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Abstract

Paramyosin is a rod-shaped muscle protein found exclusively in invertebrates,
with a-helices coiled around each other to form a coiled-coil structure. Ma-
rine organisms in which the primary structure of paramyosin has been deter-
mined are mollusks, including abalone (Haliotis discus), mussels (Mytilus
galloprovincialis), octopus (Octopus bimaculoides), and oyster (Crassostrea
gigas). In contrast, the primary structure of squid paramyosin, which is of
particular interest, has yet to be reported. In the present study, cDNA cloning
of paramyosins from four squid species, the neon flying squid (Ommastrephes
bartramii), the Humboldt squid (Dosidicus gigas), the golden cuttlefish (Sepia
esculenta), and the clawed armhook squid (Gonatus onyx), was performed to
determine the following: the 2605-bp O. bartramii paramyosin gene contain-
ing a 2574-bp open reading frame (ORF), the 2691-bp D. gigas paramyosin
gene containing a 2640-bp ORF, the 2631-bp S. esculenta paramyosin gene
containing a 2574 ORF, and the 2609-bp G. onyx paramyosin gene containing
a 2574-bp ORF. The primary structure of the four squid paramyosins was
found to contain heptad repeats and an ACD (assembly competence domain),
which are characteristic of a coiled coil. A phylogenetic analysis was per-
formed with paramyosin sequences from species including the four squid spe-
cies examined in this study, the results of which indicated that the four squid
paramyosins form a group independent from the paramyosins of other spe-
cies, to which octopus paramyosins are closest.
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1. Introduction

Paramyosin is a protein found exclusively in invertebrate muscles [1] [2]. Para-
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myosin molecules polymerize into a core structure, surrounding which myosin
binds to form a thick filament that is considered to function similarly to verte-
brate thick filaments [3]. Paramyosin constitutes 5% to 50% of invertebrate
muscles depending on the species and the body part [4]. Under physiological
conditions, a-helices with a molecular weight of approximately 100,000 coil
around each other to form a coiled-coil structure [5] [6], the primary structure
of which contains a heptad repeat, a characteristic repeating pattern of seven
amino acid residues represented as abcdefg [7]. The hydrophobic interactions
between the a and dresidues as well as the electrostatic interactions between the
e and g residues in the paramyosin molecules confer stability to the resulting
dimer.

Squid musculature consists of obliquely striated muscles that are different
from vertebrate striated muscles [8]. Apart from mollusks, obliquely striated
muscles are found in nematodes, annelids, brachiopods, and chaetognaths. Ob-
liquely striated muscles are referred to as such due to their structure in which
each filament is slightly displaced relative to the next, so that adjacent sarco-
meres are arranged in an oblique pattern. The muscle fibers are further arranged
helically to form spindle-shaped muscle cells.

Squid muscles are eaten in raw or cooked. As the muscle of squid is covered
by four layers of skin and is tough in texture when eaten in raw, it is often pre-
pared by scoring the surface with a knife [9]. It can also be highly processed into
a product that is similar to fish paste, so that it is more soft and easier to chew
for people of all ages. However, the processing of squid meat is unique to that of
fish meat in two aspects. One is that the gel strength and the elasticity do not in-
crease when it is left to settle, in which highly active proteases present in squid
meat are believed to be involved [10] [11]. When squid meat is minced, the en-
dogenous proteases are activated to cause the proteolysis of muscle proteins that
are essential in thermal gelation, resulting in poor gel formation. The other as-
pect is the unique texture of squid paste compared to that of fish paste. This dif-
ference in texture has been suggested to be attributable to paramyosins present
in invertebrate meats. It has also been reported that paramyosin purified from
scallop adductor muscle has a high gel-forming ability [12]. The mus-
cle-processing property also varies among species of squid, some of which are
more suitable for sashimi and others for processed foods. It has not been clear
what factor contributes their differences. The differences in texture compared to
other molluscan species such as shellfish, as well as among species of squid,
probably also result from differences in the properties of muscle proteins, which
led us to focus on paramyosin.

Marine organisms in which the primary structure of paramyosin has been de-
termined are mollusks, including abalone (Haliotis discus, Accession number:
BAJ61596), mussels (Mytilus galloprovincialis, 096064), octopus (Octopus bi-
maculoides, XP-014783284), oyster (Crassostrea gigas, XP-011429255), scallops
(Mizuhopecten yessoensis, XP-021345467), and a species of Lingula (Lingula
anatina, XP-013380361). With regards to squid paramyosins, the amino acid
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composition has been described in the Japanese flying squid (Zodarodes pacifi-
cus) [13], although the primary structure, which is of particular interest, has yet
to be reported. The determination of the primary structures of squid paramyosin
is possibly available for understanding the reason of the species-specific food
processing. Thus, the present study was conducted with the aim of determining
the primary structure of paramyosins from the mantles of edible squid species,
including three species in the order Teuthida and one species in the order Sepii-

da, as well as characterizing the squid paramyosins.

2. Materials

Frozen mantle muscle from four squid species, O. bartramii, D. gigas, S. escu-
lenta, and G. onyx, were purchased from IDO-SYOTEN Company (Iwate, Ja-

pan). The frozen mantle muscles were stored at —60°C until use.

3. Methods
3.1. cDNA Cloning

Initially, total RNA was prepared from 80 mg of the mantle muscle of each spe-
cies using 0.8 ml ISOGEN II solution (Nippon Gene, Tokyo, Japan) according to
the manufacturer’s instructions. cDNA was synthesized using total RNA and
oligo dT primers with a reverse transcriptase (Takara Bio, Shiga, Japan) accord-
ing to the manufacturer’s instructions. cDNA synthesis parameters were as fol-
lows: 42°C for 60 min, followed 70°C for 15 min. Primers were designed from
the conserved sequences of the paramyosins of oyster, mussels, abalone, and oc-
topus previously reported. PCR, 3" RACE, and 5’ RACE methods were per-
formed to obtain a DNA fragment, and this fragment was then sequenced. PCR
for first-strand cDNA synthesis was performed using a Go Taq Master Mix
(Promega Corporation, Tokyo, Japan). PCR parameters for the first PCR were as
follows: Initial denaturation at 95°C for 30 s, followed by 35 cycles of 95°C for 30
s, 55°C for 30 s, and 72°C for 1 min. Nested PCR was performed using the same
PCR parameters, except that samples of the first PCR products were 10-fold di-
luted. PCR parameters for the 3"RACE analyses were as follows: Initial denatu-
ration at 95°C for 30 s, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and
72°C for 1 min. The 5'RACE analyses were performed using kits provided by
Invitrogen (Carlsbad, CA) according to the manufacturer’s instructions. PCR for
full-length ¢cDNA cloning was performed using platinum® Pfx Taq DNA poly-
merase (Invitrogen). The full-length PCR parameters were as follows: 95°C for 2
min, followed by 30 cycles of 95°C for 30 s, 51.5°C for 30 s, and 72°C for 3 min.
DNA analysis was performed using BigDye Terminator v3.1 (Thermo Fisher

Scientific, Kanagawa, Japan).

3.2. SDS-PAGE

Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed by using 12.5% commercial polyacrylamide gels (e-PAGEL, ATTO
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Corporation, Tokyo, Japan) according to the method of [14]. Mantle muscle (0.2
g) and protein dissolution solution (3.75 ul) of 20 mM Tris-HCl (pH 8.0)-2%
SDS-8 M urea-2% p-mercaptoethanol were mixed and boiled for 2 min. And
then muscle was dissolved by stirring overnight. Prestained molecular weight
markers (Bio-rad, Hercules, CA) were used as standard. The gel was stained with
Coomassie Brilliant Blue (CBB) R-250 after electrophoresis for 1.5 hours and
then destained overnight with 30% methanol containing 10% acetic acid.

3.3. Amino Acid Sequence of Four Paramyosin

The polyacrylamide gel applied to 1/50 (v/v) samples to CBB stained one was
stained with AE-1360 Ez Stain Silver (ATTO, Tokyo, Japan). A gel slice was cut
into small pieces and destained with destaining solution (15 mM K; [Fe(CN)],
50 mM Na,S,0;). Destained gel pieces were trypsinized as described in the ma-
nual for the In-Gel Tryptic Digestion Kit (Thermo Scientific, Waltham, MA).
The peptide mixtures obtained were subjected to a nanoscale liquid chromato-
graphy-electrospray (Thermo Scientific) equipped with a captive spray ioniza-
tion source (Michrom Bioresources, Auburn, CA) and an Advance UHPLC Sys-

tem (Michrom Bioresources).

3.4. Phylogenetic Tree Analysis

The deduced amino acid sequences were aligned using the ClustalW program
(EMBL-EBI: The European Bioinformatics Institute, European Molecular Biol-
ogy Laboratory). Subsequently, a phylogenetic tree was constructed based on the

neighbor-joining method using software Mega6 software [15].

4. Results and Discussion
4.1. cDNA Cloning of Paramyosins from Four Squid Species

Initially, cDNA was synthesized from frozen muscle RNA. Using this cDNA as a
template, PCR was performed with the primers (pmF-1,2 and pmR-1,2) de-
signed from paramyosin sequences of oyster, octopus, abalone, and mussels, as
previously reported, to obtain the internal sequence of squid paramyosins
(Figure 1, Table 1). The obtained sequences were then used to design the inter-
nal primer for amplification of the 5'end and the 3'RACE primer to obtain the
partial sequence. For S. esculenta (Figure 1(c)), 5' RACE was attempted, in
which the partial sequence containing the start codon was successfully amplified.
The obtained N-terminal untranslated region of S. esculenta paramyosin was
then used to design the forward primer (pm5-F1) and the reverse primers
(pm5°-R1,2) for full-length amplification. Using the designed primers for
full-length amplification, PCR was performed for the amplification of the whole
length of the S. esculenta paramyosin sequence. The primers for full-length am-
plification were subsequently used for amplification of the whole paramyosin
sequence of O. bartramii, D. gigas, and G. onyx.

The full-length amplified fragments were inserted into the T-easy vector
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Figure 1. Schematic representation of the PCR strategy used for the full-length cloning of four squid paramyosins.
(a) Ommastrephes bartramii. (b) Dosidicus gigas. (c) Sepia esculenta. (d) Gonatus onyx.

(Promega Corporation) for cloning. The entire base sequence of paramyosin was
determined through sequence analysis for these clones. The O. bartramii para-
myosin gene was cloned as a 2605-bp fragment containing a 2574-bp ORF, en-
coding a polypeptide of 858 amino acids. The D. gigas paramyosin gene was
cloned as a 2691-bp fragment containing a 2640-bp ORF, encoding a polypep-
tide of 880 amino acids. The G. onyx paramyosin gene was cloned as a 2609-bp
fragment containing a 2574-bp ORF, encoding a polypeptide of 858 amino acids.
The S. esculenta paramyosin gene was cloned as a 2631-bp fragment containing
a 2574 ORF, encoding a polypeptide of 858 amino acids. The entire base se-

quence and the deduced amino acid sequence obtained for O. bartramii, D. gigas,
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Table 1. The sequences of primers shown in Figure 1.

Primer name Sequence Primer name Sequence
3end cDNA cloning
pm3 F-2 AAGTCTGCGCAAGCAGCTTG pmF-1 GNYTNMGNGARAARGAYGARGA
pmDg3 F-1 TCGGAGATGAACTCAGACAGG pmF-2 AARAARTAYGARACNGAYATHMG
pmSe3 F-1 CAACCGACTTTCCGATGAACTC pmR-1 AANGCYTCNGCYTCYTCNARNC
pmGo3 F-1 GTTGAGGCCAACAGACTTTCTG pmR-2 TTNCKNARNWSYTCNGCYTTYTT
3'RACE primer CTGTGAATGCTGCGACTACGAT pmF-3 GAYAAYYTNAAYGCNMGNTAYG
pmR-3 CGTTGAGTCTGTTCCGTCTAT
5end pmR-4 TCYTCRTCYTTYTCNCKNARNC
pmSe5°-1 TCTCTTACGATTGAGCTCGC pmF-4 CARYTNATHATHGARATHGA
pmSe5 -2 TTCTGCAACGAGTTTCTCGG pmR-5 TTGCTAAGTTGGTTACGC
AAP GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG pmR-6 GTTACTTTCGGATTCCTC
AUAP GGCCACGCGTCGACTAGTAC pmF-7 NATHMGNGARYTNGARGAYG
pmDgR-1 AGGCTAGTTTCCACTTCC
Full-length pmSeR-1 CATTCTGTCGATTGGCAGTATC
pm5 “F1 CTTTCGGTATCACACTGC pmSeR-2 ATTTATACGGACTCGTGC
pm5‘R1 GCTGCTCTATTGCGATCA pmSeR-3 CATTCATTCTGCGTCTGAG
pm5 “R2 CTGCTCTATTGTGATCAGTG pmGoR-2 TCAAGAGCACTCTCAAGTTC
pmGoR-7 ATCTTGCTAAGTTGGGTACG

S. esculenta, and G. onyx paramyosins were submitted to the DNA Data Bank of
Japan (DDBJ) (Accession numbers: LC272578, LC272579, LC272580, and
LC272083).

In general, paramyosin forms a coiled coil structure that contains a heptad
repeat consisting of hydrophobic amino acids and a 28-residue repeat consisting
of charged amino acids [2] [6] [16] [17] [18]. In the C-terminal region, it also
contains an assembly competence domain (ACD) consisting of 29 residues [19],
through which the paramyosin molecules are believed to polymerize. Heptad
repeats were identified throughout almost the entire sequences of the four squid
paramyosins (Figures 2-5), in which hydrophobic amino acids were found in
many of the a and d positions [20] [21] and charged amino acids were found in
the e and g positions, displaying a structure characteristic of a coiled coil. Skip
residues were also identified, resulting in the modification of heptad repeats into
octad repeats. The skip residues further contribute to form 28-residue repeats
containing repeated sequences [21] [22]. As shown in the figures, almost the en-
tire region of the paramyosin sequences, excluding parts of the N- and
C-terminal regions, was identified to form a coiled-coil structure. The sequences
were also found to end in C-terminal tail pieces.

The percentage similarity among paramyosin sequences was found to be 96%
between O. bartramii and D. gigas, 88% between O. bartramii and G. onyx, 90%
between O. bartramii and S. esculenta, 86% between D. gigas and G. onyx, 87%
between D. gigas and S. esculenta, and 89% between G. onyx and S. esculenta
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d e gabec

d e f gabc

d e  gabec

d e gabec

ctttgaacgaatcaacagaataca 24
atggactacgattccgacgtgaaagttacgegetecgtgegecgttatgaggtgtacagaggctet 90
MDYDSDVKVTRSVRRYEVYRSGS 22
tctecctgecacccagaacaga ttggaggctagaatcagagag ctcgaagatgegatggatgee gagagggacggeagaatcagg 174
SPATAQ@QNR LEARIRE LEDAMDAER G 1 50
gecgagaaactegtttcagaa tacgttttccaactegattct ttaagtgagcaactcgaagag getggecttacttccgtaaca 258
A E LV E YVEFEOQL S L L E A L v T 18
cagagcgagctcagtcgtaag agggagtcagaagttaccaaa cttcgtaaagacatggaactc ctcaatgttcaacacgaaagttct 345
0 SELSRKRESEVTK LRKDMEL LNVYQ@HEST SS 107
gaacacagcatgaggaagegt catcaagagaccatcaatgat ttatccgagcaggttgattac atcacaaaacagaagaacaga 429
EHSMR HQETIND LSEQVDY ITKQ QKNTR R 135
gttgaaaaagaaaaatcacag cttctcgtggaaattgacgga ttgcagacaagtttggatgta gtttcgaaagecaaggetgee 513
v K E K S LLV I DG LA LDV V K A A A 163
gecgaagetaaattggaaggt atggatgeccaagttggeaga cttaagatcactgttgacgac ttgacaaaacaacttacagat 597
AEAKLEG MDAQVGR LKITVDD LTKOGQLTTD 191
tctaaccatgtaagagetcgt ctcacccaggagaatttcgac taccagcaccaggtccaggag ctggatagegetaacgetget 681
S NHVYRA LTQENED YQHOQGVQE L A A A 219
ttggctaaggetaagatgeag ttgcaggctcaagecgaagac ttgaaacgttccttggatgat gaatctaggcaacgegecaac 765
LAKAKMGQ L AQ A L S L S A 247
ttgagtgecccagetctcaget ttgecaggetgacttcgataac ttgaacgetcgctacgaggag gaatccgaaagtaacageatce 849
LSAQLSA LQADEDNTULNARYTETE ESES I 275
ctgegtaaccaacttagcaaa gtcaatgccgaatacaccgee ctcaagagecgetatgaaaaa gaactcttggecaagacagaggag 936
LRNQLSK VNAEYTALKSRYEK ELLAKTTETE 304
ttagaagatctcagacgccga atgaacgtcagagttgetgaa cttgaagaccaacttgaacaa catcgtgtccgtatcaataat 1020
L L M NV VAE LEDAG GLES VRINN 332
ctggaaaagactaagatcaaa ctcaccaccgagatcaaagaa cttaccattgaaattgaaaat attcagattattgttcaagac 1104
LEKTKTIK LTTETIKE LTTIETI N T @1 1 VvVabD 360
cttaccaagaggaaccgtcaa ctcgagaatgaaaatgettct ctgetcaaacgcattgaagaa ttgacaactgagaaccacaac 1188
L TKRNR R LENENAS LLKRIEE LTTENHN 388
cttgecagetgccaacaaaget cttgaacaagacaaccatecgt ttgaaggttgttaacgecgaa ctcggtgaaagagtggataac 1272
LAAANKA LEQDNHR LKVYVNAELGERVYTDN 416
cttaccagggaaaacaaacaa ctcactgacagcctccgtgag accactgetgeccttaaggat gecaaccgeccaggtggetgaa 1356
LT NKQ@ LT SLRE TTAALKD ANROQYVAE 444
ttgecaggecctgegtgocccag ctegaggecgaacgtgattet cttgetgtegeccttcgtgac actgaagagagettgegtgat 1440
LQALRAQ LEAERDS LAVALRD TEES SLR RTD 472
actgagaacaaacttcatget gctaccacagccctcaaccaa cttagagttgagatggagaac agactccgtgaaaaggatgaagaa 1527
TENKLHAATTALNOGOG LRVEMENRLR RETIKTEDTETE 501
attgaaagcatcaggaagage agcgeccgegetattgaagaa ctccagegtactctegttgaa attgaagecagatataagactgag 1614
1 ESIRKS ARAIEE LQRTLVYE IEARYKTE 530
atcagcaggctgaagaagaag tatgagacagacatcagggaa ctcgaaaatgcccttgatact gccaacagactcaacgcetgaa 1698
I SRLKKZK Y I RE LENALTD ANRLNATE 558
cacgtcaaggttatcaaaagt ctgcacatcagaatcaaggaa ctggaaaccagccttgaggaa gaacgcagaatctgtgaagat 1782
HVKYIKS LHIRIKE LETS SLETEERRTIT CETSD 586
atccgetctcagetcaccate tctgaaaggaaacgeattgtc ctcaccactgaacttgaagac tgecgtacacttttggaaace 1866
IRSQLTI SERKRIV LTTETLTE CRTLLET 614
gcetgaacgtgcccgeaaaaac gecgagaccgagetcecacgaa accacatcccgecttagegaa tgecaaatcctectcacatet 1950
A E A A TELH TTSRL E Q1 LLTS 642
gtcaccaatgacaagaaacgt ttggaacttgacatccaggga atgcagagecgatcttgacgat getattaacaatatgegtgec 2034
VTNDKKR LELDIOG MQSDLDD AINNMRA 670
tccaacgaccgtgecgataga ttgcaagttgaggtcaacega cteggegatgaactcagacag gaatctgaaaactacaagaac 2118
DRADR L QV v L GDEL ESENYKN 698
gecgaaagtotgeogeaageag cttgaaattgaaatcagagaa atcaccatccegtttggaagaa getgaagettatgeccagagggaa 2205
AESLRKAG GTLTETI 1 1 1 L E AEAY AQRE 127
ggaaaacgcatggttgctaaa ctgcaagcacgtatcagagac ttggaagcagagtatgaaget gaacagcgecgaacaagggag 2289
GKRMVYAK LQARIRD LEAEYEATEQGRRTR RE 755
getattgecattagecgecaag aatgaacgcagettgaaggaa ctcaccgecagttgttgaggat gaacgecgecatcatgagegaa 2373
Al AT SRK SLKE L AVVED ERRTIWMNSE 783
cttaccagecgccaacgaacag atgttccttaagatgaagace tacaaacgacagatcgaggaa geccgaagaagttgctacaatce 2457
L TSA M FL M Y R QI EE A VA I 811
accatgaacaaataccgcaaa gcccagagecttattgaagaa getgatcacagggecgatatg getgaaaagaatctegtatet 2541
TMNKYRK AQSLTIE ADHRADWM EKNLVS 839
atgcgcaggtctegttccatgtecgtcacccgagagattacaaaagtgatcaaaatctaa 2601
RSRSMSVTITREITKVIKTI- 859

actc 2605

Figure 2. The complete base sequence and amino acid sequence of Ommastrephes bar-
tramii paramyosin. The letters d, e, £, g, a, b, and cat the top indicate heptad repeats. Un-
derlines indicate hydrophobic amino acids. Shaded letters indicate charged amino acids.
Letters in bold indicate the ACD.

(Table 2). No clear difference was observed between the three species in the or-
der Teuthida (O. bartramii, D. gigas, and G. onyx) and the one species in the
order Sepiida (S. esculenta). The N-terminal region was found to be the region
showing the least homology among the sequences of the four squid paramyosins.
The amino acids in the ACD were highly conserved, showing an exact match
between O. bartramii and D. gigas, and between S. esculenta and G. onyx. Only

one-residue differences were observed among the sequences that did not show
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d e f g ab c

d e f g a b c

attttattacatttcctttgaacgaatccacagaacaca

atggactacgattccgacgtgaaagttacgegetcegtgegecgeotatgaggtgtacagaggetet
M v T S VRRYEVYRSGS

DYDSDV
tcteotgecacccagaacaga
SPATAOQ@NR R
tttcgggetagaatcagagag
FRARTIRE
tacgttttccaactcgattct
YVFQ@LDS
agggagtcagaagttaccaaa
RESEVTEK
catcaagagaccatcaatgat
HQETTIND
cttctcgtggaaattgacgga
LLVEIDEGE
atggatgcccaagttggeaga

MDAOQVG
ctgacccaggagaatttcgac
LT ED
ttgcaggctcaagecgaagac
LQAQAETD
ttgcaggetgacttcgataac
LQADETDN
gtcaatgccgaatacaccgee
VNAEYTA
atgaacatcagaattgctgaa
M E
ctcaccaccgagatcaaagaa
LTTETIKE
ctcgagaatgaaaatgettet
LENENAS
cttgaacaagacaaccatcgt
LEQDNHR R
ctcactgacagcctccgtgag
L TDSLRE
ctcgaggcagaacgtgattct
LEAERTDS
gcotaccacageccttaaccaa
ATTALNOQ
agcgeccgegetattgaagaa
S ARAIEE
tatgagacagacatcagggaa
YETDIRE
ctgcacatcagaatcaaggaa
L I RIKE
tctgaaaggaaacgcattgtc
SERKRTIUV
gocgaaaccgagetccacgaa
AETELHE
ttggaacttgacatccaggga
LELDTIG GG
ttgcaagttgaggtcaaccga

LQVEYV

cttgaaattgaaatcagagaa
LEIETIRE
ttgcaagcacgtatcagagat
LQARTIRD
aatgaacgcagcttgaaggaa
NERSLKE
atgttccttaagatgaagacc
MELKMKT
gcccagagecttattgaagaa
AQ S L IETE

ttggaggttgttaaaacacgt
LEVVKTHR
ctcgaagatgegatggatgec
LEDAMNDA
ttaagtgagcaactcgaagag
L SEQLTETE
cttcgtaaagacatggaactc
L
ttatccgagcaggttgattac
LSEQVDY
ttgcagacaaacttggatgta
LQTNLTVDYV
cttaagatcaccgttgacgac
LKITVDD
taccagcaccaggtccaggag
Y 0V QE
ttgaaacgttccttggatgat
LKRSLDTD
ttgaatgctcgetacgaggag
LNARYTETE
ctcaagagccgotatgaaaaa
LK SRYEHK
cttgaggaccaacttgaacaa
E Q
cttaccattgaaattgaaaat
LTIETILIEN
ctgctcaaacgcattgaggaa
L L R I E
ttgaaggttgttaacgccgaa
LKVVNAE
accactgetgeccttaaggat
T K
cttgecgtegeccttegtgac
LAVALRD
ctcagaattgagatggagaac
LRIEMEN
ctccagegtactctcgttgaa
LQRTLVE
cttgaaaatgcccttgatact
LENALTDT
gtggaaactagccttgaggaa
VETSLETE
ctcaccactgaacttgaagac
L TTEL
accacatcccgccttagegaa
TTSRLSE
atgcagagogatcttgacgat
MQSDLDTD
ctcggagatgaactcagacag
L GD L
atcaccatccgtttggaagaa
[ E
ttggaagcagagtatgaaget
LEAEYEA
ctcaccgcagttgttgaggat
LTAVVED
tacaaacgacagatcgaggaa
YKRQTIETE

gctgatcacagggccgatatg
ADHRADWM

d e f g a b c

cacatcacattcgatcaaacagaa
HITEDO QTE

gagagggacggcagaatcagg
ERDGRTIR

getggecttacttccgtaaca
AGLTSVT

ctcaacgttcaacacgaaagttct

LNV QOHE
atcacaaaacagaagaacaga
I TKQKNR R
gtttcgaaagccaaggetgee
VS KAKAA
ttgacaaaacaactgtcagac
L T QL SD
ctggatagcgectaatgetget
LDSANAA
gaatctaggcaacgcgeccaac
ESRQRAN
gaatccgaaagtaacagcatc

N S I

gaactcttggccaagacagaggag
ELLAKTTETE

caccgtgteogtatcaataat
v I NN
attcagattattgttcaagac
161 1VaD
ttgactactgagaaccacaac
L N
ctcggtgaaagagtggataac
LGERVDN
gctaaccgecaggtggetgaa
ANROQOVAE

actgaagagagcttgogtgat
TEESLTR RTD

agactccgtgaaaaggatgaagaa
R R E

attgaagccagatataagactgag

1 E A Y KT
gccaacagactcaacgetgaa
ANRLNAETE
gaacgcagaatctgtgaagat
ERRTICETD
tgeegtacacttttggaaace

R TLLET
tgccaaatcctcctcacatet
cQ I LLTS
getatcaacaatatgegtegct
AT NNMRA
gaatctgaaaattacaagaac
E S NY KN

gotgaagettatgcccagagggaa
AEAYAQRE

gaacagcgccgaacaagggag
EQRRT

gaacgccgeatcatgagegaa
ERRIMSE

gecgaagaagttgetacaatc
AEEVATI

gctgaaaagaatctogeatct
AEKNLAS

atgcgoaggtctogttccatgtotgtcaccogagagattacaaaagtgatcaaaatctaa

S M
actcaacaa

S VTREI

T KV IK

I -

S

E

d e f g a b c

ctagacagaatggaatcacgg
LDRMESHR R
gccgagaaactcgtttcagaa
AEKLVSE
cagagcgagctcagtcgtaag
QS ELSRK
gaacatagcatgaggaaacgt
EHSMRIKTR
gttgaaaaagaaaaatcacag
VEKETZKSHAQ
gccgaagetaaattggaaggt
AEAKLESGE
tctaaccatgtaagagetegt
S N v A R
ttggcaaaggctaagatgeag
LAKAKMQ
ttgagtgcccagetctcaget
LSAQLSA
ctgecgtaaccaacttagcaaa
LRNOQOLSK
ttagaagatctcagacgeccga
LEDLTRRR R
ctggaaaagactaagatcaaa
I
cttaccaagaggaaccgtcaa
L TKRNR R
cttgcagctgetaacaaaget

cttaccagggaaaacaaacaa
L TRENSKHAQ
ttgcaggecctgegtgeccag
LGALRAQ@
actgagaacaaactccatget
T E K L A
attgaaagcatcaggaagagc
I R

atcagcaggctgaagaagaag
K K K

cacgtcaagactatcaagact
HV KTTIK
atccgetecccagetcaccatc
I RS QLTI
gctgaacgtgeccgceaagaat
AERA

gtcaccaatgacaagaaacgt
v T D K K
tctaacgaccgtgccgacaga
S NDRATDR
gctgaaagectgegceaageag
AESLREKSE
ggaaaacgcatggttgetaag
GKRMVAK
gcotattgecattagecgeaag
Al Al SRK
cttaccagcgccaacgaacag
LTS ANEHQ

accatgaacaaataccgcaaa
TMNKYRK

389
1290
417
1374
445
1458
473
1542
501
1629
530
1716
569
1800
587
1884
615
1968
643
2052
671
2136
699
2220
121
2307
156
2391
784
2475
812
2559
840
2622
861
2682
881
2691

Figure 3. The complete base sequence and amino acid sequence of Dosidicus gigas pa-

ramyosin. The letters d, ¢, £ g a, b, and c at the top indicate heptad repeats. Underlines

indicate hydrophobic amino acids. Shaded letters indicate charged amino acids. Letters in
bold indicate the ACD.

an exact match.

4.2. Amino Acid Sequence of Four Paramyosin

SDS-PAGE analysis showed that four squid mantle muscles was constituted

three major myofibrillar proteins; myosin heavy chain around 250 kDa, para-

myosin around 90 kDa and actin around 40 kDa (Figure 6). The bands of para-

myosin were subjected to the analysis for amino acid sequences after destained
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d e f gabc

d e f gabc

d e f gabc

d e f gabc

ttocctttgatcgaatcaacagaatata 27
atggactacgattccgacgtgaaagttacacgctccgtgegtegetatgaggtgtacagaggcace 93
MDYDSDVKVYTRSVRRYEVYRSGT 22
tctcccaccactcagaacaga ttggaggcaagaatcagagag ctcgaagatgttcottgattcc gagagggacggcaggatcagg 177
SPTTQ@QNR LEARTI LEDVLDS ERDGRTI 50
gecgagaaactegttgeagaa tatactttccaacttgatget gtcaacgagegactcgaagag getggtettacttceggtaaca 261
AEKLVAE YTEQLTDA VN RLEE AGLTSVT 78
cagagcgagctcaatcgtaag agagagtctgaagtaaataaa cttcgcaaagaccttgaactt attactgttcaacatgagagectct 348
0O SELNRK RESEVNEKLRKDLEL ITVQHESS 107
gaacaaagtatgaggaaacgt catcaagagaccatcaatgat ttatccgaacaggttgattac atcacaaaacagaagaacaga 432
EQSMRKR HQETIND LSEQVDY ITKAO GQKNTR 135
gttgaaaaagaaaaatcacag cttcttgtggaaattgacgga ttgcagacaagcttagatgea gtttcgaaagccaaggetgee 516
v KEKSQ@ LLVETIDSG L L AV K A A A 163
getgaaggeagattggaagga ttggacgeccaagtgggtagg ctgaagatcaccgtagacgac ttgacgaaacaacttgeagat 600
AEGRLEG LDAQVYGR LKITVDD LTKQ QLA ATD 191
gccaaccatgcaaaagetegt ctcacccaggagaatttcgac taccagcaccaggtccaggag ctggatagegecaatgetget 684
ANHAK L ED Y QO VAQE LDSANAA 219
ttggcaaaggctaagatgecaa ttgcagactcaageccgaagac ttgaaacgttccttggatgat gaatctaggcaacgcatcaac 768
LAKAKMQ LQTQ@AETD LKTR LD ESRQRTIN 247
ttgactgeccaattttcggeca ctgcaggccgacttcgataat ttgaacgcccgetacgaggaa gaatctgaaagtaatactaca 852
LTAQFSA LQADEDNLNARYEE ESET SNTT 275
ctgcgtaatcagcttagtaaa atcaataccgaatacagcgee ctgaaaagtcgatatgataag gaactcatggccaagacagaagaa 939
L RN LSK INTEYSA LKSRYDIK ELMAKT E 304
ttagaagatctcagacgcaga atgaatgccagagttgetgaa cttgaggaccaacttgaacaa gcacgagtccgtataaataat 1023
LEDLRRR MNARVYAE LEDQLEQ ARVRINN 332
ctggaaaagacaaagatcaag cttaccactgagattaaagaa ctcacaatggaaattgaaaat attcagattattgtccaagac 1107
L E 1 LTTETI LTMETI 11 1vapbD 360
cttactaagagaaatcgtcaa cttgagaacgagaatgcttct ttgctcaaacgtgttgatgag ttgacttcagaaaatgctage 1191
LTKRNRQTLENENAS LLKR RY E LTSENAS 388
ttgtcagccgecaacaaagee cttgaacaagacaaccatcge ttgaaggttgetaatgecgaa cteggegagagagtagataac 1275
L SAANKALEQDNHR LKVANAE LGERVDN 416
cttaccagagaaaacaagcaa ctcacagacaaccttcgtgag acaactactgcccttaaggat gctaaccgccaagtagetgag 1359
LTRENKQ LTDNLRE TTTA ALK ANROQV AE 444
ttgecaggctetgegtgctcaa ctegaggecgaacgtgactet cttgecagegetetecgtgat acagaagaaagettgegtgat 1443
LQALRAQ LEAERDS LASALRD TEET SLTR RTD 472
gctgaaaacaagctccatget gocaccacagetctcaaccaa ctgagggctgagatggaaaac agactccgtgaaaaggatgaagaa 1530
A LHA ATTALNGLRAEMEN LR E 501
attgaaagcatcagaaagagc agtgctcgtgcaattgaagaa ctccagegeactctcattgaa gtcgaaacaagatacaagtctgaa 1617
1 1 ARAITIEE LQRTLI VETRYKSE 530
atcaacaggcttaagaagaag tatgaaactgacatcagagaa cttgagaacgcccottgatact gecaatcgacagaatgctgaa 1701
I NRLKKIK YETDTIRE LENALDT ANROQNAE 558
catgtcaaggttatcaagtct ttgcacatcagaatcaaggaa ctagaaaccagccttgaagag gaacgccgcatttctgaagat 1785
HV KV IK LHIRIKE LETSLEE ERRTISETHD 586
attcgeggacaactttctatt tctgagaggaaacgtattget atcacaactgaacttgaggac tgtecgttcacttttggaaact 1869
I RGOQGLSI SERKRIA ITITTELED CRSLLET 614
gotgaacgtgeccgecaaaaat gotgaaaacgaactccacgaa acgacatcccgectgagtgaa tgecaaatccttcttacttce 1953
AE A A L H T L QI LLTS 642
atcactaacgaaaagaaacgt ctggaacttgacatccaggga atgcagagtgatcttgacgat gecattaacaatatgegegot 2037
I T NE KR LELDIOQG MQSDLDD AINNMR RA 670
gccaatgaccgogetgacaga ctggetgttgaggtcaaccga ctttccgatgaactcaageag gaatctgaaaactacaagaat 2121
ANDRADR LAVEVYNRLSDELSEK® GTETSENYTZKHN 698
gcotgaaagtttgegcaageag ctggaaattgagatcagggaa attaccatccgtttagaggaa getgaagettatgeccaaagagaa 2208
A S L LEIETI E I TIRLEE AEAYAAQ 127
ggaaaacgaatggtcgccaaa ttgcaggecgegggtaagagat ttggaaggagagettgaaagt gaacagecgccgaacacgagag 2292
GKRMVYAK LQARVRD LEGELTES EQRRTR RE 755
gcaatcacatataaccgtaag aatgaacgcaatttgaaggaa ctcactgtagttgttgaagac gaacgccgcatcatgagegaa 2376
Al TYNR R N L LTVVVETD RIMNM 783
cttactagcgecaacgaacag atgttccttaaaatgaggacc tacaaacgacagatcgaggaa getgaagaagttgctacaata 2460
LTS AN Q MFLKMRT YKROQIEE AEEVYATI 811
accatgaacaaataccgtaag gcccagcagcttatcgaagaa getgaacacagggetgatatg gectgaaaagaatctttcagea 2544
TMN YRK AQQ0LIEE AEHRADM AEK L S A 839
atgegeaggtetegetecatgtetgtcaccegagagatcaccaaagtggtcaaactctaa 2604
SMSVTRETITKVV KL - 859
acgttgcactgatcgcaatagagcage 2631

Figure 4. The complete base sequence and amino acid sequence of Sepia esculenta para-
myosin. The letters d, e, £ g a, b, and cat the top indicate heptad repeats. Underlines in-
dicate hydrophobic amino acids. Shaded letters indicate charged amino acids. Letters in
bold indicate the ACD.

and trypsinized. As an example, deduced amino acid sequence of O. bartramii
paramyosin and the covered regions of the peptide fragments was shown in
Figure 7. The peptide fragments exhibited high coverage of 56.18% (484 resi-
dues). In addition, either end the tripsinized sites was K or R. Therefore, the
tripsin treatment was identified as successful. The other three squids, D. gigas, S.
esculenta and G. onyxalso showed high coverage of 46.36% (407 residues),
68.53% (587 residues) and 43.47% (372 residues), respectively (date not shown).

From these results, it was suggested that paramyosin genes determined in this
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d e f gabec

d e gabec

d e f gabec

d e f gabec

cgatcgaatcaacagcaaataaca 24
atggaatacgattcagacgtgaaagttactcgotccgtegcgecgotatgaggtatacagaggttot 90
M EYDSDVKVTRSVRRYEVYRSGS 22
tcaccggeccacccagaacaga ttggaggccagaatccgagaa ctcgaagatgegettgattce gagagggacatcaggatcaga 174
SPATQNR LEARTIRELEDALDS ER 1 1 50
goecgagaaactegttgtegaa tacactttccaactggattca gcaaatgagtcactcgaagag getggacttacttccgtaaca 258
AEKLVVE YTEFEQLDS ANEGSLEE AGLTSVT 78
cagagcgagctccatcgecaaa cgagatgccgaagtaacaaaa cttcgcaaggacatggaactt atcactgtccagcatgagagegee 345
Q L D AEV LRKDWMETL I ) S A 107
gagcatagcatgaggaaacgec caccaagaaaccatcactgat ttatccgagcaggttgattac atcactaaacagaagaacaga 429
EHSMRKRHQETTITD LSEQVDY ITKAO GQKNTR 135
gttgaaaaagaaaaatcacag cttcttgtggaaattgacgga ttacagacaagtctagatgta gtttcgaaagccaagatgtcc 513
v K E K S LLYEIDG LQTSLDV VSKAKMS 163
gocgaaggcaaattggaaggt ttggatgectcagttggccga ctgaagatcacagttgaagac ttgacgaaacaacttgcagat 597
AEGKLEG LDASVYG G LKITVED LTIKA QLA ATD 191
getaatcatggaagageotegt ctcacccaggagaatttcgac tatcagcaccaggtccaggag ctggatagegccaatgecgot 681
ANHGRAR LTQENED YQHQVYQE LDSANAA 219
ttggcaaaggcaaagatgeag ttgcagactcaageccgaagac ttgaagegttccttggatgat gaatctaggcaacgcatcaac 765
LAKAKMQ LQTQGQAED LKRSIL ESRQRTIN 247
atcagtgcccagetttcggea ctgcaggctgacttcgataat ttgaacgecccgetatgaggaa gaatccgaaagtaataccatt 849
1 SAQLSA LQADEDNLNARYEE ESEZSNTI 275
ctccgtacccaacttagcaag atcagcattgaattcagcacc ctgaaaagccgatatgaaaag gaactcttggccaagacagaagag 936
LRTQLSK I SI1ETFES L Y L LA T EE 304
ttagaagatctcagacgcaga atgactgccagaattgetgaa cttgaggaccaacttgaacaa tctcgagtccgecatcaataat 1020
LEDLRRR MTARIAE LEDQLEQ SRVYRINN 332
ttggaaaagactaagatcaaa cttaccactgagattaaagaa ctcacaattgaaatcgaaaat attcagattattattgtggat 1104
L 1 L TEI LTI1EIE 11 1 1VD 360
cttaccaagagaaaccgtcag ctcgagaacgagaacggtget ttgataaaacgtgttgaagag ttgacagtcctcaacgeccagt 1188
L TKRNR R LENENGA LI KRY E LTVLNAS 388
ctgcotogetgocaacaagget cttgaagtagacaaccatcgt ttgaaggtggttaatgetgaa cteggogagagagtagataat 1272
LLAANKALEVDNHR LKVVNAELGERVYVDN 416
ctttccagggaaaacaaacaa ctcacagacaaccttcgtgag accactgetgcccttaaggat getaatcgecaggtttctgag 1356
LSRENKQULTDNLRE TTAAL ANROQV SE 444
ttgttggccctgegtgcccag cttgaggecgaacgtgactet cttgecgetgecctecgegac actgaagagagecttcgtgat 1440
LLALRAQ LEAERDS LAAALRD TEET STLTR RTD 472
tgtgagaataagetccatget gocaccacagcccttaatcaa ctgaggattgagatggagaac agactccgtgaaaaggatgaagaa 1527
ENKLHA ATTALNGLRIEMENI RLTRETKTDE 501
attgaaaacatcaggaagagc agtgcccgtgctattgaagaa ctccagegeactctcattgaa gttgaagctagatacaagactgaa 1614
IlIENIRKS SARAIEE LOQRTLTIE VEARYTZKTE 530
atcagcaggctcaagaagaag tatgaaaccgacatcagggaa cttgagagtgetcttgatact gccaacaggattaatgetgag 1698
1 L KKK YETTDI E LESALDT ANRTINAE 558
catatcaaggttatcaagacc ttgcacatcagaatcaaggaa ctggaatccagccttgaggac gaacgtcgtatcactgaagat 1782
HIKVIK LHIRIKE LESSLEDERRITETHD 586
cttcgeggacaacttaccatt tctgagaggaaacgtattctc atcgtcactgaactcgaggat tgccgtacacttttggaaact 1866
LRGQGQLTI SERKRIL IVTELED CRTLLET 614
gcetgaacgttcccgecaagaat gotgagaacgagetccacgaa acgacatccogettgagegaa tgecagatccttottacatet 1950
A ER R KN AENELHE TTSRLSE CQILLTS 642
atcaccaacgacaagaggegt cttgaacttgacatccaagga atgcagagtgatcttgatgat gccatcaacaactaccgtgec 2034
I TNDKRR LELDIOGG MQ@SDLDD AINNYTRA 670
gccaacgaccgtgecgacagg ctegecgttgaggecaacaga ctttctgatgaactcaaacag gaatctgaaaattacaagaat 2118
ANDRADR LAYV ANR L SD L ESENYKHN 698
gecgaaagottgegeaageag cttgagattgagatcagagaa atcaccattcgettggaggaa getgaggotttegecatgagggaa 2205
AESLRKOQLETIETIRE I I RLEE AEAFAMR RE 121
ggaaaacgcatggttgecaaa ctgcaagegegggtcagagac ttggaggetgaacttgaaatt gaacagecgeccgaacaagggag 2289
GKRMVYA LQARVRD LEAELTETI R RTRE 755
tccattgectattagecgtaag aatgaacgcagtcttaaggaa atcacaaccgttattgaagac gagecgtcgcatcatgagegaa 2373
ST AISRK ERSLKE I TTVIED ERRIMSE 783
cttaccagcgccaacgaacag atgttcttgaaaatgaggact tacaaacgacagatcgaggaa gctgaagaagttgctacaatc 2457
LTSANEOG MFLKMRT YKROQIEE AEEVYATI 811
accatgaacaaatatcgcaag gctcaaagctttatcgaagaa getgaacacagggetgatatg geggaaaagaatcttatatgt 2541
TMNKYRK AQSFIEE AEH ADM AEKNLTIZEC 839
atgegceagatctegttecatgtetgtcaccegagagatcaccaaagtggtcaaactttaa 2601
MRRSRSMSVTRETITIKVVKL - 859
atacacac 2609

Figure 5. The complete base sequence and amino acid sequence of Gonatus onyx para-
myosin. The letters d, e, £ g a, b, and cat the top indicate heptad repeats. Underlines in-
dicate hydrophobic amino acids. Shaded letters indicate charged amino acids. Letters in
bold indicate the ACD.

study was actually expressed in each mantle muscles and existed as protein.

4.3. Phylogenetic Analysis

Phylogenetic analysis of paramyosin had been reported in fluke species and ta-
peworm species [23] [24]. An unrooted phylogenetic tree was constructed using
a total of 26 paramyosin sequences, including one sequence from one octopus
species, 13 sequences from seven shellfish species, five sequences from five fluke

species, and three sequences from three tapeworm species, which are all known,
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Figure 6. SDS-PAGE analysis of four squid mantle muscles. M: Molecular weight marker,
MYH: Myosin heavy chain, PM: Paramyosin, AC: Actin. Lane 1 Ommastrephes bartra-
mii, Lane 2 Dosidicusgigas, Lane 3 Sepia esculenta, Lane 4 Gonatus onyx.

MDYDSDVKVTRSVRRYEVYRGSSPATQNRLEARLI=E=ZVINASXDGR I RAEKIRYSI= 4V 0] Mol] RS =0] M= =\e| R
TSVTQSELSRIGENSANNENNDMEL LNVQHESSEHSMRISKHOET INDLSEQVDY 1 TKOG YIS0 HRY S 1]

GLQTSLDVVSKAKAAAEAKIEETIONER! K [ERBRIRIRQL TDSNHVRARL TQENFDYQHQVQELDSANAALAK
aaOLQAQAEDL KRSL DDESREIFANL SAQL SALQADFDNLNARYEEESESNS I L RNe[RSIIVNAE Y TALKSRSS
ELLAK{JEENERIERRMNVRVAEL EDQL EQHRVRNNMENTK | KR TR EN LR NIIRNRIEEY
[ENASLLKRIEEL TTENHNLAAANKAL EQDNHRIESYYNEIEREIZEVONL TRENIOL TDSLRETTAALKIERIZOVAE]
LA R0 S L AVAL RO IRDREENAL HAAT TALNQL RYENENAMREKDEE IES | EGRRRA | EELQR]

IAYSIFRYKTE I SRLKKKYETD I REEMS\AARPANINI NAEHVKV IKSLHIRIKELETSLEEERRICEDIRSQLT

INIENG I VL TTELEDCRTLLETAERBISMANAETELHETTSRLSECQ I LLTSVTNDKINRL ELD 1QGMQSDLDDAIN
MIRASNDRAD RIS EYNIRE MR 0E SENYKNAES LRKOEERE 1 71 REEENINTREGKRMVAKLQARIR

DLEAEYEAEQRRIENEA 1 A1 SRIGISISIRNE L TAVVEDERR IMSELTSANEQVFLKINRERO | EEAEEVAT I TMN

K YRS EFIRADMAEKNLVSMRRSRSMSVTRE I TKVIKI

Figure 7. Deduced amino acid sequence of Ommastrephes bartramii paramyosin. Out-
line characters sequences show matching with the peptide fragments of the separated and
trypsinized paramyosin of O. bartramii (coverage: 56.18%, 482 residues).

Table 2. Similarities among four squid paramyosins (%).

O. bartramii D. gigas S. esculenta G. onyx
O. bartramii - 96 90 88
D. gigas 96 - 87 86
S. esculenta 90 87 - 89
G. onyx 88 86 89 -

in addition to the sequences from the four squid species determined in this
study, in order to examine the characteristics of the paramyosin structure
(Figure 8, Table 3). The four squid paramyosins formed a group independent
from the paramyosins of other species, to which the octopus paramyosin was
most closely positioned. Fluke and tapeworm species also formed a group, whe-
reas shellfish species remained dispersed. Shellfish species vary in shape such as

univalves and bivalves, which may form independent groups. Nonetheless, these
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10,11 Scallops 5,6 Japanese abalone
7,8 Freshwater snail

1-4 Oyster 12 Octopus

Squid

9 Mussels

23 O. bartramii
24 D. gigas

26 G. onyx
25 S. esculenta

20 - 22 Tapeworm

15 - 19 Fluke

13,14 Lingula

0.1

Figure 8. Phylogenetic analysis of several mollusk paramyosins.
The numbers correspond to the species in Table 3.

Table 3. Species used for phylogenetic analysis.

number species name number species name
1 Crassostrea gigasl 14 Lingula anatina2
2 Crassostrea gigas2 15 Schistosoma japonicum
3 Crassostrea gigas3 16 Clonorchis sinensis
4 Crassostrea gigast 17 Schistosoma haematobium
5 Haliotis discus discus 18 Paragonimus westermani
6 Haliotis discus hannai 19 Schistosoma mansoni
7 Biomphalaria glabratal 20 Echinococcus granulosus
8 Biomphalaria glabrata2 21 Taenia saginata
9 Mpytilus galloprovincialis 22 Taenia solium
10 Mizuhopecten yessoensisl 23 Ommastrephes bartramii
11 Mizuhopecten yessoensis2 24 Dosidicus gigas
12 Octopus bimaculoides 25 Sepia esculenta
13 Lingula anatinal 26 Gonatus onyx

shellfish species showed greater diversity compared to the other groups of spe-
cies. Fluke [25] paramyosins showed high sequence similarities within the
group, with percentages of 93% or greater. Tapeworm [26] [27] paramyosins al-
so showed high sequence similarities with percentages of 98% or greater. Shell-
fish paramyosins showed lower sequence similarities compared to other groups
of species, with percentages from 71% to 86%. The underlined species in Figure
6 have multiple isoforms of paramyosin, and the respective isoforms were found

close to each other. For instance, oyster is known to have four paramyosin iso-
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forms, which all have high similarities to each other with percentages of 96% or
greater. Similarly, paramyosin isoforms from two species of fresh water snail,
two species of scallops, and two species of Lingula, whose sequences are regis-
tered in the database, have high similarities among their respective isoforms,
with percentages exceeding 96%. For these species that are known to have mul-
tiple isoforms, the sequences were suggested to encode paramyosin genes
through genome analyses. In contrast, in species whose paramyosin sequences
have been determined by means of cDNA cloning, such as those in the present
study (including O. bartramii, D. gigas, S. esculenta, G. onyx, and mussel spe-
cies), only a single gene has been identified. Although genome databases collect
the sequences of all genes from entire genome sequences, cDNA cloning identi-
fies only those genes that are actually expressed. In the present study, a single
gene was identified in each species, suggesting that only one gene is expressed in
the respective organisms. That is, although two or more paramyosin genes may
be present on the genome, some are considered to be pseudogenes. Pseudogenes
have base sequences similar to those of normal genes, although they are not ex-
pressed in vivo. For the species that are considered to have two or more para-

myosin genes, the expression of these genes will be further investigated in vivo.

5. Conclusions

The primary structures of four squid paramyosins were determined. In each se-
quence, heptad repeats (abcdefg) were identified, as well as hydrophobic amino
acids in many of the a and d positions and charged amino acids in the eand g
positions, representing a characteristic coiled-coil structure. A highly conserved
ACD consisting of 29 residues was found in the C-terminal region, through
which paramyosin molecules are suggested to polymerize.

The results of phylogenetic analysis showed that the four squid paramyosins
form a group independent from the paramyosins of other species, to which oc-
topus paramyosins are most closely related. Fluke and tapeworm paramyosins
also formed independent groups, whereas shellfish paramyosins remained dis-

persed.
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