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Abstract: Tetrodotoxin (TTX)-binding proteins are present in toxic TTX-bearing animals, such as
pufferfish and gastropods. These may prevent autotoxicity. However, TTX-binding proteins are also
found in the nontoxic marine shore crab, Hemigrapsus sanguineus. Here, we isolated the TTX-binding
protein, HSTBP (Hemigrapsus sanguineus TTX-binding protein), from the hemolymph of H. sanguineus
and elucidated its primary structure using cDNA cloning. HSTBP, a 400 kDa acidic glycoprotein by gel
filtration high-performance liquid chromatography, comprises 3 subunits, 88 kDa (subunit-1), 65 kDa
(subunit-2), and 26 kDa (subunit-3) via sodium dodecyl sulfate-polyacrylamide gel electrophoresis
under reduced conditions. The open reading frame of the cDNA comprises 5049 base pairs encoding
1683 amino acid residues, and the mature protein contains 1650 amino acid residues from Arg3* to
Ser!%83, The three subunits are arranged in tandem in the following order: subunit-3 (Arg34—Gln261),
subunit-1 (Asp262—Phe1138), and subunit-2 (Val'139-Ser1683) A BLAST homology search showed weak
similarity of HSTBP to clotting proteins of crustaceans (29-40%). SMART analysis revealed a von
Willebrand factor (vWF)-type (= delete hyphen) D domain at Phe!3¥”-Gly!**. We confirmed that
the recombinant protein of HSTBP subunit-2 containing the vWF-type (= delete hyphen) D domain
bound to TTX at a molecular ratio of 1:1.

Keywords: tetrodotoxin; tetrodotoxin-binding protein; hemolymph; shore crab Hemigrapsus sanguineus;
c¢DNA cloning; primary structure; characterization; clotting proteins; vitellogenin; von Willebrand
factor-type D domain

1. Introduction

Tetrodotoxin (TTX), a potent neurotoxin, is a selective sodium channel blocker that
prevents the influx of sodium ions through voltage-gated sodium (Nay) channels in most
neurons and muscle cells. It causes paralysis with rapid and progressive muscular weak-
ness [1,2]. TTX was initially discovered in pufferfish from the family Tetraodontidae
and is widely found in various taxa, including marine and terrestrial eukaryotes, as well
as bacteria [3,4]. Some TTX-bearing animals possess large amounts of TTX, exceeding
their lethal doses. The minimum lethal dose of the toxic pufferfish Takifugu niphobles
(presently Tuakifugu alboplumbeus) by intraperitoneal injection is 35 mouse unit (MU)/g
body weight (equivalent to 7.7 ug TTX/g body weight) [5], while the toxicity level of
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T. niphobles (T. alboplumbeus) is over 1000 MU /g in the liver and ovary [6]. Here, one mouse
unit (MU) is defined as the amount of TTX required to kill a 20 g mouse in 30 min via
intraperitoneal injection and is equivalent to 0.22 ug TTX [7]. The minimum lethal dose
of the xanthid crab, Atergatis floridus, injected at the chela is 50-100 MU /g body weight
(equivalent to 11-22 ng TTX/g body weight) [8]. The toxicity of the crab was more than
100 MU /g with the highest score at 9000 MU /g, which coexisted with TTX and paralytic
shellfish toxins (PSTs) [9-11]. Although how TTX-bearing organisms acquire, accumulate,
and retain high concentrations of TTX in their bodies is poorly understood, it likely relates
to unique mechanisms that prevent autotoxicity, such as the resistance of Na, channels
to TTX and TTX-binding proteins. In the former, the skeletal muscle Nay1.4 channels in
TTX-bearing animals are mutated in the P-loop regions of Nay1.4, reducing the binding
affinity for TTX [12,13]. The latter is that TTX-binding proteins bind to TTX and neutralize
it. TTX-binding proteins have been identified in pufferfish, gastropods, and shore crabs.

Matsui et al. [14] purified a TTX-binding protein from the plasma T. niphobles
(T. alboplumbeus) and analyzed a partial amino acid sequence of the purified protein. Then,
Yotsu-Yamashita et al. [15] elucidated the primary structure and characteristics of the TTX-
binding protein from the plasma Takifugu pardalis and identified it as pufferfish saxitoxin
(STX) and tetrodotoxin-binding protein (PSTBP). PSTBP is a glycoprotein with a molecular
mass of 200 kDa consisting of 104 kDa subunits that binds to not only TTX but also STX, the
representative principle of paralytic shellfish toxins (PSTs) (=-Change to “PSTs”), preferring
STX to TTX. PSTBP is widely distributed in the genus Takifugu of pufferfish and among
most organisms (=Change to “tissues of T. pardalis”); therefore, it may function as a carrier
protein for TTX [16]. Recently, other TTX-binding proteins were found in the ovaries of
the pufferfish T. pardalis and Takifugu flavidus. They were identified as the vitellogenin
subfragment, von Willebrand factor (vVWF) type D domain, implicating TTX transport from
the liver to the ovary because vitellogenin is synthesized in the liver and moves to the
ovary via circulating blood [17,18]. Additionally, peroxiredoxin-1, a class of mammalian
antioxidants from the pufferfish Takifugu bimaculatus binds to TTX [19].

The occurrence of TTX-binding high molecular weight substances (HMWS) has been
reported in the muscles from five species of Taiwanese gastropods, with TTX-binding
capacities of 0.12-0.65 MU /mg protein (equivalent to 0.026-0.14 pg TTX/mg protein) [20].
HMWS with a molecular mass of 434 kDa, including two subunits, 272 and 47 kDas,
was purified from the muscle of the toxic gastropod Nitica line (==Change to “lineata”).
The purified HMWS showed an increased TTX binding capacity of 4.2 MU/mg protein
(equivalent to 0.92 ug TTX/mg protein), although the primary structure and the features of
HMWS are unclear.

The shore crab, Hemigrapsus sanguineus, has a TTX-binding protein in the hemolymph,
despite being non-toxic [21]. Yamamori et al. [22] investigated the resistance of non-toxic
marine crabs to TTX and revealed that H. sanguineus was much more resistant to TTX
than other crab species. However, the nerves of H. sanguineus were significantly sensitive
to TTX, as those of other species. In contrast, intraperitoneal or intravenous injection
of the hemolymph into mice prior to TTX injection effectively protected them from the
lethal activity of TTX. Furthermore, Shiomi et al. [23] demonstrated the neutralizing effect
of hemolymph against TTX in mice in three different ways: simultaneous injection of
hemolymph and TTX, pre-injection of hemolymph, and post-injection of hemolymph.
Shiomi et al. [23] also obtained TTX-binding HMWS with a molecular mass over 2000 kDa
by gel filtration on a Sepharose 6B column. Thereafter, we purified and characterized the
TTX-binding protein by successive ultrafiltration, lectin affinity column chromatography;,
and gel filtration high performance liquid chromatography (HPLC) [21]. The TTX-binding
protein is an acidic glycoprotein with a molecular mass of 400 kDa and isoelectric point
(pI) of 3.5. This selectively binds to TTX with a neutralizing ability of 6.7 MU/mg protein
(equivalent to 1.5 ug TTX/mg protein) but not to PSTs.

In this study, we evaluated the TTX-binding activity of H. sanguineus hemolymph
using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Next, we isolated
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the TTX-binding protein, elucidated its primary protein structure by cDNA cloning, and
characterized it. The mature protein contains 1650 amino acid residues, comprising three
subunits: 98.8, 60.8, and 25.5 kDas. We then produced a recombinant protein of subunit-2
(60 kDa) and confirmed the binding of the protein with TTX. This study provides a reference
for applying the protein to possible antidotes for TTX intoxication because of its selective
binding to TTX and its effective neutralizing ability against TTX.

2. Materials and Methods
2.1. Materials
Hemigrapsus sanguineus were collected from Tokyo Bay, Tokyo Metropolis, Japan. The

hemolymph was extracted from the hemocoel with a syringe, the inside of which was
wetted with 0.1 M sodium oxalate to prevent coagulation and centrifuged at 18,800 x (Add

“x”) g for 15 min at 4 °C. The supernatant was used as the hemolymph. Hemolymph

samples were pooled to purify the TTX-binding protein. To determine the TTX-binding
activity of each crab, hemolymph samples were individually prepared from each specimen
of five female and five male crabs. The details of the specimens used are listed in Table 1.
Viscera obtained from the specimens were used for extracting total RNA.

Table 1. TTX-binding activity of the shore crab hemolymph sample.

TTX-Binding Ability

Sample No. Sex Carapace Width (cm) (ug TTX/mL)
1 Female 2.7 1.20
2 Female 2.5 1.25
3 Female 3.3 1.31
4 Female 2.5 1.40
5 Female 3.1 1.40
6 Male 3.8 1.20
7 Male 3.8 1.28
8 Male 3.9 1.29
9 Male 3.5 1.49
10 Male 3.2 1.55
Mean =+ S.D. 1.34 £0.12

TTX was partially purified from the ovary of T. pardalis by the method of Na-
gashima et al. [24], with a specific toxicity of 2800 MU/mg. Crystalline TTX (Fuji Film
Wako Pure Chemical Industries, Osaka, Japan) was used as the standard for LC-MS/MS
analysis. All other reagents used were of analytical grade.

2.2. Isolation of TTX-Binding Protein

TTX-binding proteins were isolated according to a previous method [21]. Six hundred-
ug TTX was added to the pooled hemolymph sample (95 mL, 5300 mg protein). The
mixture was allowed to stand for 30 min at 4 °C and ultrafiltered through a 5k molecular
weight cut-off filter (Ultracel 5 kDa, Millipore, MA, USA). After the concentrate was diluted
with 0.5 M NaCl-0.01 M sodium phosphate buffer (pH 7.4), it was salted out with 50%
saturation ammonium sulfate and centrifuged at 18,800x g for 15 min to precipitate. The
precipitate (3970 mg protein) was dissolved in 0.5 M NaCl-0.01 M sodium phosphate buffer
(pH 7.4) and subjected to a Con A-Sepharose column (1.5 x 30 cm, GE Healthcare Bio-
Sciences, Piscataway, NJ, USA) equilibrated with the saline buffer containing 1 mM CaCl,
and 1 mM MgCl,. The column was washed with the buffer and then eluted with 0.15 M
methyl-a-D-mannopyranoside-0.5 M NaCl-0.01 M sodium phosphate buffer (pH 7.4) at a
flow rate of 20 mL/h. The eluate was collected in 4 mL portions.

Active fractions containing TTX-binding proteins were collected and concentrated
by ultrafiltration using a 5k filter. The TTX-binding protein was run through a MonoQ
5/50 GL anion exchange column (0.5 x 5.0 cm, GE Healthcare Bio-Sciences) and eluted with
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a linear gradient of 0.2-1.0 M NaCl in 0.01 M sodium phosphate buffer (pH 7.4) at a flow
rate of 0.5 mL/min. The TTX-binding protein was purified by preparative electrophoresis
(AE-6750, Atto, Tokyo, Japan) and re-chromatographed with a MonoQ 5/50 GL column
(0.5 x 5.0 cm, GE Healthcare Bio-Sciences) with the same conditions as described above.
The TTX-binding protein was monitored by measuring the absorbance at 280 nm and
TTX-binding activity, as described below. Hereafter, the isolated TTX-binding protein is
referred to as Hemigrapsus sanguineus TTX-binding protein (HSTBP).

2.3. N-Terminal Amino Acid Sequencing of TTX-Binding Protein, HSTBP

The isolated TTX-binding protein was subjected to SDS-PAGE on a polyacrylamide
gel (E-D310L, Atto) and electrically transferred onto a polyvinylidene difluoride membrane
(Clearblot P, Atto) according to the manufacturer’s instructions. Amino acid sequence
analysis of the TTX-binding protein was performed using an automatic gas-phase sequencer
(492HT; Applied Biosystems, Foster City, CA, USA).

2.4. Molecular Cloning of TTX-Binding Protein, HSTBP

Total RNA was extracted from 2 g of the shore crab viscera with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). mRNA was purified from total RNA (1.5 mg) using an
mRNA purification kit (GE Healthcare Bio-Sciences) and converted to cDNA, followed by
ligation of a Marathon cDNA adaptor using a Marathon cDNA Amplification kit (Clontech
Laboratories, Palo Alto, CA, USA) according to the manufacturer’s instructions.

Degenerate primers were designed based on the amino acid sequence of the subfrag-
ments of HSTBP and are shown in Table 2. The forward primer, HSTBP-S3F, and reverse
primer, a Marathon adaptor primer (AP1), were used for the 3’ rapid amplification of cDNA
ends [RACE] (Thermo Fisher Scientific, Waltham, MA, USA). Amplification was carried out
using TaKaRa Tag HS DNA polymerase (Takara Bio Inc., Shiga, Japan) under the following
conditions: 35 cycles of 98 °C for 10 s, X °C for 30 s, and 72 °C for 2.5 min, in which the
annealing temperature, X was adapted between 50 and 65 °C. The subsequent nested PCR
used the degenerate primers HSTBP-S3N (forward primer) and AP2-2 (reverse primer)
for 3’RACE. 5RACE fragment of subunit 3 of HSTBP (HSTPB-sub3) was amplified with
HSTBP-S3R and AP1, using a Mighty Amp DNA polymerase (Takara Bio Inc.) under the
following conditions: 98 °C for 2 min and 35 cycles of 98 °C for 10, 59 °C for 15 s, and 68 °C
for 2 min. The downstream sequences were determined by 3'RACE using forward primers
(HSTBP-S3F5, HSTBP-S3F6, and HSTBP-S1Fk2) and reverse primer, AP1, respectively. The
PCR products were subcloned into the pT7Blue T-vector (Novagen, Madison, WI, USA) and
cloned into Escherichia coli J]M109 competent cells (Nippon Gene Co., Ltd., Tokyo, Japan).
The cloned plasmids were sequenced using a BigDye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific) and 3130 Genetic Analyzer (Thermo Fisher Scientific). The
strategy used for HSTBP cDNA cloning is illustrated in Figure S1.

2.5. Computational Analyses

The amino acid sequences were analyzed for similarity using the standard protein
BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 14 December 2022).
Signal peptides in the N-terminal segments of HSTBP and other clotting proteins were
predicted using the SignalP 6.0 server (https:/ /services.healthtech.dtu.dk/service.php?
SignalP, accessed on 14 December 2022) [25]. Multiple amino acid sequence alignments
of HSTBP and other clotting proteins were performed with the Clustal W algorithm [26]
using the MEGA XI software (https:/ /www.megasoftware.net/, accessed on 14 December
2022) [27]. Molecular Evolution Genetics Analyses Version XI) software [27]. The theoretical
molecular mass and electric point (pI) were estimated using DNASIS pro (Hitachi Software
Engineering, Tokyo, Japan). The SMART program (http://smart.embl-heidelberg.de/, ac-
cessed on 14 December 2022) [28] was used to determine the conserved domains of HSTBP.
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Table 2. Primers used in this study. =>Need space between “Base” and “Tm ( C)”.

Sequence Base Tm (°C)
Forward primer
HSTBP-S3F 5'-CARGCIGAYATIWSITAYCARTAYAA-3/ 26 53
Nested forward primer
HSTBP-S3N 5'-TAYCARTAYA ARTAYACIGGIACIGTIGC-3 29 57
5'-RACE reverse primer
HSTBP-S3R 5-TGTCCAATCATGGTGTCCTCTGTGAG-3' 26 61
3/-RACE forward primer
HSTBP-S3F5 5-CTAGCAGCAAGACCAGCAGCAAG-3' 23 62
HSTBP-S3F6 5'-AGCAAGACTGGCACCAAGACTGG-3 23 62
HSTBP-S1Fk2 5'-CATCCTGGTACCACTCCTGAATAACC-3/ 26 62
Marathon adaptor primer
AP1 5'-CCATCCTAATACGACTCACTATAGGGC-3 27 62
AP2-2 5/-ACTATAGGGCTCGAGCGGCCGCC-3' 23 67
Sequence primer
T7 promoter 5'-TAATACGACTCACTATAGGG-3' 20 52
SP6 promoter 5'-TATTTAGGTGACACTATAG-3' 19 47
HSTBP-S1IF 5'-CAGATCACAGCGAGAACACG-3' 20 57
HSTBP-S1IR 5-CAGGAAGGAGTCAAGACTTGC-3 21 58
HSTBP-S2IF 5'-CTGCAGGTGACCACTGTCTTAG-3 22 60
HSTBP-S2IR 5'-CGTGACTGCTATAGTGAGTAGG-3' 22 58
HSTBP-S21F2 5'-CTAACCAGCACAAGCTTCATCC-3' 22 58
HSTBP-S2IR2 5'-CATGATACTCCCACGCTGTG-3' 20 57
HSTBP-S21F3 5'-GAGTACAGGCTTGTGTTTGATCC-3’ 23 58
HSTBP-S2IR3 5'-AACATCCACCACAGTCAAGTCC-3 22 58

The three-dimensional structures of HSTBP sub-2 (Val!!®-Ser!83) and vWF type
D domain TfVWF from T. flavidus were predicted using Colabfold (version 1.4.0) [29].
Structural models were viewed using PyMOL.

2.6. Recombinant Protein of TTX-Binding Protein Subunit 2 (rHSTBP-sub2) and Its Binding
with TTX

A partial gene fragment corresponding to HSTBP subunit 2 (HSTBP sub-2) was
synthesized based on the cDNA sequence (accession number LC733238) using an arti-
ficial gene synthesis system (Eurofins Genomics K.K., Tokyo, Japan). Codon usage of
the fragment sequence was optimized for E. coli. To insert the restriction enzyme sites,
the fragment was amplified by PCR using primers containing Ndel (forward primer, 5'-
GTCGTCATATGGTCGAACAGGAAGAAAC-3') and BamH1 (reverse primer, 5-CAGCCG
GATCCTTAACTGCGGATTTGGCGAAAAC-3') recognition sequences. The amplicon was
cloned into the pGEM®—T vector (Promega, Madison, WI, USA) and transformed into
DH5« competent E. coli (Nippon gene Co., Ltd.) following the manufacturer’s instructions.
The plasmid and empty pET16b vector (Merck Millipore, Burlington, MA, USA) were
digested with Ndel and BamHI (Nippon Gene Co., Ltd.). Both the fragment and linearized
pET16b vector were ligated and transformed into DH5x competent E. coli (Nippon gene
Co., Ltd.) to produce the expression construct.

The expression construct was transformed into Rosetta-Gami B (DE3) pLysS E. coli
(Merck Millipore). rHSTBP sub-2 was overexpressed by incubation at 37 °C for4 hin a
shaking incubator (150 rpm) with 100 pg/mL of ampicillin, 34 ug/mL of chloramphenicol,
and 0.3 mM isopropyl 3-D-thiogalactopyranoside (IPTG) after 2 h-preculture in the same
conditions, except for IPTG. The cells were harvested by centrifugation (3000x g, 4 °C,
20 min) and the inclusion body was collected by centrifugation (10,000 x g, 4 °C, 15 min)
after treatment with 0.15 M NaCl-0.05 M Tris-HCI buffer (pH 8.0) containing 1% Triton-X100,
0.001% RNase, and 0.001% DNase I (Nippon gene). The inclusion body was solubilized
with 6 M guanidine hydrochloride-0.15 M NaCl-0.05 M Tris-HCl buffer (pH 8.0) and applied
to a Ni-IMAC resin (Bio-Rad Laboratories, Hercules, CA, USA). The recombinant protein
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was eluted with 0.5 M imidazole-0.15 M NaCl-0.05 M Tris-HCI buffer (pH 8.0) after washing
with 0.025 M imidazole-0.15 M NaCl-0.05 M Tris-HCI buffer (pH 8.0).

The rHSTBP sub-2 fraction was reduced with 3-mercaptoethanol and refolded by a
dilution and dialysis as follows: the protein fraction was added dropwise into 25 volumes
of the saline buffer containing 0.5 M L-arginine, 1 mM glutathione, and 0.1 mM glutathione
disulfide with stirring. The diluted fraction was dialyzed twice against 0.5 M L-arginine-
0.15 M NaCl-0.05 M Tris-HCI buffer (pH 8.0) and ultrafiltered with an Ultracel 5 kDa
ultrafiltration disc (Merck Millipore) to replace the buffer by 0.02 M Tris-acetate buffer
(pH 7.4). The rHSTBP sub-2 was mixed with TTX and allowed to stand for 3 h at 4 °C. The
mixture was applied to a Sephacryl S-300 column (2 x 29 cm, GE Healthcare Bio-Sciences)
and eluted with 0.02 M Tris-acetate buffer (pH 7.4) at a flow rate of 0.5 mL/min. The eluate
was fractionated in a 4-mL portion. Each 1 mL aliquot of the fractions was mixed with
10 pL of acetic acid and heated in a boiling water bath for 10 min to liberate TTX bound to
rHSTBP sub-2. TTX was analyzed by LC-MS/MS, as described below.

2.7. Measurement of TTX Binding Activity

For the hemolymph, 500-uL aliquots of the samples were mixed with 20 ug TTX
and allowed to stand for 60 min at 4 °C. The mixture was ultrafiltered with an Amicon
Ultra-0.5 mL centrifugal filter Ultracel-3K (nominal molecular weight cut-off 3000, Merck
Millipore) to remove free TTX. Milli-Q water was added to the centrifugal filter, and
ultrafiltration was repeated twice to concentrate to 100 uL. TTX bound to the TTX-binding
protein was separated from the protein by adding 100 uL of 0.1% (v/v) acetic acid and
heating in a boiling water bath for 10 min.

For the active fractions from the purification steps, 100-pL aliquots of the fractions
were mixed with an equal volume of 0.1% (v/v) acetic acid and heated in a boiling water
bath for 10 min.

TTX was determined using a Waters Acquity UPLC and TDQ triple-quadrupole
tandem mass spectrometry (Waters, Midford, MA, USA) [30]. A TSKgel Amide-80 column
(2.0 x 150 mm, 3-pum particle size; Tosoh, Tokyo, Japan) was maintained at 25 °C and
eluted with 0.016 M ammonium formate (pH 5.5): acetonitrile (40:60, v/v) at a flow rate of
0.2 mL/min. The eluate was introduced into the ion source of electrospray ionization-mass
spectrometry, ionized by the positive mode, and detected in multiple reaction monitoring
mode, m/z 320 > 162, with a collision energy of 45 eV.

Student’s t-test was used to test for significant differences, with a significance level
of 5%.

2.8. Analytical Methods

The molecular mass of the isolated TTX-binding protein was determined by gel
filtration HPLC on a TSKgel G300SWy1, column (0.78 x 30 cm, Tosoh) with 0.5 M NaCl-
0.01 M sodium phosphate buffer (pH 7.4) at a flow rate of 0.5 mL/min. Four reference
proteins (Bio-Rad Laboratories), thyroglobulin (670 k), bovine gamma globulin (158 k),
chicken ovalbumin (44 k), and equine myoglobin (17 k) were used to calibrate the column.
TTX-binding protein was estimated by SDS-PAGE on a C520L gel (Atto). Prior, the protein
was dissolved in 2x buffer containing 0.1 M dithiothreitol and 2% SDS and heated in a
boiling water bath for 5 min. The proteins were stained with Rapid CBB KANTO (Kanto
Chemical Co., Inc., Tokyo, Japan). Precision Plus Protein Standards (Bio-Rad Laboratories)
were used as the reference. Native-PAGE was performed using a C7.5 gel (Atto).

Protein levels were measured using bovine serum albumin as a standard protein using
the Lowry method [31]. The protein concentration of rHSTBP sub-2 eluted by Sephacryl
5-300 column chromatography was measured with a protein assay kit using a Qubit 4
fluorometer (Thermo Fisher Scientific).
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Absorbance at 280 nm

3. Results
3.1. TTX-Binding Activity of the H. sanguineus Hemolymph

As shown in Table 1, all the hemolymph samples used were bound to TTX. TTX-
binding activity ranged from 1.20 to 1.55 pg TTX/mL. There was no difference in TTX-
binding activity among individuals or between female and male samples (p > 0.05). The
former ranged from 1.20 to 1.40 ug TTX/mL (mean =+ S.D. 1.32 = 0.09 ug TTX/mL) and the
latter from 1.20 to 1.55 ug TTX/mL (mean £ S.D. 1.36 = 0.15 ug TTX/mL). No relationship
was observed between TTX-binding activity and crab size (carapace width).

3.2. Isolation of TTX-Binding Protein

TTX-binding protein was isolated using five purification steps. In the first step of
salting out, TTX-binding protein was recovered from the 30 to 50% saturation ammonium
sulfate fraction. The TTX-binding protein was subjected to lectin affinity chromatography
on a Con A-Sepharose column and eluted in the methyl-a-D-mannopyranoside eluate
fraction (data not shown). Next, the active fraction containing the TTX-binding protein was
chromatographed by anion-exchange HPLC on a MonoQ 5/50 GL column and eluted with
0.6-0.8 M NaCl in 0.01 M sodium phosphate buffer (pH 7.4) (data not shown). Finally, the
TTX-binding protein was re-chromatographed using a MonoQ 5/50 HPLC after preparative
electrophoresis. TTX-binding protein was detected at retention times of 44-46 min (Fraction
I) and 48-52 min (Fraction II) (Figure 1). Native PAGE analysis revealed that both fractions
produced only one band, confirming their homogeneity (Figure 1). Fraction I showed the
TTX-binding activity of 0.22 ng TTX/mg protein and Fraction II of 0.33 ng TTX/mg protein.
Because Fraction I had higher TTX-binding activity and more TTX-binding protein than
Fraction I, Fraction II was identified as H. sanguineus TTX-binding protein (HSTBP) and
used in further experiments.

I1

I o
2
0 0.5 H
ey — | [
i - 04 B
= A
2 £
Z. =
I -2 03 3
- 1.0 5
e - = 02 E
g =
- E B
| 8
{ 0.1
T T T T [} [}
20 40 60 $0 100

Retention time (min)

Figure 1. MonoQ anion-exchange HPLC of active fraction obtained from preparative electrophore-
sis. Sample: active fraction obtained from preparative electrophoresis; column: MonoQ5/50 GL
(0.5 x 5 cmy); mobile phase: 0.2-2.0 M NaCl-0.01 M sodium phosphate buffer (pH 7.4); flow rate:
0.5 mL/min; detection: absorbance at 280 nm; inlet: Native-PAGE; I; peak I obtained from Mono Q
anion-exchange HPLC, II; peak II obtained from MonoQ) anion-exchange HPLC.
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3.3. Characterization of TTX-Binding Protein, HSTBP

The molecular mass of the isolated TTX-binding protein, HSTBP, was measured at
400 kDa using gel filtration HPLC on a TSKgel G3000SWx;, column (Figure 2A,B). In
contrast, the molecular masses estimated by SDS-PAGE were approximately 88, 65, and
26 kDa (Figure 2C). These results suggested that HSTPB has a dimeric conformation
consisting of three subunits with molecular masses of 88 (HSTBP sub-1), 65 (HSTPB sub-2),
and 26 kDa (HSTBP sub-3).

(&) (B)

Mo lecular mass (log)

Mbeorbance at 280 mn

W Retention time {min})

Ratention time (min)

i o)
Sam pl= T ransfemin
M I II M - + - + M
kD=
iDa _—
250 “jv-
150 ' — —
150
100 - —
100 oy ()
5 @ 75 - s
G —
§ & ;
@ 3o - -
50 -
37 —
37
15 @ -
25 - @ -

Figure 2. Molecular mass of TTX-binding protein: (A) gel filtration HPLC on a TSKgel G3000SWy,
column (0.78 x 30 cm); (B) calibration curve for the determination of TTX-binding proteins by gel
filtration HPLC; o: TTX-binding protein, <: standard proteins, a: thyroglobulin (670 kDa), b: bovine
v-globulin (158 kDa), c: chicken ovalbumin (44 kDa), d: equine myoglobin (17 kDa); (C) SDS-PAGE. [;
peak I obtained from MonoQ anion-exchange HPLC, II; peak II obtained from MonoQ anion-exchange
HPLC; @, @, and (® indicate subunits-1, -2, and -3, respectively; (D) SDS-PAGE before (—) and
after (+) deglycosylation treatment with PNGase F; D, @, and (3 indicate subunits-1, -2, and -3,
respectively. Transferrin was used as a control of N-glycosylated protein.

Based on the chromatographic results of the purification procedures, HSTBP is most
likely an acidic glycoprotein. HSTBP was adsorbed onto an anion exchange MonoQ 5/50
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GL column. It was also retained on the lectin affinity Con A-Sepharose column and eluted
with an eluent containing methyl-«-D-mannopyranoside. The molecular mass of HSTBP
sub-2 (65 kDa) was decreased to 63 kDa after digestion with the glycopeptidase, PNGase
F (Figure 2D), indicating the presence of an N-linked carbohydrate side chain. However,
that of the other two subunits, HSTBP sub-1 (88 kDa) and HSTBP sub-3 (26 kDa), did
not change.

3.4. cDNA Cloning and Molecular Properties of HSTBP

The N-terminal amino acid sequences of HSTBP sub-1, sub-2, and sub-3 were deter-
mined as 'DPDPARLIQPINDTLWVLTR?, 'VEQEETQTQTVITHMQRVEELAINF?® and
'RGGLQADISYQYKYTGTVATWVSED?, respectively (Table 3).

Table 3. N-terminal amino acid sequences of TTX binding protein subunits.

Subunit No. Molecular Mass (kDa) Amino Acid Sequences
1 88 DPDPARLIQPINDTLWVLTR
2 65 VEQEETQTQTVITHMQRVEELAINF
3 26 RGGLQADISYQYKYTGTVATWVSED

A cDNA fragment was amplified by 3'RACE using the degenerate primers HSTBP-S3F
and HSTBP-S3N. These were designated from the amino acid sequence of HSTBP sub-3 as
forward primers and AP1 and AP2 as reverse primers (Figure S1). Based on the nucleotide
sequence of the PCR product (682 bp), the remaining 5'region sequence was determined by
5'RACE using AP1 and HSTBP-S3R. The PCR product (632 bp) contained a 5’-untranslated
region (Figure 3). Next, a cDNA fragment was amplified by 3’ RACE using two primer
sets: HSTBP-S3F5/AP1 and HSTPB-S3F6/AP1. A PCR product of 1289 bp was obtained,
which included the nucleotides encoding 20-amino acids of the N-terminus of HSTBP sub-1.
The remaining 3'region was identified by 3’'RACE using HSTBP-S1Fk2 and AP1 primers.
The 3364 bp PCR product was obtained, which contained 23-amino acid residues of the
N-terminus of HSTBP sub-2 and 3'-untranslated region. Here, the nucleotide sequence
of the full-length HSTBP cDNA (5391 bp) was determined (accession number LC733238).
The accuracy of this sequence was verified using re-cloning experiments. The initial ATG
codon is present at nucleotides 91-93. In the 3'-untranslated region, a polyadenylation
signal AAT AAA was identified in nucleotides 5341-5346, and a poly(A) tail at nucleotide
5368. An open reading frame (ORF) comprised of 5049 bp, encoding a precursor protein
of 1683 amino acid residues from the putative initiating Met' to the putative last Ser!%8
was also identified. The amino acid sequences of the N-terminal proteins of HSTBP sub-1,
HSTBP sub-2, and HSTBP sub-3, determined by protein sequencing, were all found at
positions 34-58 (HSTBP sub-3), 262-281 (HSTBP sub-1), and 1139-1163 (HSTBP sub-2) of
the deduced molecule (Figure 3).

In Figure 4, the deduced amino acid sequences of the TTX-binding protein were aligned
with the clotting proteins of shrimp and crab from the suborder Pleocyemata. SignalP-6.0
Server predicted that HSTBP comprised a signal peptide (Met! to Gly'”) and a mature protein
starting with Leu'®. However, HSTBP sub-3 began with Arg®*, suggesting the absence of
a peptide from Leu'® to Ala®® by translational modification. The mature protein of HSTBP
likely consisted of 1650 amino acid residues from Arg3* to Ser'®3. The theoretical molecular
masses of HSTBP and its subunits (HSTBP sub-1, HSTBP sub-2, and HSTBP sub-3) were
calculated at 185,080.6 Da, 98,822.3 Da, 60,784.6 Da, and 25,509.7 Da, respectively, using
the DNASIS Pro (Hitachi Software Engineering). The isoelectric point (pl) of HSTBP was
estimated to be 5.26 using DNASIS pro (Hitachi Software Engineering). A BLAST homology
search showed weak identity of the deduced amino acid sequence of HSTBP to clotting
proteins of crustaceans, Portunus trituberculatus (accession number XP_045118682.1) (40.2%),
Scylla paramamosain (accession number AYK27566.1) (39.9%), Pacifastacus leniusculus (acces-
sion number AAD16454.1) (29.9%), Homarus americanus (accession number KAG7156252.1)
(29.1%), and Procambarus clarkii (accession number AYD41596.1) (29.1%).
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1 GCC ACC ACC ACC GCC GCT GCC GCC ACG AGA GGG CTT GGA TCG TCT AGA AAG GTT TCT CAT CTT GAG TGG GCC CGC CGC CGC CGC TGG GCC ATG AGT CTC TTC GCG 105
s L F A B

HSTBP-SSF ———————
106 GCC ACC CTC ACT CTC TTG CTG GCC GGG TGT CAG GGC CTT TCC ATT GCT CAG CAG GAG CAT GAA GCC CCG CGC TAC ACT GTA GCA CGA GGG GGG CTG CAG G(G GAC 210
Awly b T L L L A G C o 6 L S I A Q Q E H E A P R Y T V 2 [RICHGNINOWANDI -
ISTBP-SIN = = o oo n DT »
ATC TCT TAC CAG TAT AAG TAC ACG GGC ACG GTG GCC ACA TGG GTA TCG GAG GAC CCC ACA CAG TTT TCG GGG TCG GCC TTG AGG GCG GAC GTG GAG CTG GAG AGG 315
s Yy 9 ¥ K Y T 6 T VvV A T W V S8 E D P T Q F s G s A L R A D V E L
316 ACT CAA GCT GGC AAC CTC CGC GTG AAA GTG AGC AAC GTG GAG GTG GCC GAG ACC AAC GAG AAG GCT TCA TGC GAC CCC CAG AAG AAC ATC GAG TTT GAC TAC CAC 420
% T Q A G N L R V XK V 8§ N V E V A E T N E K A S ¢ D P Q K N I E F D Y H 10
421 CCC ATG GAC CCT GCC GAC GCC GCC CTC CTG GAG CAG ACC TTC CTC ATC CAA GTG GAC GCA GCA ACG GTG GAG TAT CTC AAG GTC CCC GAA GAG CCA CTT TGG GTC 525
P M D P A D A A L E Q T F L I Q VvV D A A T V E Y L K V P E E P L W V 145

526 ACC AAC GTA CGG CGA GGC ATC ATC TAC TGG CTC CCT CTC GCT GTC CTC ACG GGT CAT AAT CCT TCA CGC CTC ACC TTC AGG CTC ACA GAG GAC ACC ATG ATT GGA 630
T N V R R G I I v s L P L A V L T G H N P S R L T F R L T E D T M I G 180

—— HSTBP-SIR

631 CAA TGC TAT AAT TGG TAC TCT CAA ATA AAG CTC TCC AGT TAC CAG TCA GCA CTC GAA GAC GGG AAA CAG GPA GAG AAG ATC GAA GTA GAC GTC CAA AGA TAT ATC 735

8 Q C Y N W Y s Q I K L s s Y Q S A L E D G K Q E E K I E V H Ss‘}zs Q R Y I 215

PS8 A RO AGT AGC ARG ACC ASC AGE A% AT Gae
736 ACA TCC GAA AGG ATT ATA CAA GGC CCG GGT GCC AAG GGT CGC CCC AAG ACA AAG CGA CCC AGT AAG IKSCTA I-?GA AIG ACT AGC AGC AAG ACC AGC AGC AAG ACT GGC 840
T S K T s8 S K

26 T S E R I I Q9 G P G A K G R P XK T K R P S K T R K s T G 250
>
841 ACC AAG ACT GGC ACC AAG AGG CCT GGT CCC CAA GAC CCC GAC CCC GCC CGC CTC ATC CAG CCC ATC AAC GAC ACC CTC TGG GTC CTG ACA CGC ACA CTG GAC AAT 945

51 T K T G T K R P G P QDNPDIP AR INQ P Ty b Tl wW VL TR T L D N 28

946 GAG GGC TGC GAG GAG AAC CAC TTT ACT GTG AAG ATT AAC GGC AAT GAC GAG TCA GCG GAC AAG ACA CAG CGC AGC TCA CAA GGC ACC TTC CTC ATT AGG GGC GAG 1050
2% E G C E E N H F T V XK I N G N D E S A D K T Q R S 8 Q G T F L I R G E 32

1051 CTA GGG GGC ATG ACA CGC CTG GAG AGG GCC GAA GTG AAT GGC AAC ATC GTG GTC TAC ACT ACT GAT TGC CAC GAC AAA TTC ATC AGG ACA AAG ACA AAG CAG GTG 1155
22 L. ¢ ¢ M T R L E R A E V N G N I Vv Vv Y T T D C H D K F I R T K T K Q V 35

1156 CTG GAG CTG AGA GCA GTG AGA CAT GCG GAG GTG CAT GTG GAA AGT GCA CAG GAG TTG GAG AGA AGG ACA CTC AGC TTT GAA ACT AAG GAA GGG CCG CTT ATT TTA 1260
3% L E L R A V R H A E V H V E S A Q E L E R R T L S F E T K E G P L L 390

I
1261 ACT GTC GAG GAG CAG CTG ACA GGC ATC TAC CCC ACA GAG CTA CAA GCC CAA GCC ATT ATA GCA AAG ATC ARA GAA GAC ATG GAG TTG CTT AAT GAA CCA GAT CAC 1365
3@ T Vv E E Q L T G I Y P T E L Q A Q A I I A K I XK E D M E L L N E P H a5

D
1366 AGC GAG AAC ACG CCA CCC TTC CTG GAC ACT TTC CGG CAT GTG GTG GAG CGC ATC GCC GTG CTG CCC AAG TCT AAG ATT GAG TCC CTC ATT TCC CAG GTG CCT GAC 1470
49 S E N T P P F L D T F R H V V E R I A V L I Vv P D 460

1471 ACT CCG AGA GTC AAA AAA ACT CTG TAC CAA GCA CTT TTG ACC TCC GGG ACC AAG GAG GCA CTG GCC TAC CTC TTG GAG AAG CTC AGT GAT GAG GCT TTC CAG CAA 1575
T P R V K K T L Y Q A L L T S G T K E A L A Y L L E K L S D E A F Q Q 495

1576 CAG AAC CCC AGC CTT GTA TTC CAG GTC TTC CAG GCC TCT ACA ATG ACA GTC ACG GAC CCG TCA CTC ATC CCT ACC CTC CTG CAA TTG GTG GAC AGT ATG GAT GAC 1680
9% Q N P S L vV F Q V F 0 A s T M T V T D P S L I P T L L Q L V D s M D D 530

1681 AGA CGT GGG GAC CCA CTC AAG ACC ACA GCC CTT CTC AGC ATC GCC AAA CTT GCC CGT CAG TAC TGC CTT GAC CCC CAG GTG GCT GAG AGC TGT GAC CAG CGA TGC 1785
R R G D P L K T T A L L s I K L A R Q Y C L D P Q VvV A E S C D Q C

565

1786 GAC AAT GGC GCA AGT CTT GAC TCC TTC CTG CCC ATT CTC ACT CGT GGT CTC AAT GAT CCA TTG AAG TGG AAG CAA TTG GTT CAC CTG CAA GCC ATG TGC ATG CTG 1890
D N S L D s F L P I L T R G L N D W K Q L vV H L Q A M C M L 600

1891 GGA ACA CCG CTC AGC CTG CCA TAC CTG GAG CCC ATC ATT GAA GGG AAG AAC GAT GAT AAT GCG GAC CTG AGG ATC AGC GCC ATC CAC TGT CTC AAA GCA GAG CTT 1995
€2 ¢ T P L S L P Y L E P I I E G K N D D N A D L R I 8 A I H C L K A E L 635
HSTBP-SIAQ.

1996 CTG CCC AAA ACA GCT CAC TCA AGG GTG CTG GAC ATC CTG GTA CCA CTC CTG AAT AAC CCG TCA GAG TTC CCC GAG GAG AGA AGC ATG GCC TTC CTC GTC ATC AGC 2100
L P K T A H S R V L D I L V P L L N N P S E F P E E R S8 M A F L V I S 60

2101 ACA TGG GAG CCG ACG AAC CTG TCT TGG TGG GAG CAC ATC GCA CTC TCC ACG TGG AGG GAA AGC TCA CAT CAA GIG GCC GCC TTT ATC TAC TCT GCC CTC ACC GCC 2205
. T W E P T[N T S]w w E H I A L S T W R E § S H Q V A A F I Y s A L T A 75
2206 CTC AGT GAA GGA AAC CAT CCC CGC TCA CTT AGT GCC AAG AAA GTT GTT CAT CTT GCT AAG CAT CCT GGC AAG ATG GAG ACA AAT ACC CTC GCC CAA TCT GCC TAT 2310
7% L S E G N H P R S L S A K K V V H L A K H P G K M E T N T L A Q S A Y 70
2311 ATA TAC TTG AAA GAA GAT GTG GAA AAC TGT AAA GAA GGA GAG AAT TTG AAT ATG GCC TGG GTC GCC TCC ACA CTG ACC GIC TTC CCA GCA GCA GCA TTT TAT TCC 2415
1 I Y L X E D V E N C K E G E N L N M A W V A S T L T V F P A A A F Y § 75
2416 CTG CAG GTG ACC ACT GTC TTA GGG ATG CGT CAG AGA GAG ATG GCT GTC TTC TTT AGT AAT TAC CTC CAG CGT GIT TAT AAG AGG GGC AAT CCG TTC CAG TGG GAC 2520
77 L Q vV T T V L G M R Q R E M A V F F S N Y L Q R V Y K R G N P F Q W D 810
2521 ATA AAG GAG AGT GRA GAT TCA GAG ACC TTC TTT GGA ATA TTT GAG GAA TTA CAG GAA CAA CTG ATG CTA ACC AGC ACA AGC TTC ATC CAT AAG GAA ACT TTT ACT 2625
e I XK E $§ E D § E T F F ¢ I F E E L Q E Q L M L T s T S F I H K E T F T 8
2626 TTT GCT TCA ATC TTA GAA CCT CTG CAC ATA CTT TTC TCA TCA TAC GAA GGG GAA CAT CGT CAA CCA GGG GCA TTT GGA CCT TGG AGT TTC CTG GAT TAC AAT CGA 2730
4 F A S I L E P L H I L F s s Y E G E H R Q P G A F G P W s F L D Y N R 80
2731 CCA ATC ATC TTC CGC TTC ACA GAT TCA ACA CTA GCA TTT CCA TTG GAC TTG GGT CTC CCT GTC ATT GTT AAG CTT GAA GAA GAC TTT GGC TTC TAT CTT AGA GGA 2835
P 1 I F R F T D S T L A F P L DL G L P V I V K L E E D F G F Y L
2836 GAC ACT GGT GAC TTT GAA TTG GGT CAT ARA CAT TCT GTG RAT GTG AAA ACA CTG GTG CCG TGG ACA GAG GGC CGG GCT GCT GGG GCC GGC CTG GAG AGC AAC ATG 2940
@6 D T G D F E L G H K H 8§ V N V K T L VvV P W T E G R A A G A G L E S N M 90
2941 CAG ATC AGA TTG CCT CTC CGG AGT AGA GGA GAA TGG CGC CCA GTA AAA CTA ACA CTG ACA CTG CCG ACT TCA AAA GTT AAT CTT ATA GAA ATG TCG GGC TGC ATG 3045
Q I R L P L R S R G E W R P V K L T L T L P T S K V N L I E M S G
3046 TAC ACC AGC CTG ACG CCA CTC TTC CCA TIC ACC GGT GCC GCT CTG AGC CCC GAG GAA CCT GCC ACG AGC CTT GGG AGG AAG GTG GTG TGG AAG GGA GAG GIG CTG 3150
% Y T S L T P L F P F T G A A L S P E E P A T S L G R K V V W K G E V L 102
3151 GAG AGC AGC TCA AAG TCT CGG TTG CTA GAC AAG TTA GGG ATC CAC TTG ACG TGT GAG TGG ACA GGT GAC TTC CAG CAG CCA GGA GAC CCC AAG ACT GTC ATC AGA 3255
E S s R L L D K I H L T ¢C E W T G D F Q Q P G D P K T V I R 10
3256 GAG TTG CAT CCT AAT CAG CTG CAT TAC CAG AAC TTT GAG TAC AGG CTT GTG TTT GAT CCC ACG TCC TCC CAG TCC AAG GTT ATC GTG TTT ATT GGA CAC TAT TAC 3360
E L H P N Q L H Y O N F E Y R L V F D P T S S Q S§ K Vv I V F I G H Y Y 10%
3361 AAA AAA GAG ATT AAG ATC AGC ACA CAG GGG CCA TTT GAG CAG GIC TCG CAA GGA GCG ACT GAT TAT GAT TAT GIG CCA CAA GTT TCT GGC GGC TCT TCA GAC TTT 3465
9 K K E I X I § T Q G P F E Q V S Q G A T D Y D Y V P Q V 8 G G S8 S D F 1
3466 GAG ATC TTC AGC CAG ACT TCC AGT GGT GGC GGA GAT TTT GTT GAG CAA GAA GAG ACG CAG ACC CAG ACT GTC ATC ACT CAC ATG CAG AGG GTG GAG GAG CTT GCT 3570
mw E I F S Q T S § G G G D F INIEEOEEEC e T O R E R E A 1160
3571 ATA AAC TTT ACA TAC GGT GTG ATA AAC AGC GTA AGC TTG AGA ATT GAG CCA GAT GCT GGC CCT CAA AAG TAT GAG TTT GCC ATC TCC CTG ACT ACC AGC ARA CAG 3675
W[~y F T]Yy ¢ VvV I N 8§ V § L R I E P D A P Q K Y E F A I S L T T S K Q 1
3676 GAG AAG CTT GGT GTG AAG GCT CCA ACG AAT TTC CAC TTG ACG TTT GCC AAT AGC TCG GTG ACG GAA ATC TTC GGC GAC AGC TAT TGG ACA TGT ATT GAT
E G v K y: E T N 3 E L T F A Y T E I F 5 D S Y W T c I D

3780
1230

3885

3781 CTA TAT TCT CCT TAC CTG ACG CCT TTG ATG CCC AAG GAG GTG ATC CTT GAG ACA GAT CTG TCT GAC GAC TTC TTG CTC ACT GTG ARA AAG GCA GCT TAT
LY > Y L M P K vV I L E T D L D ) L T V K K A A Y 1265

vy L T P L S D D F L

3990

3886 GAC CCA CCT ATA CTG TAC CTC AAG GCT CGC CAG GAC GTG AGC ACC ACA GCC TTG GAG TAC CTT CAA GCT GAG GCA GAG AGG GAG ACG TGT GAC GGT TCC
> P P K A R Vv s T o E R E C D G S F P 1300

I L Y D r 2 L E Y L I

3991 CAG CGC CTA GAC CAG GAC ATC ATC GAC AAT GTT GAA GCC TTC CGA GCC TGG TCG ATT CAT AAC TTG GAC TTG ACT GTG GTG GAT GTT GTC AGG GAC AGA GTT TCC 4095
Q R L D @ D I I D N V E A F R A W S I H N L D L T V V D V V R D R V S 135

4096 CAA TCA GAC AAT TTG ATC T¢
D N L 1T

'CT GTT GAT GCT TTG CTA AAT CTG AAG GTG AAT GAG TGG AAG TTG AGG ACG ACA GGT CCT CAT GGA ACA TTT GTG TAT TCT GTG CCG 4200
133 Q S D N I v D A N V N E T H G T F V Y

\ L L N L K N E W K L R T T Y s 1370

4201 GCT GAG TCC CTC GAT GTG ATA ACC AGT AGC TAT GTC CAA AAC AAT GTG TTT GAT GTC ATC AGT AGC AGC CTC GAC AAA GTG TGC TAC CTG ACA ACG CAT TCG ATT 4305
Bl A E S L D V I T S S Y V Q N V F D V I s s L D K V ¢ Y L T T H I 1405

4306 AGG ACT TTT GAT GGG CTT GTC CAT GAG TTT GAA CCC TCC TCT TGC TGG ACC ACT GCA GCC ATC CAC ATT CCT CCA CCT CCA CTT AGT TCC CTT GCA ACG ARG GCC 4410
1“6 R T F G L VvV H E F E P s 8§ C W T T A A I H I P P P P L S8 S L A T K A 140

s Y

D D O W E R s w P L s A L I L D V T K S8 E I L 475
4516 GTC AAC GAG GAA CCA CTC AGT GGT CAA AGC GAC AAA TTT GTG GTG CAC CGT CTA CAG GAC AGC CAG CTG GTG GAG GTT GGG AGA GTG CTG GTG TGG GTG GGC AAT 4620
% V N E E P L S G Q S D K F V vV H R L Q D 8 L v 3 L / W V G N 1510

4411 CTA CAA GTG GCT GTA CAG GCC CGC TAC ATT GAC GAC CAG TGG GARA GTT CGC ATC AGC TGG CCT TTA TCT GOG CTG ATC CTC GAC GTA ACA AAA TCG GAG ATA CTG 4515
L 0 V A V 0O A v 1 W s W < s

4621 ACA GTT GAA ATA AGG ATC TCC GAT GTG TAT TAT GCA GAG GTG ACA GGA CTC TGT GGA AAC TAT GAT GGT GAA CCC AGC AAT GAC ATG AAG GGA CCC TTA GGC TGC 4725
T E I R s D V Y Y E V T G L C G N Y D G E s N D M K G P L G C 1545

4726 CTA TAC ACA GAC CCA GCC CTC CAC ACC ACA GCT TGG AGC AGC CCC GCC CTT GGC TGC AGC AGA CTT GCC CTT CGC GCC AAG AAG AGA AAG CTG GAG GAG TTC CAA 4830
L Yy T b p A L H T T A W S S P A L G C S8 R L A L A X K R K L E E F Q 1580

4831 GAT ACT TGT GAC ARA GAA GTT TTC CGG ACC ACT GGC TTG TCA CAG CAA AAT GTA ATG GAA AAT TGC ACA GOG TGG GAG TAT CAT GAG CGC ACC TCC CCA GCA GGA 4935
181 D T C D K E V F R T 5 L S Q Q N M E [ E Y H E R T 8 A G 1615
4936 TTA CTC TGC CGC TCC AGA GTT CCT GTA CCT GTG TGT CTG CCA GGC TGT GAG GTC GGC ATA GCA TTC ACT AGT AAT CTA AAG TAT GAC TGC TCG CAG CCG TCC TCC 5040

L . C R S R V v P V C L P G C E V G I A F T S N L K Y D C S Q P S S 160

A W

5041 TCC GCA GAG CAA CAA CAA CAA TAT GAC GGC AGC AGG CAG TGC CTC AGC AAA GTC CTG CCA GCC ACC ATT GCC GCT GGG TGC TTC CGC CAG ATC AGA AGT TAG GGT 5145
: E o o o Y D G ¢ 0 ¢ ! v A ¢ F > o0 I R S * Tess

D G S R ¢ L s K V L P A T I A A Q R s

5146 CTT CTG TTT GGA ATT AGG GTC TCA AGA AAT TAA GCA ATG CTT CTG GTC TCA GTA GCT AGA ATT ACC ACT CAA GCA GTG GTG CTT ACA CTG CCT ACT CAC TAT AGC 5250
5251 AGT CAC GCC GCC GCC TCT GCC ATA TTT GAC AGT AAT ACA AAA CTA AAC ACT CCA CAG TTT GCA ATA ATA AAG TGC AGG TTG ACT TCT GAA AAT AAA GAA AAT TAT 5355

5356 ATA AAC CAA AAG AAA AAA ARAA AAA AAA ARA AAA ARA 5391

Figure 3. Nucleotide and deduced amino acid sequence of cDNA. N-terminal amino acid se-
quences of TTX-binding protein subunits are shown in gray. Underlines indicate primers. Protein
N-glycosylation site is boxed. Amino acids marked in magenta, blue, green, and red represent signal
peptides and cleaved peptides, subunit 3, subunit 1, and subunit 2, respectively.
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HSTBP 1 [MSLFAATLTLLLAGCQGLS IAQQEHEAPRYTVARGGLAAD ISYQYKYTGTVATWYSEDPTQFSGSALRADVELERTQAGNLRVKVSNVEVAETNEKASED 100
Portunus trituberculatus 1 LLLGTLLQESQ- - - - - - - GVQANLQYQYDYTGA I STQLPNDPKQSSGAALRAVVALQLSASGD I LVK ISNIEVGERNGKEV[EV 82
Scylla paramamosain 1 LLLGTLLQESQ- - - - - - JELHTNLQYQYDYTGT I STWL PNDPTQSSGAALRAVVALQLSGNGD I LVK IND I EVGERNGKDAfESs 82
Hormarus americanus 1 MDQYSGAG IKADVTVQVTSERKTFFQFSN IQVGEFHDKLE[®D 42
Pacifastacus leniusculus 1 [MKGV ILLTLLGACL GLHSNLEYQYRYSGRVASGIPFIKSQYSGAGFQADVFLQITSTKVPFFK ISNTMVGEYHDELE[€D 80
Procambarus clarkii 1 MKVV ILLTLLGACL LHPNLEFQYRYSARVASGIPS INNNFAGAGIQADLTIQISSSYDIFFKLSNIEVGEYHDE | E[gD 80
HSTBP 101 PQKN I EFDYHPVMDPADAALLEQTFL IQVDAATVEYLKVPEEPLWVTNVRRGI IYSLPLAVLTG- - - - - - HNPSRLTFRLTEDTMIGBYNWYSQIKLSSY 194
Portunus trituberculatus 83 GFEQEGFPYREMDPEDAALLQIPFLVHVNESQVSYMEVPSEPAWVSN IRRGIINTIPLVVLTN- - -QHPSRLSFGLKEETMIGS[@FNWYSMLKLTGH 176
Scyila paramamosain 83 RFRQEGFPYREMDPEDAALLQTPFLVHVNASQVSYMEVPPEPAWVNN IRRGIINTIPLVVLTG- - -QHPSRLSFGLKEETMIGS[EFNWYSMLKLTGH 176

Hormarus americanus 43 TRSPLPIQYHPLEQGKDLLEMPFEVSFTQPEGTEFLNAPEEPVWITN IRKSVVNIFRIPPVMITYGKGQQAFKKPTFFENELGMAGRIERNWYSL/IC I PQE 142

Pacifastacus leniusculus 81 TRAPLPIEYHPLVEGKELLEKPFQAIPGEQRGEEHLVGPAEPAW ITN I KKATIVRAFS I PPIMANAGRQVDAFKRTTYSHNGTF IHGD[EMCWYSMIHLNKE 180
Procambarus clarkii 81 TGAPLPIEYRPLVEGKELLEKPFQVHPGQQKGEEY IV TP I[EPAWITN IRKALTRAFGIPPLLAN IGRRIDSFKLPAYSVNETL IHGE§TTWYSV IRLNEE 180
.ee
HSTBP 195 [QSA LEDGKQEEK/IEVDVARY I TSER | 1QGPGAKIGR PK TKRPSK TRK TSSKTS SKTGTKTG TKRPGPQD - - - - - - - PDPARL I QPINDTLWVLTRTLONEG 287
Portunus trituberculatus 177 QAKVESKKLEEV I EVDVAR- - - - - = - - - - - - - EGGAASY TAPKGKNKKS TGRKKY - - - PGKKRP - PTAPLTVAPIQDTLF IVTRSLDDQQ 249
Scylla paramamosain 177 QAKVESKKLEEGIEVDVAR- - - - - - - - - - - - - EGRAASLTAPKGKGKKTGGRKKS - - - PGK TRP - PSAPLTVAPIQDTLW I[LTRSLDDQQ 249
Hormarus americanus 143 QTVMEEHQREAV/IEQD |QRHYM- - - - - - - - TGG ISAAKKSVEKGSKKGAKSEKRIG- - - -~ - oo oom oo oo RYRNLHPIHETLWSLTRT IDYDS 213
Pacifastacus leniusculus 181 EAARENRQREAAMEED IQREEQD- - - - - - ESDRFTSSKVPSKTSKTQTSKTTKTTGTKTTGTKTTGTKNTGFKGAPAKL TTPER IDNTLWSMSRTVDFDS 274
Procambarus clarkii 181 EAAREDHER- - - - EED |QRDEQ- - - - - - - ESDSYTSSKGPLKTSKTHTSKTTKTAGTKTTGTKTTGTK - - - - - GAPAKLTSPDRIANTLWRLTRTVAFDT 264
HSTBP 288 [§E-ENHFTVKINGNDESADKTQRSS QGTFL IRGELGGMTRLERAEVNGN | VNV YT TRHDKF | RTKTKQVLELRAVRHAEVHVESA - - - - - - - - - - QELER 376
Portunus trituberculatus 250 8K - DKHFTMK INGNKESVERTQRSSEGTFV IRGE - GAVVRLERAEVEGN IMIYTGD[EDDEF IWTTSKQTLQLTSVQEVEETIS IS~ --------- YEAER 337
Scylla paramamosain 250 [8K - DKHFETMK INGNKESVERTQRSS EGTFV IRGE - GAVVRLERAEV EGN IM I HTGK[§DDEF IWTASKQTLQLTSVQEVEEVFS IS- -~ -« -~~~ YEAER 337
Hormarus americanus 214 DKEELVAMKFHGNSKTDSS IRRTS IGTYLVRGD - QPGAR | ERAV | EGSVSVFTSDKQHEHFDTFTNQTLELRGVRT IETEMNVEYQSHSHY - FQYEVHH 311
Pacifastacus leniusculus 275 [8- - EDLVKWRIHGNKK I DKK I[QRTS IGTYLLRGN - ARDTRVEYAV | EGS/I TVFTGTQSHEHISTFTNGTLELKRVRR IQNLFSFDYETVTHQSFHFEVDK 371
Procambarus clarkii 265 [§- - EDLVKWK IHGNKK I DKK IQRSS IGTY L IRGN - ERSAR I[EYAV | EGS/ISLFTSKQ- - EHVSTFTINLTLELKAVRS IRNLFTINYEIEKHESFVYEVDT 359
HSTBP 377 RTLSFETKEGPL | LITVEEQLTGIYPTELQAQA! IAKIKEBVELLUNE- - PDHSENTPPFLD TFRHVVER IAV/L PKSKTESLISAVPDT- - - PRVKKTLYQA 471
Portunus trituberculatus 338 RALSFSVADGPRD-TIKEKLLGLSPAAEQVEENMAGILEDLS ILRR--NMQGEEAPEFLKVFQRLAERML ILSWTEIED IVSRIATS---TROKY | IYQA 431
Scylla paramamosain 338 RALSFSVAEGPRS-TIKEKLLGLSPAAQQVEDNMAGVLEDLS | IRR--NMKGEDAPEFLKVFQRLVERMT ILSWTEIQD I[ISRLAVS - - - TRDKY | IYQA 431
Hormarus americanus 312 RLTDLRERGDETHPNLEQAVTGVPITSQLITEIKEMIVSGLKTVASRMSTTPHSTQPLVRELS ILVEAVATLTRQEIDSVYSMITQDELYDKKTRIFYE!I 411
Pacifastacus leniusculus 372 FDVSEQEPGHD IHPSLEQLVTGIRITTQGVTEIKTL I IRLLKMUVKRTTTHPYSTDPLVKDMS TLVDAAS ILSRPEIEALCSG I EHEELHAKKLE IFYEL 471
Procambarus clarkii 360 FSVSEQEPGHDVHPSLEQLVTGIPITSQGVTEIKVLIIKLLKVLVKRPTTFPYSKDPLVKDLS ILVDAVS ILSKPEIQALTSQIEREELPAEKLQIFYEV 459
HSTBP 472 [LLTSGTKEALAYLLEKLSDEAFQQANPSLVFQVFGAS TVTV TDPSLIPTLLQLVDSMDBRRGOP - LK TTALLS[IAKLARQYELDPQVAESEBDQR- - - - - - 564
Portunus trituberculatus 432 ALASGRDEVL | PMLELLKN- - -QNLDFWFHYQILQSPLTPVRNPAL IPAMLEV ISSTGEDESG- -AKALSLLN IAKLANRY[SLNSETGNL[EDPG 520
Scylla paramamosain 432 VITSGRDEVL I PILEQMKND- -QSSEYLLQFLLLASPLTPVRNPALLPAMLEVV TK IGBNPN- - - -AALSLLNIAKLANRY[ELNSETGNL[EDPG 519
Hormarus americanus 412 LMTAGTEPTINYL IEAMDDQT IRQDFYSVFITFFEKIQTTVMKSSFS IPKLMEVVNKLTWDNEERY IKS IALLNFAKLAHQV[¥LS PDKWHSFGDDSCVPDH 511
Pacifastacus leniusculus 472 LVTAGTEPA IRYLLDK IKDPEFRKTNVASVKT ILENFHTSVKNPLL IPD | IDLEQTLTWDEENQQFKMTLLLNLASLAKQL[SLSSDKWESYGYNTCDPQH 571
Procambarus clarkii 460 |LVTAGTEPA IRYLLDK IKDPEFRKANKALL TNTFVENFHLSVKSPLVIPD | IVLEQALSWTEDDQEFK ISVLLNLASLAKQL[Y ISSEKWETFGYNTCDPEY 559
HSTBP 565 -[DNGASLDSFLPILTRGLUNDPLK - -WKQLVHLQAMIMLGTP LS LPYLEPT1EGKNDDN - - ADLRISATHELKAELLPKTAHSRYV LD ILVPLLNNPSEFP 659
Portunus trituberculatus 521 DTDF ILTNFLPLLSRGLYDQEK - -WKR IV TVQAV[EALGSPYS IPYLQP | IQGTNNED- - IDVR INA IS[HL TNDHLPKTA INVVFDSLVPLMKNPTEFP 615
Scylla paramamosain 520 614
Hormarus americanus 512 S[@SPDLILNDFLPILVQGLQDTDSPTWKRLVYLQALANLGTPQ! IDVLKHIILGDTESH--LALRVMNACFSLSSTNLPETAHSTVFDLLMPVFENIGENY 609
Pacifastacus leniusculus 572 T@TPDF I IENFLPTL IQGVQDDESSLWIRLVY IQALANLG IPQT IDVLKHFALGDKPSTNIHVLRTNATLGLSGVYLPETAQSSVFGILMPVFENTGEHN 671
Procambarus clarkii 560 TPDS | IENFLPSLVQG IQDDESPLWVKLYVY IQALANLGLPQT IDVLKHFVVGDKPSTS IQVLRTTAIFGISGIYLPKTAKSTVFSLL IPVFENTAEHF 659
.oe
HSTBP 660 [EERSMAFLV I STWEP TNLSWWEH A LSTWRESSHQVAAF 1 YSALTALSEGNHPRS LSAKKVVHLAKHPGKME TNTLAQSAY IVLKEDVENBKEGENLNMA 759
Portunus trituberculatus 616 EIRSMAFLVLTTWEPS - LSWAWEEVAFS TWKEKSPQVLSV ISSTLTTLSEGNDSRSKYAKKVVHLAKHPSDSDGET I TRS IYLYMEEVVRN[EQMELKTKMA 714
Scylla paramamosain 615 |EIRSMAF IVLTTWEPS - LSWWEEVA |STWKEKS PQVVSV ISSTL | TLSEGSDSRSKSAKKVVHLAKHPHDSEGEP INKSVYLYMDEF TRNEQVRPKNMKLA 713
Hormarus americanus 610 EVRN IAFLTVMVVWQPS - VNWWERMAVS TWHE PSSQVANF IS TT I[TSLANGKHPLSMSASRVVHLAKPRTTLS - - -[LTHSSMTYLSEYLHNEETNSRISFG 705
Pacifastacus leniusculus 672 [EVRAVAFLAMMTFKPS -[LAWANERTA |STWRDPSSQVANYVSTT I TSLANANYPMSK IAGRVVHLAKPPTHVS - - - LTHSSMIFLNDYLYNEKSQNY FNFG 767
Procambarus clarkii 660 [EVRNVAFLAMMTY[EPS - LAWNER IA ISTWRDPSSQVAS[FVSSTFTSLANSNYPLSK IASRVVHLVKPAPHVS - - - L THSAMVYLNDY LYNEKSQHFLSFG 755
HSTBP 760 WVASTLTVFPAAAFYSLAQY TTVILGMRAREMAVEFSNY/LGRVYK - RGNPFQWD IKESE- - - - - DSETFFGIFEELQEQLMLTS[TSF IHKETFTFAS I[LEPL 853
Portunus trituberculatus 715 WLVSTKS IFPSS | YWQLQVVS TMGS TAQEKGF I[F TNVLADYYKNNYAA |HAREKDYE- - - - - DQELFSELYAEL |EELEL | FNNNEDEEPFTFGMLLEPL 809
Scylla paramamosain 714 WL ISTKS IFPSS IYWQLQ IVTTMGT IQEEKGL I|F TN ILQDAYKN IHTE IHSRKENYE- - - - - DQEVENEIYAELTEELELVLDNNEEEQHFLFGLLLEPL 808
Hormarus americanus 706 WLANTQGFFPNKILFYLQMNTFFGFTSEYKATLDQQNLDEVWRKFYNYFY | EKHHAGQYRGGAFQIVQQLY |IELKEQLGVETSLPSSD INLWFRIGEAFY 805
Pacifastacus leniusculus 768 WFASNQGLFPSK ILYQLQLRTFLGF TKEFRVVEGQAE INK | IKKAYSSFVQNK ILRTKSKD- - AETVQEMEDE IVDQLGY I HTEKEADMSFY IK|-TDF 1 864
Procambarus clarkii 756 WFASTKGLFPSK | | LRLQFKTFLGFATEFKSTEGQEE INK | IKKAY I TF IMSKAKTTKSSD- -AETVQEVMFEDE IVDQLGL IHTEKPSDSSFEYLLL-TDY | 852
HSTBP 854 HILFSSYEGEHRQPGAFGPWSFLD-YNRP I[IFRFTDSTLAFPLDLGLPY IVKLEEBFGFYL- - - - - RGDTGDFE---------- LGHKHSVNVKTLVPWT 937
Portunus trituberculatus 810 PLLAVPGSRHASSNMIVFLWTLMS - ER | PAHFRMPEN |[LAFPSDLGLPVVVKY EEDYAFMLGY TMGTGVTVETN - - - - - - - - - - YNHL IVLKASTLVPWS 898
Scylla paramamosain 809 SLLGVSDLWYTGGN ILWILMEHTE-DRLPVHLRMAELMLAFPSDLGLP | VVKHEED IAFMLSV TGERKETVEAN - - - - - - - - -- YNHRNVLKANTLVPWS 897
Hormarus americanus 806 SAENQENDGNFPLDISFIKEALPILSNLPHIQRSVDYTEVLPTDLGLPFFVQYTQQSAYWFNWKV TDMEADMR IKKFKGDLSLLLD---TIQGKTLLPWS 902
Pacifastacus leniusculus 865 SLTP-VLSSPENILAILSEEDRDNMFNSPH IERSVDYTEVLPTDLGLPFMIHY TEENAYLVDWKY TKSQS | PTKRKDFADLTLDFSQDNTLETKTLLPWS 963
Procambarus clarkii 853 SLVPPVLDSPENILTALTQEDIG--LSTPHIDREVDYSEVFPTDLGLPFTIHFAEEVAYWFDWKVTETQS IPTKRKDLVNV I FDVSLESTLEVKTLLPWS 950
HSTBP 938 EG-RAAGAGLESNVQ IRLPLRSRGEWRPVKLTLTLPTS - - -KVNLTEMSGCMYTS LT PLFPFTGAALSPEEP- ATSLGRKVVWKGEV LESSSKSRILLDKL 1032
Portunus trituberculatus 899 NG- I TVGVG I[ENSFDVNLMLSADVERRDGKDVVVILSVSPEQKAK I1YLSSVMYSSMTKLYHVVDSLLTSEESDSTSLGRRY IWNRRPKEGT- -DLLLPDF 995
Scylla paramamosain 898 HG-MAVGVGFETSFDVNVMLTVNLN IRDGTKVVVLT ISPEQKAK I[1SLSNVMYTSMTKLYHVVDSVLTSEETDSTTLGRRY IWNRRPKEGT- -DLLLPDT 994
Hormarus americanus 903 QMNFAVGAGLHNMLSVTVPIVLSGILDMRKQEIQLTVEPLNNNKVQLVDSHNYP- - - - - YTVLAGPFPTTVYTQQHQYMT IKNTDPEVFSRRTQALPSVV 997
Pacifastacus leniusculus 964 KK-FGVGAGLHNVVSLVLPFSVHTNLDNEHSELKV T I EPQDSSKVQLFN IHNYP- - - - - FTVVTGPFPTALHTQQSEYKK ISAFPLETSVQR IQVFPSVV 1057
Procambarus clarkii 951 TK-FGVGAGLHNVASF | FPUSVHTK IDNERTEVKVT I EPQDGSQVQLFNSHNYP- - - - - FTVVTGPFPTAVHTQQAEYKK I TAFPLETLVHKHQVIEPA IA 1044
HSTBP 1033 G IHL TCEWTGDFQQPGDPKTV IR - ELHPNQLHYQNFEYRLV FDPTSSQSKV/IVF I GHY YKKE IK ISTQGP- - - -[FEQVS/QGAT - DYDYV PAVSGGSSDFE 1126
Portunus trituberculatus 996 GLHLLLKWSCDLENPSDFTNVIE-KLLLSQLVYQNFEYVLLVDLENSRMK IVTFTFSFDKKERQEEFPEQETDYDGAFTAQDLS-DLDLFSQEPQSPSQTS 1093
Scylla paramamosain 995 GLHLKLRWTCDLEHSSYFTKVIK-KVFLMAT IYQNFEYVLLVDLENSRTKSVTFTFSFDKKERDDGFPEQVTDYDGQITADLS-DLDLFSQVPQSPSQTS 1092
Hormarus americanus 998 GLSVESSWSADFEFPINFAS IHRRDFDLFTPAYKLWEYSLELNPETSSTRTITTTFGYVTMQRAERLMEQVD- - EGEFGQESQ-GSDYSQMS - - - - - - - - 1086
Pacifastacus leniusculus 1058 GLSVEASWAKDFPSQFDPLHFFSDDFDPFMPAYKSWDYS IVLDPAASTTKS/I TETFAYV TLEKAED IVQQEN - -[FEGFGQETQGAADYVDFS - QTHVGG- 1153
Procambarus clarkii 1045 GLSVETHWTADFVFQPDLATFLSDDFDPRL I PAYKAWDY T1LYDPAASTTKS FTETFTYVTLEKLEDETQGQT- - SEQFHQETQ- EADYFDFASQSHVGGG 1141
. .oe
HSTBP 1127 I[FSQTSSGEGDFVE-QEETAQTQTV I THMARVEELA INFTY[GV INSVS LR I[EPDAGPAKY EFA ISLTTSKQEKLGVKAPTNFHLTEANSSV TE I[FGDSYWT 1225
Portunus trituberculatus 1094 GFDGF-EVPNEV | FDRQQQHTSSLDNYXGRMQEMIM- - PSGTLYTA IMTVEPDNS TQKYDVAV TLAS IDG-NVNEKGSTKVHVVEMKS PALGFFGD THMT 1189
Scylla paramamosain 1093 GFDDFGEGANEAVFDRQQQHSSSFNNYVGRMQEMIM- - PSGTLYTA IMTVEPENS TKKYDVAVTLASTEG-NVDEKGSKK IHVVEMESPTQGSLGD THMT 1189
Hormarus americanus 1087 - ------ QDYQDYQESEQVEN IDNRERIARIQQQVMP- -GBYVQS ISVGVALQGS ISR-SYESVLTWNTSPITSPQSSTKIQLSLLQHTPLGVLEESHAT 1176
Pacifastacus leniusculus 1154 ALEFQFGQGETESFGAEQQAETQSRAR IVQLQQADFMP I[TGG I VRTVSMGVELKGATKKKSYESVVTWA ISKSTS-QISTKVQLSL IKNPTEGSLEEPHAT 1252
Procambarus clarkii 1142 SLEFQLGQGETDSFGQQQQLESQSRQRIVKLQEELMPVTGG IVRTVSVGVELQAATKRRSYESVVTWY ISKTAG-EIFTKVQLSL IKNPAEGTLEEPHAT 1240
HSTBP 1226 DGSFPQR- - --------m e LD@b 1306
Portunus trituberculatus 119 VGDLGKR- - - - - - - RPIYDL | IGAVTWTQD 1280
Scylla paramamosain 119 VGDELNMKG- - - - - - RLTYDQV IAAVTWTQD 1282
Hormarus americanus n"77 NRESENLLPIDIITSPLYDHANIKAYWNEN 1276
Pacifastacus leniusculus 1253 DPEITHLLPIDI ITSPLYDHAHFTARWTED 1351
Procambarus clarkii 1241 SSAPVLEVQGTLDVSDEV IRRLREEVA -KD[§DLADSNLLP IDV I TSPLYDHAHFTAKWTED 1339
HSTBP 1307 | IDNVEAFRAWS IHNLEDLTVVDVVRDRVSQ- - SONL/ISVDA LLNLKVNEWK LRTTGPHGT FVYSVPAESLDY I TSSY - - - - VONNVFPV 1SS LOKV[EY L 1400
Portunus trituberculatus 1281 FRHLYRAVEDLTLNQLQSLSTANVK | EGDR- - PDNEL | IRGVLNE- - EEWNVTVTRPELTS I FLVP-- - -DMLFLS--------- PYDTFVS- FEKV[EH | 1362
Scylla paramamosain 1283 FRHLFKAVEALTLNQLQSLS TANVKSEGDR- - PGNEL IVQAVLKE- - EEWNVTVTRPEVTSVFLVP- - - -DVLYLS--------- PYDTFDS - FEKV[EHV 1364
Hormarus americanus 1277 FPNTLMNLTYFVDD I IRGVLFPYVSLDHTARNPENQIEIDATKTLDTNRWTVRTTKAEEVS | IKDLKPPALIEEFGGPARLADTFDYSV IRGRTPSV[EV | 1376
Pacifastacus leniusculus 1352 YPV I LKNLSYH IDD | IQHELYSV TTYDHTA INPEHT ID IDATKCLKCNKWT IRNERPEMVAVATGLS PPV I LKDFLGPAE IRKVFDYNFVQGRTSFKI& IV 1451
Procambarus clarkii 1340 YPV ILKNLTYHIDD | IRHCLYPFTTYDHTV INPENTID IDATKCLNCNKWT IRNERPELVSVTKGLSPPV ILNEFLGPAE IRNVFFYNFVQGRTSFO[YTV 1439
HSTBP 1401 [TTHS IRTFDGLVHEFEPSSEWTTAATH I PP- -PPLSS LA TKALQVAVAARY | DDQWEVR I SWPLSAL I[LDVTKS ENLVNEEPLSGQA- - - SDKFVVHRLGD 1495
Portunus trituberculatus 1363 TSDSVQTYDGL TYAFQGPS[EAVTATIFSDSKTPLLMQEVYNDLAVAVQVRFT-DQWEVRL TAPSYAVV IDMTRSD | FVNDEPL 1GQ- - - NEKF | VHRLQN 1458
Scylla paramamosain 1365 TSDSVQTYDGLTYAFQGPS[EWVTATIYSDSKLDMVSNEAYNDLQ IAVQVRFT-DQWEVRL TAPSYAAV IDVTRSD ILVNDEPL IGY - - - NEKFVVHRLQN 1460
Hormarus americanus 1377 EDTQVRTLDGTVFSHQPDA[WTTAS I - - - - - FHADPE-DPEAMEGALMVRHT-DQWEVR I VWPWRGLQLDLTKTQLLVNQRPYEER-DKTYEF IRLSDAG 1468
Pacifastacus leniusculus 1452 EK TKVKTHDGV EFPYHPDS[@ATTLGF - - - - - GHQLEQGKEGPLNV | IMARFT-DEWEVRLVCNFTGYLYEFTKSQLLVNGEPYAEG-DEIVRESVLEDGS 1544
Procambarus clarkii 1440 ETTKVRTHDGVKFPYHPDNGATTLSY - - - - - FHPLSE-EEAPLNAVVSARFT- EENEVRIVWKFGGYLYEFTKSQLLVNGEPCPEGGDDNVRF IVLEDAS 1532

HSTBP 1496 LYTDPALHTTAWSSPALESRLUALRAKKRK LEEFQDTEDKEVFRTTGLSQ 1595
Portunus trituberculatus 1459 LYEX-SCFTHPC- - - 1519
Scyila paramamosain 1461 LSALYTLAIHPR- - - 1522
Hormarus americanus 1469 IYTNLTLFALSWTTPSQDEDVFALQSKKDEVELFAKTSRESY | PTGVSH 1567
Pacifastacus leniusculus 1545 IYSDPALFALAWT TKGEGEAQFSLRSKKRAVENFQQV[SPRETH | PTGVSH 1644
Procambarus clarkii 1533 IYTDPKLFALAWT TKGDGEAQFSLRAKKRAVENFQEV[§PRESHV PTGVSH 1632
HSTBP 1596 SQPSSS- -AEQQQQYDGSRACLSKVLPAT IAAGCFRQIRS 1683
Portunus trituberculatus 1520 SYR----vmmmmeme o LQKVYPS - - - oonn 1534
Scyila paramamosain 1523 SYR---mmmmm e LQKVYPS - -« vnmno 1537
Hormarus americanus 1568 ADVVYDETEWLYQEK I FG-NYKEBKSMVPTRFEKPEHZEATEN I[TKP IAYD[EVWS EERVLQLGS TDKACYPHTYVTNYPASCVPH- - - - - - - 1649
Pacifastacus leniusculus 1645 PNV LYDI®TEWQYVERFFG-DYREKA IVATPV[EKD KA TRTFAKPLEYD[®QVFGQ- - - RRNATQLECHKHTLLTS FPASCVP- - - - - - - - 1722
Procambarus clarkii 1633 PNV | YD[§TAWQY | ERFYG-DYK[§RT IDATPV[§KD T[KATRSVTLPLAYDEQVFGH- - -RKNTTHQECHPHS | ITTFPASCVP- - - - -~ - - 1710

Figure 4. Deduced amino acid sequence alignment of TTX binding protein, HSTBP, with clotting
proteins of shrimp and crab from the suborder Pleocyemata. Accession numbers for clotting proteins
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(DDBJ/EMBL/GenBank databases): XP_045118682.1 for Portunus trituberculatus; AYK27566.1 for
Scylla paramamosain; KAG7156252.1 for Hormarus americanus; AAD16454.1 for Pacifastacus leniusculus;
AYD41596.1 for Procambarus clarkii. The residues identical with those of HSTBP are shown by gray
and gaps by dashes. Signal peptides are boxed in straight lines. Cysteine residues are highlighted in
white on a black background. Putative N-glycosylation sites are indicated by closed circles. Amino
acid numbers are shown at the left and right.

Analysis using the SMART program showed a lipoprotein N-terminal domain at Leu®’-
Thr”% and vWF type D domain at Phe!3%”-Gly!'>*4. A three-dimensional structure model
of HSTBP sub-2 containing the vWF type D domain was constructed using Colabfold
(Figure 5A). It comprised three independent domains (N-domain, M-domain, and C-
domain), and the M-domain corresponded to the vWF type D domain (Figure 5A). Figure 5B
compares the 3D structural models of the vWF type D domains between HSTBP sub-2 and
TfVWF from the pufferfish Takifugu flavidus liver [18]. The key amino acids Asp'!®, Val''?,
and Lys'?? in TFVWF were predicted to mediate binding to TTX using in silico structural
and docking analyses [18]. However, they were not conservative in the HSTBP sub-2.

(A)

(B)

Figure 5. (A) Three-dimensional structure of HSTBP sub-2; (B) three-dimensional structures of vWF
type D domain of HSTBP sub-2 (left) and TfVWF (right).
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3.5. Binding of rHSTBP-sub2 with TTX

The rHSTBP-sub2 was successfully produced by the E. coli expression system and
solubilized using the L-arginine-aided refolding procedure. It produced a single band on
SDS-PAGE with a molecular mass of 60 kDa, indicating its homogeneity (Figure 6A). The
rHSTBP sub-2 was combined with TTX and subjected to gel filtration chromatography on a
Sephacryl 5-300 column. The elution profile is shown in Figure 6B. TTX was detected in
two fractions, Fr. 11 and Frs. 24-45. The former fraction contained TTX bound to a high
molecular weight substance, rHSTBP-sub2, and the latter fraction contained TTX in free
form. Based on the concentrations of proteins and TTX in Fr. 11 and the molecular masses
of rHSTBP sub-2 (60 kDa) and TTX (319 Da), TTX-binding activity of rHSTBP sub-2 was
measured at 5.51 ug TTX/mg, equivalent to 1:1 stoichiometry TTX/protein.
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Figure 6. Recombinant protein of TTX-binding protein subunit-2, rHSTBP sub-2: (A) SDS-PAGE, lane
1: marker; lane 2: sample; white arrow indicates recombinant protein of TTX-binding protein subunit-
2, rHSTBP sub-2; (B) Sephacryl S-300 column chromatography; Sample: recombinant protein of
TTX-binding protein subunit-2, rHSTBP sub-2, mixed with TTX; column: Sephacryl S-300 (2 x 29 cm);
mobile phase: 0.02 M Tris-acetic acid (=>Change to “acetate”) buffer (pH 7.4); flow rate: 0.5 mL/min.
Fraction: 4 mL/Fr.

4. Discussion

We isolated the TTX-binding protein HSTBP from the hemolymph of H. sanguineus by
salting out with ammonium sulfate, lectin affinity chromatography on a Con A-Sepharose
column, ion-exchange HPLC on a MonoQ 5/50 GL column, and preparative electrophoresis.
HSTBP is an acidic glycoprotein with a molecular mass of 400 kDa by gel filtration HPLC on
a TSKgel G3000SWx.. This protein comprised three subunits of 88 (subunit-1), 65 (subunit-
2), and 26 kDa (subunit-3) by SDS-PAGE under reduced conditions, suggesting that HSTBP
is a homodimer. We elucidated the primary structure of the protein using cDNA cloning.
The ORF of the cDNA consisted of 5049 bp encoding 1683 amino acid residues, and the
mature protein contained 1650 amino acid residues from Arg> to Ser!'%83; cDNA cloning
showed that the three subunits were arranged in tandem in the following order: subunit-3
(Arg3’4—Gln261 with a calculated molecular mass of 25,509.7), subunit-1 (Asp262—Phe1138
with the calculated molecular mass of 98,822.3), and subunit-2 (Valn“o’g—Ser1683 with the
calculated molecular mass of 60,784.6). Subunit-1 may be cleaved by post-translational
modification because the molecular mass estimated by SDS-PAGE was approximately
10 kDa smaller than that calculated. Subunit-2 may have an N-type sugar chain because
the molecular mass estimated by SDS-PAGE was higher than that predicted and decreased
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in molecular mass by deglycosylation with PNGase F. Furthermore, the subunits may have
been bound by disulfide bonds. On SDS-PAGE, HSTBP segregated into three subunits
under reduced conditions, while it did not enter the polyacrylamide gel under non-reduced
conditions due to aggregation. These results imply the formation process of HSTBP as
follows: after translation, the TTX-binding protein (Met'-Ser!®®%) with a molecular mass
of 188,565.4 is cleaved off the signal peptide (Met!-Gly'”) and the subsequent peptide
(Leu'8-Ala3?), glycosylated with the subunit-2 region, separated into three subunits, and
cleaved off the C-terminal region of subunit-1. These modified subunits may then rearrange
via disulfide bonds to form dimers.

A previous study determined the molecular mass of the TTX-binding protein to be
approximately 400 kDa by gel filtration on a TSKgel G3000SW and approximately 72 and
82 kDa by SDS-PAGE, indicating that the TTX-binding protein comprised at least two
kinds of subunits with molecular masses of approximately 72 and 82 kDa [21]. In contrast,
this study showed three subunits with molecular masses of 88, 65, and 26 kDa on SDS-
PAGE; cDNA cloning verified that the TTX-binding protein comprised three subunits. The
previous study might have overlooked the third subunit (subunit-3 with a molecular mass
of 26 kDa in the present study) because a high-molecular-weight calibration kit containing
myosin (212 kDa), macroglobulin (170 kDa), 3-galactosidase (116 kDa), transferrin (96 kDa),
and glutamic dehydrogenase (53 kDa) was used as a marker. The shore crab hemolymph
has a TTX-binding protein other than HSTBP, as determined by ion-exchange HPLC on a
MonoQ 5/50 GL column (Figure 1). This protein could be an isoform of HSTBP because
it exhibited the same pattern as HSTBP on SDS-PAGE (Figure 2). Further studies are
necessary to elucidate the sequences of other TTX-binding proteins.

SMART program analysis identified a vVWF type D domain in HSTBP subunit 2. It has
been reported that the vWF type D domain may be involved in the toxification of pufferfish.
Yin et al. [17] demonstrated the presence of a pufferfish toxin-binding protein in the ovaries
of T. pardalis (Takifugu pardalis ovary toxin-binding protein with a molecular mass of 10 kDa,
TPOBP-10) and identified it as a vitellogenin-1-like protein [Takifugu rubripes] subdomain, a
vWEF type D domain. Furthermore, Qiao et al. [18] confirmed that the vWF type D domain
bound TTX using a recombinant protein of TEVWF from T. flavidus liver. Surface plasma
resonance analysis evaluated the weak affinity of the protein to TTX with an equilibrium
dissociation constant of 2.92 x 10~3 M. Although kinetic analysis has not been performed
in this study, it is evident that HSTBP sub-2 binds TTX at a 1:1 molar ratio. The binding
mechanism of the TTX-binding protein HSTBP remains to be elucidated in the context of
TfVWE in the pulfferfish liver.

Barber et al. [32] observed that the small shore crab Hemigrapsus oregonesis along the
coasts of British Columbia, Canada, developed resistance to STX when exposed to the red
tide bloom of Gonyaulax catenella (presently Alexandrium pacificum [Group V]). In contrast,
crabs did not resist TTX administration. Notably, the shore crabs belonging to the genus
Hemigrasus showed differing resistance activities to the toxins between the two species of
H. sanguineus and H. oregonesis: the former exclusively resisted TTX, whereas the latter
resisted only STX. H. oregonesis induced the production of a STX-resistant protein complex
with a molecular mass of 145 kDa in the viscera by exposure to the wild toxic dinoflagellate
bloom and by artificial treatment with STX in a dose-dependent manner, suggesting the
involvement of the STX-resistant protein in detoxifying activity of crabs [33]. However,
the TTX-binding protein of H. sanguineus hemolymph is not likely associated with TTX
toxification, but by binding the toxin. Further investigation is in progress on the disposition
of the TTX-binding protein in shore crab tissues and the distribution among shore crab
species to clarify the physiological role of the protein.

Otherwise, TTX-binding protein could be a promising target for developing an antidote
and applied to diagnostics for TTX intoxication because of its unique properties of specific
binding to TTX and neutralization against TTX toxicity. Furthermore, it would be applicable
to biochemical research to purify, identify, and analyze TTX in biological samples because
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we previously developed affinity chromatography using partially purified TTX-binding
protein as a ligand [34].

5. Conclusions

This study revealed a novel TTX-binding protein, HSTBP, from the hemolymph of
non-toxic shore crab H. sanguineus. The protein comprises three subunits, Arg>*-GIn2®!
(subunit-3), ASpZ62—Phe1138 (subunit-1), and Val''3°-Ser!83 (subunit-2). HSTBP showed a
weak similarity (29-40%) to clotting proteins of crustaceans and conserved vWF type D
domain at Phe!3¥”-Gly!>#* in subunit-2. The recombinant protein of subunit-2 bound TTX
at a molecular ratio of 1:1. Therefore, HSTBP may neutralize TTX and prevent the lethal
toxicity of TTX. It could be applicable to possible antidotes for TTX intoxication.
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