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Abstract

Crustaceans like shrimps and crabs have a remarkable red color change during cooking. In addition to

reflecting the freshness of crustaceans, the red color change also plays a significant role in consumer

acceptability of commercial crustacean species. Studies on crustacean shell color change were mainly

focused on lobsters like American lobster (Homarus americnaus), European lobster (H. gammarus), and

Western Australia lobster (Panulirus cygnus). It revealed that this well–know red color change is caused by

the releasing of pigments from denatured pigment–binding proteins, which is consist of apoprotein and

astaxanthin (ATX), named crustacyanin. However, information on the red color–related pigment–binding

proteins derived from other crustacean species is insufficient. To our knowledge, there has been few report

on the pigment–binding proteins involved in the red color change on the shell of Pacific white shrimp,

Litopenaeus vannamei. Therefore, this study dealt with the purification, identification, and elucidation of

the structural and thermal properties of the red color–related pigment–binding protein in the shell of L.

vannamei. In addition, specificity of the red color–related protein derived from L. vannamei was

investigated among H. americanus, Marsupenaeus japonicus, and Panulirus japonicus.

In order to clarify the red color change on L. vannamei shell surface, the red color–related protein was

purified from shell by ammonium sulfate precipitation, gel filtration and anion exchange HPLC in Chapter

2. The purified red color–related protein afforded a major single peak as analyzed by gel filtration HPLC on

a TSKgel G3000SWXL column and a single band in native– and SDS–PAGE, indicating that this protein

was a hemogeneous monomer with molecular mass of ~75 kDa and was termed as LvPBP75 (Litopenaeus

vannamei pigment–binding protein with molecular mass ~75 kDa). Peptide mass fingerprinting (PMF)

analysis revealed a protein that named hemocyanin (GenBank accession number: CAA57880) matched

LvPBP75 with a nominal mass of ~74,992 Da. Absorption spectrum of acetone extract from the precipitate

of heated LvPBP75 was typical of ATX with absorption maxima at 481 nm. The results suggested that the

red color change on L. vannamei shell surface is correlated with a novel red color–related pigment–binding

protein, LvPBP75, which is consist of hemocyanin and astaxanthin, but not the previous described

crustacyanin in lobster shell.

In chapter 3, in order to elucidate the structural properties of LvPBP75, cDNA cloning and circular

dichroism spectroscopy analysis were carried out. On the basis of the partial amino acid sequences

determined by PMF analysis, a full length cDNA of 2,183 bp including an ORF of 1,986 bp that encodes

662 amino acid residues (GenBank/EMBL/DDBJ accession number KY695246) was cloned. Multiple

sequence alignment indicated that LvPBP75 shows a high similar identity (~80%) with the hemocyanin or
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its subunits derived from the hepatopancreas of L. vannamei. α–Helix, β–sheet, β–turn, and random coil

contents of unheated LvPBP75 were calculated to be 51.0 ± 0.216, 19.5 ± 0.262, 16.4 ± 0.216, and 13.6 ±

0.245%, respectively. Meanwhile, to investigate the thermal properties of LvPBP75, studies on the effects

of temperature, ion strength, pH, and alcohol on the red color change of LvPBP75 were carried out. As

results, initial color change of LvPBP75 occurred at 30 °C and no significant changes were observed before

heated at 60 °C. Within the increasing of heating temperatures, the protein color increased significantly in

both the redness and yellowness scales. Color change of LvPBP75 is reversible at 30 oC with low NaCl

concentrations (< 0.05 M), but irreversible when heated with high NaCl concentrations (> 0.1 M). No

significant color change was detected under the pH of 6, 7, and 8. The red color values of acidic or alkali

pH–treated LvPBP75 were significantly moved to red and yellow scales after heat treatments. Before

heating, LvPBP75 changed to pink when 20% methanol and 30% ethanol was added. A yellow color was

detected when 40% methanol and 60% ethanol was added. All samples turned to both redness and

yellowness scales after heat treatments. The results suggested a novel function of hemocyanin as binding

with pigment and its involvement in L. vannamei shell color change.

In chapter 4, in order to demonstrate the pigment–binding property of LvPBP75, tissue distribution of

LvPBP75 and reconstruction of artificial LvPBP75 were carried out. It was found that LvPBP75 has the

highest expression level in hepatopancreas, mediate level in heart, hemolymph, epithelium, and intestine,

and the lowest in eyestalk, nerve, and muscle based on the analysis of tissue distribution. LvPBP75 was

successfully expressed in E. Coli using the pET–44a vector system and a prominent 75 kDa protein band

corresponding to His–tagged recombinant LvPBP75 (rLvPBP75) was observed in the precipitate fraction of

IPTG–induced bacteria. After overnight incubation at 4 oC, the rLvPBP75 was successfully combined with

ATX. However, ATX peak (~ 480 nm in acetone) was not detected in the binding experiment when using

the hemocyanins derived from the hemolymph of Megathura crenulata and Limulus polyphemus,

indicating that hemocyanins with oxygen transportation function do not possess the pigment–binding

functions. Three–dimensional structural analysis revealed that LvPBP75 monomer possesses four spatial

structural differences compared with the hemocyanin monomer which was derived from L. vannamei

hepatopancreas. The results suggested that the pigment–binding ability of hemocyanins has species– or

tissue–specificity and their unique structural features play an important role in binding ability.

In chapter 5, in order to illuminate the relationship between small molecular weight proteins (< 40 kDa)

and red color change in L. vannamei, the < 40 kDa proteins were separated and subjected to color change

experiments. As results, no significant red color change could be detected after heat treatment, indicating

that L. vannamei shell color change was not correlated with < 40 kDa proteins. Meantime, to investigate

whether the LvPBP75 is specific in L. vannamei or not, red color–related proteins derived from the shell of

H. americanus, M. japonicus, and P. japonicus were purified using gel filtration and ion exchange HPLC,

respectively. As results, the 75 kDa protein was correlated with the red color change on the surface of L.

vannamei, M. japonicus, and P. japonicus, while the 22 kDa protein was correlated with the red color

change in H. americanus. The results suggested that the red color change on L. vannamei surface is mainly

correlated with LvPBP75 and it is not specific in L. vannamei, further investigation is necessary to



understand the red color–related proteins among a variety of crustacean species.

This study identifies a novel red color–related hemocyanin–ATX binding protein, LvPBP75, from the

shell of L. vannamei and strongly suggests a novel function of hemocyanin as binding with pigment and

involved in L. vannamei shell red color change.
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Chapter 1 General introduction and literature review

Color plays a significant role in consumer acceptability of food product,

especially in crustacean species (Erickson et al., 2007; Parisenti et al., 2011; Wade et

al., 2012; Ertl et al., 2013). In nature status, all colored organic substances are

considered as pigments, although sometimes they may be colorless, as are some

pigment–binding complexes (Shahidi & Brown, 1998). Pigment–binding proteins

(PBP), as the most common forms of pigments present in animals, has been widely

studied in the past decades (Zagalsky, 1985; Shahidi & Brown, 1998; Matsuno, 2001;

Senphan et al., 2014; Goncalves & Menezes de Oliveira, 2016).

1.1 Pigment–binding protein (PBP) in animals

Pigments are widely distributed in almost all living creatures, from the most

primitive bacteria (Archebacteria) to the highly developed plants (Angiospermae),

from the unicellular organisms (protozoa) to higher mammals, including human

(Shahidi & Brown, 1998). After combined with the hydrophobic sites of proteins, the

pigment–binding protein (PBP) was formed (Lee, 1966). Formation of PBP brings

some changes to the pigments: 1) it makes the pigment to become water–soluble and

easy to transport or penetrate through the membranes into other tissues (Zsila et al.,

2002; Green et al., 2006), 2) PBP may possess different characterizations and color

change mechanisms in different individuals (Cianci et al., 2002; Chayen et al., 2003;

Elizabeth et al., 2009; Wade et al., 2008, 2009, 2012).

Among insects, the most extensively studied PBP is a carotenoid–binding protein

which was purified from the silkworm, Bombyx mori (Tabunoki et al., 2004; Bhosale

& Bernstein, 2007). The color of cocoons obtained from farmed silkworm showed

various colors, while the wild–type silkworms only made yellow cocoons due to the

presence of lutein. The pigments are transported from midgut to the lipophorin, and

from lipophorin into the silk gland, where the cocoon is produced (Bhosale &
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Bernstein, 2007). Jouni and Wells reported that a specific lutein–binding protein with a

molecular mass around 35 kDa, has been purified from the midgut of silkworm. It

possessed maximum absorbances at 432, 460, and 492 nm and showed a significant

bathochromic shift at 22–38 nm compared with the spectrum of lutein in hexane or

acetone (Jouni & Wells, 1996). Tabunoki et al. studied a series of mutant silkworms

with colorless cocoons and found new lutein–specific carotenoid binding protein with

a molecular mass around 33 kDa. The maximum absorbance of this protein was

determined at 436, 461, and 493 nm (Tabunoki et al., 2002). The followed functional

characterization studies revealed that the lutein–binding protein is ultimately

responsible for the pigmentation of yellow cocoons (Tabunoki et al., 2004).

In marine animals, PBP is mainly responsible for the coloration and can be found

from skin and muscle to eggs, gonads, and shells (Cheesman et al., 1967; Zagalsky,

1985; Lakshman & Okoh, 1993; Bhosale & Bernstein, 2007). Unlike plants, animals

couldn't synthesize the pigment by themselves, the distribution and diversity of

pigments and PBPs are mainly depend on 1) dietary habits, 2) metabolic

transformations, 3) absorption and storage capacity, etc. (Herring, 1969; Gross, 1991).

It was reported that the red coloration of salmonid fish muscle was mainly generated

from astaxanthin (Shahidi et al., 1998; Matsuno, 2001). 88% of the pigments found in

the muscle of chum salmon was astaxanthin, 99.8% in sockeye salmon, and 95.7% in

coho salmon (Crozier, 1970; Saito & Regier, 1971; Kitahara, 1984). Schiedt et al.

reported that the pigments in the skin and muscle of wild rainbow trout were almost

similar to the farmed samples which were fed with astaxanthin (Schidet et al., 1985a,

b). They also mentioned that astaxanthin was the predominant pigment in the skin and

muscle of rainbow trout. However, Matsuno & Katsuyama found that rhodoxanthin, an

in vivo oxidative metabolite of zeaxanthin, was the main pigment in the skin of Tilapia

nilotica, T. mossambica, and red Tilapia (Matsuno & Katsuyama, 1982; Matsuno,

2001). In addition, more than 90% of the pigments in the skin of stripped jack Caranx

delicatissimus were composed of tunaxanthin, lutein, and zeaxanthin (Shahidi &

Brown, 1998).
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In crustaceans, PBPs can be found in many tissues including shell, epithelium,

eggs, and blood. They display various colors like green, brown, blue, and black

(Shahidi & Brown, 1998; Wade et al., 2017). PBP in crustaceans can be divided into

two types: 1) lipovitellins, composed of lipoproteins and pigments, are mainly found in

the ovaries and eggs of crustaceans, they may also be present in blood and epithelium.

They display a blue, green, or purple color (Zagalsky, 1985, Shahidi & Brown, 1998).

2) Carotenoproteins, such as crustacyanin, are mainly found in the exoskeleton of

crustaceans. They are formed from apoproteins and pigments, almost always

astaxanthin, by the Schiff base bonds or carbonylamino bonds (Ghidalia, 1985;

Shahidi & Brown, 1998), and usually appear to be correlated with the crustacean

surface color, such as the shore crab (Carcinus maenas) showed a green or orange–red

color, while the English freshwater crawfish (Astacus pallipes) has a greenish brown

shell. Different tissues may display different colors even though they were derived

from one sample. In the lobster Homarus vulgaris, the shell is black, tentacle is red,

and the eggs are dark green (Shahidi & Brown, 1998).

1.2 Relationship between PBP and red color change in crustaceans

The color of crustacean shells changes from dark blue to bright red–orange when

cooked (Wade et al., 2012; Ertl et al., 2013). In addition to reflecting the freshness of

crustaceans, the red color change also plays a significant role in consumer

acceptability of commercial crustacean species (Erickson et al., 2007; Parisenti et al.,

2011). A pioneering study on lobster shell revealed that this well–known red color

change is due to the release of pigments from denatured PBPs, named crustacyanin

(Wald & Nathanson, 1948; Zagalsky, 1985; Chayen et al., 2003; Durbeej & Eriksson,

2003; Elizabeth et al., 2009; Wade et al., 2009). Crustacyanin extracted from a lobster

shell comprises apoproteins and astaxanthin (Wald & Nathanson, 1948). The

predominant PBP in the lobster shell is α–crustacyanin (λmax: 632 nm, ~320 kDa),

which contains 16 protein subunits and 16 astaxanthin molecules (Zagalsky, 1985;
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Chayen et al., 2003). After irreversible dissociation, β–crustacyanin (λmax: 585 nm,

~40 kDa) appears; eight units of β–crustacyanin can form one unit of α–crustacyanin.

Both α– and β–crustacyanin can easily dissociate into apoproteins (~20 kDa) under

experimental conditions (Elizabeth et al., 2009).

Crustacean shell color change was recently shown to be determined by

crustacyanin and the interaction between astaxanthin and apoproteins (Fig. 1–1)

(Chayen et al., 2003; Wade et al., 2008; Michael et al., 2009; Parisenti et al., 2011;

Reszczynskaab et al., 2015). In nature, PBP in crustaceans can be influenced by many

factors, including amount of carotenoids in the daily diet, background substrate color,

light intensity, water quality, and growth stage (Palma & Steneck, 2001; Chayen et al.,

2003; Wade et al., 2008, 2009, 2012). It was reported that American lobster (Homarus

americanus) shell color is mainly influenced by ultraviolet light; moreover, in the

absence of ultraviolet light, lobster shell matches the background color after long–term

exposure (> 60 days) (Michael et al., 2009). Meanwhile, the mechanism of shell color

change in prawn (Penaeus monodon) has been reported to strongly correlated with the

background substrate color (Wade et al., 2012). The prawns fed in black background

showed a much more orange color compared with those grown in white background

after cooking. This was due to the prawns are grown in different background color

need to adjust the accumulation of pigment–binding protein in their shell to match the

environment. In another word, the prawns in black tanks need much more

pigment–binding protein to dark their shell color compared with the ones grown in

white tanks. Background color not only affects the prawns but also determines the

shell color change on crabs (Hemmi et al., 2006; Kronstadt et al., 2013). In addition,

study on the different body color of burrowing crab (Neohelice granulata) revealed

that the colors are determined by its habitat (Casariego et al., 2011). Study on the

effects of background and temperature on body color of fiddler crab (Uca panacea)

revealed that the shell color could be affected by habitat and sex (Kronstadt et al.,

2013). Furthermore, other studies demonstrated that crustacean shell colors are also

associated with body size, molting stage, migration, and even water quality (Palma &
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Steneck, 2001; Melville–Smith et al., 2003; Yanar et al., 2004; Zadorozhny et al., 2008).

When crustaceans are cooked, the shell colors are influenced by storage conditions,

heating temperatures, processing methods, and food additives (Brookmire et al., 2013;

Ando et al., 2014; Huang et al., 2016). These studies suggesting that even though

crustacean shell color change is associated with the release of pigment, but 1) PBPs

derived from different crustacean species may differ with each other, 2) distribution,

accumulation, and protein–pigment interaction mechanism of PBPs is still not clear

(Nur–E–Borhan et al., 1995; Velu et al., 2003; Porter et al., 2009; Begum et al., 2015).

1.3 Research objectives

Crustaceans are cultured widely throughout the world, with 90% of shrimp

cultured in Asia. Pacific white shrimp (Litopenaeus vannamei) is one of the

economically important species of shrimp culture (~70%). It is mainly cultured in

Asian countries, both as a food item for domestic consumption and as a valuable

export commodity (Nirmal & Benjakul, 2009). Although it is well known that L.

vannamei shell color changes from pale gray to bright red–orange after cooking (Fig.

1–2), the underlying mechanism and red color–related pigment–binding proteins

derived from L. vannamei shell are poorly understood.

The main objective of this research is to illuminate the red color change on the

surface of L. vannamei by studying the red color–related protein derived from its shell,

as well as to help to promote the usage of shrimp by–products.

The specific objectives of this research are:

1) To purify and identify the red color–related proteins derived from the shell of

L. vannamei.

2) To illuminate the structural and thermal properties of the red color–related

protein.

3) To illuminate the pigment–binding ability of the red color–related proteins.

4) To demonstrate the specificity of this red color–related protein among shrimp
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species.

1.4 Research summary

In chapter 2, the red color–related protein was purified from the shell of L.

vannamei using ammonium sulfate precipitation, gel filtration, and anion exchange

HPLC. Gel filtration HPLC and SDS–PAGE analysis demonstrated that the pure

protein has a molecular mass of ~75 kDa. It was a homogeneous monomer with a

purity more than 90%. Peptide mass fingerprinting analysis revealed a protein named

hemocyanin matched this 75 kDa protein. The pigment was confirmed as astaxanthin.

Next, in chapter 3, the structural and thermal properties of this red color–related

protein were studied. On the basis of the partial amino acid sequences determined by

peptide mass fingerprinting, a full–length cDNA of 2,183 bp including an ORF of

1,986 by that encodes 662 amino acid residues was cloned. Blast analysis revealed that

it belongs to the hemocyanin family. Circular dichroism analysis illuminated that it

was a protein rich in α–helix conformation. This red color–related protein was

determined as a thermal sensitive protein. Color changes of this protein can be

promoted after being subjected to conditions of high concentrations of NaCl, acidic or

alkaline pH, and high concentrations of alcohols. In chapter 4, pigment–binding ability

of this protein was studied. Tissue distribution revealed that LvPBP75 has the highest

expression level in hepatopancreas, mediate level in heart, hemolymph, epithelium,

and intestine, and the lowest in eyestalk, nerve, and muscle. Recombinant and

structural analysis revealed that astaxanthin could bound to the shell derived

hemocyanin and this pigment–binding complex had closely corresponded to

Litopenaeus vannamei shell color change. But unlike crustacyanin, astaxanthin does

not bring any structural changes to the binding complex. Three–dimensional structural

analysis revealed a unique spatial structure of this red color–related protein. In chapter

5, specificity of this red color–related protein among shrimp species were determined.

The 75 kDa protein was correlated with the red color change on the surface of L.
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vannamei, Marsupenaeus japonicus, and Panulirus japonicus. Meanwhile, 22 kDa

protein was correlated with the red color change in Homarus americanus. Accordingly,

the red color–related pigment–binding protein LvPBP75 is not species–specific among

shrimps.

Published paper

Chuang Pan, Shoichiro Ishizaki, Yuji Nagashima, Jialong Gao, Shugo Watabe.

2018. Isolation and cDNA cloning of a novel red colour–related pigment–binding

protein derived from the shell of the shrimp, Litopenaeus vannamei. Food Chemistry,

241, 104–112. (Represent: Chapter 2 and 3)

Submitting

Chuang Pan, Shoichiro Ishizaki, Yuji Nagashima, Shugo Watabe. Functional and

structural properties of red color–related pigment–binding protein from the shell of

Litopenaeus vannamei. Submitted to "Journal of the Science of Food and

Agriculture". (Represent: Chapter 3 and 4)

Preparing

Chuang Pan, Shoichiro Ishizaki, Shugo Watabe. Study on specificity of red

color–related protein derived from the shell of L. vannamei among decapoda

crustaceans (Marsupenaeus japonicus, Panulirus japonicus, and Homarus

americanus). (Represent: Chapter 2 and 5).

Oral Presentation

Isolation and characterization of a novel red color–related protein derived from

shrimp Litopenaeus vannamei shell (バナメイエビ殻の赤色化関連タンパク質の精

製および特性). Chuang Pan, Yuji Nagashima, Shoichiro Ishizaki. The 2016 Autumn

Meeting of the Japanese Society of Fisheries Science. Sep. 7th~10th, 2016, Kindai
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University, Nara, Japan.

Reconstruction and structural analysis of red color–related pigment–binding

protein derived from Litopenaeus vannamei (バナメイエビ殻の赤色化関連タンパ

ク質の組換え体構築および構造解析 ). Chuang Pan, Shoichiro Ishizaki, Yuji

Nagashima. The 2018 Autumn Meeting of the Japanese Society of Fisheries Science,

Sep. 15th~18th, 2018, Hiroshima University, Hiroshima, Japan.

Poster Presentation

Isolation and secondary structure analysis of a novel red color–related

pigment–binding protein derived from shrimp Litopenaeus vannamei shell. (バナメイ

エビ殻の赤色化関連色素結合タンパク質の単離および二次構造解析). Chuang

Pan, Shoichiro Ishizaki, Yuji Nagashima. International Symposium "Fisheries Science

for the Future Generations" (2017). Conference abstract, Tokyo, Japan.

cDNA cloning and expression analysis of red color–related hemocyanin gene in

shrimp Litopenaeus vannamei. Chuang Pan, Shoichiro Ishizaki, Yuji Nagashima. 19th

International Conference on Food Processing & Technology (2017). Conference

abstract, Paris, France.
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Figures and Tables

(Ref.: Chayen et al., 2003)

Figure 1–1 The detailed layout of the astaxanthin–binding sites at the end–ring

molecular environments in β–crustacyanin ( C1–6 end ring of astaxanthin1 bound to

crustacyanin A1 subunit).
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Figure 1–2 Photographs of the Litopenaeus vannamei: (a) frozen, (b) after cooking.

(a) (b)
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Chapter 2 Purification and identification of red color–related PBP derived

from the shell of L. vannamei (LvPBP)

2.1 Introduction

Carapace coloration has been reported for a number of functions in crustaceans,

like communication (Detto et al., 2006; Crothers et al., 2011), camouflage (Cuthill et

al., 2005; Stevens & Merilaita, 2009), and thermo–regulation (Silbiger & Munguia,

2008). The various colors displayed on crustacean shell is correlated with a complex

named carotenoprotein which is consist of pigment (almost astaxanthin) and protein

(Wald & Nathanson, 1948; Zagalsky, 1985; Chayen et al., 2003; Castillo et al., 2013).

The pigment–binding protein is also reported to be responsible for the red color

change on crustacean shell when they are cooked (Wade et al., 2012; Ertl et al., 2013).

Isolation strategies of pigment–binding complex from crustacean shell or

processing waste are various. Sila et al., (2012) reported the effect of barbel (Barbus

callensis) trypsin on the recovery of carotenoprotein from pink shrimp (Parapenaeus

ongirostris) waste, consisting of head, thorax, and appendix. The freeze–dried

carotenoproteins recovered contained 71.09% protein, 16.47% lipid, 7.78% ash, and

87.42 μg total astaxanthin/g of sample. Senphan et al., (2014) extracted the

carotenoprotein from shells of Pacific white shrimp (Litopenaeus vannamei) with the

aid of proteases from hepatopancreas of the L. vannamei at various levels for different

times. Carotenoprotein consisted of 73.58% protein, 21.87% lipids and 2.63% ash

contents. Babu et al., (2008) compared the extractability of three different proteolytic

enzymes (trypsin, pepsin, and papain) on the recovery of carotenoprotein from intact

shrimp head waste. Trypsin showed the highest recovery ability, and the percent of

recovery ratio was Penaeus indicus > P. monodon (farmed) > Metapenaeus

monocerous > P. monodon (wild). In addition, another extraction method of

carotenoprotein is a combination of ammonium sulfate precipitation and HPLC

chromatography. This method is widely used for the isolation of crustacyanins from
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lobsters, like Homarus americanus, H. gammarus, Jasus lalandii, and Panulirus

cygnus (Zagalsky, 1985, Wade et al., 2008; Elizabeth et al., 2009; Michael et al.,

2009).

In this chapter, a novel red color–related pigment–binding protein was isolated

and purified from the shell of Litopenaeus vannamei by ammonium sulfate

precipitation, gel filtration, and anion exchange HPLC. Then, the red color change

ability of this pigment–binding protein was determined by subjecting it to different

heat treatments. Furthermore, identification of the binding protein was illuminated by

peptide mass fingerprinting analysis.

2.2 Materials and Methods

2.2.1 Extraction of different soluble proteins

Water–soluble proteins

Water–soluble proteins were prepared as described by Zagalsky (1985) and

Elizabeth et al. (2009) with some modifications. Briefly, specimens of shrimp L.

vannamei were purchased from the Tokyo Central Wholesale Fish Market (Tokyo,

Japan). Shells were obtained, thoroughly freed from the underlying tissue by scrubbing

with ice water, and dried overnight at 4 °C. The shells were minced with an electric

food processor, and soaked for 16 h with agitation in 0.3 M boric acid adjusted to pH

6.8 with solid Tris and then transferred into pre–cooled (4 oC) 10% (w/v) EDTA

solution (pH 7.0; 25 g shell with 1000 mL solution). The shells were removed by

filtration after overnight stirring and the filtrate was brought to 60% saturation with

ammonium sulfate. After stirred overnight at 4 °C, the precipitate was collected by

centrifugation at 15,000 × g for 20 min at 4 °C, and then resuspended in 50 mM

phosphate buffer (pH 7.0). The interfering proteins were removed by precipitation with

ammonium sulfate to 30% saturation. The blue–colored filtrate, containing

water–soluble proteins, was precipitated by increasing the saturation to 60%.
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Non–water–soluble proteins

In addition to the traditional water–soluble protein, non–water–soluble proteins

were also scanned for the existence of red color–related proteins. They were divided

into salt–, acid–, and alkaline–soluble parts based on protein solubility and extracted

according to Fernlund's method (Fernlund & Josefsson, 1968). 30% interfering

precipitate was re–dissolved into 50 mM phosphate buffer containing 1 M NaCl and

collected the salt–soluble extract by centrifugation at 15,000 × g for 20 min at 4 °C.

The precipitate was soaked in 0.1 M HCl or NaOH to extract acidic– and

alkaline–soluble proteins, respectively. All precipitate obtained from the previous step

was washed with distilled water (pH 7.0) three times before subjecting to subsequent

extraction experiments.

2.2.2 Purification of LvPBP

The crude water–soluble proteins were applied to gel filtration HPLC on a

Superdex 200 10/300 GL column (1 × 30 cm, GE Healthcare Biosciences,

Buckinghamshire, UK) that was equilibrated and washed with 0.15 M NaCl/50 mM

phosphate buffer (pH 7.0) at a flow rate of 0.5 mL/min. Red color–related fractions

were collected and subjected to HPLC on a Mono Q 5/50 GL column (5 × 50 mm, GE

Healthcare Biosciences), the column was equilibrated with 50 mM phosphate buffer

(pH 7.0) and developed by a linear gradient of NaCl (0–1 M over 50 min) in 50 mM

phosphate buffer (pH 7.0) at a flow rate of 0.5 mL/min. At each chromatographic step,

the proteins were monitored by recording A280 and the red color change was

determined after heating in a 100 °C hot water bath by using a colorimeter

(CLR–7100F, Shimadzu, Kyoto, Japan). The purified red color–related protein was

termed as LvPBP75.

LvPBP75 was analyzed for its homogeneity by PAGE system. Native–PAGE was

performed on a 12% handmade gel. SDS–PAGE was carried out on a 5–20% precast

gel (Atto, Tokyo, Japan) with an AE–7300 (Atto, Japan) compact PAGE system.
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Before SDS–PAGE, LvPBP75 was mixed with an equal volume of 0.125 M Tris–HCl

buffer (pH 6.8) containing 4% SDS and 10% 2–mercaptoethanol and heated in a

boiling water bath for 5 min. After being run, the gel was stained with a Rapid

Coomassie Brilliant Blue (CBB) R–250 (Kanto Chemical Co., Inc. Tokyo, Japan), and

Precision Plus Protein Standards (Bio–Rad Laboratories, Hercules, CA, USA) were

used as a reference.

The molecular mass of non–denatured LvPBP75 was determined by gel filtration

HPLC using a TSKgel G3000 SWXL column (0.78 × 30 cm, Tosoh, Tokyo, Japan) with

0.15 M NaCl/50 mM phosphate buffer (pH 7.0) at a flow rate of 0.5 mL/min and

monitored by recording A280. Five reference proteins were used to calibrate the

column: β–amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa),

carbonic anhydrase (29 kDa), and cytochrome C (12.4 kDa) (Sigma–Aldrich, St. Louis,

MO, USA). The molecular mass of denatured LvPBP75 was determined by

SDS–PAGE as described above.

2.2.3 In–gel digestion and peptide mass fingerprinting (PMF) analysis of LvPBP

Peptide mass fingerprinting (PMF) analysis of LvPBP75 was performed

according to the method of Li et al. (2012) with slight modifications. The LvPBP75

spot was manually cut from the SDS–PAGE gel that was stained with CBB solution

and incubated in 10 mM DTT (Dithiothreitol)and 55 mM IAA (Iodoacetamide) in the

dark for 30 min. Next, the gel pieces were de–colorized in solution A (50 mM

NH4HCO3: CH3OH, 1:1) and followed by solution B (50 mM NH4HCO3: Acetonitrile,

1:1) for 15 min. The gel pieces were then dehydrated with 100% acetonitrile and

subsequently rehydrated with 20 ng/μL trypsin for 30 min on ice. 50 mM NH4HCO3

was added after removing the supernatant. The digestion was performed at 37 °C for

16 h and subsequently stopped by adding 0.2% TFA. The digestion liquid was

collected and then subjected to a 4800 Plus MALDI–TOF/TOF Analyzer (AB SCIEX,

Redwood City, CA, USA). PMF data were collected using reflective and positive ion
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modes, with a mass range of 800–4000 Da. The collected data were submitted to

search for candidate proteins using MASCOT software

(http://www.matrixscience.com). MS spectra were searched in the SwissProt/NCBInr

database using the following search parameters: fixed modification,

carbamidomethylation; variable modification, methionine oxidation; mass values,

monoisotopic; peptide mass tolerance, ± 0.2 Da; max missed cleavages, 1. MASCOT

research score of greater than 91 was considered statistically significant (p < 0.05).

2.2.4 Pigment analysis of LvPBP

The pigments released from cooked LvPBP75 were extracted based on the

method of Yanar et al. (2004) with some modifications. After heating, the red colored

precipitate was collected by centrifugation at 10,000 × g for 10 min at room

temperature. Then it was mixed with equal amounts of anhydrous sodium sulfate and

soaked into 5 mL acetone overnight. The mixture was homogenized and centrifuged at

10,000 × g for 10 min. The UV–visible absorption spectra of uncooked LvPBP75 and

acetone extract were determined by a micro–volume spectrophotometer from 220 to

800 nm (BioSpec–nano, Shimadzu, Kyoto, Japan).

2.2.5 Analysis of protein color change

Investigation of the color change of the proteins derived from shrimp shell was

performed by heating at temperatures of 30, 45, 60, 80, and 100 °C for 10 min.

Unheated samples were set as controls. Temperatures and color changes were

monitored and recorded. Color changes were investigated by using the colorimeter

(CLR–7100F). The results are expressed as L* (brightness), a* (+a red, –a green), and

b* (+b yellow, –b blue).

2.2.6 Statistical analysis

All measurements were conducted in triplicate and expressed the results as the

http://www.matrixscience.com/
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mean ± SD of three parallel measurements. Data were subjected to one–way ANOVA,

followed by Student’s t–test using JMP version 10.0 (SAS Institute Inc., Cary, NC,

USA) and differences were considered statistically significant at p < 0.05.

2.3 Results

2.3.1 Isolation and color change of different soluble proteins

As shown in Fig. 2–1A, the molecular weight of water–soluble proteins were

located in 3 parts, 55–100, 35–45 and lower than 30 kDa. Salt–soluble proteins

showed almost the same bands with water soluble parts except 210 kDa band. Two

obvious bands with the molecular weight around 35 and 27 kDa were found in acidic

soluble parts. In alkaline soluble parts, 210, 75 and 45 kDa protein bands can be

observed. After heat treatment at 100 °C, the L* values of the water– and salt–soluble

extracts decreased significantly (p < 0.05). Both the a* and b* values in the

water–soluble extract changed significantly to the redness and yellowness scales,

respectively (p < 0.05) (Fig. 2–1B, Table 2–1). In the salt–soluble extract, the b* value

changed significantly to the blueness scale after heat treatment (p < 0.05). No

significant color change was observed (p > 0.05) in either acidic– or alkaline–soluble

extracts (Table 2–1). The results suggested that non–water–soluble proteins have no

effect on the red color change on shrimp surface. The possible explanation for the shell

color change in salt, acidic, or alkaline solution is that the red color change was mainly

produced by water–soluble proteins, and it was accelerated by the salt, acid, or alkaline

in some way. Hence, the red color–related proteins were preliminarily located in the

water–soluble fraction. Total 178.75 mg of water soluble protein was obtained from 25

g shell calculated by the calibration curve (Fig. 2–2). The salt–, acidic, and

alkali–soluble proteins were calculated to be 26.14, 24.39 and 46.74 mg, respectively.

To confirm the red color change of the water–soluble extraction, the crude

water–soluble extract was subjected to thermal treatment of 30, 45, 60, 80, and 100 °C

for 10 min. Regarding the color change of the crude water–soluble extract, the L*
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value decreased significantly with increasing temperature (p < 0.05). Meanwhile, the

a* and b* values of unheated samples were initially low negative values or near one,

respectively, and increased significantly in both the redness and yellowness scales (p <

0.05) with increasing temperature (Table 2–2).

2.3.2 Purification and identification of LvPBP

Proteins with molecular weights from 45–140 kDa disappeared with increasing

temperature (Fig. 2–3). Meanwhile, slight changes were observed in the proteins

located less than 45 kDa. Therefore, proteins ranged from 45–140 kDa were selected

for further purification.

The red color–related protein was obtained by ammonium sulfate precipitation

and subsequently purified by two–step column chromatography. Gel filtration HPLC

yielded five different protein peaks, and the red color–related fraction was eluted at

retention times between 20 and 25 min (Fig. 2–4A). Finally, the red color–related

protein was purified by HPLC using a Mono Q 5/50 GL anion–exchange column, in

which it appeared between retention time of 28 to 31 min with 0.39 M NaCl (Fig.

2–4B). SDS–PAGE analysis showed that the pure red color–related protein had a

molecular mass of ~75 kDa (Fig. 2–4C). Therefore, it was termed as LvPBP75 (L.

vannamei pigment–binding protein with molecular mass ~75 kDa). 2.44 mg of red

color–related protein was purified from 178.75 mg crude water–soluble fraction.

LvPBP75 showed a major single peak at a retention time of 26 min as analyzed

by gel filtration HPLC on a TSK gel G3000SWXL column, and its molecular mass was

calculated to be ~72 kDa (Fig. 2–5A), which is concordant with the results of

SDS–PAGE (Fig. 2–4C). In native–PAGE analysis, LvPBP75 afforded only one band

(Fig. 2–5B). These results indicating that LvPBP75 was a homogeneous monomer.

The color change of LvPBP75 was determined by heating the solution at different

temperatures. The results showed that the initial color change of the complex occurred

at 30 °C. However, no significant changes were observed when heated at 60 °C.
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Within the increasing of heating temperatures, the a* and b* values increased

significantly in both the redness and yellowness scales when compared with the

control and low–heat treatments (Table 2–3).

Analysis of LvPBP75 was performed by PMF analysis using MALDI–TOF–MS.

The mass numbers of the peptides obtained from the digestion of LvPBP75 ranged

from 842.49–3248.57 (Fig. 2–6A). Of these digested peptide fragments, 11 (fragments

1–11 in the order of corresponding position of LvPBP75) were sequenced (Table 2–4).

A protein that named hemocyanin (GenBank accession number: CAA57880), which

has a nominal mass of ~74,992 Da and a calculated pI of 5.27, matched LvPBP75 with

a maximum score of 109.

In the experiment of pigment confirmation, the absorption spectrum of acetone

extract from the precipitate of heated LvPBP75 is typical of astaxanthin with

absorption maxima at 481 nm (Fig. 2–6B).

2.4 Discussion

Pigment–binding proteins derived from different crustacean species have

different molecular masses. In the lobster shell, they range from 40–90 kDa (Buchwald

& Jencks, 1968; Simpson et al., 1993). However, Wade et al., (2012) reported that the

proteins found in black tiger shrimp (Penaeus monodon) ranged from 21–100 kDa.

Cremades et al. (2003) separated two different types of pigment–binding proteins,

carotenoprotein–1 and carotenoprotein–2, from crayfish (Procambarus clarkii)

by–products by using a solid filtration method. Carotenoprotein–1 has molecular mass

from less than 10 kDa to more than 400 kDa. Meanwhile, carotenoprotein–2 comprises

two main proteins weighing 40 and 22 kDa, respectively, followed by a series of

proteins with small molecular masses. Extraction methods can also affect the

molecular masses of pigment–binding proteins. Klomklao et al. (2009) extracted

carotenoprotein from P. monodon shells with the aid of bluefish trypsin. The
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predominant 211 kDa protein band vanished entirely, but the 45 kDa band remained

and appeared as the major protein. In contrast, Senphan et al. (2014) report that the 45

kDa protein derived from L. vannamei shell disappeared completely with the aid of

proteases extracted from the hepatopancreas of the same species. In our study, the

appearance of red color corresponded with the disappearance of proteins ranging from

40–140 kDa (Fig. 2–3 & Table 2–1). This may be due to the differences of proteins

and pigments that make up the pigment–binding proteins. Besides, the complexes

weighing more than 100 kDa may correspond to the aggregates of myofibrillar–like

proteins, and the small compounds weighing less than 45 kDa may correspond to some

free amino acids, oligopeptides or dissociations of large–sized proteins (Cremades et

al., 2003; Elizabeth et al., 2009; Gamiz–Hernandez et al., 2015). Pure protein was

finally eluted using anion exchange HPLC with 0.39 M NaCl between retention times

of 28 and 31 min (Fig. 2–4B), which is concordant with the separation results of

β–crustacyanin from South African lobster, Jasus lalandii (Elizabeth et al., 2009).

Pigment–binding proteins derived from different crustacean species show

different relationships with the red color change. Elizabeth et al. (2009) found two

main pigment–binding proteins with molecular masses around 40 and 300 kDa from J.

lalandii shell, respectively. They exhibited a reversible color change after removing

their pigment group. The color change of both proteins started at 45 °C, and complete

denaturation occurred at 70 °C. Moreover, a noticeable bathochromic shift was

observed at 85 °C. Ando et al. (2014) determined the improvement of red color

development on the surface of kuruma prawn (Marsupenaeus japonicus). Significant

red color change required a minimum heating temperature of 60 °C. In our study, the

initial red color change of LvPBP75 occurred at about 30 °C, and the red color change

increased significantly with increasing temperature. Significant red color change was

detected around 80 °C (Table 2–3). In the pigment–binding protein, covalent bonds

between protein and pigment are some of the most important chemical bonds that

maintain its conformational stability (Buchwald & Jencks, 1968; Cianci et al., 2002;

Chayen et al., 2003). Once the covalent bonds have been destroyed, which releases
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pigments from the denatured proteins, a red color change can be detected. Furthermore,

the denatured proteins can protect the un–denatured part from heating before the

temperature reaches a critical point. Significant color changes of the red color–related

proteins derived from different crustacean species are detected at various heating

temperatures, suggesting that these proteins may possess different structural

characteristics.

The majority of crustaceans and crustacean tissues attribute their coloration to the

presence of carotenoprotein, which is consisted of proteins and carotenoids (Castillo et

al., 2013; Matsuno, 2001; Maoka, 2011). It was reported that the predominant

carotenoid in crustacean species was free and esterified forms of astaxanthin (ATX).

As the major carotenoid in crustacean tissues, ATX performs various functions that

include pigmentation, photoprotection, antioxidant and a source of vitamin A. Among

these functions, the best–established function was reported to be pigmentation

(Liñán–Cabello et al., 2002; Niu et al., 2014), the coloration of crustacean was

correlated with the distribution and amount of ATX and carotenoproteins in crustacean

tissues (Ribeiro et al., 2001; Sachindra et al., 2005). Crustacyanin, a pigment–binding

protein consists of apoprotein and ATX, is linked to the production and modification of

lobster colors (Wald & Nathanson, 1948; Zagalsky, 1985; Elizabeth et al., 2009; Wade

et al., 2009). Interestingly, our results show that the red color change of L. vannamei

shell corresponds with a novel pigment–binding protein that consists of hemocyanin

(Fig. 2–6). However, hemocyanin is considered a respiratory protein and is well

known for its oxygen transportation and inner defense functions (Paul & Pirow, 1997).

The possible explanation is that there’s a novel function of the hemocyanin as binding

with pigment, and involved in L. vannamei shell color change. PMF analysis provided

a limited match of peptide fragments between LvPBP75 and hemocyanin (Fig. 2–6).

Further studies are needed to demonstrate the relationship between L. vananmei shell

color change and LvPBP75.

In conclusion, a novel red color–related protein (LvPBP75) was purified from the

shell of L. vannamei using ammonium sulfate precipitation, gel filtration, and anion
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exchange HPLC. It had closely corresponded with L. vannamei shell color change

under heat treatment. The temperature–sensitive and color change properties of this

binding protein show potential use as an edible temperature indicator in food

processing area. However, the information on its structural and red color change

properties is very limited. In next chapter, 1) to confirm the result of PMF analysis, the

primary structure of LvPBP75 was studied, 2) to illuminate the relationship between

LvPBP75 and red color change, the secondary structure and thermal properties of

LvPBP75 were studied.
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Figures and Tables

Figure 2–1 (A) Protein files of different soluble proteins extracted from L. vannamei
shell (Lane M: protein marker). (B) Color changes of different soluble proteins from L.
vannamei shell after heat treatment at 100 ºC for 10 min.

Fig
Figure 2–2 Calibration curve for the determination of protein concentration.

(A) (B)
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Figure 2–3 Effect of heating temperature on crude water–soluble proteins derived from
L. vannamei shell (Lane M: protein marker).
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Figure 2–4 Purification of red color–related protein by gel filtration HPLC (A) and
anion–exchange HPLC (B). (A) Crude proteins obtained by 60% ammonium sulfate
were applied to a Superdex 200 gel filtration column. (B) The red color–related
fraction (Fr. 2) from the Superdex 200 column was applied to a Mono Q column. (C)
SDS–PAGE on a 5–20% precast gel (Lane M: protein marker).

(A) (B)

(C)
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Figure 2–5 (A) HPLC of LvPBP75 on a TSK gel G3000SWXL column. The following
proteins were used as a reference: 1, β–amylase (200 kDa); 2, alcohol dehydrogenase
(150 kDa); 3, albumin (66 kDa); 4, carbonic anhydrase (29 kDa); 5, cytochrome C
(12.4 kDa). (B) Native–PAGE on a 12% hand–made gel.

(A) (B)
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Figure 2–6 (A) Spectrum of peptide mass fingerprinting analysis of the 75–kDa band
(m/z: mass numbers/charge numbers). (B) Absorption spectra of the unheated
LvPBP75 and acetone extract from the precipitate of heated LvPBP75.

(B)

(A)
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Table 2–1 Color change of different soluble proteins

Water–soluble Salt–soluble Acidic–soluble Alkaline–soluble
Unheated Heated Unheated Heated Unheated Heated Unheated Heated

L* 5.84 ± 0.014a 5.17 ± 0.014b 2.83 ± 0.017a 1.82 ± 0.024b 4.95 ± 0.005a 5.03 ± 0.045a 5.40 ± 0.022a 5.59 ± 0.033b

a* –0.56 ± 0.005a 0.01 ± 0.005b 0.16 ± 0.012a 0.14 ± 0.029a –0.29 ± 0.012a –0.30 ± 0.019a –0.19 ± 0.012a –0.21 ± 0.012a

b* 0.76 ± 0.016a 2.27 ± 0.014b 1.74 ± 0.021a 1.26 ± 0.045b 0.92 ± 0.025a 0.93 ± 0.029a 2.82 ± 0.029a 2.87 ± 0.017a

(Means followed by different lower–case letters within the same protein solutions differ significantly at p < 0.05 versus unheated samples. Data
are expressed as mean ± standard deviation, n = 3)
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Table 2–2 Color change of crude water–soluble proteins

Temperature (°C) L* a* b*
25 (control) 6.84 ± 0.000a –0.38 ± 0.005a 1.15 ± 0.005a

30 6.75 ± 0.005b –0.34 ± 0.005b 1.11 ± 0.005b
45 6.04 ± 0.005c –0.22 ± 0.005c 1.47 ± 0.009c
60 5.20 ± 0.005d 0.05 ± 0.005d 1.83 ± 0.004d
80 3.79 ± 0.005e 0.03 ± 0.000e 2.09 ± 0.005e
100 2.84 ± 0.005f 0.33 ± 0.000f 3.52 ± 0.000f

(Means followed by different lower–case letters within the same column differ significantly at
p < 0.05 versus the control. Data are expressed as mean ± standard deviation, n = 3)
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Table 2–3 Color change of LvPBP75 under different heating temperatures

Temperature (°C) L* a* b*
25 (control) 6.76 ± 0.014a –0.35 ± 0.009a 1.16 ± 0.009a

30 6.70 ± 0.009b –0.31 ± 0.012b 1.20 ± 0.009ab
60 6.67 ± 0.012b –0.28 ± 0.008b 1.22 ± 0.022b
80 3.76 ± 0.009c 0.16 ± 0.012c 1.53 ± 0.017c
100 3.38 ± 0.021d 0.21 ± 0.012d 1.75 ± 0.012d

(Means followed by different lower–case letters within the same column differ significantly at
p < 0.05 versus the control. Data are expressed as mean ± standard deviation, n = 3)



30

Table 2–4 Amino acid sequences of LvPBP75 peptide fragments identified by
MALDI–TOF–MS

(*: the number of amino acid residue of LvPBP75 refers to Chapter 3 Fig. 3–6)

Peptide Sequence Corresponding
position of
LvPBP75*

1 HWFSLFNTR 84–92
2 NEALMLFDVLIHCKDWASFVGNAAYFR 95–121
3 KGENFFWIHHQLAVR 230–244
4 LSNYLDPVGELQWNKPIVDGFAPHTTYKYGGQF

PARPDNVKFEDVDDVAR
250–299

5 DMVIVESRIRDAIAHGYIVDSEGK 302–325
6 QGDPHGKFDLPPGVLEHFETATR 368–390
7 LNHKEFTFRIDVENGGAERLATVRIFAWPHKDNN

GIEYTFDEGR
469–512

8 FESATGLPNR 566–575
9 RPHGYPLDR 625–633
10 VFEDLPNFK 640–648
11 VFNHGEHIH 654–662
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Chapter 3 Structural and thermal properties of red color–related protein

LvPBP

3.1 Introduction

Crustacean shell color change was shown to be determined by crustacyanin (a

pigment–binding protein formed by apoprotein and astaxanthin) and the interaction

between pigments and proteins (Wade et al., 2008; Michael et al., 2009; Parisenti et al.,

2011; Reszczynskaab et al., 2015). In nature, pigment–binding proteins can be

influenced by many factors, like amount of carotenoids in the daily diet, background

substrate color, light intensity, water quality, and growth stage (Palma & Steneck, 2001;

Chayen et al., 2003; Wade et al., 2008, 2009, 2012). It was reported that American

lobster (Homarus americanus) shell color is mainly influenced by ultraviolet light;

moreover, in the absence of ultraviolet light, lobster shell matches the background

color after long–term exposure (Michael et al., 2009). Meanwhile, the mechanism of

shell color change in prawn (Penaeus monodon) has been reported to strongly

correlated with the background substrate color (Wade et al., 2012, 2017). In addition,

study on the different body color of burrowing crab (Neohelice granulata) revealed

that the colors are determined by its habitat (Casariego et al., 2011). Furthermore,

crustacean shell colors are associated with body size, molting stage, and migration

(Yanar et al., 2004; Zadorozhny et al., 2008). When crustaceans are cooked, their shell

colors are influenced by storage conditions, heating temperatures, processing methods,

and food additives (Brookmire et al., 2013; Ando et al., 2014; Huang et al., 2016).

Even though crustacean shell color change is associated with the release of pigment

from denatured pigment–binding proteins, but their structural and thermal properties

were reported to be differ among crustacean species (Nur–E–Borhan et al., 1995; Velu

et al., 2003; Porter et al., 2009; Begum et al., 2015).

In this chapter, the study was aimed to elucidate: 1) primary structure of the

pigment–binding protein in LvPBP75 by using cDNA cloning, 2) secondary structure
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of LvPBP75 by using circular dichroism (CD) spectroscopy, 3) thermal

characterization of LvPBP75.

3.2 Materials and Methods

3.2.1 Materials

Eighty Pacific white shrimp (Litopenaeus vannamei) with 2.0 g in body weight,

and 6 cm in body length were collected in living status from a farm in Myoko City,

Niigata prefecture, Japan. They were transported to the lab and acclimated in tanks

containing aerated artificial seawater (2.5%) for 24 h before use.

3.2.2 Primer design

Nucleotide sequences of the degenerate and gene–specific primers designed in

this study are summarized in Table 3–1. First, hemocyanin amino acid sequences from

L. vannamei (AHN85635), P. monodon (AEB77775), Fenneropenaeus chinensis

(ACM61982), F. merguiensis (AGT20779), Marsupenaeus japonicus subunit L

(ABR14693), M. japonicus subunit Y (ABR14694) were aligned to search the

conservative peptide sequences. The peptide fragments obtained from

MALDI–TOF–MS were highlighted with bold red (Fig. 3–1). Then, hemocyanin

nucleotide sequences from L. vannamei (X82502), P. monodon (JF357966), F.

chinensis (FJ594414), F. merguiensis (KC920897), M. japonicus subunit L (EF375711)

and subunit Y (EF375712) were aligned. Finally, two internal primers (Inter–F and

Inter–R) were designed based on the highly conserved zone of nucleotide sequence

(Fig. 3–2), which is corresponded to the amino acid regions of Phe270–Tyr278 and
Val381–Thr389 (numbering in this chapter is on the basis of the amino acid sequence of

LvPBP75 shown in Fig. 3–6). The other gene–specific primers were all designed based

on the determined nucleotide sequences.

3.2.3 RNA extraction and cDNA synthesis
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Total RNA was isolated from the epithelium (about 500 mg) with 5 mL TRIzol

reagent (Invitrogen, Carlsbad, CA, USA) and digested with recombinant DNase I

(RNase–free, Takara, Otsu, Japan) to remove the possible genomic DNA

contamination. Poly A+ RNA was isolated from total RNA using Oligotex–dT 30

(super) mRNA purification kit (Takara, Otsu, Japan) according to the manufacturer's

instructions and then concentrated by using NucleoTrap mRNA Mini Kit and

NucleoSpin RNA Clean–up XS Kit (Macherey–Nagel, Duren, Germany), respectively.

Synthesis of double–strand and adaptor–ligated cDNA was performed by 1 μg of

poly A+ RNA with a Marathon cDNA Amplification Kit (Clontech, Mountain View,

CA, USA) according to the manufacturer’s introductions and applied to full–length

cloning as a template.

3.2.4 Cloning of full–length cDNA encoding LvPBP

The cDNA amplification strategy of LvPBP75 was showed in Fig. 3–3. The

encoding cDNA of LvPBP75 was obtained by two steps of PCR amplification. Firstly,

a pair of primers Inter–F and Inter–R were used to amplify the internal cDNA

sequence. Amplification conditions were: pre–incubation at 94 °C for 5 min, followed

by 35 cycles of: 30 s at 94 °C, 30 s at 63 °C and 1 min at 72 °C, with the final

extension step at 72 °C for 7 min. Secondly, the full–length cDNA of LvPBP75 was

obtained according to the procedures of rapid amplification of cDNA ends method.

Briefly, the 5’–and 3’–end amplifications were performed using the set of adaptor

primers (AP1: CCATCCTAATACGACTCACTATAGGGC) with Gsp–F (3’–end) and

Gsp–R (5’–end), respectively. PCR thermal cycling conditions were 94 °C for 30 s, 30

cycles of 94 °C for 5 s, 72 °C for 3 min. All amplifications were carried out using Ex

Taq polymerase (Takara, Otsu, Japan).

Amplified products were subcloned into the pGEM–T easy vector (Promega,

Masison, WI, USA) and sequenced using a BigDye Terminator v3.1 Cycle Sequencing

Kit and an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
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Sequence data were analyzed by Seq Ed Version 1.0.3 software (Perkin Elmer, Foster

City, CA, USA). The LvPBP75 cDNA sequence was generated by overlapping the

three fragments. A pair of primers 5’–Gsp and 3’–Gsp were used to confirm that the

assembled sequence was corresponded to a single transcript.

3.2.5 Bioinformatic analysis

The cDNA sequence and deduced amino acid sequence were analyzed using

DNAMAN 8 (Lynnon Biosoft, CA, USA). The open reading frame (ORF) was

identified using ORF Finder at NCBI (http://www.ncbi.nlm.nih.gov/projects/gorf/),

and sequence similarity was searched using BLAST program

(http://blast.ncbi.nlm.nih.gov/). Sequence alignment among L. vannamei hemocyanin

subunits was performed using ClustalW program (http://clustalw.ddbj.nig.ac.jp).

Secondary structure prediction was obtained using the Secondary Structure Consensus

webware tool combined three different prediction methods (MLRC, DSC, and PHD)

(https://npsa–prabi.ibcp.fr/). The prediction of functional sites or domains of the

deduced amino acid sequence was performed using the PROSITE program

(http://www.expasy.org/prosite) and InterPro program (http://www.ebi.ac.uk/interpro/).

Transmembrane segments were analyzed using TMPred program

(http://http://embnet.vital–it.ch/software/TMPRED). The signal peptide of LvPBP75

was determined using the software SignalP 4.0

(http://www.cbs.dtu.dk/servies/SignalP).

3.2.6 Circular dichroism (CD) spectroscopy analysis

Investigation of the changes of secondary structure of LvPBP75 was performed

by using a circular dichroism (CD) spectropolarimeter (J–725, JASCO, Tokyo, Japan)

based on the description of Sreerama & Woody (2004) and Greenfield (1996) with

some modifications.

Spectra in the far UV region (200–260 nm) was recorded using a suprasil quartz
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cell with a path length of 2 mm (T–11–UV–2) at room temperature. The resolution

ratio was set at 0.1 nm, while the scanning speed was 50 nm/min, and the band width

and response were 1.0 nm and 1.0 s, respectively. All of the spectra were measured

against the baseline corrected using the phosphate buffer, and presented as an average

of three independent scans and expressed in moore ellipticity. The changes of

secondary structure contents of LvPBP75 under different heating treatments were

determined using the CDSSTR program of the CDPro package

(http://sites.bmb.colostate.edu/sreeram/CDPro/).

3.2.7 Thermal properties of LvPBP

The effects of ion strength, pH, and alcohol on the thermal properties of LvPBP75

were studied in this part. The concentration of LvPBP75 was first adjusted to 0.5

mg/mL using 20 mM phosphate buffer (pH 7.0) and then separated into three groups.

In the first group, different concentrations of NaCl (0.01, 0.05, 0.1, 0.5, and 1.0 M)

were added for the study on effect of ion strength. In the second group, protein

solution was adjusted to different pHs (3, 4, 5, 6, 8, 9, 10, and 11) using 0.5 M

CH3COOH and 1.0 M Na2CO3, respectively. In the third group, samples were mixed

with ethanol (EtOH) and methanol (MeOH) with different concentrations (10, 20, 30,

40, 50, 60, and 70%), respectively. All protein samples were heated at 30, 60, and 100

ºC for 15 min. The supernatants were collected using ultra–centrifugation at 10,000 ×

g, 20 oC, 10 min and then subjected to a circular dichroism (CD) spectropolarimeter

(J–725, Jasco) using a 2 mm quartz cell.

Color changes of heat treated samples were investigated by using the colorimeter

(CLR–7100F, Shimadzu). Unheated samples were set as controls. Temperatures and

color changes were monitored and recorded. The results are expressed as L*

(brightness), a* (+a red, –a green), and b* (+b yellow, –b blue).

3.2.8 Statistical analysis
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Statistical analysis of all data was followed with the description in 2.2.6.

3.3 Results

3.3.1 cDNA cloning and sequence analysis of LvPBP

As shown in Fig. 3–4A, a cDNA sequence of 295 bp was amplified using β–actin

primers (Table 3–1) and sequence analysis revealed that it has a 100% similarity with

L. vanamei beta actin nucleotide sequence (Data not shown), suggesting the cDNA

template obtained from marathon kit is acceptable for further amplification. A partial

cDNA sequence of 357 bp was amplified using primers (Inter–F & Inter–R) derived

from conserved regions in the hemocyanin sequences of penaeidaes (Fig. 3–4A). Blast

analysis revealed that this 357 bp region had a 99% similarity with hemocyanin family

from other organisms (Fig. 3–4B). The 25C was mutated from 1130T of the hemocyanin

that derived from hepatopancreas (KJ151291). However, these two different

combinations encoded the same amino acid residue, Y (Tyrosine). In order to obtain

the complete cDNA sequence and confirm the mutated nucleotide base, 5’– and

3’–end amplification were performed using primers (Gsp–R and Gsp–F) designed

from the obtained partial sequence. The product lengths were 1,200 bp (3’–end

amplification) and 1,100 bp (5’–end amplification), respectively (Fig. 3–5A). After

overlapping the three fragments, a complete cDNA sequence (2,183 bp) of L.

vannamei epithelium encoding hemocyanin gene was obtained, which was confirmed

by 5’–Gsp and 3’–Gsp primers (Fig. 3–5B). The determined nucleotide sequence was

then deposited in the GenBank/EMBL/DDBJ databases under the accession number of

KY695246.

The complete cDNA sequence of LvPBP75 induced an open reading frame (ORF)

of 1,986 bp by surrounded on both sides by 5’ and 3’ un–translated region (UTR) of 69

and 128 bp, respectively (Fig. 3–6). A putative polyadenylation signal AATAAA and

poly (A) tail were found in 3’–UTR. The ORF coded for a 662 amino acid protein with

a theoretical isoelectric point of 5.44 and predicted molecular weight of 74,878 Da.
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Predicted signal peptide was found between segment of Met1 and Ala20. Arthropod

hemocyanin landmark peptides corresponded to segments of Tyr197–Thr216 and
Thr387–Phe395. A putative tyrosinase cooper–binding domain was displayed between

segments of Asp391–Asp402. Predicted transmembrane domains were located between

segments of Leu4–Ala20 and Gly127–Val146. The amino acid fragments 1–11 determined

by MALDI–TOF–MS were all recognized (Table 2–4).

Multiple sequence alignment indicated that LvPBP75 shows a high similar

identity with the hemocyanin or its subunits derived from the hepatopancreas of L.

vannamei (Fig. 3–7). LvPBP75 shares 79.55% identity with hemocyanin derived from

the hepatopancreas (AIN41163), 79.31% with subunit L1 (AHY86475), 79.64% with

subunit L2 (AHY86476), 79.43% with subunit L3 (AHY86477) and 79.46% with

subunit V4 (AKI81624). Based on the result of identity, the potential secondary

structure was established using mLRC algorithm. The secondary structure elements

were 22.36% for α–helices and 21.45% for β–strands, which was indicated by the

letter “α” for α–helices and “β” for β–strands (Fig. 3–7).

3.3.2 Secondary structure of LvPBP

The α–helix, β–sheet, β–turn and random coil are the four main types of

secondary structures of protein (Sreerama & Woody, 2004). Each structure has its

distinctive CD spectra, α–helical proteins have two negative peaks at 222 and 208 nm

and one positive peak at 193 nm, β–sheet ones possess one negative peak and one

positive peak at 218 and 195 nm, respectively. β–turn shows one positive peak at 206

nm while one negative peak ranges at 180–190 nm (Clarke 2012). The changes in the

CD spectra of heat–treated LvPBP75 are presented in Fig. 3–8A. The results showed

that unheated LvPBP75 had two negative bands at 223 and 208 nm, indicating that it

was a protein rich in α–helix conformation.

Secondary structural changes are presented in Table 3–2. It shows that the α–helix,
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β–sheet, β–turn and random coil contents of unheated LvPBP75 were 51.0 ± 0.216%,

19.5 ± 0.262%, 16.4 ± 0.216%, and 13.6 ± 0.245%, respectively. Compared with

unheated sample, the α–helix content of LvPBP75 decreased significantly when heated

at 30 ºC (p < 0.05). However, the secondary structure content of LvPBP75 treated with

the temperature at 30–45 ºC had minor changes, but these changes were not significant

(p > 0.05). Once the temperature was heated over 60 ºC, the α–helix content was

significantly decreased to 15.7 ± 0.262% (100 ºC), and the contents of β–sheet, β–turn

and random coil were increased to 31.6 ± 0.249%, 29.6 ± 0.249%, and 22.9 ± 0.236%,

respectively (p < 0.05). Fig. 3–8B plots the contents β–sheet, turn and random coil

against the α–helix contents for the LvPBP75 complex denatured by heat treatment. It

shows that the newly decreased α–helix are transformed dominantly to β–sheet and

turn (r2 = 0.9764, r2 = 0.9025, respectively) and weaker correlation to random coil (r2

= 0.74).

3.3.3 Thermal properties of LvPBP

As shown in Fig. 3–9, the α–helix content showed minor changes when only

added with NaCl (Fig. 3–9A). At low heating temperatures (30 and 60 oC), α–helix

contents showed no significant change with low NaCl concentrations (0.01 and 0.05 M)

when compared with high NaCl concentrations (> 0.1 M) (Fig. 3–9B and C). While

heating at 100 oC, the α–helix content decreased gradually within the increasing of

NaCl (Fig. 3–9D). Color measurements revealed that a* and b* values of LvPBP75

were significantly moved to red and yellow scales (p < 0.05) when heated with high

NaCl concentrations at the same temperatures (Table 3–3).

Slight changes of CD spectra were detected under the pHs of 6, 7 and 8 without

heating (Fig. 3–10A). However, the α–helix contents decreased significantly under the

pHs of 3, 4 and 5 compared with 10 and 11 (Fig. 3–10A). Elizabeth et al. (2009)

reported the pigment–binding proteins derived from the shell of Jasus lalandii showed

an immediate color change in pH below 5 or above 9 before any heat treatments. In
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addition, the CD spectra of heat treated LvPBP75 decreased significantly and the

decreasing ratio of acidic treated samples was sharper than alkali treated ones (Fig.

3–10B, C and D). Color measurements revealed that a* and b* values of LvPBP75

treated with acidic or alkali pHs were both significantly moved to red and yellow

scales (p < 0.05) after heat treatments. Furthermore, these values changed significantly

in acidic pH treated samples when compared with alkali pH treated ones (Table 3–4).

It might be due to the ionic bond inside LvPBP75 is sensitive to any combination of

the various acidic or alkaline pHs (Wang, 2007). Further studies on the identification

of affected amino acids may help with illuminating the relationship between pH and

color change. Further studies on the identification of affected amino acids may help

with illuminating the relationship between pH and color change.

α–Helix contents of LvPBP75 changed significantly within the increasing of

alcohol concentrations before heating and these changes were much more significant

in MeOH group compared with EtOH group (Fig. 3–11). When heated at 100 oC, the

α–helix content decreased within the increasing of alcohol concentration. Color

measurements revealed that color changes could be detected in both alcohol groups

before heat treatment (Table 3–5). LvPBP75 changed to pink when 20 and 30% MeOH

were added, while this pink color only occurred when the EtOH concentration was

reached at 30%. Furthermore, protein color changed to yellow once the MeOH

concentration was over than 40%. This phenomenon can be observed in EtOH only

when the EtOH concentration was higher than 60%. The possible explanation is

protein denaturation could be occurred due to the formation of new hydrogen bonds

between alcohol molecules and protein side chains (Matsuo et al., 2012).

3.4 Discussion

Hemocyanin is mainly known as oxygen transporter (van Holde & Miller, 1995)

but also functions in many other aspects like osmotic regulation (Seidl et al., 2002) and

anti–fungal defense factor (Destoumieux–Garzon et al., 2001). The hemocyanin is
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synthesized mainly in tissues like hepatopancreas and hemolymph, then released into

other tissues including epithelium (van Holde & Miller, 1995; Destoumieux–Garzon et

al., 2001; Kronstadt et al., 2013). However, our results found that the hemocyanin

which was transported into the shell does not work as an oxygen transporter but a

pigment–binding function and involved into L. vannamei shell color change (Chapter

2). The possible explanation is the function of a protein is correlated with the organ or

tissue where it exists. Hemocyanins that were reported with oxygen transportation

function, innate immune function were isolated from hepatopancreas, hemolymph or

blood (van Holde & Miller, 1995; Destoumieux–Garzon et al., 2001; Seidl et al., 2002).

All these tissues or organs are mainly correlated with the respiration or immune

functions during shrimp life history. There is no need to transport any oxygen or

display any immune function in non–cell tissue like the shell. In nature status, the main

function of shrimp shell is protection: calcification is known to play a major role in

making the skeleton, while the organismal coloration is mainly served as

communication and camouflage (Kronstadt et al., 2013). According to this principle,

the hemocyanin which was transferred to the exoskeleton may active as the color

change function.

PMF analysis provided a limited match of peptide fragments between LvPBP75

and hemocyanin (Fig. 2–5B). Based on the obtained peptide fragments, nucleotide

sequence of LvPBP75 was determined by cDNA cloning. Typical hemocyanin

characteristics including, landmark peptides of arthropod hemocyanin and a putative

tyrosinase cooper–binding domain were detected in the deduced protein sequence (Fig.

3–6). A significantly high sequence similarity (~80%) is also observed between

LvPBP75 and the hemocyanin or its subunits (Fig. 3–7). The results determined by

PMF analysis and cDNA cloning strongly suggest that the LvPBP75 belongs to

hemocyanin family.

Secondary structure contents obtained in Fig. 3–7 and Table 3–2 showed about

30% difference. The possible explanations are 1) different ways to get data. The

secondary structure content of LvPBP75 was determined using the CDSSTR program
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of the CDPro package. CDSSTR is a modification of singular value decomposition

with variable selection (VARSLC program). In CDSSTR program, an initial data base

of proteins with known spectra and secondary structures is selected and used on all of

the reduced data sets to evaluate the conformation of the unknown protein. This

method gives an excellent evaluation of protein conformation in solution (Greedfield,

1996; Sreerama & Woody, 2000). However, the secondary structure consensus

prediction methods displayed a consensus results of the selected calculation methods.

Slight differences will be produced with different calculation methods, even using the

same origin data. 2) Composition of LvPBP75 itself. As reported in chapter 2,

LvPBP75 is consisted of hemocyanin and astaxanthin. The prediction results were

calculated based on the deduced amino acids which was not bound with any pigments.

However, CD spectra showed an intact far–UV spectrum of LvPBP75, which means

the pigment was tightly bound with hemocyanin. As reported, carotenoids are

combined with proteins via hydrophobic sites, and association of a carotenoid pigment

with a protein may result in two profound effects: change the pigment to become

water–soluble and change the color of the pigment (Shahidi & Brown, 1998). In the

experiment of reconstruction of crustacyanin, crustacyanin subunits–astaxanthin

complex showed a bathochromic shift compared with natural curstacyanin subunits

(Ferrari et al., 2012). These changes may bring structural differences to LvPBP75

without binding pigments and intact LvPBP75.

At the secondary structure level, protein denaturation is a process of losing its

regular structure conformation (α–helix, β–sheet, and β–turn) and generating irregular

configurations (random coil) (Greenfield, 1996; Wang, 2007). Protein is able to

withstand heat treatment at a certain temperature due to the increasing of its solubility

promoted by low salt concentrations. Meanwhile, the denatured proteins can protect

the undenatured part from heating before the temperature reaches a critical point

(Wang, 2007). In the condition of high NaCl concentrations (> 0.1 M), the Na+

competitively bind water molecules on the surface of LvPBP75, destroying the

hydration film and making proteins aggregate and precipitate under hydrophobic
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interactions (Wang, 2007). These precipitated proteins are extremely sensitive to heat

treatments. Besides, LvPBP75 was reported be a thermal sensitive pigment–binding

protein (Chapter 2). Ionic bond, which is resulted from the neutralization of an acid

and amine on side chains, is sensitive to any combination of the various acidic or

alkaline pHs. Denaturation occurred by disruption of the ionic bonds is irreversible.

Hydrogen bond occurs between amide groups can be disrupted by the addition of

alcohols. New hydrogen bonds will be formed instead between the alcohol molecules

and the protein side chains. In addition, LvPBP75 is consist of astaxanthin, a

fat–soluble substance, is readily soluble in organic solvents such as acetone, alcohol,

and chloroform.

In conclusion, LvPBP75 was identified as hemocyanin by cDNA cloning and

PMF analysis. Our results strongly suggest a novel function of hemocyanin as binding

with pigment and its involvement in L. vannamei shell color change. Bioinformatic

analysis revealed that there were some structural differences between LvPBP75 and

the hemocyanins derived from the hepatopancreas of L. vannamei. LvPBP75 showed

significant red color change after being subjected to conditions of heat with high

concentration of NaCl (> 0.1 M), acidic (< 5) or alkaline (> 9) pH, and alcohols.

However, understanding on the pigment–binding ability and hemocyanin–astaxanthin

interaction on LvPBP75 is limited. In next chapter, further studies are focused on the

elucidation of pigment–binding ability of the hemocyanin derived from shrimp shell

and its interaction with astaxanthin.
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Figure 3–1 Alignment of the amino acid sequences of hemocyanin from different
shrimp species. The peptides of LvPBP75 obtained from MALDI–TOF–MS were
highlighted with bold red. The primer regions were framed. Multiple sequence
alignments were performed using Clustal W. Accession numbers were (GenBank
protein sequence databases): L. vannamei, AHN85635; P. monodon, AEB77775; F.
chinensis, ACM61982; F. merguiensis, AGT20779; M. japonicus subunit L,
ABR14693; M. japonicus subunit Y, ABR14694.
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Figure 3–2 Multiple sequence alignment of nucleotide sequences of hemocyanin from
different shrimp species. Multiple sequence alignments were performed using Clustal
W. The positions of internal amplification primers were marked with red. Accession
numbers were (GenBank nucleotide sequence databases): L. vannamei (X82502), P.
monodon (JF357966), F. chinensis (FJ594414), F. merguiensis (KC920897), M.
japonicus subunit L (EF375711) and subunit Y (EF375712).

Inter–F

Inter–R
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Figure 3–3 Strategy for the cDNA cloning of LvPBP75 derived from the shell of L.
vannamei (Meaning of letters: Inter, internal amplification primer; Gsp, gene–specific
primer; F, forward primer; R, reverse primer).
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Figure 3–4 (A) 1.2% agarose gel electropherogram of amplified internal region (M:
100 bp DNA ladder). (B) Nucleotide sequence alignment of internal fragment and
hepatopancreas derived hemocyanin (Accession No.: KJ151291). The identical
residues are shown by dots.

(A)

(B)
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Figure 3–5 1.2% agarose gel electrophoregram of 3’–end/5’–end products (A) and end
to end amplification products (B) (M: 100 bp DNA ladder).

(B)(A)
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Figure 3–6 Nucleotide sequence and deduced amino acid sequence of LvPBP75. The
initial methionine codon is at position 70 and indicated with bold, whereas the stop
codon is at position 2,056 of the nucleotide sequence and indicated with an asterisk.
The polyadenylation signal is in italics. The landmark peptides of arthropod
hemocyanin are indicated with frame. Transmembrane domains are in bold and italics,
tyrosinase copper binding domain is double underlined. N– and C–terminals are
shadowed.
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Figure 3–7 Multiple sequence alignment of deduced amino acid sequence of LvPBP75
with other known hemocyanins and their subunits derived from the hepatopancreas of
L. vannamei. Sequence similarity is delineated as identical (asterisk), strongly similar
(colon), and weakly similar (dot). The predicted secondary structure is indicated by α
or β (α, α–helices; β, β–strands). Accession numbers (DDBJ/EMBL/GenBank amino
acid sequence databases): hemocyanin, AIN41163; subunit L1, AHY86475; subunit L2,
AHY86476; subunit L3, AHY86477; subunit V4, AKI81624.
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Figure 3–8 Circular dichroism spectra analysis. (A) Changes of CD spectra in
LvPBP75 induced by different heating temperatures. Colored spectra refer to the
native state (black), heated at 30 ºC (orange), 45 ºC (green), 60 ºC (blue), 80 ºC (pink)
and 100 ºC (red). (B) Plots of the β–sheet (▲), turn (■) and random coil structure (●)
contents against the α–helix content for heat–treated LvPBP75.

(A)

(B)

control 30 oC 45 oC

60 oC 80 oC 100 oC
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Figure 3–9 Changes of CD spectra in LvPBP75 induced by different concentrations of
NaCl at different heating temperatures. (A) room temperature, (B) 30 oC, (C) 60 oC
and (D) 100 oC. Colored spectra refer to the unheated (blue), NaCl concentration at
0.01 M (yellow), 0.05 M (gray), 0.1 M (black), 0.5 M (purple) and 1.0 M (green).
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Figure 3–10 Changes of CD spectra in LvPBP75 induced by different pHs at different
heating temperatures. (A) room temperature, (B) 30 oC, (C) 60 oC and (D) 100 oC.
Colored spectra refer to pH 3–red, pH 4–black, pH 5–blue, pH 6–yellow, pH 7–brown,
pH 8–green, pH 9–gray, pH 10–pink, pH 11–purple.
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Figure 3–11 Changes of CD spectra in LvPBP75 induced by different alcohols at
different heating temperatures. Colored spectra refer to the native state–black and
alcohol concentration of 10%–blue, 20%–green, 30%–gray, 40%–brown, 50%–yellow,
60%–purple and 70%–pink.
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Table 3–1 List of primers for LvPBP75 cDNA amplification

Name* Sequence (5’ to 3’) Objective
GC

Content (%)
Annealing

Temperature (oC)
Inter–F TGCTCCCCCACACCACTTA

CAAGTAC
Internal
amplification

52 59.3

Inter–R GTGGCAGTTTCRAAGTGTT
CYAGCAC

46–54 58–61.1

Gsp–R GCAATGGCATCACGAATTC
G

5’–end
amplification

50 51.8

Gsp–F TCCCAACGTGCAGTACTAT
G

3’–end
amplification

50 51.8

5’–Gsp GCACCATGAGGGTCTTAGT
GGTTC

ORF
amplification

54 59.1

3’–Gsp TCACTAATGAATGTGTTCC
CCATG

42 54.0

β–F GACTTCGAGCAGGAGATG
AC

Template
confirmation

55 53.8

β–R AGGGCAGTGATTTCCTTCT
GC

52 54.4

(* Meaning of letters: Inter, internal amplification primer; Gsp, gene–specific primer;
β, beta–actin primer; F, forward primer; R, reverse primer)
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Table 3–2 Secondary structure contents of LvPBP75 under different heat treatments

α–helix (%)* β–sheet (%) β–turn (%) Random coil (%)

Control 51.0 ± 0.216a 19.5 ± 0.262ª 16.4 ± 0.216ª 13.6 ± 0.245ª

30 ºC 40.2 ± 0.330b 23.2 ± 0.330b 19.3 ± 0.330b 16.9 ± 0.327b

45 ºC 39.6 ± 0.377b 23.4 ± 0.356b 20.1 ± 0.356c 17.7 ± 0.330c

60 ºC 30.3 ± 0.287c 27.9 ± 0.294c 27.1 ± 0.205d 15.0 ± 0.249d

80 ºC 23.0 ± 0.249d 30.9 ± 0.236d 25.3 ± 0.262e 20.9 ± 0.245e

100 ºC 15.7 ± 0.262e 31.6 ± 0.249e 29.6 ± 0.249f 22.9 ± 0.236f

(* Means followed by different small letters within the same column differ
significantly at p = 0.05 compared with unheated samples. Data expressed as means ±
standard deviation, n=3)
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Table 3–3 Color measurement of LvPBP75 heated with different concentrations of

NaCl at different heating temperatures

NaCl concentration
0 M 0.01 M 0.05 M 0.1 M 0.5 M 1.0 M

Room
Temp.

L* 6.74±0.009a 6.80±0.014b 6.66±0.008c 6.84±0.005d 6.75±0.005a 6.63±0.005e

a* –0.57±0.009a –0.64±0.009b –0.58±0.012ac –0.62±0.017b –0.60±0.009cd –0.61±0.014bd

b* 0.91±0.016ab 0.90±0.009b 0.93±0.012a 0.93±0.014a 0.96±0.009c 0.91±0.017ab

30 oC
L* 5.82±0.005a 5.62±0.009b 5.59±0.005bc 5.39±0.009d 5.30±0.005e 5.24±0.009f

a* –0.37±0.009a –0.34±0.012b –0.36±0.009ab –0.15±0.012c –0.10±0.009d –0.06±0.005e

b* 2.02±0.014a 1.95±0.009b 1.99±0.014bc 2.13±0.012d 2.23±0.009e 2.19±0.012f

60 oC
L* 4.36±0.009a 4.28±0.005b 3.88±0.012c 3.67±0.012d 3.63±0.009e 3.39±0.016f

a* 1.15±0.012a 1.19±0.005b 1.24±0.009c 1.57±0.012d 1.78±0.009e 1.83±0.009f

b* 3.16±0.009a 3.20±0.008b 3.58±0.005c 4.02±0.009d 4.37±0.005e 4.43±0.014f

100 oC
L* 3.21±0.012a 2.87±0.009b 2.71±0.012c 2.39±0.016d 2.06±0.014e 1.86±0.014f

a* 2.38±0.009a 2.54±0.009b 2.71±0.012c 3.00±0.009d 3.23±0.017e 3.20±0.009e

b* 3.86±0.014a 3.99±0.016b 4.29±0.008c 4.57±0.016d 4.78±0.009e 4.91±0.012f

(Means followed by different lower–case letters within the same column differ
significantly at p < 0.05 versus the control. Data are expressed as mean ± standard
deviation, n = 3)
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Table 3–4 Color measurement of LvPBP75 heated with different pHs at different heating temperatures (RT: room temperature: 30, 60,

and 100 mean heated at 30, 60, and 100 oC, respectively)

(Means followed by different lower–case letters within the same column differ significantly at p < 0.05 versus the control. Data are
expressed as mean ± standard deviation, n = 3)

pH
3 4 5 6 7 8 9 10 11

Room
Temp.

L* 5.72±0.009a 6.02±0.014b 6.13±0.042c 6.83±0.014d 6.80±0.005d 6.67±0.012e 6.55±0.022f 6.02±0.042b 5.82±0.005g

a* –0.24±0.012a –0.26±0.009ab –0.27±0.009c –0.38±0.005d –0.37±0.005c –0.38±0.008c –0.30±0.022d –0.27±0.012ab –0.27±0.009b

b* 1.46±0.021a 1.29±0.012b 1.22±0.005c 1.18±0.005d 1.18±0.008d 1.22±0.022c 1.24±0.025c 1.32±0.008e 1.43±0.012f

30 oC
L* 5.59±0.005a 5.86±0.021b 5.82±0.005c 6.72±0.022d 6.76±0.014e 6.48±0.009f 6.47±0.012f 6.06±0.008g 5.86±0.017b

a* 0.16±0.009a –0.14±0.009b –0.24±0.009cd –0.30±0.008e –0.28±0.017ef –0.22±0.019c –0.26±0.017df –0.17±0.017g –0.11±0.012h

b* 2.07±0.017a 2.00±0.014b 2.02±0.014b 1.25±0.014c 1.22±0.024c 1.40±0.014d 1.57±0.014e 1.77±0.014f 1.96±0.022a

60 oC
L* 3.60±0.009a 3.86±0.021b 4.82±0.005c 6.40±0.008d 5.58±0.024e 5.53±0.033f 5.17±0.012g 5.04±0.022h 4.66±0.017i

a* 0.92±0.025a 0.13±0.012b –0.04±0.005c –0.24±0.017d –0.15±0.009e –0.12±0.009c –0.05±0.017c 0.11±0.012b 0.31±0.012f

b* 2.63±0.017a 2.32±0.031b 2.20±0.026c 1.54±0.024d 1.55±0.008d 1.61±0.019e 1.80±0.019f 2.08±0.012g 2.19±0.009c

100 oC
L* 2.04±0.036a 3.31±0.021b 4.21±0.017c 5.07±0.017d 5.04±0.036d 4.86±0.025e 4.24±0.008c 3.84±0.022f 3.15±0.008g

a* 2.16±0.036a 1.26±0.008b 1.16±0.012c 0.90±0.022d 0.80±0.012e 0.99±0.012f 1.05±0.017g 1.11±0.012h 1.82±0.019i

b* 4.37±0.037a 3.22±0.022b 2.81±0.008c 2.59±0.021d 2.60±0.009d 2.61±0.017d 2.71±0.019e 2.93±0.026f 3.50±0.036g
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Table 3–5 Color measurement of LvPBP75 heated with different alcohols at 100 oC, 15 min (Upper, EtOH; Lower, MeOH)

Concentration
(%)

L* a* b*
Unheated 100oC,15 min Unheated 100oC,15 min Unheated 100oC,15 min

EtOH

0 6.73±0.014a 3.40±0.009a –0.56±0.05a 1.26±0.016a 0.89±0.017a 3.39±0.012a

10 6.70±0.009b 6.23±0.012b –0.51±0.012b 0.41±0.012b 1.01±0.012b 1.41±0.012b

20 6.52±0.025c 6.37±0.017c –0.45±0.008c 0.25±0.017c 0.86±0.022a 1.26±0.008c

30 6.49±0.016c 6.42±0.029d –0.19±0.021d 0.44±0.025b 0.89±0.016a 1.09±0.022d

40 6.71±0.021b 6.36±0.008c 0.35±0.021e 0.67±0.008d 1.08±0.016c 1.20±0.009e

50 6.40±0.008d 6.17±0.017e 0.54±0.014f 0.90±0.022e 1.15±0.012d 1.39±0.021b

60 6.35±0.031e 6.19±0.024be 1.04±0.034g 1.16±0.012f 1.55±0.028e 1.80±0.021f

70 6.24±0.008f 6.04±0.036f 1.05±0.017g 1.21±0.020g 1.75±0.029f 2.30±0.017g

MeOH

0 6.73±0.017a 3.25±0.024a –0.56±0.009a 1.19±0.012a 0.89±0.009a 3.34±0.021a
10 6.74±0.009bc 6.13±0.042b –0.57±0.009b 0.37±0.009b 0.91±0.016ab 1.31±0.014b
20 6.43±0.012d 6.48±0.009c –0.44±0.012c 0.22±0.019c 1.05±0.008c 1.40±0.014c
30 6.66±0.005e 6.55±0.022d 0.58±0.012d 0.72±0.017d 0.93±0.012b 1.11±0.016d
40 6.63±0.005f 6.31±0.021e 0.61±0.014d 0.75±0.016d 1.03±0.014c 1.26±0.017e
50 6.48±0.009g 6.36±0.009ef 0.72±0.012e 0.91±0.012e 1.08±0.009d 1.16±0.009f
60 6.72±0.022c 6.28±0.005f 0.71±0.016e 1.06±0.022f 1.25±0.014e 1.60±0.029g
70 6.76±0.008b 6.48±0.009c 0.96±0.041f 1.28±0.025g 1.73±0.017f 1.95±0.016h

(Means followed by different lower–case letters within the same column differ significantly at p < 0.05 versus the control. Data are
expressed as mean ± standard deviation, n = 3)
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Chapter 4 Gene distribution and functional expression of red color–related

protein LvPBP

4.1 Introduction

Even though the red color change on crustacean shell surface is correlated with

the release of pigment, the accumulation and interaction of pigment–binding proteins

in crustaceans is depended upon many factors. It was reported that black tiger prawn

(Penaeus monodon) shell color is affected by the background color of the tanks in

which the prawns were growing (Tume et al., 2009). The prawns fed in black

background showed a much more orange color compared with those grown in white

background after cooking. This was due to the accumulation of pigment–binding

protein was higher in black background groups than white background ones. Different

accumulation of pigment–binding protein is correlated with the interaction between

pigment and protein. Briefly, the prawns cultured in black tanks need to synthesize

more pigment–binding protein to dark their shell color, while the ones grown in white

tanks lightened themselves via reducing the formation of pigment–binding protein.

Background color not only affects the prawns but also determines the shell color

change on crabs (Hemmi et al., 2006; Kronstadt et al., 2013). However, the experiment

on color change in American lobster (Homarus americanus) in response to background

color and ultraviolet light revealed that American lobster shell color change is mainly

affected by ultraviolet light. In the absence of ultraviolet light, lobster shell color

trends to match the background color after 60 days of exposure (Michael et al., 2009).

The interaction of pigment–binding proteins derived from lobster shell was more

sensitive against ultraviolet light than background color. In addition, study on the

effects of background and temperature on body color of fiddler crab (Uca panacea)

revealed that its shell color is correlated with sex (Kronstadt et al., 2013). The surface

color of male crabs showed a more sensitive response to the environment change than

females, suggesting the interactions in pigment–binding proteins showed differences
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even though these proteins were derived from the same species. Furthermore,

crustacean shell colors are also influenced by daily diet, mainly the feeding amount of

astaxanthin (ATX), habitat, life history, and water quality (Palma & Steneck, 2001;

Melville–Smith et al., 2003). Studies on crustacean coloration suggested a wide

distribution, accumulation, and interaction mechanisms in pigment–binding proteins.

Yet despite the increase in the knowledge of crustaceans, there has been very little

progress in defining the pigment–binding ability of the red color–related proteins

derived from crustacean shell. In chapter 2, a novel red color–related protein,

LvPBP75, was purified from the shell of L. vannamei. It had closely corresponded

with L. vannamei shell color change and was identified as hemocyanin, which could

bind with ATX (Chapter 3). However, understanding of the LvPBP75 gene distribution

and pigment–binding ability is lacking. In view of these circumstances, this chapter

reported 1) distribution of LvPBP75 gene, 2) expression and purification of

recombinant LvPBP75, 3) reconstruction and structural properties of artificial

LvPBP75.

4.2 Materials and Methods

4.2.1 Shrimp and tissue collection

The shrimp samples were collected as described in 3.2.1. Eight target tissues

including muscle, epithelium, intestine, hepatopancreas, eyestalk, hemolymph, heart,

and nerve were collected from alive individuals and were used immediately for RNA

isolation.

4.2.2 RNA extraction and cDNA synthesis

Extraction of RNA and synthesis of double–strand cDNA was performed

followed with the description in 3.2.3. Single–strand cDNA was synthesized from 1 μg

of total RNA by PrimerScriptTM RT Master Mix (Perfect Real Time, Takara, Otsu,
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Japan) following the protocol of the manufacturer.

4.2.3 Semi–quantitative and quantitative real time PCR

Semi–quantitative real time PCR reactions were carried out using Ex Taq

polymerase (Takara, Otsu, Japan) according to the manufacturer’s introductions. The

β–actin primers, β–actin–F and β–actin–R, were designed based on L. vannamei

β–actin sequence (GenBank accession No. AF300705) to amplify a β–actin gene

fragment of 295 bp. The PCR products were analyzed using 1.2% agarose gel

electrophoresis.

The quantitative real time PCR amplifications were carried out using SYBR®

Premix EX TaqTM II (Tli RNaseH Plus) Kit (Takara, Shuzo, Japan) and ABI 7300

Real Time PCR System (Applied Biosystems, Foster City, CA, USA) in total volume

of 20 μL containing 10 μL of 2 × SYBR® Premix EX Taq, 2 μL aliquot of

single–strand cDNA, 0.4 μM of each primer, and 0.4 μL of 50 × ROX reference dye.

Two gene specific primers, qLvPBP–F and qLvPBP–R, were designed to amplify a

PCR product of 138 bp. The thermal profile for LvPBP75 real time PCR was: 95 oC

for 30 s, 40 cycles of 94 oC for 5 s and 60 oC for 31 s. Dissociation curve analysis of

the amplification products was performed at the end of each PCR reaction to confirm

that only one PCR product was amplified and detected. The quantitative real time PCR

of β–actin followed almost the same conditions described earlier using the primers

qLvPBP–F and qLvPBP–R, while the annealing temperature was changed to 64 oC.

After the PCR program, data were analyzed with the ABI 7300 SDS software (Applied

Biosystems, Foster City, CA, USA), and the baseline was set automatically by the

software to maintain consistency. Relative quantification of each gene expression level

was generated using the 2–△△Ct method (Schmittgen & Livak, 2001) and data were

expressed as means of triplicate measurements.

4.2.4 Expression and purification of recombinant LvPBP (rLvPBP)
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Red color–related protein, LvPBP75 was expressed in Escherichia coli as a

His–tagged protein using a pET–44a vector system (Promega, Madison, WI, USA)

(Fig. 4–1). The cDNA region encoding the mature protein of LvPBP75 was amplified

with specific primers LvPBP–PstI and LvPBP–SalI (Table 4–1). Two restriction sites,

PstI and SalI, were added to the 5' end of the primers, respectively. PCR reaction was

performed using Ex Taq DNA polymerase (Takara Bio, Otsu, Japan) in a 25 μL

volume under the following conditions: 94 oC for 5 min, 35 cycles of 94 oC for 30 s, 60
oC for 30 s and 72 oC for 4 min, and final extension at 72 oC for 3 min. The amplified

product and the pET–44a vector were individually digested with PstI and SalI and then

ligated with each other using a DNA Ligation Kit (Takara Bio, Japan) at 4 oC

overnight. E. coli JM 109 was transformed with the ligated product and cultured on LB

agar containing 0.005% ampicillin at 37 oC overnight. Single colonies were selected

for the plasmid extraction, and then screened by colony PCR using pET upstream and

Colidown primers (Table 4–1).

The LvPBP–pET44a plasmid was transformed into the Rosetta–gami B (DE3)

pLysS expression host cell and plated on LB agar containing 25 μg/mL kanamycin, 34

μg/mL chloramphenicol, and 12.5 μg/mL tetracycline. After overnight incubation at 37
oC, 5 independent colonies were selected for the insert confirmation by colony PCR

and nucleotide sequencing.

A single colony of successfully transformed E. coli was selected and grown in

200 mL of LB medium containing 25 μg/mL kanamycin, 34 μg/mL chloramphenicol,

and 12.5 μg/mL tetracycline at 37 oC until the absorbance at 600 nm reached 0.7. The

culture was then added with IPTG (isopropyl–β–D–1–thiogalactoside) at a

concentration of 1.0 mM and further incubated for 2 h at 37 oC. Bacteria were

harvested by centrifugation at 6,000 × g for 10 min at 4 oC, and then resuspended in

lysis buffer (10 mM Tris–HCl (pH 7.0), 10% Glycerol, 0.5 M NaCl, 0.1% NP–40, 5

mM 2–Mercaptoethanol, 1 mM PMSF (Phenylmethylsulfonyl fluoride)). After

sonication and centrifugation, the precipitate which containing rLvPBP75 was

dialyzed against 20 mM phosphate buffer (pH 7.0) before applied to affinity HPLC on
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a HisTrapTM HP column (1 × 1 mL, GE Healthcare Biosciences, Uppsala, Sweden)

that was equilibrated with binding buffer (20 mM phosphate buffer, 0.5 M NaCl, 20

mM imidazole, pH 7.0) and washed with elution buffer (20 mM phosphate buffer, 0.5

M NaCl, 250 mM imidazole, pH 7.0) at a flow rate of 0.7 mL/min. Finally, the

rLvPBP75 was dialyzed against 20 mM sodium phosphate buffer (pH 7.0) twice to

remove the NaCl and imidazole. Subsequently, the purified protein was analyzed by

12% SDS–APGE and the protein concentration was estimated by the Lowry method

(Lowry et al., 1951) using DC Protein Assay kit (Bio–Rad Laboratories, Hercules, CA,

USA).

4.2.5 Identical analysis between LvPBP and rLvPBP

The insert confirmation of LvPBP–pET44a plasmid DNA was performed by

colony PCR using pET upstream and Colidown primers (Table 4–1) and nucleotide

sequencing using a BigDye Terminator v3.1 Cycle Sequencing Kit and an ABI 3130

Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).

Investigation of the secondary structure of rLvPBP75 was performed by using a

circular dichroism (CD) spectropolarimeter (J–725, JASCO, Japan) followed with the

description in 3.2.6.

4.2.6 Construction of artificial LvPBP

The artificial LvPBP75 was constructed as described by Zagalsky (1985) and

Ferrari (Ferrari et al., 2012) using rLvPBP75 and ATX with some modifications. The

purified rLvPBP75 (10 mg) was first dialyzed in a mixture of equal volumes of 40 mM

Tris–HCl pH 7.0, 200 mM ammonium sulfate and acetone at 4 oC overnight, then

mixed with ATX (1 mg) which was dissolved in acetone. The mixture was incubated

overnight at 4 oC in the dark against phosphate buffer (20 mM, pH 7.0). The free

astaxanthin was removed by using a 3K Amicon Ultra Centrifugal Device (MWCO

3000). The hemocyanins derived from keyhole limpet (Megathura crenulata) and
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Atlantic horseshoe crab (Limulus polyphemus) hemolymph (Sigma–Aldrich, St. Louis,

MO, USA) were used as control. The UV–visible absorption spectra of recombinant

complexes were determined by a micro–volume spectrophotometer from 220 to 800

nm (BioSpec–nano, Shimadzu, Kyoto, Japan).

4.2.7 Structural analysis of artificial LvPBP

The artificial LvPBP75 solution with a final concentration of 0.5 mg/mL were

subjected at temperatures of 30, 45, 60, 80, and 100 °C for 10 min, and unheated

sample was set as control. The supernatant of each sample was collected by

centrifugation before subjected to the secondary structure analysis. Investigation on

the changes of secondary structure of artificial LvPBP75 was performed by using a

circular dichroism (CD) spectropolarimeter (J–725, JASCO, Japan) followed with the

description in 3.2.6.

4.2.8 Statistical analysis

Statistical analysis of all data were followed with the description in 2.2.6.

4.3 Results

4.3.1 Tissue distribution of LvPBP

Tissue distribution of LvPBP75 mRNA in L. vannamei was analyzed by both of

semi–quantitative and quantitative real time PCR. As determined by semi–quantitative

real time PCR analysis, LvPBP75 expression was robust in the hepatopancreas,

hemolymph, and heart, medium in epithelium, low in muscle, intestine, and nerve, and

absent from eyestalk (Fig. 4–2A). From the quantitative real time PCR, the mRNA of

LvPBP75 could be detected in all the tissues examined. The relative expression levels

of LvPBP75 in other tissues were normalized to that in muscle, which was set as

baseline (1.0). The results showed that, LvPBP75 has the highest expression level in
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hepatopancreas, mediate level in heart and hemolymph, followed with epithelium and

intestine, and the lowest in eyestalk, nerve, and muscle. A high expression level of

LvPBP75 was detected in epithelium, which was 4.64–fold over that in muscle (Fig.

4B).

4.3.2 Expression and purification of rLvPBP

The preparation of restriction enzymes digested pET–44a vector (7,298 bp) and

amplification of mature LvPBP75 with restriction enzyme sites (2,051 bp) are shown

in Fig. 4–3. After agarose gel purification, two DNA fragments were ligated together

using T4 DNA ligase kit (Takara Bio, Japan) followed with the manufacturer's

instruction. The LvPBP75 recombinant expression vector was designated as

LvPBP–pET44a. It was first transformed into the non–expression host cell (E. coli JM

109) for the insert check. The digested LvPBP–pET44a showed two obvious bands at

7,300 bp and 2,100 bp, respectively (Fig. 4–4A). Colony PCR products showed clear

bands around 2,100 bp (Fig. 4–4B). The positive colony with correct insert LvPBP75

sequence was then inoculated with LB medium containing 0.005% ampicillin to make

the LvPBP–pET44a plasmid DNA.

Different incubation conditions were conducted to induce the target recombinant

LvPBP75. The target 75 kDa band was better induced at 37 oC than 30 oC. At 37 oC,

the target protein was induced much more under 1.0 mM IPTG than 0.5 mM IPTG.

The strongest expression of target protein began at 2 hours and barely no changes

within the increasing of incubation time (Fig. 4–5).

The His–tagged recombinant LvPBP75 was eventually purified by affinity

chromatography (Fig. 4–6A). As analyzed by SDS–PAGE, a prominent 75 kDa protein

band corresponding to His–tagged rLvPBP75 was observed in the precipitate fraction

of IPTG–induced bacteria (lane 4 in Fig. 4–6B). Following affinity chromatography on

a HisTrap Chelating HP column, rLvPBP75 was obtained in an electrophoretically

pure state (lane 5 in Fig. 4–6B). In a typical experiment, 200 mL of the culture
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medium yielded about 5 mg rLvPBP75.

4.3.3 Identical analysis between LvPBP and rLvPBP

The LvPBP–pET44a plasmid DNA was then subjected to sequencing procedure.

Alignment analysis revealed that the plasmid DNA was 100% similar to the LvPBP75

nucleotide sequence (Data not shown). This result suggested that the target DNA of

LvPBP75 was successfully ligated with pET–44a expression vector. The molecular

weight of purified rLvPBP75 was around 75 kDa (Fig. 4–6B, lane 5), which was

matched with the molecular weight of LvPBP75 (Fig. 2–4 C).

As illustrated in Fig. 4–7B, the rLvPBP75 showed two negative bands at 223 and

208 nm, consistent with those of the LvPBP75 (Fig.3–8A control). The α–helix content

of rLvPBP75 was calculated to be 53.3 ± 0.262% using the CDSSTR program of the

CDpro package, which was also in accordance with LvPBP75 (Table 3–2).

Results of alignment of nucleotide sequence, molecular weight, and secondary

structure analysis demonstrate that the rLvPBP75 produced in this study was identical

with LvPBP75 purified from the shell of L. vannamei, and can be used as an

alternative of LvPBP75 in the further study.

4.3.4 Construction and structural analysis of artificial LvPBP

The rLvPBP75 showed a single peak at 267 nm in Tris–Acetone buffer (pH 7.0),

and ATX also showed a single peak at 472 nm before combined (Data not shown).

After overnight incubation at 4 oC, the artificial LvPBP75 complex showed two peaks

at 272 and 450 nm simultaneously (Fig. 4–7A), suggesting that the rLvPBP75 was

successfully combined with ATX. It was notable that the typical ATX peak (~ 480 nm

in acetone) was not found in the Megathura crenulata and Limulus polyphemus

hemolymph derived hemocyanin binding experiment (Fig. 4–7A), indicating that the

pigment–binding ability of hemocyanins has species–specificity. It may correlated

with the structural differences among hemocyanins. Due to the slight bathochromic
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shift of ATX in the artificial LvPBP75, the mixture itself showed a slight pink color.

The structural differences among hemocyanins were illuminated in two parts,

first part is effect of astaxanthin on structure of LvPBP75. CD spectra of LvPBP75

showed a slight loss compared with rLvPBP75 (Fig. 4–7A). The absorption spectra

may slightly change due to the influences of protein concentration, buffer system,

temperature of measurement and instrument differences. After considering these

factors, the changes of CD spectra probably reflects the increase in conformational

flexibility of hemocyanin when bound with ATX. The binding ratio of rLvPBP75 and

ATX was calculated to be 0.346 based on their molar mass, which means that 1 ATX

could bound with 26 kDa protein, which was in accordance with the previous study on

crustacyanin subunit. 1 molar ATX was combined with 22 kDa protein (Palma &

Steneck 2001; Elizabeth et al., 2009).

In another part, to understand the effects of hemocyanin on structure of LvPBP75,

three–dimensional structure models of LvPBP75 monomer and L. vannamei

hepatopancreas derived hemocyanin (Genbank accession number: AIN41163)

monomer were built by using SWISS–MODEL online tool

(http://www.swissmodel.expasy.org). As shown in Fig. 4–8B, no red color regions

were found, which means the quality of built models were acceptable for further

analysis. The LvPBP75 shares 80% sequence identity with the hemocyanin and its

subunits that derived from the hepatopancreas of L. vannamei (Chapter 3). It is

therefore highly likely that the LvPBP75 and hemocyanins monomer adopt the similar

three–dimensional structure. Interestingly, total four different regions were found

between these two hemocyanin monomers, one is spatial difference of α–helix, one is

β–sheet changed to α–helix, the remaining two are α–helix changed to β–sheet. Protein

function is determined by its structural properties, even though LvPBP75 shares 80%

sequence identity with hemocyanins. But LvPBP75 monomer possesses a different

spatial structure compared with other hemocyanin monomer, and these unique

structure differences may correlate with the pigment–binding function and red color

change on shrimp surface.
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4.4 Discussion

CD spectra have been extensively used to estimate and monitor the structural

changes of the proteins due to temperature, denaturants, or binding interactions for

decades (Dreon et al., 2007; Lakshminarayanan et al., 2010; Clarke, 2012; Matsuo et

al., 2012). The changes of CD spectra between LvPBP75 and rLvPBP75 probably

reflects the conformational flexibility of hemocyanin gained by the hydrophobic

residues associated to ATX binding. The binding ratio of rLvPBP75 and ATX was

0.346, which means that 1 ATX could bound with 26 kDa protein. The reported ATX

content in crustacyanin is 1 ATX per 22 kDa apoprotein (Palma & Steneck 2001;

Elizabeth et al., 2009). The pigment–binding protein found in the egg of golden apple

snail has 1 ATX per 30 kDa protein chromophore. ATX was tightly bound to the

protein but it did not make any substantial contribution to the structural changes of

pigment–binding complex (Dreon et al., 2007). According to these results, the protein

can be expected to dominate the CD spectra of pigment–binding complex. However,

Ferrari et al. (2012) reported the reconstitution of crustacyanin using astaxanthin and

crustacyanin subunits that derived from the shell of American lobster (Homarus

americanus). The recombinant crustacyanin subunit H1 and H2 with astaxanthin

produced a bathochromic shift of 85–95 nm compared with natural crustacyanin

subunits from H. americanus in complex with astaxanthin. All these results suggest

that, ATX could bound to shell derived hemocyanin, but unlike the reconstruction of

crustacyanin subunits, it does not bring any structural changes to the pigment–binding

complex.

Hemocyanin is mainly known as oxygen transporter (van Hodle & Miller, 1995),

but also functions in many other aspects like osmotic regulation (Seidl et al., 2002) and

anti–fungal defense factor (Destoumieux–Garzón et al., 2001). As shown in Fig. 4–2A,

hepatopancreas, hemolymph, and heart involved abundant mRNA expression for

hemocyanin, indicating that the hemocyanin is synthesized mainly in these organs,

then released into other tissues including epithelium. However, according to our
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previous study, the hemocyanin that purified from shrimp shell does not work as an

oxygen transporter but a pigment–binding function and involved into L. vannamei

shell color change. The possible explanation is the function of a protein is correlated

with the organ or tissue where it exists. Hemocyanins that were reported with oxygen

transportation function and innate immune function were isolated from hepatopancreas,

hemolymph or blood (van Hodle & Miller, 1995; Destoumieux–Garzón et al., 2001;

Seidl et al., 2002) All these tissues or organs are mainly correlated with the respiration

or immune functions during shrimp life history. There is no need to transport any

oxygen or display any immune function in non–cell tissue like the shell. In nature

status the main function of shrimp shell is protection: calcification is known to play a

major role in making the skeleton, while the organismal coloration is mainly served as

communication and camouflage (Hemmi et al., 2006; Tume et al., 2009; Kronstadt et

al., 2013). According to this principle, the hemocyanin which was transferred to the

exoskeleton may active as the color change function.

In protein, the covalent bond is one of the main chemical bonds to maintain its

conformational stability, including Van der Waal's force, hydrogen bond, ionic bond

etc. When the reconstructed pigment–binding complex was heated, the covalent bond

that linked hemocyanin to ATX has been destroyed due to the denaturation of complex.

At the low heating temperature range (30–45 oC), denaturation of reconstructed

binding protein was significant (Table 4–2) compared with natural LvPBP75 (Table

3–2). This may be due to the interaction of artificial LvPBP75 is weaker than the

natural LvPBP75. Thus, the artificial complex was much more sensitive to the low

heating temperatures compared with the natural binding complex. A continuous high

temperature (> 60 oC) may break this balance and brought another significant

denaturation to the complex. The inter–transformation among secondary structures

may explained to be the hydrogen bonds between amide groups can be promoted by

temperatures, which stabilized the β types as well as the α–helical structure rather than

random coil (Thomas & Dill, 1993).

Conclusively, our results revealed that ATX could bound to hemocyanin and this
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pigment–binding complex had closely corresponded to L. vannamei shell color change.

But unlike crustacyanin, ATX does not bring any structural changes to the

pigment–binding complex. Pigment–binding ability of the hemocyanin that derived

from shrimp shell has species– or tissue–specificity and their unique structural features

play an important role during binding. Further research is needed to better understand

the interaction of hemocyanin–ATX and its physiological functionality. However,

previous studies on American lobster (Homarus americanus) shell revealed that, the

red color–related pigment–binding protein was consist of 22 kDa apo protein and ATX.

Thus, in next chapter, studies are mainly focused on to clarify 1) whether the low

molecular weight proteins (< 40 kDa) in L. vannamei shell are correlated with the

shrimp shell color change, 2) whether the hemocyanin–ATX binding protein

(LvPBP75) is unique in L. vannamei or not.
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Figures and Tables

Figure 4–1 Procedure for expression of recombinant LvPBP75 (rLvPBP75).
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Figure 4–2 Tissue distribution of LvPBP75 mRNA in L. vannamei, as determined by
semi–quantitative real–time PCR (A) and quantitative real–time PCR (B). LvPBP75
expression was normalized to β–actin expression. Bars represent the mean of triplicate
tissue samples ± SD.

(B)

(A)



74

Figure 4–3 1.2% agarose gel electrophoresis of restriction enzymes digested pET–44a
vector (A) and amplification of mature LvPBP75 with restriction enzyme sites (B).

Figure 4–4 Insert check of recombinant expression vector LvPBP–pET44a. (A)
LvPBP–pET44a digested by two restriction enzymes; (B) Colony PCR screening of
LvPBP–pET44a using pET upstream and Colidown primers (Lane numbers mean
different positive single colonies).

(A) (B)

(A) (B)
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Figure 4–5 SDS–PAGE analysis of different incubation conditions: temperature (30 and 37 oC), induction time (1, 2, 4 and 6 h) and
IPTG concentration (0.1, 0.5 and 1.0 mM).

37 oC

30 oC
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Figure 4–6 (A) Purification of rLvPBP75 on the affinity chromatography. (B) Analysis
of expression and purification of rLvPBP75 by SDS–PAGE. Lanes: M, protein marker;
1, soluble fraction from non–induced E. coli; 2, unsoluble fraction from non–induced
E. coli; 3, soluble fraction from IPTG–induced E. coli; 4, unsoluble fraction from
IPTG–induced E. coli; 5, purified rLvPBP75.

(A)

(B)
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Figure 4–7 (A) The absorption spectra of hemocyanin astaxanthin binding complexes
( Limulus polyphemus derived hemocyanin, Megathura crenulata derived
hemcoyanin, recombinant LvPBP75). (B) CD spectra of LvPBP75 ( ) and
rLvPBP75 ( ) in 20 mM phosphate buffer (pH 7.0) at room temperature.

(B)

(A)

800
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Figure 4–8 (A) 3D model of red color–related pigment–binding protein derived from
the shell of L. vannamei, LvPBP75. (B) Ribbon diagram of LvPBP75 monomer (B–1)
and L. vannamei hepatopancreas derived hemcoyanin monomer (B–2).

(B–1) (B–2)

(A)
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Table 4–1 Nucleotide sequences of primers used in this chapter

Primer* Sequence (5’–3’) Objective

LvPBP–PstI AACTGCAGGGCAGATGAGGGTCTTAGTGGT

TC

Mature protein

amplification

LvPBP–SalI CGCGTCGACTCACTAATGAATGTGTTCCCCA

TG

pET upstream ATGCGTCCGGCGTAGA Sequencing

Colidown TTCACTTCTGAGTTCGGCATG

qLvPBP–F CGAATTCGTGATGCCATTGC Real time PCR

qLvPBP–R CATAGTACTGCACGTTGGGA

β–actin–F GACTTCGAGCAGGAGATGAC

β–actin–R AGGGCAGTGATTTCCTTCTGC

(* Meaning of letters: LvPBP, LvPBP75 mature peptide amplification primer; qLvPBP,
gene–specific primer for quantitative real time PCR; F, forward primer; R, reverse
primer. Restriction sites (PstI & SalI) were underlined)
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Table 4–2 Secondary structure contents of rLvPBP75–ATX under different heat

treatments

α–helix (%)* β–sheet (%) β–turn (%) Random coil (%)
Control 53.3 ± 0.262a 18.6 ± 0.262ª 14.4 ± 0.216ª 14.9 ± 0.287ª
30 ºC 40.5 ± 0.330b 23.1 ± 0.330b 20.9 ± 0.327b 16.7 ± 0.327b

45 ºC 38.5 ± 0.309c 25.3 ± 0.309c 18.4 ± 0.330c 18.5 ± 0.330c

60 ºC 29.4 ± 0.340d 28.5 ± 0.327d 27.8 ± 0.356d 14.9 ± 0.330d

80 ºC 22.9 ± 0.262e 31.8 ± 0.294e 25.3 ± 0.262e 20.2 ± 0.309e

100 ºC 14.6 ± 0.330f 30.3 ± 0.327f 28.4 ± 0.330f 27.0 ± 0.330f

(* Means followed by different small letters within the same column differ
significantly at p = 0.05 compared with unheated samples. Data expressed as means ±
standard deviation, n=3)
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Chapter 5 Specificity analysis of red color–related protein LvPBP

5.1 Introduction

Crustaceans like shrimps and crabs have a remarkable red color change during

cooking. In addition to reflecting the freshness of crustaceans, the red color change

also plays a significant role in consumer acceptability of commercial crustacean

species. Studies on crustacean shell color change were mainly focused on lobsters like

American lobster (Homarus americnaus), European lobster (H. gammarus), and

Western Australia lobster (Panulirus cygnus). Pioneering study on lobster shell

revealed that this well–known red color change is due to the release of pigments from

denatured PBPs, named crustacyanin (Wald & Nathanson, 1948; Zagalsky, 1985;

Chayen et al., 2003; Durbeej & Eriksson, 2003; Elizabeth et al., 2009; Wade et al.,

2009). Crustacyanin extracted from a lobster shell comprises apoproteins and

astaxanthin (Wald & Nathanson, 1948). The predominant PBP in the lobster shell is

α–crustacyanin (λmax: 632 nm, ~320 kDa), which contains 16 protein subunits and 16

astaxanthin molecules (Zagalsky, 1985; Chayen et al., 2003). After irreversible

dissociation, β–crustacyanin (λmax: 585 nm, ~40 kDa) appears; eight units of

β–crustacyanin can form one unit of α–crustacyanin. Both α– and β–crustacyanin can

easily dissociate into apoproteins (~20 kDa) under experimental conditions (Elizabeth

et al., 2009). Wade et al. (2012) reported that the red color–related proteins found in P.

monodon were ranged from 21–100 kDa. However, Cremades et al., (2003) separated

two different types of red color–related proteins, carotenoprotein–1 and

carotenoprotein–2 from crayfish byproducts. Both proteins showed various molecular

weights. Klomklao et al. (2009) extracted two different pigment–binding proteins with

molecular weight around 211 and 45 kDa, respectively from P. monodon.

However, in the previous chapters, a novel red color–related pigment–binding

protein, LvPBP75 was purified from the shell of L. vannamei. It was identified as

hemocyanin–ATX complex but not the reported crustacyanins. Yet despite the increase



82

in the knowledge of PBPs in crustaceans, there has been few progress in the specificity

analysis of the red color–related PBPs among shrimp species. Thus, the aim of this

chapter was to demonstrate: 1) the relationship between small molecular weight

proteins (< 40 kDa) and the red color change in L. vannamei, 2) specificity of

LvPBP75 among some shrimp species.

5.2 Materials and Methods

5.2.1 Materials

All samples were collected in frozen status directly from aquaculture farm. After

species confirmation by using 16s rRNA sequencing method, the shells were treated as

described in 2.2.1. The crude red color–related proteins were collected for further

purification.

5.2.2 Relationship between small molecular weight proteins and red color change in L.

vannamei shrimp

The crude water–soluble proteins derived from L. vannamei shell was separated

into two parts: larger and smaller than 50 kDa, by using a 50K Amicon Ultra

Centrifugal Device (Merck Millipore Ltd., Tullagreen, Carrigtwohill Co. CORK,

Ireland). The low molecular weight fraction (< 50 kDa) was subjected (0.5 ml with a

concentration of 4.03 mg/ml) to ion exchange HPLC on an IEC QA–825 column (8 ×

75 mm, Showadenko, Tokyo, Japan), the column was equilibrated with 20 mM

phosphate buffer (pH 7.0) and developed by a linear gradient of NaCl (0–1 M over 70

min) in 20 mM phosphate buffer (pH 7.0) at a flow rate of 0.5 ml/min.

5.2.3 Purification of red color–related PBP from the shell of kuruma shrimp, American

lobster, and Japanese spiny lobster

Purification of red color–related PBP from the shell of kuruma shrimp
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(Marsupenaeus japonicus), American lobster (Homarus americanus), and Japanese

spiny lobster (Panulirus japonicus) was followed as described in 2.2.2 with slight

changes. In M. japonicus, the crude water–soluble proteins were applied to gel

filtration HPLC on a Superdex 75 GL column (1 × 30 cm, GE Healthcare Biosciences,

UK) that was equilibrated and washed with 0.15 M NaCl/20 mM phosphate buffer (pH

7.0) at a flow rate of 0.5 mL/min. The red color–related fraction No. 1 was collected

for the further purification using ion exchange HPLC on an IEC QA–825 column (8 ×

75 mm, Showadenko, Japan), the column was equilibrated with 20 mM phosphate

buffer (pH 7.0) and developed by a linear gradient of NaCl (0–1 M over 70 min) in 20

mM phosphate buffer (pH 7.0) at a flow rate of 0.5 ml/min.

The crude water–soluble fraction derived from H. americanus shell was directly

subjected to HPLC on an IEC QA–825 column (8 × 75 mm, Showadenko, Japan), the

column was equilibrated with 20 mM phosphate buffer (pH 7.0) and developed by a

linear gradient of NaCl (0–1 M over 65 min) in 20 mM phosphate buffer (pH 7.0) at a

flow rate of 0.5 ml/min.

In the condition of P. japonicus, the crude water–soluble proteins were applied to

gel filtration HPLC on a Superdex 200 GL column (1 × 30 cm, GE Healthcare

Biosciences, UK) that was equilibrated and washed with 0.15 M NaCl/20 mM

phosphate buffer (pH 7.0) at a flow rate of 0.7 mL/min. The red color–related fraction

No. 4 was collected for the further purification using ion exchange HPLC on an IEC

QA–825 column (8 × 75 mm, Showadenko, Japan), the column was equilibrated with

20 mM phosphate buffer (pH 7.0) and developed by a linear gradient of NaCl (0–1 M

over 70 min) in 20 mM phosphate buffer (pH 7.0) at a flow rate of 0.7 ml/min.

5.2.4 Electrophoretic analysis of shell derived PBPs

Protein pattern was analyzed by SDS–PAGE on a 5–20% precast gel (Atto, Tokyo,

Japan) with a WSE–1025 cPAGE Ace Twin (Atto, Japan) compact PAGE system.

Before SDS–PAGE, the proteins were mixed with an equal volume of 0.125 M
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Tris–HCl buffer (pH 6.8) containing 4% SDS and 10% 2–mercaptoethanol and heated

in a boiling water bath for 5 min. After being run, the gel was stained with a Rapid

Coomassie Brilliant Blue (CBB) R–250 (Kanto Chemical, Japan), and Precision Plus

Protein Standards (Bio–Rad Laboratories, USA) were used as a reference.

5.2.5 Analysis of protein color change

Investigation of the color changes were performed by heating at temperatures of

100 °C for 10 min. Unheated samples were set as controls. Temperatures and color

changes were monitored and recorded. Color changes were investigated by using the

colorimeter (CLR–7100F, Shimadzu, Japan). The results are expressed as L*

(brightness), a* (+a red, –a green), and b* (+b yellow, –b blue).

5.2.6 Statistical analysis

Statistical analysis of all data were followed with the description in 2.2.6.

5.3 Results

5.3.1 Relationship between small molecular weight proteins and red color change in L.

vannamei srhimp

After centrifugation, > 50 kDa fraction showed a dark blue color, while the flow

through (< 50 kDa) showed a transparent color (Data not shown). No significant red

color change could be detected in < 50 kDa fraction after heating at 100 oC for 10 min

(Table 5–1). As shown in Fig. 5–1 total 5 peaks were obtained and a clear band with

molecular weight around 30 kDa was found in peak 1 & 3. However, after heat

treatment, no significant red color change could be detected (Data not shown). The

results suggested that, red color change was not correlated with small molecule protein

in L. vannamei.
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5.3.2 Purification of red color–related proteins derived from kuruma shrimp, American

lobster, and Japanese spiny lobster

As shown in Fig. 5–2A, the proteins larger than 50 kDa were disappeared within

the red color change in kuruma shrimp.The crude water soluble proteins were first

applied to gel filtration HPLC on a Superdex 75 column, total 5 fractions were

collected (Fig. 5–3). Fraction No.1 showed a significant red color change and then

subjected to the further purification using ion exchange chromatography. As shown in

Fig. 5–4A, 7 fractions were obtained, only peak 4 and 6 showed detectable red color

change. And one clear band with molecular weight around 75 kDa was found in peak 4,

which was in accordance with results obtained from L. vannamei. In red color changed

fraction No. 6, except the 75 kDa band, two other proteins were found, 250 and 37

kDa. The 250 kDa complex may correspond to the aggregates of myofibrillar–like

proteins. Thus, it shows no relationship with red color change. To understand whether

the 35 kDa protein was correlated with the red color change, gel filtration fraction No.

2 was subjected to ion exchange purification and the results were showed in Fig. 5–4B.

Total 8 fractions were obtained and the pure 35 kDa protein was obtained in fraction

No. 3, but it showed no color change ability (Data not shown). These results suggested

that, in kuruma shrimp, the red color change was correlated with the 75 kDa protein.

The red color–related proteins were purified from American lobster shell using

ion exchange chromatography, total 8 fractions were obtained (Fig. 5–5A). After heat

treatment, fraction No. 1, 2, 3, and 5 showed significant red color change (Table 5–2).

SDS–PAGE analysis revealed that lane 3 showed a clear band with molecular mass

around 22 kDa, it matches the previous description of β–crustacyanin (Fig. 5–5B).

α–crustacyanin was confirmed in the crude proteins (molecular mass around 180 kDa).

The unexplained bands showed in lane 1 suggest the dissociation of α–crustacyanins

had occurred under the experimental conditions. It was notable that the 75 kDa protein

was also found in the red color changed fraction No.1.

To understand whether the 75 kDa protein is correlated with red color change in
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American lobster shell or not. The fraction No. 1 was divided into two parts, larger and

smaller than 50 kDa by using a 50K Amicon Ultra Centrifugal Device (Merk Millipore,

Ireland). After heat treatment, red color change could only be detected in lower than 50

kDa fraction (Data not shown). As shown in Fig. 5–5C, β–crustacyanin band could not

be found in < 50 kDa fraction, which means the dissociation of β–crustacyanin had

occurred under the experimental conditions. The results suggesting that, in American

lobster, the red color change was not correlated with 75 kDa protein and crustacyanins

could dissociated under the experimental conditions.

Finally, the red color-related proteins were purified from Japanese spiny lobster.

As shown in Fig. 5–6A, total 4 peaks were obtained from gel filtration HPLC. Only

fraction No. 4 which was eluted between the retention time of 70 to 100 min showed a

significant red color change (Data not shown). Then it was concentrated and subjected

to the ion exchange HPLC. As shown in Fig. 5–6B, two main peaks were obtained and

only fraction No.1 showed a significant red color change after heat treatment.

SDS–PAGE analysis revealed that only one protein band with molecular weight

around 75 kDa was found (Fig. 5–6B insert). All the results indicated that, in Japanese

spiny lobster, the red color change was correlated with 75 kDa protein.

5.4 Discussion

The pigment–binding protein complex, called crustacyanin, were originally

identified from the European lobster (Homarus gammarus) and were grouped into the

broad classes based on amino acid composition, electrophoretic mobility and peptide

mapping (Cheesman et al., 1967; Quarmby et al., 1977; Budd et al., 2017). The native

crustacyanin, α–crustacyanin, has a molecular weight of about 320 kDa, which is a

multi–macromolecular complex consist of eight β–crustacyanin (Chayen et al., 2003).

As shown in Fig. 2–3, slight changes were detected in the proteins located less than 45

kDa when heated at 100 oC for 10 min. These proteins might correspond to some free

amino acids oligopepetides or dissociations of large–sized proteins (Cremades et al.,
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2003; Elizabeth et al., 2003; Gamiz–Hernandez et al., 2015). Meanwhile, the < 50 kDa

fraction showed no red color change (Table 5–1) and the purified small molecular

weight proteins showed no relationship with red color change (Fig. 5–1).

Pigment–binding proteins derived from different crustaceans possess various

molecular weights. As reported in lobster shell, they were ranged from 40–90 kDa

(Simpson et al., 1993). Wade et al., (2012) found that the red color–related proteins in

black tiger shrimp (Penaeus monodon) were located from 21–100 kDa. The red

color–related protein purified from kuruma shrimp and Japanese spiny lobster showed

same molecular weight around 75 kDa (Fig. 5–4 & 5–6), which was in accordance

with the results obtained from L. vannamei. Meanwhile, the small molecular weigh

proteins showed no relationships with red color change on these shrimp. However, the

red color–related protein with molecular weight around 22 kDa was purified from the

shell of American lobster (Fig. 5–5). Interestingly, the protein with molecular weight

around 75 kDa showed no red color change ability in American lobster shell.

Among crustacean species, the functional properties of proteins are correlated

with their structural features. A putative tertiary structure of β–crustacyanin was

proposed by Keen (Keen et al., 1991a, b) as a molecular model based on the

coordinated from the solved crystal structures of retinol–binding protein (Newcomer et

al., 1984), β–lactoglobulin (Papiz et al., 1986) and bilin–binding proteins (Huber et al.,

1987; Holden et al., 1987). The predicted structures have a β–barrel structure typical of

the lipocalins and consisting of eight antiparallel β–strands arranged in two orthogonal

β–sheets to form a calyx. The β–crustacyanin model also suggested that it could bound

with two ATXs.

Chemical reconstitution studies revealed that both 4 and 4' keto groups are

essential for the formation of β–crustaycanin–type complex: they are likely to be

conjugated with the polyene chain (Chayen et al., 2003). While the hydroxy groups at

these positions are not effective and they are not involved in the spectral shift

phenomenon, but the increased polarity make it easier for the end groups to be

positioned correctly in the binding site (Castillo et al., 2013, Chayen et al., 2003).
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The 13C MAS NMR together with Stark spectroscopy results suggested and

essentially symmetrical polarization of the ATX in crustaycanin with some asymmetry

superimposed on the two halves of the chromophore (Chayen et al., 2003). The

bathochromic shift of crustacaynins was attributed to perturbation of the ground–state

electronic structure of the pigment caused and this effect is quantitatively different

correlated with the binding ATXs (Chayen et al., 2003).

Arthropod hemocyanins are built as multiples of hexamers, each hexamer made

of monomers of about 75 kDa (van Holde et al., 2001). Sequence analysis revealed

that arthropod hemocyanin may contain several variants of the common monomer

sequence (Voit et al., 2000), each variant occupying a specific position in the intact

molecule. The sequences are sufficiently similar to each other and all arthropod

hemocyanin subunits may have a similar tertiary structure (van Holde et al., 2001).

However, molluscan hemocyanins are built on an entirely different way (van

Holde et al., 2001). The polypeptide chains are about 350–450 kDa, which consists of

seven or eight globular peptide strands (Miller et al., 1998; Lieb et al., 2000). In the

blood of cephalopod molluscs, like squids, the circulating hemocyanin shows

decamers. While in some other molluscs (mainly gastropods), dimers or higher

oligomers of these decamers could be detected (Miller et al., 1998; Lieb et al., 2000).

It was notable that, the hemocyanin unit derived from arthropod and molluscan have a

quite different tertiary structure (van Holde et al., 2001). The molluscan subunit is

smaller than the one derived from arthropod. A highly rich helical domain and largely

b–sheet structure could be detected in molluscan derived hemocyanin subunit (van

Holde et al., 2001).

In conclusion, the L. vannamei shell color change was not correlated with < 50

kDa proteins. The 75 kDa protein was correlated with the red color change on the

surface of L. vannamei, M. japonicus, and P. japonicus, while the 22 kDa protein was

correlated with the red color change on H. americanus. The red color change on

shrimp surface was not found to be associated with these two proteins simultaneously.

The red color–related pigment–binding protein LvPBP75 is not species–specific,
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further investigation is necessary to understand the red color–related proteins among a

variety of crustacean species.
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Figures and Tables

Figure 5–1 Purification (A) and protein pattern (B) of small molecule weight proteins
derived from the shell of L. vananmei using ion exchange HPLC on IEC QA–825
column.

(A)

(B)
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Figure 5–2 Protein files of crude water soluble proteins derived from kuruma shrimp
(A), American lobster (B) and Japanese spiny lobster (C) after heated at 100 oC, 10
min (Lane M: marker).

(A) (B) (C)

kDa
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Figure 5–3 Purification (A) and protein pattern (B) of red color–related protein derived
from kuruma shrimp shell by using Superdex 75 gel filtration column.

(A)

(B)
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Figure 5–4 Purification of gel filtration derived fraction No.1 (A) and fraction No.2 (B)
using ion–exchange HPLC on IEC QA–825 column. The inserts were protein patterns
of purified fractions.

(A)

(B)
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Figure 5–5 Purification (A) and SDS–PAGE analysis (B) of red color–related proteins
derived from American lobster shell using ion–exchange HPLC on an IEC QA–825
column. (C) Protein files of ultracentrifugation fractions of fraction No. 1 which was
collected from ion exchange HPLC.

(A)

(B) (C)
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Figure 5–6 Purification of the red color–related proteins derived from Japanese spiny
lobster shell using gel filtration HPLC on a Superdex 200 column (A) and
ion–exchange HPLC on an IEC QA–825 column (B). The inserts were protein patterns
of purified fractions.

(A)

(B)
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Table 5–1 Color changes of different fractions (</> 50 kDa) derived from the crude

water–soluble proteins of L. vannamei

> 50 kDa < 50 kDa
Before After Before After

L* 5.87±0.009 3.66±0.005 5.54±0.005 5.68±0.009

a* –0.27±0.009 0.44±0.009 –0.16±0.005 –0.17±0.009

b* 0.28±0.012 1.36±0.005 1.32±0.017 1.34±0.005
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Table 5–2 Color changes of fractions purified fromAmerican lobster by using IEC QA–825 column (Upper: before heat treatment,

Lower: 100 oC, 10 min. 1–8: fraction numbers)

1 2 3 4 5 6 7 8
L* 4.87±0.009 5.66±0.005 5.54±0.005 5.68±0.009 5.14±0.009 5.23±0.008 4.12±0.016 5.34±0.009
a* –0.27±0.009 –0.24±0.009 –0.16±0.005 –0.17±0.009 –0.17±0.009 –0.15±0.009 –0.59±0.012 –0.23±0.012
b* 0.28±0.012 1.36±0.005 1.32±0.017 1.34±0.005 1.33±0.021 1.24±0.005 0.38±0.008 1.49±0.012

1 2 3 4 5 6 7 8
L* 4.87±0.012 4.37±0.005 4.56±0.009 5.96±0.014 4.14±0.014 3.73±0.005 3.64±0.012 4.97±0.005
a* 0.11±0.012 0.15±0.009 0.03±0.012 –0.20±0.014 –0.14±0.005 –0.17±0.014 0.04±0.009 –0.10±0.009
b* 1.72±0.009 1.53±0.014 1.55±0.014 1.40±0.019 1.25±0.014 0.93±0.014 1.06±0.024 1.12±0.005
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Chapter 6 Summary of main finding and discussion

6.1 Summary

1) A novel red color–related protein was purified from the shell of L. vannamei

using ammonium sulfate precipitation, gel filtration, and anion exchange HPLC. Gel

filtration HPLC and SDS–PAGE analysis demonstrated that the pure protein has a

molecular mass of ~75 kDa. It was a homogenous monomer with purity more than

90%. It was identified as a combined complex of hemocyanin and astaxanthin, but not

the previous described crustacyanin in lobster shell.

2) On the basis of the partial amino acid sequences determined by peptide mass

fingerprinting, a full–length cDNA of 2,183 bp including an ORF of 1,986 by that

encodes 662 amino acid residues was cloned. A blast analysis revealed that it shares

nearly 80% similarity with hemocyanins derived from L. vannamei. Circular dichroism

analysis illuminated that it is a protein rich in α–helix conformation. This red

color–related protein was a thermal sensitive protein, color changes of this protein can

be promoted after being subjected to conditions of high concentrations of NaCl, acidic

or alkaline pH, and high concentrations of alcohols. The results suggested a novel

function of hemocyanin as binding with pigment and involved in L. vannamei shell

color change.

3) Tissue distribution revealed that LvPBP75 has the highest expression level in

hepatopancreas, mediate level in heart, hemolymph, epithelium, and intestine, and the

lowest in eyestalk, nerve, and muscle. Reconstruction and structural analysis revealed

that astaxanthin could bound to the hemcoyanin derived from the shell of L. vannamei,

but not the hemocyanins derived from hepatopancreas or hemolymph from other

invertebrates. The results suggested that the pigment–binding ability of hemocyanins

has tissue– or species–specificity and their unique structural features play an important

role during binding.

4) The small molecular weight proteins (< 40 kDa) were not correlated with the

shell color change in L. vannamei. The 75 kDa protein was correlated with the red
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color change on the surface of L. vannamei, M. japonicus, and P. japonicus, while the

22 kDa protein was correlated with the red color change on H. americanus. The results

suggested that the red color change on L. vannamei surface is mainly correlated with

LvPBP75 and it is not specific in L. vannamei.

6.2 Discussion

Crustaceans like shrimps and crabs have a remarkable red color change during

cooking. In addition to reflecting the freshness of crustaceans, the red color change

also plays a significant role in consumer acceptability of commercial crustacean

species.

Pigment–binding proteins derived from different crustacean species show

different relationships with the red color change. In the lobster shell, they ranged from

40–90 kDa (Buchwald & Jencks, 1968; Simpson et al., 1993). However, Wade et al.

(2012) reported that the proteins found in black tiger shrimp (P. monodon) ranged from

21–100 kDa. Cremades et al. (2003) separated two different types of pigment–binding

proteins, carotenoprotein–1 and carotenoprotein–2, from crayfish (Procambarus

clarkii) by–products by using a solid filtration method. Carotenoprotein–1 has

molecular mass from less than 10 kDa to more than 400 kDa. Meanwhile,

carotenoprotein–2 comprises two main proteins weighing 40 and 22 kDa, respectively,

followed by a series of proteins with small molecular masses. Elizabeth et al. (2009)

found two main pigment–binding proteins with molecular masses around 40 and 300

kDa from J. lalandii shell, respectively. In this study, a novel red color–related protein

with the molecular weight around 75 kDa was found in the shell of L. vannamei.

LvPBP75 was identified as hemocyanin by peptide mass finerprinting and cDNA

analysis, which could bound with pigment. Hemocyanin is mainly known as oxygen

transporter (van Holde & Miller, 1995; van Holde et al., 2000) but also functions in

many other aspects like osmotic regulation (Seidl et al., 2002) and anti–fungal defense

factor (Destoumieux–Garzon et al., 2001). However, in this study, the hemocyanin
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derived from the shell of L. vananmei does not work as an oxygen transporter but a

pigment–binding function and involved into shrimp shell color change. This might be

correlated with the organ or tissue where hemocyanins exist. Hemocyanins that were

reported with oxygen transportation function, innate immune function were isolated

from hepatopancreas, hemolymph or blood (van Holde & Miller, 1995;

Destoumieux–Garzon et al., 2001; Seidl et al., 2002). All these tissues or organs are

mainly correlated with the respiration or immune functions during shrimp life history.

There is no need to transport any oxygen or display any immune function in non–cell

tissue like the shell. In nature status the main function of shrimp shell is protection:

calcification is known to play a major role in making the skeleton, while the

organismal coloration is mainly served as communication and camouflage (Kronstadt

et al., 2013). According to this principle, the hemocyanin which was transferred to the

exoskeleton may active as the color change function.

Changes of CD spectra between LvPBP75 and rLvPBP75 probably reflects the

increase in conformational flexibility of hemocyanin gained by the hydrophobic

residues associated to ATX binding. The binding ratio of rLvPBP75 and ATX was

calculated to be 0.346 based on their molar mass, which means that 1 ATX could

bound with 26 kDa protein. The reported ATX content in crustacyanin is about 1 ATX

per 22 kDa apoprotein (Palma & Steneck 2001; Elizabeth et al., 2009). Similar

situation was found in the pigment–binding protein derived from the egg of golden

apple snail, which has 1 ATX per 30 kDa protein chromophore. ATX was tightly bound

to the protein but it did not make any substantial contribution to the structural changes

of pigment–binding complex (Dreon et al., 2007). According to these results, the

protein can be expected to dominate the CD spectra of pigment–binding complex.

However, Ferrari et al. (2012) reported the reconstitution of crustacyanin using

astaxanthin and crustacyanin subunits that derived from the shell of American lobster

(H. americanus). The recombinant crustacyanin subunit H1 and H2 with astaxanthin

produced a bathochromic shift of 85–95 nm compared with natural crustacyanin

subunits from H. americanus in complex with astaxanthin. Our results suggest that,
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ATX could bound to hemocyanin and this pigment–binding complex had closely

corresponded to L. vannamei shell color change. But unlike crustacyanin, ATX does

not bring any structural changes to the pigment–binding complex.

Based on the above results and discussion, a novel red color–related

pigment–binding protein, LvPBP75 was purified from the shell of L. vannamei by

using ammonium sulfate precipitation, gel filtration, and anion exchange HPLC. It had

closely corresponded to L. vannamei shell color change under heat treatment and was

identified as hemocyanin which could bind with ATX. The pigment–binding ability of

hemocyanins has tissue– or species–specificity. Meantime, this red color–related

hemocyanin–ATX binding complex was not specific among shrimp species.

6.3 Prospect for future study

Further research should be carried out based on the current findings in this study,

e.g., to further investigate the red color–related proteins among other crustacean

species, to characterize the binding site and structural properties of LvPBP75 and to

clarify the transportation and pigment–binding mechanisms of hemocyanin in L.

vannmei. It is anticipated that further studies could lead to promising understanding

and application of crustacean PBPs in food processing industry.
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