize the solution, finally the resulting substance was 
extracted into 1 ml of chloroform. 4) Acetic acid-silver 
nitrate treatment (Paul 1950); 2 ml of the blue protein 
solution was added in the dark to the mixed solution 
between 0.5 ml of 1 moldm-3 silver nitrate aqueous 
solution and 2.5 ml of glacial acetic acid, kept in the dark 
at 80 ℃ for 120 min using a constant temperature bath, 
finally 1 ml of chloroform was added to the solution for 
extraction of chromophore. 5) Performic acid treatment 
(Omenn et al. 1970); 1 ml of the blue protein solution 
was added dropwise to the mixture between 5 ml of 
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formic acid and 1 ml of methanol below 0 ℃, 3 ml of 
performic acid was added and the solution was allowed 
to stand for 2 hours, 5 ml of the resultant solution was 
diluted with 15 ml of cold water and finally 1 ml of 
chloroform was added for extraction of chromophore. 6) 
HOAc-sulfenyl chloride treatment (Fontana et al. 1973); 
1 ml of the blue protein solution was added to 1 ml of 50 
% acetic acid under stirring, 1 ml of the solution between 
0.05 g 2-nitrobenzene sulfenyl chloride and 1 ml acetic 
acid was added and stirred for 10 min, the solution was 
diluted with 5 ml of water, finally 1 ml of chloroform 
was added for extraction of chromophore. After each of 
these treatments, it was examined whether some colored 
substance could be extracted into chloroform phase. 
Concerning the former three treatments (hydrochloric 
acid-acetone treatment, hydrochloric acid-methanol 
treatment, and potassium hydroxide-methanol treatment), 
the same treatment was performed using the protein 
having no chromophore (hen egg albumin), and it was 
assured whether or not chloroform phase coloring was a 
result of extraction of some chromophore.

In order to examine whether the blue protein is 
caroteoprotein or not, we attempted to separate the 
chromophore by acetone-ether method (Renstrom et al. 
1982, Zagalsky 1985). A 6 ml of acetone was added to 
5 ml of the blue protein solution, then 10 ml of diethyl 
ether was added and mixed. It was examined whether 
some colored substance could be extracted into the ether 
phase.

Examination of labile sulfide    To examine the 
possibility that the blue protein is an iron-sulfur protein, 
it was examined whether labile sulfide was present by 
transforming into methylene blue in the presence of 
N, N-dimethyl-p-phenylenediamine and iron chloride 
(Fogo and Popowsky 1949a, Fogo and Popowsky 1949b, 
Brumby et al. 1965, Massey et al. 1969). A 2 ml of 
1% zinc acetate and 0.1 ml of 12% sodium hydroxide 
were added to a 0.3 ml of the blue protein solution 
and mixed slowly. A 0.5 ml of 0.1% N, N-dimethyl-p- 
phenylenediamine in 5 moldm-3 hydrochloric acid and 
0.1 ml of 0.023mol dm-3 iron(III) chloride in 1.2 moldm-3 
hydrochloric acid were quickly added to the solution, 
and mixed vigorously for 30 min every 5 minutes. After 
centrifugation, the absorbance of the supernatant was 
measured at 670 nm.
ESR measurement    In order to investigate the state of 

iron, the ESR spectra of the blue protein and the sample 
in the presence of the reducing agent and KCN were 
measured using the ESR spectrometer JOEL JES-RE2X 
and compared. The measurement conditions were sample 
temperature of 77 K (liquid nitrogen), H = 250 mT, and 
ν = 9.080 GHz.

Circular dichroism measurement and analysis    In 
order to evaluate the secondary-structure contents of 
the blue protein, circular dichroism (CD) spectrum was 
measured with a Jasco J-600 spectropolarimeter. The 
relative proportions of secondary structures (α-helix, 
β-sheet, and random coil) were calculated by a least-
square fit analysis using the reference spectra of those 
secondary structures (Chen et al. 1974). At any wave 
length, CD of the blue protein may be expressed by the 
reference data as

where [θ]H, [θ]β and [θ]R are CD of α-helix, β
-sheet and random coil forms, respectively, and fH, fβ, and 
fR are the fractions of those forms. Under the condition 
that the sum of the fractions equal to unity, the fractions 
were determined so as to minimize sum of square of the 
difference between observed CD and [θ] of eq. (1) over 
the observed wave lengths.

3. RESULTS and DISCUSSION
Anion exchange chromatography 

Figure 2 shows the elution profile of anion-exchange 
chromatography of the blue protein. It can be seen that 
there are two blue components (A: around tube number 
47 and B: around tube number 57). The fact that A was 
eluted faster than B suggests that B is more negatively 
charged than A at pH 7.0. The two blue components with 
absorbance 0.2 or higher were subjected to subsequent 
analyses. In the case of the sample extracted from the 
mantle, the colorless component (C) was observed 
around tube number 36 in a large amount in addition to 
the component A (see Fig. 7B). The rapid elution of this 
C component indicates that the anionic charge of the C 
component is lesser than those of A and B complonents.
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Figure 2. Anion exchange chromatography of the 
blue protein of Ruditapes philippinarum with a 
DEAE-TOYOPEARL 650 column (26.4 mm×450 
mm) in 0.01 moldm-3 phosphate buffer (pH=7.0) 
under a linear gradient of NaCl (0—1 moldm-3). 
Flow rate is 1.25 ml/min, and 10 ml was collected 
in one tube. The absorbance was measured at 278 
nm (〇) and 627 nm (●).

From the values of the absorbance of A and B 
components at 627 nm and the mass obtained by drying 
the sample, the average molecular extinction coefficient at 
627 nm was estimated to be about 627=5×104 mol-1 cm-1 
assuming a molecular weight of 10 kDa (see the results 
of molecular weight measurements).

Amino-acid composition of the blue protein and 
the mantle protein.

Table 1 shows the Amino acid composition of the 
blue protein and of the protein in the mantle. Although 
cys-cys is contained in both samples, it may actually be 
contained in a larger amount because it is usually easily 
decomposed by hydrochloric acid hydrolysis.

It can be seen from this table that the amino acid 
compositions of these two samples are homologous to 
each other. These proteins are rich in acidic amino acids 
such as aspartic acid and glutamic acid, and their total 
accounts for nearly 30% of the total amino acids. Based 
on the amino acid composition, the isoelectric point of 
the blue protein was estimated as pI=3.96 by using the 
Protein Identification and Analysis Tools on the ExPASy 
Server. This shows that the blue protein and the mantle 
protein are acidic proteins, showing the characteristics 
common to the matrix of marine shells (Song et al. 
2019).

Evaluation of secondary structure from CD 
spectrum

Figure 3 shows CD spectrum of the blue protein. The 
CD spectrum of the blue protein presented two negative 
peaks at 208 and 222 nm which is typical for the 
presence of α-helix elements in a protein. The relative 
proportions of secondary structures were estimated as the 
content of α-helix structure=28.6 (±1.0) %, the content 
of β-sheet structure=20.1 (±1.0) %, and the content of 
random coil structure=51.3 (±1.0) %.

Table 1. Amino acid composition of the blue 
protein and of the protein in the mantle.

Figure 3. CD spectrum of the blue protein. Circles 
show the experimental data. The solid curve shows 
the calculated spectrum from the parameters 
evaluated by the least-square fit analysis using 
the reference spectra of α-hellix, β-sheet, and 
random coil structures (see text).
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Molecular weights.
Figure 4 shows the elution profile of the blue protein 

measured by the size-exclusion chromatography using 
a TSK3000SWxL column. This figure shows that the 
blue component was eluted at 10.21 min, while another 
colorless component with a low molecular weight was 
eluted at 11.08 min. The molecular weights of these 
components have been estimated as 40.7±1.5 kDa for 
the blue component and 25.7±1.5 kDa for the colorless 
component, by using the calibration curve constructed 
from the data for the seven reference proteins.

Figure 4. Size-exclusion chromatography of the 
blue protein using a TSK3000SWxL column (7.8 
mm×300 mm) in 0.1 moldm-3 phosphate buffer 
(pH=7.0). Flow rate is 1 ml/min. Light absorption 
was observed at (A) 276 nm and (B) 627 nm.

Figure 5 shows SDS-PAGE patterns of the blue protein 
and the reference proteins.

Figure 5. SDS-polyacrylamide gel electrophoresis 
of the blue protein with a 20 % gel concentration. 
The numbers show the reference proteins; 1: 
bovine serum albumin, 2: ovalbumin, 3: porcine 

stomach pepsin, 4: bovine erythrocytes carbonic 
anhydrase, 5: bovine pancreas trypsinogen, 6: hen 
egg-white lysozyme, 7: horse heart cytochrome C, 
and 8: bovine lung aprotinin.
This figure shows that the blue protein is composed of 
four protein bands (α, β, γ, and δ). The molecular 
weights of these bands have been estimated as α=9.9±
1.2 kDa, β=10.4±1.3 kDa, γ=13.1±1.6 kDa, δ=28±3 
kDa.

Figure 6 shows the MALDI TOF Mass spectrum of the 
blue protein. 

Figure 6. MALDI TOF Mass spectrum of the blue 
protein in the shell-surface pattern of Ruditapes 
philippinarum. The insertion shows an enlarged 
view of the region from 9000 to 17000 in m/z 
value.

We can see from this figure that multiple peaks are 
lined up at an equal interval (12900 in m/z). We can see 
also from the insertion that there are three peaks in the 
low m/z region around 13000 (m/z=11900, 12600 and 
13300). The above-mentioned sequence of species with 
evenly spaced molecular weights can be thought as the 
alinement of from monomer to pentamer of the species 
present near m/z=13000.

Table 2 summarizes the molecular weights of the 
blue protein in the shell-surface pattern of Ruditapes 
philippinarum  obtained from the three methods 
of analysis. Among these methods of analysis, the 
experimental condition for the SEC measurement 
is closest to the native condition. From the SEC 
measurement, it was found that molecular weight of 
the blue components is more than 30 kDa. On the other 
hand, SDS-PAGE and MALDI TOF Mass measurements 
show multiple components with molecular weights of 
around 10 kDa. Taking experimental errors into account, 
these low molecular weight components around 10 
kDa are considered to be the same species. From these 

（A）

（B）
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observations, it is considered that the blue protein is 
formed as trimer or tetramer of the monomer species 
having molecular weights of around 10 kDa.

Furthermore, the components A and B separated 
by the anion exchange chromatography correspond to 
the trimer and tetramer of these low molecular weight 
components, respectively. This is because, the tetramer 
having larger anionic charges than the trimer must 
be eluted later than the trimer in the anion exchange 
chromatography. The species having molecular weight 
around 26 kDa in Table 2 can be thought as dimer 
species.

Amount of Fe and Al relative to the amount of 
protein

Figure 7 shows the comparison between elution 
profiles of the blue protein and the protein in the 
mantle obtained by the anion exchange chromatography 
measured by UV-VIS absorption and by ICP-AES. The 
shell sample used for these measurements is different 
from that in Fig.2. Comparing between Fig.7(A) and 
Fig.2 shows that the elution profiles are slightly different 
to each other. In particular, components with a small 
number of charges (low molecular weight) that do not 
have blue color can be seen in the fractions before tube 
No. 40. This component is considered to be monomer or 
dimer of the proteins of around 10 kDa. From Fig.7(B), 
we can see that the low molecular-weight component 
was also observed in the elution profile for the mantle 
sample.

Elution profile of Fe for the blue protein appears 
to follow the elution curve of the trimers and above 
(Fig.7(A)). On the other hand, Al was present in very 
small quantities near the detection limit. Furthermore, 
the elution profiles of Fe and Al for the mantle protein 
indicate that the mantle protein hardly binds Fe and Al.

From the value of absorbance at around the elution 

peak for 627 nm (Absorbance=4), the value of 5-fold 
diluted Fe concentration at the peak ([Fe]=4×10-6 
moldm-3) and the value of molecular extinction coefficient 
at 627 nm ( 627=5×104 mol-1cm-1), the number of iron 
atom bound per monomer molecule having a molecular 
weight of 10 kDa was calculated to be about 0.25. This 
indicates that one Fe atom is bound per tetramer of the 
protein having molecular weight of 10 kDa.

Figure 7. Comparison between elution profiles 
of the blue protein (A) and the protein in the 
mantle (B) obtained by the anion exchange 
chromatography measured by UV-VIS absorption 
and by ICP-AES. The experimental conditions 
are the same as those in Fig. 2. Filled black circle 
shows absorbance at 627 nm, and open circle 
shows that at 278 nm. Filled red square and 
open square show concentrations of Fe and Al, 
respectively. The concentrations show the values 
diluted 5-fold.

A possible mechanism of formation of the shell 
surface pattern color

From the above observation, the formation mechanism 

（A）

（B）

Table 2. Molecular weights of the blue protein in the Shell-surface pattern of Ruditapes philippinarum 
obtained from three methods of analysis. In MALDI TOF Mass, the value of z is assumed to be +1.
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of the blue protein can be considered as follows. In the 
mantle, the protein exists in the form of monomer or 
dimer which does not bind Fe and has no absorption 
band around 627nm. In the shell formation, during the 
matrix formation of the outermost layer (periostracum) 
of the shell, aggregates in which one iron atom is bound 
to trimer or tetramer of the proteins of about 10 kDa 
are formed. These aggregates are colored blue. The 
distribution of these aggregates along the edge of the 
shell is not always uniform but mottled by a neural-
net mechanism (Saleuddin ASM 1979, Saleuddin and 
Kunigelis 1984, Boettiger et al. 2009), resulting in the 
formation of shell patterns as the shell grows. Here, 
if ferric ions are required for the formation of the 
aggregates, it is possible to hypothesize that the secretion 
of ferric ions and complexation with the protein governs 
the formation of shell pattern.

The blue-colored periostracum of the shell must 
have a certain thickness. When this layer is formed and 
exposed to seawater, the outside of this layer might be 
more or less denatured and changes color from blue to 
brown under the influence of the surrounding chemical 
environment. As a result, the five colors of the raw 
shell pattern are produced by superimposing the brown 
color of the denatured outer layer and the blue color of 
the undenatured inner layer. This mechanism can well 
interpret the fact mentioned in introduction that the 
brown area of the outer layer and the blue areas of the 
inner layer overlap exactly.

Effect of agents on absorption spectrum and 
association state

Figure 8 shows the effect of reducing agents (sodium 
hydrosulfite, hydroxylamine hydrochloride) and KCN on 
the absorption spectrum of the blue protein. By addition 
of these reagents, the absorption spectrum shifted to the 
lower wavelength side, and the blue color changed to 
from redish purple to pink. In the case of hydroxylamine 
hydrochloride, bleaching occurred following the initial 
change with an isosbestic point near 570 nm. In the case 
of 2-mercaptoethanol addition, bleaching also occurred 
with a slow change in date order following the change in 
hour order.

Figure 9 shows the effect of hydroxylamine hydrochloride on 
the elution profile of size-exclusion chromatography. Addition 
of hydroxylamine hydrochloride or 2-mercaptoethanol reduced 
the band with a molecular weight of around 40 kDa, instead 

the low molecular-weight bands of 23 kDa or less appeared 
(compare with Fig.4). These low molecular-weight bands 
showed no light absorption in the 620nm region. In conclusion, 
the addition of these reducing agents causes dissociation of the 
trimer and/or tetramer and decolorization. On the other hand, 
the absorption spectrum after adding KCN was relatively 
stable for a long time.

Figure 8. Effect of reducing agents and KCN on 
the absorption spectrum of the blue protein; A: 
native protein, B: in the presence of 0.45 moldm-3 
NH4OH・HCl , C: 0.45 moldm-3 Na2S2O4, and D: 
0.45 moldm-3 KCN.

Figure 9 Size-exclusion chromatography of the 
blue protein in the presence of hydroxylamine 
hydrochloride, with a TSK3000SWxL column (7.8 
mm×300 mm) in 0.1 moldm-3 phosphate buffer 
(pH=7.0). Solid curve shows the absorbance 
observed at 278nm, and the broken curve shows 
that at 627 nm.

Chromophore
Concerning the possibility of heme and porohyrins as 

the chromophore, no colored substance that could be 
attributable to them was extracted into the chloroform 
phase by any of the performed treatments. In many 
cases of these treatments, brown colored precipitate was 
observed at the boundary between aqueous phase and 
chloroform phase, or, in the case of HOAc-sulfenyl chloride 
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treatment, brown or green colored precipitate was 
observed in the chloroform phase. These observations 
indicate that the chromophore did not leave the protein 
moiety by these treatments and precipitated with the 
denatured protein. This result suggests that the blue 
protein is unlikely to be a heme protein or a biliprotein, 
otherwise, the chromophore is in a bound state that does 
not break off from protein moiety by these treatments. 
Concerning the possibility of carotenoprotein, no colored 
substance was extracted into the ether phase by the 
performed treatment. This suggests that the possibility 
that the blue protein is a carotenoprotein is low. In 
conclusion, the possible structure of the chromophore 
could not be extracted.

Existence states of iron atom
Figure 10 shows the ESR spectra of the native blue 

protein and in the presence of KCN and Na2S2O4. 
Concerning the native protein, two absorption bands 
(g=4.25 and g=2.06) can be seen.

Figure 10. ESR spectra of the blue protein; A: 
native protein, B: in the presence of KCN, C: in the 
presence of Na2S2O4.

Of these, the band at g=4.25 is a typical signal of ferric 
iron in a weak ligand field (Ohya & Yamauchi, 1989). 
More specifically, 1) a high-spin (5/2) 6-coordination 
complex in which a ligand that brings a low-symmetry 

ligand field to porphyrin, 2) a low-symmetry 6-coordination 
complex containing N, O, and in some cases S, and 3) 
a 6-coordinated complex of intermediate spin (3/2). 
A rubredoxin-like structure in which iron ions form a 
mononuclear tetrahedron with the sulfur atoms of four 
cysteine residues might be also a possible structure 
(Bachmayer et al. 1967). Since the presence of inorganic 
sulfur was not found as the result of searching for labile 
sulfide, the possibility of poly-nuclear iron-sulfur protein is 
low. The band at g=2.06 is in the region where a low spin 
(1/2) ferric iron signal appears in a strong ligand field.

While the band at g=4.25 was not affected by KCN 
addition, the band at g=2.06 disappeared instead the 
bands at g =2.14 and g =2.01 appeared. From these 
observations, the following things can be considered. 
There are two types of ferric iron. Concerning the species 
giving the absorption band at g=4.25, coordinated ligands 
cannot be replaced by CN-. On the other hand, for the 
species giving the absorption band at g=2.06, at least one 
of the coordinated ligands is replaced by CN- to give the 
bands at g=2.14 and g=2.01.

When the reducing agent Na2S2O4 was added, the band 
at g=2.06 disappeared, instead the two bands appeared: 
one is the band at g=2.07 that seems to be a radical and 
the other is the band at lower g values that seems to 
be derived from Mn2+. On the other hand, the intensity 
of the band at g=4.25 became large and the g value 
shifted to 4.15, suggesting multiple bands overlapping. 
From the above observations, the effect of Na2S2O4 
can be considered as follows. The species giving the 
band g=2.06 was reduced by Na2S2O4 and disappeared. 
The appearance of the signal based on Mn2+ suggests 
that there is a spin coupling between Fe3+ and Mn2+ in 
the native state, but the coupling was broken by the 
reduction of Fe3+. Species that give the band g=4.25 was 
not reduced by Na2S2O4, but was somehow affected by 
this reducing agent.

4. SUMMARY
Characterization of the blue protein in the shell pattern 

of Japanese littleneck clam (Ruditapes philippinarum) 
was performed by purification using anion-exchange 
chromatography, amino acid analysis of the protein and 
the mantle protein, molecular weight measurements 
using size exclusion chromatography (SEC), SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and 
matrix-assisted laser desorption/ionization time-of-flight 
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mass spectrometry (MALDI TOF Mass), quantification 
of ferric ions and aluminum ions using inductively 
coupled plasma-atomic emission spectrometry (ICP-
AES), examination of the existence state of iron ions 
by electron spin resonance (ESR) measurement, 
estimating secondary structure by CD measurement, 
etc. Blue colored two components were found by the 
anion exchange chromatography. From the amino acid 
composition, it was found that the blue colored shell 
protein and the colorless mantle protein were homologous 
to each other; they are acidic proteins rich in aspartic 
acid and glutamic acid and that the isoelectric point of 
the blue protein was estimated as pI=3.96. The secondary 
structure of the blue protein was estimated from CD 
spectrum as α-helix (28.6%), β-sheet (20.1%), and 
random coil (51.3%). From combination of the results 
of molecular weight measurements and quantification of 
ferric ions, it was found that the blue protein is formed 
as trimer or tetramer from the monomer proteins of 
about 10 kDa by complexing with ferric ion. From light 
absorption and ESR spectra in the absence and presence 
of reducing agents and KCN, it was found that there are 
two kinds of ferric ion existing states and that reducing 
agents decompose the blue colored trimer or tetramer 
into dimer or smaller units accompanying decolorization. 
Elucidation of the structure of the chromophore, which is 
the cause of blue color, will be future challenges.
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