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Abstract 

 

A cDNA clone encoding trypsin (AG-T) was isolated from the pyloric ceca of 

cold-adapted fish, arabesque greenling (Pleurogrammus azonus).  The cDNA was composed 

of 892 bp with an open reading frame of 729 bp at nucleotide positions 25-753.  Similar to 

all the known trypsin, the AG-T seemed to be synthesized as preproenzyme that contains a 

hydrophobic signal peptide, an activation pentapeptide and a mature trypsin of 222 amino 

acid residues.  The AG-T also completely conserved the major structural features common to 

trypsin such as the catalytic triad (His57, Asp102 and Ser195), the obligatory Asp189 and 

twelve Cys residues.  On the other hand, the AG-T possessed the deletion of Tyr151 and 

substitution of Pro152 for Gly in the autolysis loop when aligned with the sequence of 

tropical-zone fish and bovine trypsins.  In addition, Val75 concerned in a combination with 

calcium ion was exchanged for Ala in the AG-T and the content of positively charged amino 

acid residues at the calcium-binding site of the AG-T was three times higher than those of 

tropical-zone fish trypsins.  Moreover, the ratio between charged and hydrophobic amino 

acid residues in the N-terminal region of the AG-T was also higher than those of 

temperate-zone fish and tropical-zone fish trypsins.  Such structural properties of the AG-T 

would contribute to its low thermostability. 
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Introduction 

 

Trypsin (EC 3.4.21.4), a major digestive enzyme, is a member of the large family of 

serine proteases.  The enzyme specifically cleaves the peptide bond on the carboxyl side of 

Lys and Arg residues.  It is characterized by a common catalytic mechanism involving the 

catalytic triad of three essential amino acid residues (His57, Asp102 and Ser195) and a 

substrate determinant residue (Asp189) [1].  Trypsin has been studied in a broad range of 

species from bacteria to humans because bovine trypsin was isolated and analyzed as the first 

proteolytic enzyme [1].  The enzyme is an excellent model to study structure-function 

relationships and many studies have been done to elucidate the structural properties of 

mammalian pancreatic trypsin [2-7].  On the other hand, fish viscera are a source of trypsin 

that has some unique properties of interest to both basic research and practical applications 

[8-13].  Especially, fish trypsin displays substantially higher kcat/Km value at low 

temperatures than their mammalian counterparts.  For example, the catalytic efficiency of 

cod trypsin was found to be higher than that of bovine trypsin [14, 15], and that of salmon 

anionic trypsin was reported to be as much as 40-fold higher [16].  In addition, fish trypsin is 

more sensitive to inactivation by heat, low pH and autolysis than that of mesophilic analogues 

[14, 17].  These enzymatic properties of fish trypsin are interesting for several industrial 

applications, such as in certain food processing operations that require low processing 

temperatures.  Indeed, Atlantic cod trypsin has already been used in industrial applications 

[18, 19] and medical applications [18]. 

 Recently, we isolated and characterized trypsins from various species of marine fish 

[29-31].  Then, it was obtained that the strong positive correlation between habitat 

temperature of these marine fish and thermostability of the fish trypsins [30], and it was also 

noted that the trypsin from arabesque greenling (AG-T) showed remarkably low 
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thermostability [21].  The property of AG-T stimulated an interest in the potential of its 

commercial use.  However, there is no structural data concerning the AG-T.  Therefore, in 

this study, we investigated a primary structure of the AG-T. 

 

 

Materials and methods 

 

Materials 

 

 Live specimen of arabesque greenling (Pleurogrammus azonus) was purchased at 

the fish market in Hakodate, Hokkaido prefecture, Japan, in April 2008. 

 

RT (reverse transcription)-PCR and cDNA sequencing 

 

 Total RNA was extracted from pyloric ceca of arabesque greenling with a TRIzol 

regent (Invitrogen, CA, USA).  Poly (A)+RNA was isolated from the total RNA using an 

Oligotex-dt30 (TaKaRa, Kyoto, Japan).  The poly (A)+RNA was reverse-transcribed by 

using a RT-RACE primer (5’-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTT-3’) and 

a SuperScriptⅡ (Invitrogen, CA, USA).  PCR was carried out using the first strand cDNA 

and an Amplitaq Gold (TaKaRa, Kyoto, Japan) under the following conditions: 95 oC for 9 

min, 45 cycles of 94 oC for 15 s, 54 oC for 30 s, 72 oC for 60 s and 72 oC for 7 min.  A 

forward primer (5’-ATCGTCGGAGGGTATGAGTG-3’) and a reverse primer 

(5’-AGTCACCCTGGCAAGAGTCC-3’) were designed on the basis of well-conserved 

partial amino acid sequences (Ile16-Cyc22 and Lys185-Ser192, respectively) in various 

vertebrate trypsins (Fig. 4).  The PCR products were subcloned in a pDrive Cloning Vector 
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(QUIAGEN, Duesseldorf, Germany) and transformed into JM109 cell (Promega, WI, USA).  

Plasmid DNA was purified from the positive clone using a Wizard SV Gel and PCR Clean-Up 

System (Promega, WI, USA).  The nucleotide sequence of the cDNA was determined using 

a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Ca, USA) and an ABI 

PRISM 310 Genetic Analyzer (Applied Biosystems, Ca, USA). 

 

RACE (rapid amplification of cDNA ends)-PCR 

 

Based on the partial nucleotide sequence determined by RT-PCR, the remaining 

sequences were analyzed by 3’- and 5’-RACE.  The 3’-terminal cDNA fragments were 

amplified using the above first strand cDNA and an Amplitaq Gold (TaKaRa, Kyoto, Japan) 

under the following conditions: 95 oC for 9 min, 45 cycles of 94 oC for 15 s, 54 oC for 30 s, 72 

oC for 60 s and 72 oC for 7 min.  A forward primer (5’-TCTGCGCTGGATACCTGGAG-3’) 

designed on the basis of the above partial nucleotide sequence and a reverse primer 

(5’-GGCCACGCGTCGACTAGTAC-3’) designed on the basis of the RT-RACE primer. 

5’-RACE was performed using a 5’ Full RACE Core Set (TaKaRa, Kyoto, Japan).  

Total RNA was extracted from pyloric ceca of arabesque greenling with a TRIzol regent 

(Invitrogen, CA, USA).  Poly (A)+RNA was isolated from the total RNA using an 

Oligotex-dt30 (TaKaRa, Kyoto, Japan).  The poly (A)+RNA was reverse-transcribed by 

using a RT primer (5’-(p)TAGCTGGCCATG-3’) and a AMV Reverse Transcriptase XL, and 

then the first strand cDNA was ringed with a T4 RNA Ligase.  The first PCR was carried out 

using the ringed cDNA and a Premix Taq under the following conditions: 94 oC for 3 min, 25 

cycles of 94 oC for 30 s, 65 oC for 30 s, 68 oC for 30 s.  The second PCR was carried out 

using the amplified product of the first PCR and a Premix Taq under the following conditions: 

27 cycles of 94 oC for 30 s, 65 oC for 30 s, 68 oC for 30 s.  For the first PCR, a forward 
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primer (5’-TGTGCTCAGAGAGACAACCC-3’) and a reverse primer 

(5’-TGTAGCAGTGAGCAGCCAGAC-3’) designed on the basis of the above partial 

nucleotide sequence.  For the second PCR, a forward primer 

(5’-GGTGTCTAGCGAAAGGTCTG-3’) and a reverse primer 

(5’-AGAAGTGGTAGCCGGAGTTC-3’) designed on the basis of the above partial 

nucleotide sequence. 

The nucleotide sequences of the RACE-PCR products were determined by the same 

method in the RT-PCR. 

 

 

Results and discussion  

 

cDNA characteristics of the isolated clone 

 

 The isolated cDNA clone encoding the AG-T (Accession No.: AB441709 in DDBJ) 

was composed of 892 bp with an open reading frame of 729 bp from the ATG start codon at 

nucleotide position 25 through to the TAA stop codon at position 753  (Fig. 1).  The 

5’-noncoding region of AG-T appeared to contain the longest nucleotide sequence (24 bp) 

among the vertebrate sequence reported so far [32].  The poly (A) signals, as expected, 

occurred at 25 bp upstream from the first adenine of poly (A) track.  The 3’-noncoding 

region of AG-T had 138 bp nucleotides, and it is much longer than those of other trypsin.  

The nucleotide sequence of AG-T encoded 242 amino acids starting from the first Met.  It 

was suggested that the AG-T is synthesized as preproenzyme which contains hydrophobic 

signal peptide, activation pentapeptide and mature trypsin of 222 amino acid residues. 
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Signal peptide 

 

 As shown in Fig. 2, the signal peptide of AG-T was composed of fifteen amino 

acids and had a hydrophobic core containing seven contiguous hydrophobic residues.  It was 

predicted that the cleavage between signal peptide and activation peptide of the AG-T occurs 

at the C-terminal of Ala residue (amino acid position 15) considering its structural feature. 

The amino acid sequence of the AG-T signal peptide was compared to those of frigid-zone 

fish (Atlantic cod, Antarctic fish, Atlantic salmon), temperate-zone fish (anchovy and 

flounder), tropical-zone fish (zebrafish and tilapia) and bovine trypsins.  The signal peptide 

of bovine trypsin typically contains a hydrophobic core terminated by a helix-breaking Gly 

residue, and the hydrophobic core falls into two clusters interrupted by a less hydrophobic Ala 

residue at position 8 [33].  The signal peptide of zebrafish and tilapia (tropical-zone fish) 

showed the same structural composition as those of bovine trypsin.  However, the signal 

peptides of frigid-zone and temperate-zone fish trypsins had seven contiguous hydrophobic 

residues common to the AG-T signal peptide. 

 

Activation peptide 

 

  The AG-T activation peptide was pentapeptide composed by a poly-anionic cluster 

(two Glu residues followed by an Asp residue) and a Lys residue located at the C-terminal end 

(Fig. 3).  It was suggested that the cleavage site between activation peptide and mature 

enzyme of the AG-T is at the C-terminal of the Lys residue (position 9) and that the 

enterokinase or trypsin itself of arabesque greenling recognize the poly-anionic cluster to 

cleave the activation peptide from the proenzyme [34].  The activation peptide of 
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mammalian trypsin is usually consisted by octapeptide containing a hydrophobic cluster of 

three amino acid residues followed by a poly-anionic cluster of four contiguous Asp residues.  

Equally to the AG-T, the sequences of activation peptides of frigid-zone and temperate-zone 

fish trypsins required the deletion of two amino acid residues (positions 1 and 2) in the 

hydrophobic cluster when aligned with those of tropical-zone fish and bovine trypsins.  The 

number of amino acid in the poly-anionic cluster of other fish trypsins except for zebrafish 

was one residue shorter than bovine equivalent in accordance with the AG-T. 

 

Mature trypsin 

 

Common structural properties of AG-T to vertebrate trypsin 

 

The predicted amino acid sequence of mature AG-T is showed in Fig. 4.  The 

AG-T was composed of 222 amino acid residues, and its molecular weight was calculated at 

24,028.  The theoretical isoelectric point (pI) of AG-T was 5.9.  The amino acid sequence 

identities of the AG-T to frigid-zone fish trypsins (Atlantic cod, 82 %; Antarctic fish, 85 %; 

Atlantic salmon, 85 %) and temperate-zone fish trypsins (anchovy, 81 %; flounder, 84 %) 

were higher than to tropical-zone fish trypsins (zebrafish, 65 %; tilapia, 69 %) and bovine 

trypsin (64 %).  The AG-T possessed twelve Cys residues at the appropriate positions in 

bovine trypsin and completely conserved the catalytic triad (His57, Asp102 and Ser195) and 

the consensus sequence of GDSGG around the Ser195.  The AG-T also preserved the 

structures for substrate specificity, i.e. S1 substrate-binding pocket (positions 189-195, 

214-220 and 225-228), loop 1 (positions 184-188), loop 2 (positions 221-225) and Tyr172 

residue. 

Bovine trypsin has six disulfide-bridges (Cys15-Cys145, Cys33-Cys49, 
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Cys117-Cys218, Cys124-Cys191, Cys156-Cys170 and Cys181-Cys205) [35].  The pairing 

of half-Cys residues in the AG-T was not determined in this study.  However, the AG-T may 

also have six disulfide-bridges, because it possesses twelve Cys residues at the appropriate 

positions in bovine trypsin.  The catalytic activity of trypsin is due to the ability of His57 to 

transfer a proton from Asp102 to Ser195 [35], and the consensus repeat (GDSGG) is 

diagnostic of a serine protease [36].  In addition, the steric and electrostatic properties of the 

S1 pocket are need for substrate specificity [3].  Especially, the preference of trypsin for Lys 

and Arg residues results from the presence of Asp189 residue at the bottom of the S1 pocket.  

Moreover, Tyr172 residue interacts synergistically with the residues of the S1 pocket and two 

surface loops (loop 1 and 2) to determine substrate specificity [4].  In this study, it was 

demonstrated that the AG-T completely conserved these important structures for catalytic 

function of trypsin.  Therefore, the AG-T has a common structure of vertebrate trypsin 

family, and its catalytic mechanism is essentially the same as those of them. 

 

Structural properties for low thermostability of AG-T 

 

The deletion of Tyr151 residue and substitution of Gly for Pro152 residue in the 

autolysis loop (positions 143-153) of the AG-T was existed when aligned with the sequences 

of bovine trypsin (Fig. 4).  These structural differences were also found in frigid-zone and 

temperate-zone fish trypsins, but not in tropical-zone fish trypsin.  Gable and Kasche [37] 

reported that the cleavage of single-chain bovine trypsin (β-trypsin) at Lys145 residue in the 

autolysis loop results α-trypsin which shows less thermal stability, and it is thought that the 

structure of autolysis loop is strongly relates to thermostability of trypsin.  From the 

structural characteristics of anchovy trypsin, Ahsan et al. [32] considered that Gln192 residue 

located at the entrance of the S1 substrate-binding pocket in anchovy trypsin is much more 
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freedom with lack of the bulky ring of Tyr151 residue, and substitution of Gly for Pro152 

residue in anchovy trypsin could result in a completely different orientation of the autolysis 

loop between anchovy trypsin and bovine trypsin.   

Four amino acid residues (Glu70, Asn72, Glu77 and Glu80) were conserved in the 

calcium-binding loop (positions 68-80) of the AG-T, but Val75 was exchanged for Ala.  Also, 

the AG-T had three positive charged amino acid residues (His71, Arg74 and Arg84) and three 

negative charged amino acid residues (Glu70, Glu77 and Glu80) at the region.  Bovine 

trypsin has been found to require Ca2+ for thermal stability and resistance to degradation, and 

this stabilizing effect is accompanied by a conformational change in the trypsin molecule 

resulting in a more compact structure [38, 39].  The calcium-binding site of bovine trypsin is 

in the external loop, and five amino acid residues (Glu70, Asn72, Val75, Glu77 and Glu80) 

are concerned in a combination with calcium ion [39].  These residues were completely 

conserved in tropical-zone fish trypsins.  However, Val75 in the AG-T was exchanged for 

Ala as well as other frigid-zone and temperate-zone fish trypsins (Atlantic cod, Asn72-His; 

Antarctic fish, Asn72-His; anchovy, Asn72-His and Val75-Gln; flounder, Asn72-Lys).  In 

addition, it was obtained that the strong positive correlation between the charge at the 

calcium-binding region and the thermostability of fish trypsins.  That is to say, at the 

calcium-binding region (positions 68-84), the ratio between positive and negative charged 

amino acid residues of frigid-zone fish trypsins (mean: 1.06) was highest followed by 

temperate-zone fish trypsins (0.75), tropical-zone fish trypsins (0.29) and bovine trypsin 

(0.00).  It was interpreted that the combination of Ca2+ with the AG-T and frigid-zone fish 

trypsins could be weaker than temperate-zone fish, tropical-zone fish and bovine trypsins, 

because calcium ion repels positive charged amino acid residues at the calcium-binding 

region of them. 

The percentage of charged amino acid residues (Lys, Arg, Aps, Glu and His) in the 
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AG-T (19 %) was same as those of other frigid-zone and temperate-zone fish trypsins (mean: 

18 %) differing from tropical-zone fish trypsins (mean: 14 %) and bovine trypsin (13 %).  

Also, it was clarified that the correlation between the charge at the N-terminal region and the 

thermostability of fish trypsins.  That is, at the N-terminal region (positions 20-50), the ratio 

between charged and hydrophobic amino acid residues (Trp, Phe, Leu, Ileu, Val, Tyr and Pro) 

of frigid-zone fish trypsins (mean: 0.73) was highest followed by temperate-zone fish trypsins 

(mean: 0.63), tropical-zone fish trypsins (mean: 0.27) and bovine trypsin (0.10).  Genicot, et 

al. [40] reported that thermal stability and flexibility of fish trypsin were affected by its 

overall decrease in hydrophobicity and an increase in surface hydrophilicity as compared to 

mammalian counterparts.  In the previous study, we aligned the N-terminal 20 amino acid 

sequences of several fish and mammalian trypsins and demonstrated that the charged amino 

acid contents of frigid-zone fish trypsins (mean: 19.2 %) including the AG-T were higher than 

those of temperate-zone fish trypsins (mean: 11.0 %), tropical-zone fish trypsins (mean: 

12.1 %) and mammalian trypsins (mean: 5.0 %) [41].   

 We predicted the 3D-structures of the calcium-binding region and the N-terminal 

region of the AG-T (Fig. 5).  As shown in Fig. 5, the positively charged amino acid residues 

were observed in the surface of the calcium-binding region of the AG-T, but that was not 

detected in bovine trypsin.  Additionally, N-terminal region located at the surface of the 

AG-T molecule contained more charged amino acid residues than bovine trypsin. 

From these results, we believe that the structural characteristics at the autolysis loop, 

calcium-binding region and N-terminal region of the AG-T would contribute its lower 

thermostability.  We should produce the recombinant trypsin from cDNA and obtain the 

evidences supporting the structural properties.  These are currently under investigation. 
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Conclusions 

 

The AG-T conserved common structural properties of vertebrate trypsin family, and 

its catalytic mechanism would be essentially the same as those of vertebrate trypsins.  On the 

other hand, the AG-T possessed the deletion of Tyr151 and substitution of Pro152 for Gly in 

the autolysis loop.  In addition, the ratio between positive and negative charged amino acid 

residues at the calcium-binding region (positions 68-84) and the ratio between charged and 

hydrophobic amino acid residues at the N-terminal region (positions 20-50) of the AG-T and 

frigid-zone fish trypsins was highest followed by temperate-zone fish trypsins, tropical-zone 

fish trypsins and bovine trypsin.  Such structural characteristics of the AG-T would 

contribute to its low thermostability. 
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(Captions to figures) 

 

Fig. 1.  Nucleotide and deduced amino acid sequences of arabesque greenling trypsin.  The 

deduced amino acid sequence and the residue numbers are shown above the codons.  The 

ATG initiation codon and the TAA termination codon are asterisked.  Putative 

polyadenylation signal is written in bold-italic. 

 

 

Fig. 2.  Comparison of the signal peptide of arabesque greenling trypsin with those of other 

fish and bovine trypsins.  Arabesque greenling, arabesque greenling trypsin; Atlantic cod I, 

Atlantic cod, Gadus morhua, trypsin I [42]; Antarctic fish, Antarctic fish, Paranotothenia 

magellanica, trypsin [40]; Atlantic salmon I, Atlantic salmon, Salmo salar, trypsin I [43]; 

Anchovy I, anchovy, Engraulis japonicus, trypsin I [32]; Flounder I, flounder, Paralichthys 

plivaceus, trypsin I [Accession No.: AB029750 in GenBank]; Zebrafish, zebrafish, Dnio rerio, 

trypsin [Accession No.: AF541952 in DDBJ]; Tilapia, tilapia, Oreochromis niloticus, trypsin 

[Accession No.: AY510093 in DDBJ]; Bovine cationic, bovine cationic trypsin [Accession 

No.: BC134797 in DDBJ]. 

 

 

Fig. 3.  Primary structures of the activation peptides of several fish and bovine trypsins.  

The names of sequences are the same in Fig. 2.  Dashes indicate deletions introduced for 

maximizing the sequence similarity. 
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Fig. 4.  Alignment of the deduced amino acid sequence of arabesque greenling mature 

trypsin with the sequences of other fish and bovine trypsins.  The amino acids are numbered 

by the standard chymotrypsin numbering system [44].  The names of sequences are the same 

in Fig. 2.  Dashes indicate deletions introduced for maximizing the sequence similarity.  

The residues of catalytic triad (His57, Asp102 and Ser195) and obligatory Asp189 are marked 

with asterisks. 

 

 

Fig. 5. Electrostatic surface potentials of the predicted 3D-structure of AG-T.  We built the 

3D-structure of the AG-T on the basis of the primary structural information using 3-D 

JIGSAW server [http://bmm.cancerresearchuk.org/~3djigsaw/] and Swiss-PdbViewer 

DeepView v4.1 [47, 47], and the results were compared to that of bovine trypsin. 

A: Calcium-binding region.  Red color represents the negatively charged amino 

acid residues and amino acid residues which are concerned in a combination with calcium ion.   

Blue color represents the positively charged amino acid residues.  Green color represents the 

other amino acid residues.  A-1; AG-T, A-2; bovine trypsin [2]. 

 B: N-terminal region.  Red color represents charged amino acid residues.  Blue 

color represents hydrophobic amino acid residues.  Green color represents the other amino 

acid residues.  B-1; AG-T, B-2; bovine trypsin [2]. 
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5 ’- G A T C C A C A A G A T C C C A C A G C A A C C                                         
1                                    1 0                                       2 0    
* * *  M e t  S e r  L e u  V a l  P h e  V a l  L e u  L e u  I l e  G l y  A l a  A l a  P h e  A l a  L e u  G l u  G l
A T G  A T G  T C T  C T G  G T C  T T C  G T T  C T G  C T C  A T C  G G A  G C T  G C T  T T T  G C T  

                                    3 0                                       4 0
I l e  V a l  G l y  G l y  T y r  G l u  C y s  T h r  P r o  H i s  T h r  G l n  A l a  H i s  G l n  V a l  S e r  L e u  A s
A T C  G T C  G G A  G G G  T A T  G A G  T G C  A C A  C C C  C A C  A C C  C A G  G C C  C A

                                    5 0                                       6 0       
G l y  T y r  H i s  P h e  C y s  G l y  G l y  S e r  L e u  V a l  S e r  A l a  A s p  T r p  V a l  V a l  S e r  A l a  A
G G C  T A C  C A C  T T C  T G T  G G T  G G C  T C C  C T G  G T C  A G C  G C T  G A C  T G G  G

                                    7 0                                       8 0
C y s  T y r  L y s  S e r  A r g  V a l  G l u  V a l  A r g  L e u  G l y  G l u  H i s  A s n  I l e  A r g  A l a  T h r  
T G C  T A C  A A A  T C C  C G T  G T T  G A G  G T G  C G T  C T T  G G A  G A G  C A C  A A C  A

                                    9 0                                       1 0 0
A s n  G l u  G l n  P h e  I l e  A r g  S e r  S e r  A r g  V a l  I l e  A r g  H i s  P r o  G l u  T y r  S e r  S e r  
A A C  G A G  C A G  T T C  A T C  C G C  T C C  T C T  C G C  G T C  A T C  C G C  C A C  C C C  

                                    1 1 0                                      1 2 0
I l e  A s n  A s n  A s p  I l e  M e t  L e u  I l e  L y s  L e u  S e r  L y s  P r o  A l a  T h r  L e u  A s n  A r g
A T C  A A C  A A C  G A C  A T C  A T G  C T G  A T C  A A G  C T G  A G C  A A G  C C C  G C C

                                    1 3 0                                      1 4 0
G l n  T h r  V a l  A l a  L e u  P r o  T h r  S e r  C y s  A l a  P r o  A l a  G l y  T h r  M e t  C y s  L y s  V a l  
C A G  A C T  G T G  G C T  C T G  C C C  A C C  A G C  T G T  G C C  C C C  G C T  G G C  A C C

                                    1 5 0                                      1 6 0
T r p  G l y  A s n  T h r  M e t  S e r  S e r  T h r  A l a  A s p  G l y  A s p  L y s  L e u  G l n  C y s  L e u  A
T G G  G G C  A A C  A C C  A T G  A G C  T C C  A C T  G C T  G A C  G G T  G A C  A A G  C T G

                                    1 7 0                                      1 8 0
I l e  L e u  S e r  G l u  A l a  A s p  C y s  G l u  A s n  S e r  T y r  P r o  G l y  M e t  I l e  T h r  L y s  A l a  
A T C  C T G  T C T  G A G  G C G  G A C  T G T  G A A  A A C  T C C  T A C  C C C  G G C  A T G  
 
                                    1 9 0                                      2 0 0
C y s  A l a  G l y  T y r  L e u  G l u  G l y  G l y  L y s  A s p  S e r  C y s  G l n  G l y  A s p  S e r  G l y  G l y
T G C  G C T  G G A  T A C  C T G  G A G  G G A  G G C  A A G  G A C  T C T  T G C  C A G  G G T  
 
                                    2 1 0                                      2 2 0
V a l  C y s  A s n  G l y  G l u  L e u  G l n  G l y  V a l  V a l  S e r  T r p  G l y  T y r  G l y  C y s  A l a  G l n  A
G T G  T G C  A A C  G G T  G A G  C T G  C A G  G G T  G T C  G T G  T C C  T G G  G G C  T A C  G

                                    2 3 0                                      2 4 0
A s n  P r o  G l y  V a l  T y r  A l a  L y s  V a l  C y s  L e u  P h e  A s n  G l u  T r p  L e u  G l u  T h r  T h r  
A A C  C C C  G G T  G T C  T A C  G C A  A A G  G T C  T G C  C T C  T T C  A A T  G A A  T G G  C
 
    2 4 2
S e r  T y r  * * *
A G C  T A T  T A A                                                                      

G T C T G A T C C T G T G A C A A C C A T C T T A A T C T A T T G C C T T T C T T C C A T C A T T C T A A CG T T G A G T T C T G A A
C A A T G T G C A G T C A T T T T C C A T C T G A G T AA A T A A AG T T T T A C G T C T T G A C T T T C A A A A A A A - 3’                  8 9 2
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Fig. 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         1                5                    1 0                   1 5
A r a b e s q u e  g r e e n l i n g M e t  M e t  S e r  L e u  V a l  P h e  V a l  L e u  L e u  I l e  G l y  A l a  A l a

A t l a n t i c  c o d  I M e t  L y s  S e r  L e u  I l e  P h e  V a l  L e u  L e u  L e u  G l y  A l a  V a l
A n t a r c t i c  f i s h M e t  A r g  S e r  L e u  V a l  P h e  V a l  L e u  L e u  I l e  G l y  A l a  A l a
A t l a n t i c  s a lm o n  I M e t  I l e  S e r  L e u  V a l  P h e  V a l  L e u  L e u  I l e  G l y  A l a  A l a  
A n c h o v y  I M e t  A r g  P r o  L e u  V a l  P h e  L e u  V a l  L e u  L e u  G l y  A l a  A l
F l o u n d e r  I I M e t  A r g  S e r  L e u  V a l  P h e  V a l  L e u  L e u  I l e  G l y  A l a  A l a
Z e b r a f i s h M e t  L y s  A l a  P h e  I l e  L e u  L e u  A l a  L e u  P h e  A l a  V a l  A l a
T i l a p i a M e t  L y s  T y r  P h e  I l e  L e u  L e u  A l a  L e u  P h e  A l a  A l a  A l a
B o v i n e  c a t i o n i c M e t  L y s  T h r  P h e  I l u  P h e  L e u  A l a  L e u  L e u  G l y  A l a  A l a
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Fig. 3 
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Fig. 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 6             3 0    3 7            5 0                 6 9
A r a b e s q u e  g r e e n l i n g I V G G Y E C T P H T Q A H Q V S L N S G Y H F C G G S L V S A D W V V SR
A t l a n t i c  c o d  I I V G G Y E C T K H S Q A H Q V S L N S G Y H F C G G S L V S K D W V V SR
A n t a r c t i c  f i s h I V G G K E C S P Y S Q P H Q V S L N S G Y H F C G G S L V N E N W V V S AR
A t l a n t i c  s a lm o n  I I V G G Y E C K A Y S Q T H Q V S L N S G Y H F C G G S L V N E N W V V S AK
A n c h o v y  I I V G G Y E C Q A H S Q P H T V S L N S G Y H F C G G S L V N E N W V V SG
F l o u n d e r  I I I V G G Y E C T P H S Q A H Q V S L N S G Y H F C G G S L V N E N W V V S
Z e b r a f i s h I V G G Y E C T K N G V P Y Q V S L N S G Y H F C G G S L I S N L W V V S A AD
T i l a p i a I I G G Y E C A K N S V P Y M V S L N I G Y H F C G G S L I S S T W A V S A AA
B o v i n e  c a t i o n i c I V G G Y T C G A N T V P Y Q V S L N S G Y H F C G G S L I N S Q W V V S AN

                                       *
               9 0                   1 1 0              1 2 7

A r a b e s q u e  g r e e n l i n g A T E G N E Q F I R S S R V I R H P E Y S S Y N I N N D I M L I K L S K P A T L N
A t l a n t i c  c o d  I V N E G T E Q Y I S S S S V I R H P N Y S S Y N I N N D I M L I K L T K P A T L N
A n t a r c t i c  f i s h V T E G K E Q F I S S S R V I R H P N Y S S Y N I D N D I M L I K L S K P A T L N
A t l a n t i c  s a lm o n  I V T E G S E Q F I S S S R V I R H P N Y S S Y N I D N D I M L I K L S K P A T L N
A n c h o v y  I Q N E N T E Q F I D S S R V I R H P Q Y S S Y N I D N D V M L I K L S T P A T L N
F l o u n d e r  I I V N E G T E Q F V S S S R V I R H P N Y D S W N I D N D I M L I K L S K P A T L
Z e b r a f i s h V T E G T E Q F I N S E K V I R H P S Y N S N T L D N D V M L I K L S S S A Q I
T i l a p i a V N E G T E Q F I S S S R V I R H Q S Y N S Y T L D N D I M L I K L S Q P A T L N
B o v i n e  c a t i o n i c V V E G N E Q F I S A S K S I V H P S Y N S N T L N N D I M L I K L K S A A S

                           *
      1 3 3               1 5 0                  1 7 0             1 8

A r a b e s q u e  g r e e n l i n g G T M C K V T G W G N T M S S T A D - G D K L Q C L N I P I L S E A D C EF C A G Y L E
A t l a n t i c  c o d  I A T M C T V S G W G N T M S S V A D - G D K L Q C L S L P I L S H A D CF C A G Y L E
A n t a r c t i c  f i s h G T M C T V S G W G S T Q S S S A D - G N K L Q C L N I P I L S D R D C DF C A G Y L Q
A t l a n t i c  s a lm o n  I G T M C T V S G W G N T M S S T A D - S N K L Q C L N I P I L S Y S D C NF C A G Y L E
A n c h o v y  I G T M C L V A G W G N T M S N V S - - G D K L Q C L Q I P I L S D R D CF C A G Y L E
F l o u n d e r  I I G T M C K V S G W G N T M S S A D N - G D L L Q C L D I P I L S F S D C N
Z e b r a f i s h G T S C L I S G W G N M S A G S S N Y P S R L M C L N A P I L S D S T C R NF C A G F M
T i l a p i a G T S C L I S G W G N T S T S G S N Y P D R L M C L N A P I L S D T D C R NF C A G F L E
B o v i n e  c a t i o n i c G T Q C L I S G W G N T K S S G T S Y P D V L K C L K A P I L S D S S C K S AF C A G Y L E

             1 8 8 +         2 0 0   2 0 9       2 1 9 2 2 1 +      2 3 0        2
A r a b e s q u e  g r e e n l i n g G K D S C Q G D S G G P V V C N G E L Q G V V S W G Y G C A Q R D N P
A t l a n t i c  c o d  I G K D S C Q G D S G G P V V C N G V L Q G V V S W G Y G C A E R D H P G
A n t a r c t i c  f i s h G K D S C Q G D S G G P V V C N G E L Q G V V S W G Y G C A E R D H P G
A t l a n t i c  s a lm o n  I G K D S C Q G D S G G P V V C N G E L Q G V V S W G Y G C A E P G N P G
A n c h o v y  I G K D S C Q G D S G G P V V C N G E L Q G V V S W G Y G C A E R D H P G
F l o u n d e r  I I E K D S C Q G D S G G P V I C N G E L Q G V V S W G Y G C A E R G N P G
Z e b r a f i s h G K D S C Q G D S G G P V V C N N Q L Q G I V S W G Y G C A Q R N K P G
T i l a p i a G K D S C Q G D S G G P V V C N G Q L Q G I V S W G Y G C A Q R D R P G
B o v i n e  c a t i o n i c G K D S C Q G D S G G P V V C S G K L Q G I V S W G S G C A Q K N K P G

  *      *



 
Fig. 5 
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     B-1      B-2 
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