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Abstract. The complete amino acid sequence of a so-
dium channel from squid Loligo bleekeri has been de-
duced by cloning and sequence analysis of the comple-
mentary DNA. A unique feature of the squid sodium
channel is the 1,522 residue sequence, approximately
three-fourths of those of the rat sodium channels I, II and
III. On the basis of the sequence, and in comparison
with those of vertebrate sodium channels, we have pro-
posed a tertiary structure model of the sodium channel
where the transmembrane segments are octagonally
aligned and the four linkers of S5-6 between segments
S5 and S6 play a crucial role in the activation gate,
voltage sensor and ion selective pore, which can slide,
depending on membrane potentials, along inner walls
consisting of alternating segments S2 and S4. The pro-
posed octagonal structure model is contrasted with that
of Noda et al. (Nature 320; 188-192, 1986). The octag-
onal structure model can explain the gating of activation
and inactivation, and ion selectivity, as well as the action
mechanism of both tetrodotoxin (TTX) and o-scorpion
toxin (ScTX), and can be applied not only to the sodium
channel, but also to the calcium channel, potassium
channel and ¢cGMP-gated channel.

Key words: Squid Na channel — Ca channel — K chan-
nel — cGMP gated channel — Tertiary structure model
— Voltage-gated ionic channel.

Introduction

The sodium channel is a voltage-gated ionic membrane
channel essential for the generation of action potentials
(Hodgkin & Huxley, 1952; Hille, 1992). The complete
amino acid sequences of the sodium channels deduced
by cloning and sequence analysis of the cDNAs have all
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been concentrated in vertebrates; that is, those from the
electric organ of the eel Electrophorus electricus (Noda
et al., 1984), from three distinct sodium channels (des-
ignated rat sodium channels I, II and IIT) of rat brain
(Noda et al., 1986; Kayano et al., 1988), from rat skeletal
muscle (Trimmer et al., 1989) and heart (Rogart et al.,
1989), and human heart (Gellens et al., 1992). For in-
vertebrate neural sodium channels, a partial amino acid
sequence was deduced from Drosophila genomic clones
isolated with a vertebrate sodium channel complemen-
tary DNA probe (Salkoff et al., 1987). Quite recently,
we obtained the complete amino acid sequences of in-
vertebrate sodium channels in squid optic lobes (Sato &
Matsumoto, 1992a), reported in squid giant fiber lobes
(Rosenthal & Gilly, 1993) and in the scyphozoan jelly-
fish (Anderson, Holman & Greenberg, 1993). Squid has
been an important invertebrate for neurophysiology
(Hodgkin & Huxley, 1952; Armstrong & Bezanilla,
1977). The squid giant axon has long been used for ex-
periments to elucidate molecular mechanisms both of
action potential generation and transmission (Hodgkin &
Huxley, 1952; Tsukita et al., 1986) and of axonal trans-
port (Vale et al., 1985). In particular, the gating mech-
anisms of both activation and inactivation of the squid
sodium channel have been intensively studied (Arm-
strong & Bezanilla, 1974; Ichikawa, Urayama & Matsu-
moto, 1991) because squid giant axons are most amena-
ble to voltage-clamping experiments. Experimental ef-
forts have been focused on providing some evidence that
conformational change in squid Na channel protein may
accompany the gating (Landowne, 1993). The sodium
channels have usually been assumed to have similar to-
pology of structure (Noda et al., 1984; Noda et al., 1986;
Kayano et al., 1988, Trimmer et al., 1989; Rogart et al.,
1989; Gellens et al., 1992); four homologous domains (I,
1I, 1II and 1IV) containing all 6 membrane-spanning struc-
tures (S1, S2, S3, S4, S5 and S6) are repeated in tandem
with 23 connecting linkers between neighboring mem-
brane-spanning segments, and C- and N-terminals. In
1992 however, two models were presented for the struc-
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ture of voltage-dependent cation channels, different from
the above structure originally proposed by Numa and his
group; Durell and Guy (1992) proposed the model of the
voltage-gated potassium channel, which introduces the
links (P or H-5) between the helices S5 and S6 as trans-
membrane components, their antiparallel B hairpins lin-
ing only the extracellular half. We also proposed (Sato
& Matsumoto, 1992b) a model of the sodium channel
with the S5-S6 linkers as transmembrane components.
In our model, the S5-6 linkers (P or H5) determine the
ion-selectivity and as well, play the roles of both activa-
tion gating and voltage-sensing. The S4 segment, con-
taining basic residues (arginine or lysine) at every third
position in each domain, is widely recognized to serve as
a voltage sensor (Noda et al., 1984; Kayano et al., 1988;
Stithmer et al., 1989; Catterall, 1986). In our model, the
S4 segments play a role quite different from that of these
conventional models. Salkoff et al. (1987) also suggest
from the location of the intron of the Drosophila putative
sodium channel gene that S4 segments are located out of
membrane, which is inconsistent with the previous
model (Noda et al., 1986). A cytoplasmic linker between
domains III and IV is mainly responsible for inactivation
(Stiithmer et al., 1989; Vassilev, Scheuer & Catterall,
1988; Moorman et al., 1990; West et al., 1991), in good
agreement with a plug-ball model (Armstrong & Beza-
nifla, 1977). Furthermore, patch clamp experiments on
site-directed mutants of the rat II sodium channel ex-
pressed in Xenopus oocytes indicate that lysine at posi-
tion 1,496 (IIIS5-6) and alanine at 1,791 (IVS5-6) in
S5-6 linkers are critical in determining the ion selectivity
of the sodium channel (Heinemann et al., 1992), and that
glutamic acid at position 403 and aspartic acid at 400
(both in IS5-6) interact directly with the pathway of the
ions permeating the open channel and are closely related
as the main determinants of specific binding to the block-
ers, tetrodotoxin and saxitoxin (Pusch et al., 1991; Terlau
et al., 1991; Heinemann et al., 1992; Nakayama et al.,
1992). These findings suggest that comprehensive un-
derstanding of sodium channels awaits more sophisti-
cated progress on the sodium channel structure concept.

The present paper reports the isolation of the pro-
tein-coding sequence of the squid cDNA and the com-
plete amino acid sequence of this novel sodium channel
deduced from the cDNA sequence. The deduced se-
quence of 1,522 residues, approximately three-fourths of
those of the rat sodium channels 1, II and III, has revealed
an organization virtually identical to that of the verte-
brate sodium channel proteins (Sato & Matsumoto,
19924a). This particular simplicity of squid sodium chan-
nels facilitates the proposal of a tertiary structure model
of the sodium channel. Comparisons of the amino acid
sequence of the squid sodium channel are made with
those of other voltage-dependent cation channels and in-
ward rectifier K channels and cGMP-gated cation chan-
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nels. In our model, Na, Ca, K channels and inward rec-
tifier K channels and the cGMP gated channels are all
included in the same family, in spite of the fact that
¢GMP and K channels act as homotetramers (Tempel et
al., 1987; Tanabe et al., 1987; Kaupp et al., 1989; Jan &
Jan, 1990). Preliminary results of our studies described
here have been briefly reported (Sato & Matsumoto,
19924,b).

Materials and Methods

EXPERIMENTAL PROCEDURE

We adopted the PCR (polymerase chain reaction) method (Saiki et al.,
1985) to isolate part of squid sodium channel gene from genomic DNA
of the optic lobe of squid Loligo bleekeri. The live squid were captured
in the Sagami Gulf of Japan and transported to the Electrotechnical
Laboratory (Ichikawa et al., 1991) where they were sacrificed for the
present experiments. Reaction solution for the PCR contained (in mm):
10 TRIS-HCI1 (pH 8.3), 50 KCI, 1.5 MgCl,, and 0.01% gelatin, 200 um
NTP, 200 nM DNA primers and 25 units/ml Tag DNA polymerase
(Cetus) (Saiki et al., 1988). For the DNA primers, we synthesized
several 20-24 mer mixed oligonucleotides based on the amino acid
sequences commonly conserved among rat I, IT & III and eel Na chan-
nels, as shown in Fig. 1a. The DNA primers were synthesized with the
Cyclone plus DNA synthesizer (Milligen). The PCR was performed in
the 100 pl reaction solution containing 1 {ig squid-genomic DNA with
the DNA primers under the conditions of 94°C for 1 min, 54°C for 2
min and 72°C for 3 min in succession, and subjected to 50 cycles of the
amplification with the thermo-cycler (Nippon Genetics). DNAs thus
amplified were analyzed with 1.5% agarose gel electrophoresis. Major
bands excised from the gel were ligated into the M13 mpl9 vector,
respectively, to be amplified and sequenced with an antomatic se-
quencer (ABI 370A).

We also adopted the inverse PCR method (Triglia, Peterson &
Kemp, 1988). For this, 1 g squid genomic DNA was digested with 1
unit of restriction endonuclease Alu I at 37°C for 30 min, to be ligated
with T4 DNA ligase. Circular DNA was used for this template to carry
out the inverse PCR with the primer shown in Fig. 15 under the same
conditions for the PCR as described above. Amplified DNA was li-
gated into Puc 119 and M13 mp19 vectors.

Total RNA was extracted from the squid optic lobe by the guanid-
ium thiocyanate method (Chirgwin et al., 1979). Poly (A)* RNA was
isolated by repeating oligo (dT)-cellulose chromatography twice (Phar-
macia). cDNA was synthesized from 5 ug mRNA of adult squid optic
lobe with reverse transcriptase (Amersham, RPN.1256Y). The cDNAs
were ligated into AZAP 1T and transfected into XL-1 Blue cells. The
cells were then inoculated into 35 culture dishes (Greiner 94/16) and
transferred to the nylon membrane (Amersham, Hybond-N). The fil-
ters were treated with alkaline, neutralized and irradiated with UV to
crosslink the DNA to the filter. Hybridization with the DNA probe was
performed in a hybridization buffer (6x SSC, 5x Denhaldt’s solution,
0.5% SDS, 20 pg/ml Salmon sperm DNA) at 65°C overnight. After
hybridization, filters were washed in 0.2x SSC, 0.1% SDS at 65°C for
20 min. The insert of each clone was digested with exonuclease IIT and
deletion mutants were sequenced. Both strands of the cDNA have been
sequenced by the dideoxy chain termination method with *?P labeled
dCTP (Amersham) and BAS2000 (Fuji Photo Film), and further with
dye-labeled oligo primer (ABI 370A).
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a. Amino Acid Seguence

RAT I KPPDCDPNKVNPGSS] KDCGN
11 GPPDCDPEKDHPGSSVRGDICGN
IIT APPDCDPDAIHPGSS; KDCGN

EEL GPPDCDPDYENP GTBIVIRIGNC G

—

SVGIFFFVSY I JI[SFLYVYNRYIAY
SVHFFF SYITIIISFLVVVINMY LAY
SVICIFFFVISY I ILISFLVVYNMY TAY
GRIGIITFFCISY I ILISFLYVVINMY LAl

Pro Pro Asp Cys Asp Pro
5-GGAATT CCN CCN GA(T TG(T GA(T CC-3
C N NG **

752’128

Sense Primer:

Antisense Primei: Asn Met Tyr Ile Ala

T ATG TA(T AT T GC
(AA(C (c (}c\ )
3-TT(A TAC AT(A TA/A CG TICGAAC-
G 6 (G

2°%3=12
b. Amplified DNA Sequence
5-LCTCCGGATTGIGACCCAAATTACATCACCACAAGEACCGGAGAAAARATAAAA
PPNCDPNYITTSTGETZEKTIEK
PPDCDPNEKYV--NPGSSVEK

GTAGTGAACGGTGACTGCGGCATGCCATGGCTTGCTATATCGTATATGGTTTCA
VVNGDCGMPWLAISYMYVS
- --GDCGNPSVYGIFFTFVS

TATATCATCATCGTGTTCATGATTGTCITOAACATGTACATAGCA-3
YI I IVFHMIVFNNMNYTIAN
YIITISFLVVVNMNYTIAZ

Fig. 1. The experimental procedure of PCR used for squid cDNA
cloning. (a) The sense and antisense primers for the PCR extracted
from the amino acid sequences of rat I, I & III and ell sodium chan-
nels. The sense primer of the amino acid sequence PPDCDP was used,
corresponding to the one 1806-1810 between IVS5 and IVS6 (Fig. 5).
The inclusion of the next two nucleotides from the amino acid'®'! is
indicated by (**). The antisense primer of the amino acid NMYIA was
used, corresponding to the sequence 1852-1856 in IVS6 (Fig. 5). For
both primers, the degenerated combinations of codons were all synthe-
sized for the PCR. (b) The sequence of DNA cloned after the PCR of
squid. The nucleotide and amino acid sequences are represented at
upper and middle columns, respectively, with the comparison to the
amino acid sequence of rat sodium channel I (lower). The positions of
PCR primers and of inverse PCR primers were shown with the boxes
and with the arrows, respectively.

Results

Genomic PCR ofF THE SQUID

The conserved sequence of sodium channel genes was
amplified with the PCR only for the IVS5-6 primers in
the domain I'V (Fig. 1a). The synthesized DNA (IVS6A)
of about 150 bp (Fig. 15), encoding upstream region of
IVS6 and a part of IVS6 segment of the squid sodium
channel, was obtained. Amplified DNA was sequenced,
after it was ligated into Puc 119 vector. Following the
inverse PCR was applied to the genomic DNA of squid
with the primers as shown in Fig. 1. DNAs were iso-
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lated and sequenced, thereby the probe IVI6 of 960 bp
was acquired. With this probe, the random primed squid
cDNA library in AZAP II was screened. Out of 250,000
clones, we found six positive clones, one of which was
SQSR22 of 3.3 kbp. The 800 bp of SQSR22, which was
located at the 5’ end, was used as the probe IV7 to obtain
the cDNA clone covering the upstream region. This re-
sulted in finding two more clones. One of them was
SQSR2-7 of 3.8 kbp (Fig. 2). The restriction endonu-
clease maps used for the cDNA segments, SQSR2-7 and
SQSR22, are shown in Fig. 2.

THE ComMPLEMENTARY DNA SEQUENCE AND DEDUCED
AMINO AcIp SEQUENCE OF PUTATIVE SQUID
Soprum CHANNEL

Figure 3 shows the nucleotide sequence of the cDNA,
together with the amino acid sequence, for squid sodium
channel 1, determined with the clones of SQSR2-7 and
SQSR22. An intron was observed in IVS3 based on the
genomic DNA analysis (Fig. 3). The translational initi-
ation site was assigned to the methionine codon com-
posed of nucleotide residues 583-585 because this is the
first ATG triplet that appears downstream of a nonsense
codon, TAT (nucleotides 547-549), and is contained in
the nucleotide sequence ATTATGG of the residues
580-586, which has a favored sequence of A (or G)
XXATGG (X representing any nucleotide) around the
initiation codon ATG in the eukaryote. Thus, the open
reading frame consists of 4,566 nucleotides, indicating
that squid sodium channel 1 (SQSC1) is composed of
1,522 amino acids (Fig. 3) and has the molecular weight
of 174,105 daltons estimated from the amino acid se-
quence. The 1,522 amino acid sequence is far shorter
than those of vertebrate sodium channels; 2,009, 2,005,
1,951 and 1,820 for rat I, II, III and eel (Noda et al.,
1984, 1986; Kayano et al., 1988). This is one of the
features of the squid sodium channel. This characteristic
mainly comes from the fact that the sequences exposed
to the cytoplasmic side are shorter (Fig. 4). The other
characteristic of the squid cDNA is AT rich since the
content of AT and GC were 58 and 42%, respectively
(Fig. 3).

Figure 5 shows the alignment of the amino acid
sequences of squid sodium channel, as compared with
those of rat sodium channels (Noda et al., 1986; Kayano
et al.,, 1988) and the Electrophorus sodium channel
(Noda et al., 1984). The Table shows the degrees of
maximum sequence homology of squid sodium channels.
For evaluation of maximum amino acid sequence homol-
ogy, gaps were introduced for alignment (Table). The
degree of the maximum amino acid sequence homology
is 68, 67, 67, 64 and 64% for rat /SQSC1, rat II/SQSCI,
rat III/SQSCI, rat pl/SQSCI1, eel/SQSCI, respectively
(Table). As for another type of putative squid sodium
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Fig. 2. Restriction endonuclease map of squid cDNAs of SQSR2-7 and SQSR22. The map stands for the cleavage sites at the 5” terminal nucleotide
by respective restriction endonucleases. Protein-coding regions are indicated by open boxes; the probe IV7 to screen upperstream is indicated by

a closed box while probes IV16 is represented by hatched boxes.

channel GFLN1 (Rosenthal & Gilly, 1993), it is 62% for
GFLN1/SQSCI1, comparable to those of rat brain sodium
channels with SQSC1 (Table). However, the degree of
the nucleotide sequence homology between rat (or eel)
and squid sodium channels is even lower. This could be
one of the reasons why the cloning of squid sodium
channel cDNA (Sato & Matsumoto, 19924, Rosenthal &
Gilly, 1993) has long been unsuccessful with the rat
c¢DNAs. In fact we had tried to screen the cDNA library
of squid optic lobe with the rat sodium channel cDNA
which was kindly offered by Dr. M. Noda, but failed at
both high and low stringencies.

It is suggested, from the comparison of the amino
acid sequence of the squid sodium channel with other
sodium channels (Fig. 5), that the squid sodium channel
retains the same transmembrane topology as proposed
for the other sodium channels (Noda et al., 1986; Kayano
et al., 1988), in which the four repeated domains (I, IT, III
and IV) of homology, each containing the six membrane-
spanning segments (S1, 2, 83, S4, S5 and S6), are suc-
cessively aligned in one sequence in which the amino-
and carboxy-terminal regions reside on the cytoplasmic
side of the membrane. These were predicted by analysis
for local hydropathicity on the deduced squid amino acid
sequence (Fig. 4). Segments S1, S2, 83, S5 and S6 are
apolar, while segment S4 and a linker between S5 and S6
are slightly apolar and partly even hydrophilic (Fig. 4).
These are quite similar to those of vertebrate sodium
channels (Noda et al., 1984; Noda et al., 1986; Kayano et
al., 1988). For these characteristics of the segments, Guy
and Seetharamulu (1986) proposed a model with four
homologous domains but each containing eight trans-

membrane segments where three segments (S1, S2 and
S3) are relatively apolar and two segments (S5 and S8)
are quite apolar. S8 is the nomenclature that Noda et al.
(1986) called S6. The close resemblance of sodium
channel topology between vertebrate (human, rat and
eel) and invertebrate (squid, fly and jellyfish) is consis-
tent with the idea that sodium channel evolution took
place before the separation of vertebrate and invertebrate
species (Hille, 1992; Salkoff et al., 1987).

Based on the sodium channel model by Noda et al.
(1986) where the sodium channel has four homologous
domains, each having six transmembrane segments, S1-
S6, we will compare amino acid sequence of squid so-
dium channel with those of vertebrate and jellyfish so-
dium channels in more detail (Fig. 6). For S4 segments
which have widely been recognized to serve as voltage
sensors (Noda et al., 1984; Catterall 1986; Guy &
Seetharamulu 1986; Kayano et al., 1988; Stithmer et al.,
1989), squid S4s contain 4, 3, 5 and 8 continuous basic
residues which are consequently conserved (arginine R
or lysine K) at every third position in the domains I, II,
[T and IV (Fig. 6a), respectively, while those of rat or eel
contain 4, 5, 5 and 8 continuous basic residues at every
corresponding third position (Fig. 6a). The difference is
on IS4 where two lysine vertebrate residues are substi-
tuted for histidine®’® and glutamine®'® residues in squid
(Fig. 6a). Jellyfish S4 were revealed to contain 4, 4, 4
and 5 basic residues at every corresponding third posi-
tion in tandem (Anderson et al.,, 1993), (Fig. 6a). It
should be pointed out here that the basic residue at the
18th position of IVS4 of vertebrate is substituted for a
negatively charged one in jellyfish, which is located in
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5--GAGAGAGGAGGCCTCACACAGCTCACTAACTTG
CCGCACGGATCTCCTGGACTTTTACCTGAACAGCACGCATCTTTTTCGACAATCAGCAACGGACATTGTGGAGAATACCAACACCAGTACTACGCGACACGCCGTTTGGAA
ACAAC CGTTTGGTCAACATTGTGCGATACTCACAGGATTTTGTTT, GTGCTGCCCCOOGATCGGCCCAAATTTTCGCATAAGACACTTTGTTCAA
TGGTGCTACCAGACAGTTACCAGTT TTACGAATGAGGACTCTGTGGGAGAACCATATGTGTTTCTCAAGTACACCGGTCCACACCAGCAGTCTGCACCGGCAACTCAGGG
CAAMACACAACTCCGAAATTTTACATGGCTGTCGCGCAATGCCGTTGACATTAGCAACACTGATGCTGCACATCGGGCOACGAAGARAGAGGCAGATCATGTTCACGTCTA
GCACCAGATCCATTCCTCGCAAACAGGAAAGTTCTACCTGAATACGTGGGGCCTCTCCCAAAGGATITATATGGGPTACCTCTGGAAGAGATCGATAAGAATATTA&GG%T 08%

30
GCT AAG AGG TCA CTT TIC TTA TIC ACA CCA CGC AAT CCC ATC CCG CGC CTA GCT GTT TGC ATT GCC ACA AAT GTA TGC TTT GAC 756
A K RSLFLFT?P?PZRNPIZRBRLAVCI ATNVYCEFTD 5
TAC TIC CTG ATG TIC ACC ATA ATG ATA AAC TGT GIC TIC CIT GCT ATG CCA GAT ATA TCA GAA TIT GCT GAA TAC ATA TIC CTT 840
Yy F L M F T I M T N CV F L 4 ¥ P DI S EF A E Y I F L 8

GAA AAA TAT ACT GCA AAG AAT AGA GAT AAG ACA TTT GIG GIC ATA GAG AAG AGA TTT AAG AAG AAT ATC ATT CAT CGG TTT TCA 672
E XYy TAEKDNTZRDKXTTFVVY I EXKRFIXKUNTITIIHRTFEFS

I5]
GGT ATC TAC ACA ATG GAA ATG GCT ATA AAG TTA GIT GCA GGG GGA TTT TIT ATT GAC AAA TAT ACA TAT CTA CGG GAC GCA TGG 924
G L Y T M F MW A T K L V A GGF FTITDKTYTYTLRDAT I

152
AAC TGC TIG GAT TTC ACA GTA ATC ATG ATT TCA TAT ATC ACC CIG CTC TTA CAG ACA ATT AAT GAC AAA GTT ATC AGC GAC ATC 1008
N ¢ L D F T V I M [ S5 Y I T L L L @ T T NTDIKVTITSTDTI 14

183
ACG GGC 16 CgG ACC TIT CGT GTG CEG 06T GCA TTG AGG ACT CLTT T(SJT A’{C ATC CCT GGT TTA A]%A ACC ATG GTC AII}T 6CC CTT 10%

154
TTA CGT GCG CTT CGT ATG CTC ATT TCT GTA CTC ATC CIC ATC CTC TIC TGT TIG TGG ATC TIC TCC CAA GCT GGT GTT CAG CTT 1176
LR AL RNILI SV L I L T L FCL ¥ I FS ¢ A GV § L IR

226
GAA CAC ATT GAA AAT AGT GAT AAC TGG TTA GCA AAA GGT AAT GGA GAA TAC GTT CTC TGC GGG AAT GCG ACC GGG GCA GGA CCC 1344
EH T ENSDNV¥L AKCGNGEYVLCGNATTGSS G P 24

15
TTC GGA GGA GCT TIG CGC CAC AAA TGT GTC TTA CAA ATC CAC GGT AGT CCA GCC TIT GGA AAA ACC TAC GAT GAG TTC TAT GCT 1260
F 66 4 L RHTKCVLQIHBGS?PAFGKTTYDETF VY A

TGT CCT ACC AAC TAT ACC TGC CTA CCT GAC ATC GGG GAA AAC CCT AAC TAC GGA TAT ACG AAC TTC GAC AGC ATT GGC TGG AGT 1428
¢cpTNYTCLPDIGENTPNYGYTUNTFDSTIGVFS 28
ATG CTT ATA TCA TTT CAG TTA CTA ACT CAG GAT TAT TGG GAA GAT GTA TAT AAC AAG GTT ATT CGC GCT CAT AGT CCA TGG ACT 1512
WL I SFQLLTQDYW¥WETDYTYNEKVTIZRAIHESTP I T 300

GIG ATC TAT TIC ATC GTC ATT AAC TIC TTC GGA TCA TTG TAC CIT ATG AAT CTA ATG TTG GCA GTT GTT GCA ACT GCC TAT GAA 1596
v I Y F 1 VINFFG6S L ¥ L M N L MWL AV V ATIAYTE 3B

1 56
CTT GAA GIC AAG AAC ACC GGA AAA AAA CTG CAA CAG ACA GCA GCT ACA GCC CGC GAA CAA AGC CTA AAG GAA CAA GAA AGA CGT 1680
L EV EKENTGK KL Q QT A ATARTETD QSTILTEKTETEETRTR 36
AAT ACT CTA ACC GTA TCT GAA GCA GAT TCC CAT GTT GAC GAT CGA AAC TGT ACT TGT TGC GAA CAG TGC TGT GGA TGC TGC TAC 1764
NTLTVSEADSHVYDDRNCTTCTCETZ®QTCTCGTCC Y 394

AC CCT TGG TTA AGG GIG CAG TCC T’I'l' GCC CAT TGC ATC ATT ACA GAT TCA TIC ACT GAG GTT ’[”TC ATC ATC 'I'TC ATC ATT GTA 1848
N. ¥ L R V § S A H C I D S F T I I I 1 Vv 42

HS
TIG AAC ACA GIC TTT CTT GCA ATG GAG CAC CAT GGA ATG TCC ATG GAG CTG AAG AAT GTA CTT ‘AM GTC GCC AAT TAT GTA TTT 1932
L N T V F L E H G. X S E L K L K V A N Y V F 450

ACC ACT GTA TIC GTA CT'l‘ GAA T ATA CTA AA CTA CTT GCA TIC AAT AAA CAA TAC TIC AAG AGT GGC TCG AAT ATC TGC GAT 2016
T T F A K_L AAF N K Q VY F S G W N I C D 478

S
CTT GTC GTC GIT GTC GCC AGC CTA ATT GAT TI‘G GGA GIG GAA GGG CTC AMA GGT GTA TCT GIG TIC CGG TCT TIT CGA CTG TTA 2100
L ¥V A S L I D G VE ¢ L K S ¥ F F_R L 506

1T 83
CGA GIT TIC CAC TIG GCT CAA TCT TGG ACA ACA ATG AGA CTG C’IT CTG TGT ATA ATC CTC AAT ACA CTT GGC TCG TTA GGT TAC 2184
RV F H L A Q S ¥ T R L. C T 1 N T L S L b

I
TTG ACG ATA A'{A CIC A{C A}T GIC A?C TAC ATT T}{:F GCT GTC A%T G(GQA TG CSA CTT TEC CﬁC ACA GAG T%\{T ACA C(f;G GAC A%A 2228

SS

TIC AgG GGC GAG CCG GIT C%C AGG TGG AAC TIT AﬁC GAC T’I{:T C1C CAC TCT TIT A’&G ATG GTA TTT CGA ATC C}:A TET GgA GAA 235%
TGG ATT GAA CC6 ATG TAC GAT T6C ATG CGT GCC TGT AAT G6C CTT TGC TIT CTC ATA TIC ATT CCA GTA ACT GTG TIT GGA AAA 2436

I P Y C ¥ R & ¢C G L C F FI%SGP T F G K 618
ACA CTG TIC TIC CTG TIC ATC GGT CTG GTC CTG GGT 6CG TIT GGT TCT GAT ACG GTG GAA CAA GAA GIG GAA GTG TCC AGC TTT 2520
T LFFLFIGLVIGAEFGSDTVY EQEVTETV S S F 6
GCC TIG CCT GGG CCA GAA TCC AAG CCA TGC TCG GIC AGA GAA AGG GGA ATA TCT GCT ACG GAT GAC AAT GTT AAG GAT GAC GGT 2604
AL PGPESKPCSVERERTGTISATTDDNUVTEKTDTD G 67

CAA GAT GAA GTC CAA CAA AAC TCT GAA GAA ACT AAA ATT GAC TTA CGG AAT AAT GAC AAA CAA TCC ARA GAT GGA ATG ATT CTG 2688
¢ D EVQQNSEETEKTIDTILTRNENTDTETZ STEKTDEC NI L 702

GAL MC MT TGC AAC AAT GAC AGT TIG GCA AGT CTC GGT TCA CTA GGG AGC ATC CCA GAC ATA ATG GAT GGC TCC AGC GTC CAA 2772
ENNCNNDSLASLGSILGS TP DI NDGS SV E 730
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Fig. 3. Nucleotide sequence of the cDNA encoding squid sodium channel (upper) and its deduced amino acid sequence (lower). The sequence was
determined with the clones of SQSR2-7 and SQSR22 (Fig. 2). Both strands of the cDNA were sequenced with either Sequenase ver 2.0 (USB) or
Klenow large fragment (Takara). The nucleotide sequence is numbered, starting from the first residue of SQSR2-7. The position where an intron
is inserted is indicated by arrow. This was determined by the genomic DNA analysis on the repeat IV. The Genbank accession No. is D14525.
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GAT GAT ATT TCT TCA TGC CAG CAA AAA GAC ATC CAA CCA TGT CTA CCA CTT TTT ATC AGC TCA AGA TIT AAA TGT CTT CGA GAA 2856
D C Q¢ Q Q P CLPLFI SSRF KCLRE 78

TIT GAT GAC ACA TCT CAC GGC AAG AAA TGG AAT AAT TIT CGG CGC CAG CTG ATG ATG GTG TGT GAG AAC AAA TAT TTT GAG ACA 2940
FDDTSHGEK K ¥ NNF qQ LI CENKYFETS

111 §1
GGA GTT TTG GTA ATA ATT TTT GCA AgC AgT A’{T TIF,G 16 GCA TIT G%A G%T A}T TAT TFG AAC GAG AAG CCT CGA TIF,G AA(A T]I:A 3%24
14

GCA ATT TTT TAT CTG GAT ATT ACC TIC TGT TTG TTA TIT TTT CTT GAA ATG GIT TIG AAA CTT GTA GCT CTT GGA TIT CTA CAT 3108
A1 F Y L D I T F C L L F F L E M VL KLV ALGTF V H 84

11T S2
TAT TAC ACT CAC TIT TGG ACA ATC CTG GAT ’I'['l‘ ACT A’[G G’IT ATT'ATA ACT GTT ATA AGT TTG GCG GCA TCA GGT 'ITG GGT ATG 3192
Y Y T HF W T I L D I I T ¥V 1 L G G M 870

III S3
GAA (AA ATA ACT GCT 'I'FT AGA TCC CTA AGA ACA TTG CGT GCA CTG AGA CCC C'IT CGA GCG G'IT TCA CGG TGG CAA GGA ATG AAG 3276
0 T S R.T L R R S Q MK 88

IS4
ATT ATT GIT AAC GCT TTA ATG CTT TCT ATA CCT TCC ATC TTT AAC GTC CTG TTA GIG TGC GIT GIG TIC TGG CTA ATA TIT GCC 3360
I T vNyae L MWL ST PSITFNVLLVCV VF ¥ L I F A 92

[11 S5
ATT ATG GGA GTG CAG TTG TTT GCG GGA AAG TTC TAC AAG TGT GTC AAT GAG ACA AAC ATG AGA ATC CCT CCA ACG GAG GIG GCC 3444
I M 6 V ¢ L F &4 ¢ KF Y KCVNETNMPRTIPP?PTEV A

AAT AAG ATT GAG TGT TAT AAC AAA AAC TAT ACG TGG GTG AAT TCC AAT GTA AAC TTC GAC AAT GTA GGA GGA GCA TTC CTT GCT 3528
N KT ECYNKNYTVW¥ VNS NV NFDNYVGGAF L A

q K 1010
T'l'l' GAG GCC ACC GTC TAC TAC TAT TI'I' TAT TIC GIG CTT ’I'l'C ATC ATT TIC GGA TCC TIC TI”I‘ GTA 'l'l'A AAT C'IT GTC A'['T GGT 3696
E Yy Y F V L [ F G S F 1038

TTA TIT CAA GTG GCT ACA TTT GAA GGA TGG ATG GAA ATC ATG GCA GAT GCG GTA GAT GTA ACC GAG G’IT GAT GAG CAA CCT AAA 3612
L FQVATTFTESGEG A D A D T

111
GTT ATC ATT GAT AAG TTC AGC TIC CTC AAG AAA AAG TAT GAT GGA ACT TAT TTG GAT ATG TIT CTC ACA CCC ACT CAG CAA AAC 3780
D K F S F L K K G Y L D FLT P T Q @ N 1066

TAC TAC AAC ACT CTG AAG AAA TTG GGA ACT AAA AAA CCA CAA AAA ACA GTA AAG CGA CCA AAG AAT AMA TGC CAG GCT GTG GIG 3864
Y Yy NTL X KL GGTEKZEK?PQKTVEKTR?PIEKNIEKTCQAV VIH

TAT GAC CTA GTC ATG AGC AAT CAG TIT GAG ATC TTC ATA ACG ACG ATT ATC ATT ACA AAC ATG ATA TIT ATG GCT TTT GAA CAT 3948
Yy DL vy sSNQF E I F I T T I I [ T N M 1 F ¥ A F E H 2

IV
TAC AAC CgA TgC G%A G’{IT GIC ACT GAG GIT T{G GCC ACT GCC AAC A’IT GCA Tl'l‘ ACC A’{C C'{A TAT GgT GIC G%A GCA A¥T A’%C 4032

1178

I
A%G A}T ATA GgG CTA CGC ATC CAT T)%C CTA CgA AAC C’{A T%G AﬁT GTC ’I'IT GAC ’ITC CTC GTT GIC A%A TTA TCT 616 AﬁG Ggf 4116
y SS
GCA TIT TTG AAT GAT ATA TTT GGA GAT GGA ATA TTT ATG AAC CCC TCA CTG CTA CGA GIC GCC AGA ATG TIC AGA ATC GGA CGC 4200
A F L NDTFGDGTIF ¥ NP S L LR AR M F R 1 G RI26

I
ATT ATT CGC CTT ATT AAA TGG GCG AAA GGG ATG AGG AAG TTA CTA TIT GCC CTC GTA ATA TCC CIC CCG GCA CTT TIC AAC ATT 4281
I I R L 1 K W A K 6 ¥R KTULTILFALV I SLPALFNTIIEHY

GGC GCT CT6 CTT ATG TTG GTC ATG TIC ATT TAC ACA ATC ATC GGA ATG TCT TCC TTC GGA CAA ATT AAG TTA TCG GGT GCC CTG 4368
¢ A L L M L VvV M F I ¥V T I 1 6 ¥ S§ S F 6 Q I K L S & A L 122

IV S
AAT GAT CAG GTA AAC TIC CAG ACC TIT GGG AAA ACA TTT CTC CTC CTC GIC CGA TTA GCC ACA TCA GCT GGA TGG AAC GAC ATC 4452
NDQ VY NTF G¢TTFGEKTPFLLLVRLATSAGW¥ ND T2
TTA GGA CCA CTT CTA ATT CAG CCT CCT AAC TGT GAC CCA AAT TAC ATC ACC ACA AGC ACC GGA GAA AAA ATA AAA GTA GTG AAC 4536
L ¢PLLTITQPPNCDPNY I TTSTGEIEKTIEKY VNI

GGT GAC TGC GGC ATG CEA TCG CTT GCT ATA TCG TAT ATG GIT TCA TAT ATC ATC ATC GIG TIC ATG ATT GIC TTC AAC ATG TAC 4620
¢ D C G M P ¥ L A T S Y W VS Y [ I I VF M I VF N M Y 136

1V 56

ATT GCT GTC ATT CTT GAA AAC TTT AAT CAG, GCA CAC GCA CAG GAG GAA GTG GGA ATC ACC GAG GAT GAT TTA GAC ATG TIC TAC 4704
I AV I L ENTFUHNQAHAQETEVY GITETDTDTLDMWF Y LI
G6G GTC TGG GAG CAA TAC GAT CCC TTA GCA ACA CAA TIC ATC AAG CAT GAG CAG CTT TCA GAT TIC ATT CAA GAT CTT GAT CCA 4788
G v ¥ EQVYDPLATQFTITIEKHE®QQTLSDTFTILI QDL D P MR
(CA CTG AAG G'[T AAA AAG CCT AAC AAT GTT GCC ATA GCC ACA TTC GAT ’ITG CCA ATC GTG AAA GGA GGT CAT ATA CAC TGT (16 4872
P L K NV A I vV K G L 1430
GAC ATA TIG TTG GCC CTT GTC AMA TTT GCC CTC GGG GGC AAT TTG GAA GAA ACT GAA GCC TIC AAA CGA GTT CGC ACT CAG ATG 4956
p I LLALYVEKTFALGGNTLTETETTEAFKRVYRT Q ¥ 48
GAG GCA AGA TIT GAT GAA ATC TTC CCA ACC AGA GAA AAA TCA GAA ATT CGA ACT AGT ACA TTG CAA ATG AGA CGA GAG GAG ATG 5040

F D E R T S T L Q MM R R EE ¥ 148

Y 1514
ATT TCT GCG CCG GAA ACC GCC GTA *TGAGGTCAACACATGATGAAA’ITCAAACTFT’I"IGTTATAACAAGAGAGAAAAAAAAAAAAAAAGAGAGACAAACGTI'[’T

GCA GCA AGG ACT CTA CsA AGG GCA TGG AAG CGG CGG AAA ATC ATG CGG AGT ’['lT 06 T(éT CCG GAA ATG ATT A%G TAC TTC ATC 5124

1522

TCACATGTGTCTGCCAGTCCCCTTCCATGGAAAGTTGTTTTCAGTATGCTACCTIGTGAAGCGGCCCATCCCCAACACATCAAAAAAACCATATATGAAATCGTTGAATAT
TCTAGAGTTTTCAATCAGGAATATCTAAGAATGCAAAC---3 5399

Fig. 3. Continued.
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Fig. 4. Hydropathy profile of squid sodium channel and representative charge distribution of sodium channels. (a) The profile was obtained with
use of the Kyte and Doolittle program (1982) where we ran it with a window of 19 residues. Locations of homologous repeats I, I, Il and IV are
indicated by open boxes. Altogether 24 hydrophobic peaks were found and indicated by their corresponding segments S1-S6. () Distribution of
the positively and negatively charged residues which conserved in the outermembrane sites among squid sodium channel, rat brain I, II, ITT sodium
channel and ecl sodium channel are shown by (+) and (—) respectively in the schematics of transmembrane topology proposed by Noda et al. (1986).
Potentially glycosylated site conserved between IS5 and IS6 for both squid and rat is also shown.

the middle of a positively charged spiral in the spiral
models (Guy & Seetharamulu, 1986; Noda et al., 1986),
and may work as an obstacle to the spiral movement.
As for S2, it should be noted that glutamic acid (nega-
tively charged) and lysine (positively charged), located
in the 15th and 19th positions for each domain, are all
conserved for vertebrate, squid and jellyfish sodium
channels in their identical positions. In addition, seg-
ment S2 in repeats I and III contains a conserved glu-
tamic acid or aspartic acid residue both for vertebrate and
squid, which locates 10 residues upstream from the
above-mentioned glutamic acid. The aspartic acid resi-
due in jellyfish IIS2 is, however, replaced with an as-
paragine residue. In jellyfish I1IS2, aspartic acid is lo-
cated 3 residues upstream of the asparagine residue.
Lysine'*?° (a positively charged residue) conserved in
IIS?2 for every vertebrate, which locates in the 6th po-
sition, is substituted for isoleucine'*?® and tyrosine'*?° in

squid and jellyfish, respectively (Fig. 6a). Lysine in the
2nd position of IS2 in vertebrate and in jellyfish is sub-
stituted for glutamic acid in squid. Segment S3 in every
repeat contains a conserved aspartic acid residue (the 6th
position in each domain) for both vertebrate, squid and
Jellyfish at their equivalent positions. In IIS3, a nega-
tively charged residue, 10 residues downstream from the
above-mentioned aspartic acid, is conserved for both ver-
tebrate (all glutamic acid) and invertebrate (aspartic
acid). But it is noted that, in IS3, a conserved glutamic
acid residue for vertebrate, located at the position 11
residue downstream from the aspartic acid (the 6th po-
sition in IS3), is substituted for leucine and methionine
residues in squid and jellyfish, respectively. In IVS3, a
negatively charged residue, 15 residues downstream
from the aspartic acid (the 6th position in IVS3), is con-
served both in vertebrate and squid but substituted for
serine in jellyfish.
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f the squid sodium channel (1st row) with those of rat I (2nd row) and 1T (3rd row) III (4th row) and
channels. The squid and other data are cited from Sato and Matsumoto (1992a), Noda et al. (1984,

Identical and conservative amino acid residues are boxed with solid and broken lines, respectively.

Fig. 5. Comparisons of amino acid sequence o
eel Electrophorus electricus (5th row) sodium

1986) and Kayano et al. (1988), respectively.

for all five sequences.

Spaces () are inserted into these amino acid residue alignments to achieve maximum amino acid sequence homology

Transmembrane segments $1-S6 are determined by the hydropathy profile analysis (Fig. 4a).
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Fig. 5. Continued.
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Table. Maximum amino acid sequence homology of squid sodium
channels

Target/ Rat Rat Rat Rat pI

Key brain I brain II brain 111 muscle EEL
SQSC1 68% 67% 67% 64% 64%
GFLN1 68% 69% 67% 68% 67%

The values of target/key were acquired both from the annealed database
SOUDO (Fujitsu) and from the results of DNASIS (Hitachi Software
Engineering).

The cytoplasmic linker of squid between domains IIT
and IV is quite similar in its amino acid sequence, to
those of vertebrates (Noda et al., 1984, 1986; Kayano et
al., 1988; Trimmer et al., 1989; Rogart et al., 1989; Gel-
lens et al., 1992), particularly for their positively charged
positions; lysine'>>*7® residues, two successively aligned
lysine'*®>#* residues, lysine'>®’ and arginine’>®' resi-
dues are all conserved for vertebrate, squid and jellyfish,
but lysine residues’®’!’? of vertebrate are replaced by
noncharged ones, glutamine and aspargine in squid (Fig.
6b). A serine'*®? residue (one residue upstream from the
two successively aligned lysine residues), which can be
phosphorylated in a PKC (protein kinase C) dependent
manner to cause rat 11 sodium inactivation to slow and as
well, its peak sodium current to reduce (West et al.,
1991), is replaced by threonine*®? at the equivalent po-
sition for squid (Fig. 4, 6b). This suggests that the po-
tentiality of phosphorylation at the position is conserved
in squid. The phosphorylated site mentioned above is
replaced by a proline’>®? in jellyfish, indicating that it is
nonphosphorylated (Fig. 6b). The IFM motif of -1V
linker, the quite important three successive residues for
inactivation (West et al., 1992), is conserved in both
squid and jellyfish as MFL and IFL, respectively. Two
potentially glycosylated sites of aspargine®'? and as-
pargine®” residues are conserved between IS5 and 1S6
for both squid and vertebrate (Noda et al., 1986; Kayano
et al., 1988; Trimmer & Agnew, 1989). In squid, the
aspargine®> residue could be glycosylated but the as-
pargine®'? residue could not be glycosylated because of
the presence of an aspartic acid®'® residue in its next
neighbor (Hubbard & Ivatt, 1981). In squid, one more
potential site of glycosylation between IS5 and IS6 is on
an aspargine®®® residue.

OCTAGONAL STRUCTURE MODEL OF SODIUM CHANNEL AND
1S FUNCTIONING

In considering the tertiary structure of the squid sodium
channel, we assume that all the transmembrane segments
S1-S6 form not o-helices but 3,,-helices, because the
310-helix makes a more compact channel configuration
to resist high pressure from such surrounding environ-
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ments as lipids (Waugh & Hochmuth, 1987; Ito, Morton
& Vodyanoy, 1989; Waugh et al., 1992) than the o-helix
does. The 3, -helix may be more reasonable for the
channel conformation because the channel pore, a hy-
drophilic pathway formed inside the channel, produces a
disadvantage in maintaining its structure against the
pressure. In the 3,,-helix S4 segments, the charged side
chains at every third position are clustered on one side of
the helix, the opposite side being occupied mostly by
nonpolar side chains (Noda et al., 1984; Sato & Matsu-
moto, 1992a). Further, when we take the charged resi-
due configuration in S2 and S3 for all the domains of I,
II, Il and IV (Fig. 6a) into consideration, together with
the peculiar positive charge configuration in S4 seg-
ments, an octagonal structure can be obtained that is
most stable, as illustrated in Fig. 7Ad. The S4 segments
form to make a hydrophilic pore, with their positively
charged residues faced to the pore. S2 segments also
form the specific pore, with negatively charged residues
in the 15th position facing the pore. It should be noted
that S2 segments are not highly apolar as a whole. Fur-
ther, it is noted that the positively charged residue in the
19th position of S2 segments are closely coupled with
the negatively charged one in the 6th of S3 segments
because they are neighbors or quite close to each other,
as counted in the amino acid numbers from cytoplasmic
side: 4 and 6 residues away from the cytoplasmic end of
the respective segments (Fig. 6a). The negatively
charged residue in the 8th position of IIS1 is also closely
coupled with a positively charged one at the 19th posi-
tion of I1IS4: 8 and 6 residues from the cytoplasmic side,
respectively. S1, S35 and S6 segments, all hydrophobic,
surround the core formed by S2, S3, S4 segments, and
stabilize the octagonal core structure. In this conforma-
tion, S1 through S6 segments of the each repeat are or-
ganized one-way around (Fig. 7Ad). This model matches
reasonably with the length of the linker between the seg-
ments: the minimum lengths of the linkers for squid and
rat brain I, IT and III sodium channels are 7, 8, 3, 9, and
51 in their residue numbers for S1-2, S2-3, S3-4, S4-53,
and S5-6 linker, respectively (Fig. 4).

In the synthesis process of the channel protein, the
channel protein could not form the octagonal structure at
its initial stage of the tertiary structure formation. Noda
et al. (1986) proposed a tertiary structure model of the
sodium channel in which S4 is surrounded by the other
five segments in each repeat. This organization seems to
be basically stable for each isolated repeat even when we
adopt 3,,-helices for trans-membrane segments (Fig.
7Aa). In the 3, -helix assumption, it is noted that charge
positions in 3,4-helices (Fig. 7B1 or 6) are quite different
from those in o-helices by Noda et al. (1986). After all
the amino acids of the sodium channel are completely
synthesized, the transitional structure of the channel un-
der the synthesis would be unstable enough to induce
structural changes. The six most allowable stable con-
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mentioned above are also colored like the res
3 in S4 are boxed with red lines.
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figurations are shown in Fig. 7. The Noda model is rep-
resented in Fig. 7B1 or 6. In this assembly of repeats, the
four isolated blocks of repeats move rapidly to the lateral
direction in the membrane, and align in a stable confor-
mation in Fig. 7Ab. The charges of each repeat cylinder
determine the rotational organization of the configura-
tion, as judged from the requirement that the electrostatic
energy becomes minimum. The charges essential for the
rotational organization are the negatively charged resi-
dues in the 5th position of S2 segments characteristic of
both I and IIT repeats, and Asp®* in the 16th position of
1S3, and positively charged one in the 19th of 11154, and
negatively charged ones in the 8th of TIS1 and IIIS1, and
negatively charged ones in the 3rd of IIIS1 and the 4th of
IVS1. Six conformations are possible as a result of the
stability consideration where S2 locates nearest to the
center and S3 in the next nearest position (Fig. 7B). This
is because these S2 and S3 segments are not highly apo-
lar (Fig. 4). S2 segments are most important to deter-
mine the rotational orientation in the assembly because it
possesses one positively charged residue and one or two
negatively charged ones. Another negative charge of
1IS3 is additionally important to determine the rotational
orientation by the electrostatic interaction with S2 seg-
ments. The configuration, thus assembled, of Fig. 7B5
or 7Ab, which is I-IV-II-III in a clockwise-rotated con-
figuration as viewed from extracellular side, is the most
stable among the six configurations of Fig. 7B. This
most stable configuration resulted from the situation that
neighboring domains (IV and II; II and IIL; IIT and I) are
electrically coupled to lower the electrostatic energy.
Furthermore, it is noted that total positive charges of S4
in ITT and IV are larger than those of S4 in I and II (Fig.
6a), with the result that the electrically repulsive force
between III and IV is larger than that between I and IL
Therefore, the conformation where III and IV repeats
neighbors is not energetically favorable. In the configu-
ration of Fig. 7Ab where III and IV are oppositely faced,
I and TV repeats are loosely coupled through the weak
electrical interaction. On the other hand, for the intrado-
main coupling of IV domain, S4 is tightly bound to S1,
$2 and S3. This is because the positive charges on S4
strongly couple with the negative charges on S1, S2 and
S3, respectively (Fig. 7Ab). In addition, a positively
charged site on IVS4 is attracted to a negative charge on
1S2 which is not directly coupled with the positive
charge of IVS4 at the initial transitional states up to b in
Fig. 7. In other words, the structural change is assisted
by the coupling between the IVS4 positive charge and
IS2 negative charge. With the electrostatic interaction
and together with the hydrophilic atmosphere, IVS4
moves towards the center of the channel. In this situa-
tion, repeat I is pushed out from the configuration b for
IVS4 to be repositioned between IS2 and IVS2 (Fig.
7Ac). Then, IS2 moves toward IVS4 through the attrac-
tive interaction between the negative charge on IS2 at the
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cytoplasmic side and the positive charges on IVS4 (Fig.
7Ac and d). The movement of IS2 accompanied by this
reconfiguration produces the spatial gap between IS2 and
IS3. At the same time, negative charges in IIIS1, II1S2,
1S2 and IS3 attract IS4. As a result, IS4 is reconfigured
between IS2 and ITIS2 (Fig. 7Ac and d). Then, IIIS4 and
IS4 are integrated to form a specific pore with hydro-
philic atmosphere of its inner surface (the core) in suc-
cession. The overall rearrangement of the channel con-
figurations takes place as a structure transition through
the configurations a = b — ¢ — d in Fig. 74, to stabilize
an octagonal structure of the Na channel (Fig. 7Ad). In
the octagonal structure, the S5-6 regions, composed of
30, 29, 31 and 40 residues located between S5 and S6 in
domains I, IT, III and IV, respectively, are stabilized by
interacting with the inner surface of the core formed by
the S4 and S2 segments. The S5-6 regions are most
probably at the extracellular side of the membrane before
the octagonal channel structure is formed. Then, the
S5-6 regions could be pushed into the core after the
octagonal structure is formed. There is another possibil-
ity that the S5-6 regions are already integrated partly
into the membrane before the octagonal structure is re-
alized and then transferred to the inside of the core dur-
ing the process of rearrangement of the channel structure
formation. It is noted that the S5-6 regions serve a
strongly negative-charged moiety; that is, the total effec-
tive charge number in the S5-6 regions is 9 as a nomi-
nally negative charge (in other words, the difference be-
tween negatively and positively charged residues in S5—
6s as a whole) in squid, and 10-11 in rat brain type I-III
(Noda et al., 1984, 1986; Kayano et al., 1988). The core
of S2 and S4 possesses strong positive charges in a
straight line between extra- and intracellular sides and
facing its inner surface, with its pore diameter estimated
to be 0.5-1.5 nm, i.e., wide enough to accept the S5-6
regions inside it (Fig. 8f). The S5-6 regions can be
partly integrated into the pore in the resting state of the
sodium channel, presumably up to the positions where
the negatively charged residues of the S2 segments (des-
ignated as the stopping residues) are located, resulting in
the stabilization of the octagonal structure of the channel
(Fig. 8b, ¢, d, f). More concretely, the tips of the S5-6
regions in the resting state remained at the positively
charged sites of their respective S4 located nearest to the
stopping residues.

In our model of the sodium channel, the S5-6 region
plays a principal role in activation gating, voltage sens-
ing and ion-permeable selectivity. (i) The respective
$5-6 region makes a loop from the outside to the inside
and back again, forming the ion-selective channel. The
four S5-6 regions are all negatively charged as a whole,
and it can be hypothesized that they are antiparaliel hair-
pin forms, with their tips negatively charged (Fig. 8).
All these negative charges can sense membrane poten-
tials so that S5-6 regions play the role of voltage sensing.
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Fig. 7. Schematic illustrations of the self-organization process of the channel, as viewed from the extracellular side. (A) Rearrangement of segments
is schematically represented to form the stable conformation, the functional ““Octagonal core structure of the channel.”” Border of each domain is
shown with broken line. (2) channel structure with the domains of I-IV-II-IIT arrangement in clockwise order is more stable than the one of
I-II-TII-TV which was adopted from Noda et al. (1986). (b) The arrangement of I-IV-II-TIT repeats causes minimum repulsive energy among other
arrangements with the same domain configuration as shown in 6 cases of B. This arrangement is identical to the case BS. (¢) Transitional state of
the domain configuration change. The domain arrangement J-IV-TI-III is unaltered, and (d) the stablest conformation of the channel structure
““Octagonal core structure’’. (B) Six states of rotationally-organized configurations in which the conformation of six transmembrane segments in
each domain is identical to the one adopted from Noda et al. (1986). The charges surrounded with circles and triangles stand for those positioned
in the extracellular and cytoplasmic sides of the channel, respectively.

This is quite in contrast with the view that S4s are volt-
age sensors (Noda et al., 1984, 1986; Catterall, 1986;
Kayano et al., 1988). Instead, in our present model, S4s,
together with S2s, form a guiding pore through which the
S5-6 regions can slide. The S4 segments may act as a
rail for the S5-6 train. Positive charges in S4 segments
of I, II, III repeats are partly lacking near the cytoplasmic
side. The spatial gap length, dependent on the number of
missing positive charges on the rail, is quite influential in
determining the voltage dependency of the channel acti-
vation, together with the negative charges of the S5-6
region. This gap also contributes to prohibit the channel
from opening spontaneously in the resting membrane
potential. This model agrees well with the site-directed
mutagenesis experiment by Stithmer et al. (1989) where
neutralization of the positive charge in the middle of S4
regions generally causes slow activation, but neutraliza-
tion of the nearest charge to the extracellular side does
not influence the voltage dependency of the sodium
channel activation. (ii) This model agrees well with the
result that the S5-6 can determine the ion selectivity
(Heinemann et al., 1992). The negatively charged resi-
dues of the S5-6 linkers could select permeable ions
through the pore formed by the four S5-6 regions, to-
gether with its pore size (Hille, 1992). In Fig. 64, the
alignment data show the gaps characteristic to each re-
peat in the S5-6 regions of sodium channels; 23rd posi-

tion of 1S5-6 and 8th and 21st of 1IS5-6 in all sodium
channels, but 23rd of IVS5-6 only in vertebrate. This
determines the spatial distribution of negative charges in
the channel (Fig. 6a). In contrast, the model of Durell
and Guy (1992) cannot explain why anions are not per-
meable in the channel in the resting (closed) state
(Miller, 1993). (iii) In the resting state, the tips of anti-
parallel hairpin S5-6 regions partially enter into the S4—
S2 pore up to a position which forms a balance with the
attractive force that is due to positively charged residues
of S4, and at the same time, with the repulsive force due
to negatively charged residues of S2 (Fig. 8¢, d). The
repulsive force partly comes from both the resting mem-
brane potential and the carboxyl terminal segment which
possesses a strong negative charge as a whole (27 neg-
atively and 23 positively charged residues in squid so-
dium channels) since in our model the C-terminal seg-
ment is located at the mouth of the S4-S2 pore on the
intracellular side in the resting state (Figs. 8 and 9). This
configuration is reasonable because both resting mem-
brane potential and the positive charges on S4 cylinders
plug the negatively charged C-tail into the S4-S2 pore.
This conformation is further stabilized by the III-IV
linker which is highly positive (13 positively and 4 neg-
atively charged residues in the III-IV linker of the squid
sodium channel), and surround the C-tail from the cyto-
plasmic side in the resting configuration (Fig. 8). The
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position of the III-IV linker forms a balance with the
repulsive force due to both the positively charged center
pore and resting membrane potential and with attractive
force due to the negatively charged C-tail as illustrated in
Figs. 8 and 9.

Upon depolarization, the S5-6 region further slides
into the S4-S2 pore to the cytoplasmic side along the
“linear rail’”” of S4 cylinders, depending on the mem-
brane potential (Fig. 9a, b). The activation energy re-
quired for the respective S5-6 region to pass through the
pore is determined basically by the electrostatic interac-
tion between a S5-6 region and its associated S4 seg-
ment wall which might behave as a complete rail of IVS4
but as some incomplete rails of other S4s (Fig. 8¢, 4, f).
The activation energy also depends on the distance be-
tween the tip of the S5-6 region and the negatively
charged C-tail surface facing the core pore initially (un-
der the resting state environment). The IVS5-6 region
can pass through the S4-S2 pore with the least energy
since the IVS4 segment, possessing the completely pe-
riodic lining of 8 positively charged residues at every
third position, gives the least activation energy for the
S5-6 region to pass through the pore. The S5-6 regions
for domains III and I follow the IVS5-6 since the non-
charged residues between the positively charged residues
of ITIS4 and IS4 at every third position are less in number
than those of 11S4. Lastly, the IIS5-6 moves to the cy-
toplasmic side because of its highest activation energy.
As the S5-6 regions approach the cytoplasmic side, the
C-tail which has covered the S4-S2 pore from the cyto-
plasmic side, is removed by both of the electrically re-
pulsive interactions between negative charges of the
C-tail and those of the S5-6 regions, and between neg-
atively charged C-tails and the membrane potential (Fig.
Ob). The C-tail thus removed from the pore is most
likely to be attracted to the N-terminal region (Fig. 9¢)
because the N-terminus is positive-charge rich (14 pos-
itively and 4 negatively charged residues in squid; see
Fig. 5). The other possible sites to which the C-tail is
attracted are the TI-III linker, IS2-3 and IS4-5 regions,
which are all positive-charge rich (nominally 4 positive
charges among the last 26 bases for the II-1II linker, one
positive residue'® and one positive residue®* for $2-3
and S4-5, respectively). These are illustrated in Fig. 9.
The nominal charge of N-terminal region, C-tail, III-IV
linker and the last 17% of II-III linker in squid were +10,
-4, 49, and +4, respectively. When the four S5-6 re-
gions pass through the S4-S2 pore to form an ion-
selective channel and the C-tail is completely removed
so that cations can pass through (Fig. 9¢), the activation
is completed.

Accompanied by the activation in which the S5-6
regions pass through the S4-S2 pore to the cytoplasmic
side and the C-tail is repelled from the pore, the III-IV
linker, which has been well understood to play a crucial
role in inactivation (Vassilev et al., 1988; Stithmer et al,,
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Fig. 8. Schematic illustrations of our proposed tertiary structure model
of sodium channel. Octagonal topology of transmembrane segments
S1-56 and the S5-6 regions for the domains I-IV is shown, as viewed
from the extracellular side (¢) and from the transmembrane side (b),
respectively. Resting configurations of the S5-6 regions, C- and N-ter-
minals and II-TV link are also illustrated along line o (¢) and line B (d)
where cross sections of the segments (I and II) and (IIl and IV) are
viewed, respectively. The putative glycosylation site is also shown.
Resting configuration of the C- and N-terminals and IIHIII and III-1V
link are also illustrated, as viewed from the cytoplasmic side (e). Dis-
tribution of charged residues in the lining of the core pore formed by S2
and S4 segments of the squid is shown as viewed from membrane side
(f), where ones in IIS2 and IIS2 are surrounded with circle. The
charged residues in 1 and IV repeats are surrounded with parentheses.
S$5-6 region is not shown here (f).

1989; Moorman et al., 1990; West et al., 1991), moves
away from the channel together with the C-tails (Fig.
9b). It should be noted that the II-IV linker in our
model covers the S4-S2 pore by crossing it diagonally
(Figs. 8 and 9). In the configuration of the activated state
(Fig. 9c), the III-IV linker interacts more strongly with
positively charged sites of the C-tail than when it is in the
resting state (Fig. 9a), because some negatively charged
sites of C-tail start to connect to positively charged sites
of the N-terminal region. The III-IV linker in this acti-
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Fig. 9. Schematic illustrations of a proposed tertiary structure model of
the sodium channel corresponding to the resting (a), initially activated
(b), fully activated (c), inactivated (d), restoring resting (e) states, re-
spectively. The upper and lower pictures for each drawing represent the
transmembrane and intracellular side views of the channel, respec-
tively.

vated configuration is both electrically and elastically
unstable, since it is attracted by the negative charges at
the tip of the S5-6 pore (Fig. 9¢, d). Therefore, it even-
tually reaches the inactivated configuration (Fig. 9d).
In other words, the inactivated state is the virtual stable
configuration when the S5-6 linkers reach the cytoplas-
mic side, resulting in the III-IV linker interacting with
the S5-6 regions electrostatically to cover the S5-6 pore.
On repolarization to the resting membrane potential, the
C-tail is attracted to the membrane side, and eventually,
the ITI-IV linker is attracted to the original (resting) cy-
toplasmic side (Fig. 9¢). As a result, the C-tail interacts
with the III-IV linker again, leading to the original rest-
ing configuration (Fig. 9a). The C-tail in the resting con-
figuration is favorable directly by the action of the mem-
brane potential itself and also by the S5-6 regions away
to the extracellular side.

Discussion

GENERAL CHARACTERISTICS OF OUR OCTAGONAL
STRUCTURE MODEL OF SopiuM CHANNELS

The present paper has described our proposed tertiary
structure model of the squid sodium channel and its func-
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tion. In this model, the S5-6 regions play an essential
role in (i) sensing membrane potentials, (ii) forming the
ion-permeable pore, specifically and selectively, for so-
dium ions, and (iii) functioning as the main part of the
activation gate. The C-tail also works in activation gat-
ing, together with the S5-6 regions in a collective fash-
ion. The III-IV linker plays a crucial role in inactiva-
tion, as has been well established by others (Vassilev et
al., 1988; Stiihmer et al., 1989; Moorman et al., 1990;
West et al., 1991; McClatchey et al., 1992). Our model
has further described a molecular mechanism of the cou-
pling between activation and inactivation, which has
been in question since Armstrong and Bezanilla (1977)
discovered the coupling from their measurements of so-
dium gating currents using squid giant axons. Arm-
strong and Bezanilla (1977) revealed that inactivation
immobilizes almost %5 of the gating particles. The close
interaction of S5-6 regions to the III-IV linker in the
inactivated state in our octagonal structure model might
explain the activation-inactivation coupling. Moorman
et al. (1990) reported that neutralization of lysines in the
III-IV linker of rat III sodium channels by their site-
directed mutagenesis experiments causes rapid inactiva-
tion. In our model, this experiment is explained well by
the specific interaction between the III-IV linker and the
C-tail; that is, the number of positively charged residues
which electrically couple with the negative charge of
C-tail in our model is decreased by the substitution ex-
periment.Then, the inactivation IIH-IV linker is released
rapidly from the C-tail through both electric and elastic
interaction. The hinged-lid model proposed by West et
al. (1992) might emphasize the importance of elastic
force caused by hinged structure where site directed mu-
tagenesis to break the hinge structure may deprive the
elastic force from the III-IV linker. In conclusion, our
model characterizes well, by the movement of the
charged residues in S5-6 regions and C-tail, the qualita-
tive features of the gating current of sodium channel
activation and inactivation (Bezanilla, 1985; Armstrong
& Bezanilla, 1977).

Our proposal that the S5-6 regions form the ion-
permeable and selective pore may be supported by other
experiments employing site-directed mutagenesis and
also by the photoaffinity-label experiment (Nakayama et
al., 1992); substitution of a single residue in the S5-6
region renders rat sodium channel II insensitive to tetro-
dotoxin (TTX), and markedly reduces its single channel
conductance (Noda et al., 1989; Pusch et al., 1991; Ter-
lau et al., 1991). This kind of point mutation also renders
cardiac sodium channels sensitive to TTX (Satin et al.,
1992), and alters the ion selectivity like calcium channels
when K is changed to E, and A to E in the 20th position
of III and IVS5-6 region of rat brain sodium channel,
respectively (Heinemann et al., 1992). Further, the sin-
gle point reverse mutation in human cardiac calcium
channels increases its sodium permeation (Tang et al.,
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1993). Here it is noted that the amino acid correspond-
ing to the residue K of rat IIIS5-6 region was revealed to
be E, both in squid (Figs. 3 and 5; Sato & Matsumoto,
1992a) and jellyfish (Anderson et al., 1993). It was ex-
perimentally established that the squid sodium channel is
permeable to Ca ion to some extent (Baker, Hodgkin &
Ridgway, 1971). Here we note that the transcriptional
products of SQSC1 gene were experimentally detected
clearly in squid giant axons (Sato, Hirota & Matsumoto,
1995). In squid, A'”', in the 20th position of IVS5-6
region was identical to that of the vertebrate. However,
E'% in the 31st position of IIS5-6 and A'*** in the 28th
position of IIIS5-6 region in vertebrate are substituted
for R and D in squid, respectively (Fig. 6a). These
changes might almost compensate for the effect of the
substitution of the residue in the 20th position of IIIS5-6
region. These indicate that the total tertiary structure of
S5-6 region is related to the ion selectivity. Here it
should be noted that jellyfish sodium channels are TTX
insensitive (Anderson, 1987). However, the amino acid
sequence of jellyfish S5-6 region was shown to possess
every known character of a TTX sensitive sodium chan-
nel (Anderson et al., 1993). It supports the importance of
the total S5-6 tertiary structure for the ion selectivity.
One of the most prominent peculiarities of our
model is the dynamic characteristic of the S5-6 regions;
that is, the S5-6 regions can move, depending on the
membrane potential. This dynamic character is quite
consistent with the experimental finding that the ion se-
lectivity is markedly voltage dependent, and that it is
reduced and enhanced upon hyperpolarization and depo-
larization, respectively (1. Seyama, personal communi-
cation; Hironaka & Narahashi, 1977). The S5-6 pore
should become more strongly ion-selective when it en-
ters into the cytoplasmic side on depolarization. This is
qualitatively well understood as shown in Fig. 9. The
dynamic characteristic of the S5-6 regions can also be
supported by the experiments that TTX blocks not only
sodium ionic current but also reduces the sodium activa-
tion gating current (Ichikawa et al., 1991; Keynes et al.,
1991). In other words, TTX affects not only ion-
permeable pathways but also sodium activation gates.
This experimental finding can be explained only by our
model (Fig. 10¢). Our model, showing that the S5-6
regions work as activation gates, is also quite consistent
with the finding that a peptide toxin of Leiurus scorpion
(ScTX) binds to certain localized sites in the IS5-6 re-
gion (Tejedor & Catterall, 1988; Thomsen & Catterall,
1989) in a voltage-dependent manner or as a function of
the steady state of activation (Catterall, 1979). ScTX
may bind to the site which is located in an extracellular
part of S5-6 region in the resting state (Fig. 10a), and the
bound toxin may prevent the S5-6 region from protrud-
ing to the cytoplasmic side enough to crosslink to the
HI-IV linker (Fig. 10¢). In our model, the III-IV linker
correlates directly with the C-tail which closely interacts
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Fig. 10. Schematic illustrations of binding sites of toxins specific to
sodium channels including tetrodotoxin (TTX), saxitoxin (STX),
o-scorpion toxin (ScTX), batrachotoxin (BTX) and grayanotoxin
(GTX). a. The ScTX binding site and its functional relation. In the
resting state, ScTX, shown by the open triangle, binds to the IS5-6
region to prevent the IS5-6 region from reaching the cytoplasmic side.
This blocks to induce the inactivation, as explained in the text. ()
Action of BTX or GTX. At the initial activated state, BTX or GTX,
shown by the filled triangle, binds to the positively charged residue on
the cytoplasmic side of S4 segment in the center pore. Penetration of
BTX or GTX into the center pore is only possible when C-tail is just
disconnected from the pore and S5-6 region does not reach to the
charged residue yet. (¢) Action of TTX or STX. In the excited state,
TTX or STX, shown by the hatched cone, plug the center pore of the
channel.

with the S5-6 regions. This assumption may also be
supported by the Moorman et al. experiment (1990)
showing that the mutation of arginine to glutamic acid in

the II-IV linker of rat III sodium channel made inacti-

vation rapid, and at the same time, delayed activation.
Our model can expect this delayed activation: substitu-
tion of one positive residue in the II-IV linker to the
negative one crucially influence the C-tail conformation
through the interaction between the III-IV linker and the
C-tail. The negative site of the C-tail, originally coupled
with the positive one of the III-IV linker before the
substitution, is repelled from the original position after
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the substitution of the negative residue, and most prob-
ably faced the S5-6 linkers. This produces a larger elec-
tric repulsion force between the S5-6 region and C-tail,
resulting in the delayed activation in the opposite side of
the III-IV linker.

Stithmer et al. (1989) reported that neutralization of
the positive charge?* in the 3rd position of IS4 near the
extracellular side by site-directed mutagenesis did not
influence the kinetics of activation and that the neutral-
ization of one of the positive charges®® 23! 234 in the
6th, 9th, 12th position resulted in the delay of the acti-
vation. The experiments can be understood well by as-
suming that S4s play a role as the charged rail for the
S5-6, rather than by assuming that S4s are voltage sen-
sor. In our model, it can be understood that delayed
activation is caused by higher activation energy for the
S5-6 region to pass on the IS4 rail with the missing
charge at every third position. It is also reported by Auld
et al. (1990) that the site-directed mutagenesis of non-
charged residues, leucine to phenylalanine, of S4 seg-
ment in rat ITA sodium channel dramatically alters its
gating property. This may also be explained in our
model in such a way that the physical shape of the S4 rail
affects the movement of the S5-6 train.

Both Batrachotoxin (BTX) and Grayanotoxin
(GTX) are known to activate the sodium channel. The
molecular moiety of the sodium channel facing the
D-ring of GTX is suggested to be rich in positive charges
(Tsuji et al., 1991). In our model, a target site of GTX is
located at the cytoplasmic end of the sodium channel
core which is positively charged, especially the 24th res-
idues of IlI and IVS4 (Fig. 6a), disconnecting the C-tail
from the cytoplasmic end of the center pore (Fig. 10b).
It is well known that the ion selectivity becomes highly
reduced when the sodium channel is activated by BTX
(Khodorov, 1978) or by GTX (Tsuji et al., 1991). Our
model can explain the ion selectivity reduction in such a
way that both BTX and GTX open the channel without
inserting the S5-6 regions into the S2-S4 pore. It is also
well established experimentally that there is a coopera-
tive action between ScTX and BTX; ScTX enhance the
activation of the sodium channel by BTX (Catterall &
Beneski, 1981). Here it should be noted that experi-
ments have confirmed that both BTX and GTX bind their
target sites on the activated state. Therefore, for the
BTX-activation of sodium channel, where the C-tail is
removed from the center pore at the cytoplasmic side,
this accessibility of BTX to the S4s facing the cytoplas-
mic side happens by chance through thermal fluctuations
of both C-tail and S5-6 regions. ScTX works to enhance
the probability by binding to the S5-6 regions, resulting
that BTX is more accessible. (See Fig. 10b).

Noda et al. (1984, 1986) also discussed the possi-
bility of both a- and 3,,-helices as the structural candi-
dates for the possibility of both - and 3;4-helices as the
structural candidates for the transmembrane segments of
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the sodium channel. They finally adopted the o-helix
structure. On the other hand, we selected the 3;,-helix
which might be more advantageous in channel proteins.
Durrel and Guy (1992) proposed in their model that
most of the membrane spanning S4 protrudes to the out-
side of the membrane by the helical movement when the
channel is in the activated state. This does not seem
energetically advantageous because S4s possess mostly
hydrophobic residues other than the conserved positive
charges. The least energy necessary to activate the so-
dium channel is calculated to be about 3 kcal/mol in
BTX-modified sodium channel (Chabala et al., 1991).
On the other hand, the activation energy is rather small to
induce a structural change in the channel. Furthermore,
in the activated state of their model in which the S4s are
protruded to the extracellular side of the membrane, the
center pore could not be protected against the pressure of
the membrane. Our model qualitatively solves these dif-
ficulties. Furthermore, their model could not explain
why the reduction of the membrane potential from —60
mV to —40 mV is enough for the activation of the chan-
nel. Our octagonal structure model requires only a small
reduction of the membrane potential, not necessarily a
reversal potential to activate the sodium channel.

Squip Soprum CHANNELS

Rosenthal and Gilly (1993) reported another subtype of
squid sodium channel protein. They deduced the amino
acid sequence from GFLN1 sequence. The sequence
was derived partly from nucleotide sequence of a cDNA
clone PNZ5. But, the remaining sequence was deter-
mined from PCR fragments only. In the GFLNT se-
quence, they intentionally deleted four nucleotides,
AAGT, a part of the nucleotide sequence between the I
and II repeat from PNZ5 clone. This nucleotide se-
quence resulted from other short PCR products. Accord-
ing to their explanation, this is because stop codons are
involved in original PNZ5 nucleotide sequence after I
repeat. Generally, nucleotide sequences determined by
PCR products are considered to be unreliable compared
with those of cDNA. Because they deleted a part of their
sequence from short PCR products, the sequence should
be experimentally confirmed with the long cDNA clone.
Further, it should be stressed here that the insert AAGT,
inducing frame shift in PNZ5, does not match the general
intron splicing rule, GT-AG rule; that is, the first two
bases of the introns should be GT and the last two bases
be AG (Lewin, 1994). The possibility of a pseudogene
can not be excluded for GFLN1.

They also compared their amino acid sequence with
those of vertebrates and reported that GFLN1 shows a
higher similarity to vertebrate sodium channels than
SQSC1 does. However, the degree of the maximum ho-
mology between vertebrate sodium channels/SQSC1 and
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between vertebrate sodium channels/GFLN1 is analyzed
in detail here and summarized in the Table, that shows
that they are almost similar. SQSC1 resembles rat brain
sodium channel types I and Il maximally and to muscle
channel types minimally. It is quite consistent with the
experimental fact that SQSC1 mRNA is specifically ex-
pressed in squid neural tissues (Sato et al., 1995). As for
11S4, they pointed out that the histidine and glutamine
found in the 12th and 15th positions of IIS4 in SQSC1,
respectively, corresponding to the two lysine residues in
vertebrate IS4, might cause poor voltage sensitivity.
However, histidine is known also to be classified as a
basic amino acid and positively charged according to its
micro-environment (Conn et al., 1987). Furthermore, it
should be noted that, to complement the weakly positive
residue and glutamine, SQSC1 possesses one positively
charged residue in the 21st position of IIS4 (Fig. 6a).
Jellyfish sodium channel CYNA1 also lacks the posi-
tively charged residue in the 15th position but possesses
the positive one in the 18th position. This compensation
effect is quite reasonable for our model, since positive
charges in S4 closer to cytoplasmic side are more effec-
tive for the activation gating than the positive charges
located near to the extracellular side.

RELATIONSHIP OF OUR MODEL TO OTHER CATION
CHANNELS IN THE SAME FamiLy: cGMP Ga1ep CHANNEL,
Potassium CHANNEL AND CALcIiuM CHANNEL AND INWARD
RectiFiER PoTASsTuM CHANNEL

Our model can be extended to the calcium and potassium
channels, and, as well, the cGMP gated channel in the
following ways: (i) These channels conserve S1-6 seg-
ments and S5-6 regions quite similarly to those of the
sodium channel (Fig. 6a). Charges most responsible for
the octagonal structure formation are the positive charge
in the 19th position of S2 and the negative one in the 6th
position of S3. All these charges are commonly con-
served at the identical positions of the sodium channels
so far cloned. At the same time, stopping residues of S2
and negatively charged S5-6 regions were all conserved
as well, and positively charged residues of S4 are well
conserved as a whole. (ii) Either C-tail or N-tail has a
strong negative-charge in total. (iii) In calcium channels,
negatively charged residues in the 5th position of IS2 and
IIIS2 and in the 16th of 1IS3 and in the 4th of IVS1, that
determine the rotational orientation of four repeats in the
octagonal model, are conserved at their identical posi-
tions, respectively. In contrast, voltage-gated potassium
channel and cGMP-gated channel, consisting of ho-
motetramers (Tempel et al., 1987; Kaupp et al., 1989), do
not conserve the negatively charged residue in the cor-
responding position to the 4th of IVS1, and in the 16th of
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1IS3 except Shaw potassium channels (Fig. 6a). (iv) The
S5-6 regions of the potassium and calcium channels are
also thought to be located near or in the center pore,
depending on the membrane potential. These data were
obtained by site-directed mutagenesis experiments in
which substitution of a single amino acid in the S5-6
region altered toxin sensitivity and/or ion selectivity
(MacKinnon & Yellen, 1990; Yellen et al., 1991; Kim et
al., 1993; Tang et al., 1993). (v) Furthermore, ion-
selectivity of one potassium channel was voltage-
dependent like that of the sodium channel (French &
Wells, 1977, Bezanilla & Armstrong, 1972). This may
suggest the S5-6 of potassium channels function in a
similar way to that of the sodium channel in our model.

S5-6 regions conserve negatively charged residues
in the 4th position in all the channels in this family
except ones in f Shal and r Shab and Shaw K channels
and in repeat IV of calcium channels and in II and IV
repeats of some kinds of sodium channels (Fig.
6a). However, the negatively charged residues in the
20th, 24th and 31st positions in S5-6 regions were partly
conserved, with a pattern that is characteristic of each
kind of channel (Fig. 6a). cGMP-gated channel con-
serves the negatively charged residues in the 4th, 6th,
13th positions, while the potassium channel does in the
20th and partly in the 4th. The calcium channel con-
serves negatively charged residues in the 20th position in
every repeat, in the 4th one in only repeats 1, IT and III,
in the 31st one in I and III, and in the 21st one in II.
As a result, the numbers of the charged residues in S5-6
region per domain of cGMP-gated channel, potassium
channel, calcium channel and sodium channel are nom-
inally —2.8 (-3 ~ =2), =1.29 (-2 ~ —1), -2.33 (-2.75 ~
—1.5) and —2.56 (-3.25 ~ —2.25) in average, respectively,
whereas the numbers of S4 are 1.8 (1 ~ 3), 5.86 (4 ~7),
5.92 (5.25 ~ 6) and 5.75 (5.5 ~ 6) in average, respectively
(Fig. 6a). The differences between the absolute values
of these two values are —1.25 (1 ~=2),4.57 (3 ~ 6), 3.58
(3.25 ~ 3.75), 3.19 (2.25 ~ 3.75). As for S4, the total
charge value of the K channel is almost the same as those
of Na and Ca channels, however its gating kinetics is not
so fast, compared with those of the Na channel. As for
the S5-6 region, it is noted that the charge value of the
potassium channel is lowest among those channels.
These may favor the idea that the voltage sensor is in the
S5-6 regions rather than S4, and that S5-6 regions play
an essential role in activation.

It should be stressed that cGMP-gated channels have
only little voltage sensitivity (Kaupp et al., 1989), but it
conserves the S4 segment. ¢cGMP-gated channels pos-
sess four positively charged residues at the conserved
position near the extracellular side of S4, but not near the
cytoplasmic side. In the S4 segments two residues in
15th and 21st positions, and sometimes one residue in the
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c¢GMP GATED CHANNEL
cGMP BOUND

RESTING

Fig. 11. Schematic illustrations of the cGMP gated channel structure
of the resting (a), initially activated (b) and fully activated (c) states.
c¢GMP is shown as a circle including a minus mark. ¢cGMP gated
channel is composed of homotetramers of the channel protein.

18th position, are substituted for the negative ones (Fig.
6a). In our model, the negatively charged residues of S4
work to inhibit the gating action of the S5-6 region.
c¢GMP most likely binds to the positively charged residue
of the C-tail in cGMP-gated channels (Kaupp et al.,
1989). This is quite consistent with the idea of cGMP-
gated activation; the cGMP binding induces the confor-
mational change of C-tail, which plugs the center pore in
the resting state. Subsequently, the C-tail is strongly at-
tracted by positively charged residues in the N-tail or
ones in S2-S3 linkers and S4--S35 linkers (Fig. 11a, b).
Thus, the cGMP-gated channel is activated (Fig. 11¢).

Repeat IV of sodium and calcium channels pos-
sesses an additional conserved part of S5-6 regions near
S6 (Sato & Matsumoto, 1992b). This difference may
contribute to the functional difference of the sodium and
calcium channels and that of cGMP-gated and potassium
channels.

S5-6 region of the potassium channel is smaller in
its amino acid sequence length than those of other kinds
of channels in the same family. Further, it possesses
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POTASSIUM CHANNEL

N
INACTIVATED

Fig. 12. Schematic illustrations of the potassium channel structure of
the resting (a), activated (b) and inactivated (c) states. Potassium chan-
nel is composed of homotetramers of the channel protein, and N-tails
are connected with each other in the resting state.

only one or two negatively charged residues in the iden-
tical positions where the other channels possess strongly
negative charges. Negatively charged residues for ion
selective filtering, therefore, might be less in number,
and the pore size may be larger than those of Na and Ca
channels. Slow inactivation of the potassium channel
also can be explained by our octagonal structure model
that the channel closes slowly since only the N-terminal
region behaves like both III-IV linker and C-terminal
region of sodium channel without elastic force (Fig. 12).
In the resting state of the potassium channel, the tips of
S5-6 regions partially enter into the S2-S4 pore and
N-tails are connected with each other to plug the center
pore (Fig. 12a); Individually localized positioning of
positive and negative charges in the N-terminal sequence
seems to facilitate the interdomain electric coupling of
the residues among N-terminal regions. When the mem-
brane is depolarized, S5-6 regions move toward the cy-
toplasmic side, and then, N-tails are removed from the
cytoplasmic end of the center pore to be anchored to the
positively charged residues of S2-3 and S4-5 linkers
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(Fig. 12b). Another possible site to which the N-tail is
anchored is the C-tail. After the activation, local repo-
larization caused by K current induces the N-tail to the
cytoplasmic mouse of the center pore. As a result,
N-tails connect with each other to plug the negatively
charged S5~6 region as shown in Fig. 12¢.

In site-directed mutagenesis experiments, the modi-
fication of the neutral residue, leucine to valine, in the
cytoplasmic side of S4 segment and S4-5 linker all
greatly affected both voltage dependency and inactiva-
tion of K channel, although the similar modification in
the membrane side of S4 did not (McCormack et al.,
1991). It suggests the importance of the conformation of
the cytoplasmic half of S4 segment and neighbouring
S4-5 linker which lies near the cytoplasmic mouth of the
center pore in voltage sensing and inactivation. Stocker
et al. (1990) reported that the N-terminal difference by
alternative splicing of K channel affects not only its in-
activation but its sensitivities to 4-amino pyridine, TEA
and CTX. These experiments can qualitatively be ex-
plained by our octagonal structure model that the elec-
trically repulsive force between N-tail and S5-6 region
might influence the conformation of S5-6 region in the
activated state and change sensitivity to the toxins.

Quite recently neutralization of the charge of S2 or
S3 were revealed to change voltage sensitivity dramati-
cally in the K channel (Planells-Cases et al., 1995). For
the mutant potassium channel, where the negative stop-
ping charge of the S2 segment is converted into the pos-
itive one, the mutant channel is experimentally found to
become sensitive. These findings are quite consistent
with our octagonal structure model since this polarity
modification to induce the voltage sensitivity change can
greatly be effective to the stopping function in the resi-
due of S2. Further, the change of aspartic acid in the 6th
position of S3 to other residues most probably makes the
channel silent (Planells-Cases et al., 1995). It is in good
agreement with our model since the aspartic acid is the
key residue in the octagonal structure formation. The
h-erg K channel, which possesses complete S4 and other
transmembrane components S1 through S6 (Warmke &
Ganetzky, 1994), was revealed to be an inward rectifier
K channel (Trudeau et al., 1995). The number of posi-
tive charges in the S4 segment is just the same as that of
the Shaker K channel in spite of its low voltage sensi-
tivity. In our octagonal structure model, low voltage
sensitivity is caused by the lack of negative charge in the
S5-6 region and by the existence of negative charge in
the 18th position of S4 (Warmke & Ganetzky, 1994).
Furthermore, it was found experimentally that deletion of
most of the linker between S3 and S4, which seems to
inhibit the most outward movement of S4, did not influ-
ence the voltage sensitivity significantly (Mathur et al.,
1995). These results seem to lend further support to our
model that the S4 behaves as the guiding rail rather than
as the voltage sensor.

C. Sato and G. Matsumoto: Sodium Channel Functioning
INWARD RECTIFIER PoTASSIUM CHANNEL

Recently, molecular cloning of inward rectifier K chan-
nels were reported (Kubo et al., 1993a, b; Ho et al.,
1993). From the amino acid sequence of the inward rec-
tifier K channel gene, they assumed two putative trans-
membrane segments, M1 and M2 (Ho et al., 1993; Kubo
et al., 1993a), and one linker which possess homology
with S5-6 region (Ho et al., 1993; Kubo et al., 1993a).
The possibility of MO as a transmembrane segment was
also pointed out (Ho et al., 1993). MO and M2 are shown
to have low homology with S4 and S6, respectively (Ho
et al., 1993; Kubo et al., 19934). Further, the inward
rectifier K channel protein is thought to be composed of
an homotetramer and its S5-6 regions to line the center
pore (Ho et al., 1993; Kubo et al., 1993a; see note added
in proof). In the octagonal structure model, these chan-
nels are regarded as composing only one octagonal core
structure (Fig. 13). MO and M2 are thought to be located
in the corresponding positions of S4 and S2 in the so-
dium channel, respectively. That is because both MO
and M2 are amphipathic and can face both the center
pore and lipid bilayer. M1 is located in the arm of S5-6
region in the membrane side and forms a ball whose
inside is hydrophobic (Fig. 13a, b). Low-voltage sensi-
tivity may be caused by negative charge in the middle of
the rail together with the large gap of positive charges on
the rail of MO in ROMK1, IRK1 and GIRK1, and further
by a stopping residue (negatively charged residue) of M2
which lines the inner surface of the center pore in IRK1
and GIRK1, in addition to the only one nomimal nega-
tive charge in the S5-6 region (Fig. 135). On depolar-
ization, the channel closes slowly by motion of the M1
region (Fig. 13d). The Mg ion, presumably responsible
for blocking the inward rectifier K channel, might con-
nect to the C-tail at its strongly negatively charged sites
(Fig. 13¢). The presumed number of transmembrane
segments of 8 in functional inward rectifier K channel
protein is one of the most affirmative experimental re-
sults for the octagonal core structure.

Furthermore, A-erg K channel was revealed to be the
inward rectifier K channel (Trudeau et al., 1995) in spite
of the fact that transmembrane segments S1 through S6
seem normal (Warmke & Ganetzky, 1994). The main
difference is on the situation that negative charges lack in
the S5-6 regions. It can be easily understood in our oc-
tagonal structure model since both types of channels pos-
sess the common core structure, thus causing the com-
mon mechanisms in voltage sensing.

RELATIONSHIP OF OUR MODEL TO THE MUTATION IN THE
HumaN Sobium CHANNEL GENE

Furthermore, the question raised by Ptdcek et al. (1991)
as to why substitution of a single residue in the IISS
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INWARD RECTIFIER POTASSIUM CHANNEL

INACTIVATED

ACTIVATED

Fig. 13. Schematic illustrations of our proposed tertiary structure
model of inward rectifier K channel. Octagonal topology of transmem-
brane segments MO and M2 and the S5-6 regions for the homotetramer
is shown, as viewed from the extracellular side () and from the trans-
membrane side (), respectively. Activated configurations of the S5-6
regions, C- and N-terminals and M1 are also illustrated along dotted
line in @, where cross sections of the segments MO (c). Resting con-
figuration is also illustrated (d). The putative glycosylation site is
shown in b, ¢, d.

segment caused hyperkalemic periodic paralysis
(HYPP), a disease caused by inactivation deficiency,
may be answered by our octagonal configuration model
of the sodium channel, where the IIS5 segment is a direct
neighbor of the IVS1 segment; that is, in this configura-
tion it may be possible that a single point mutation in the
IIS5 segment affects the IVS1 segment, resulting in
changes in the elasticity of ITI-IV linker, which delays
the inactivation. HYPP is also reported to affect conduc-
tance of the channel (Lehmann-Horn et al., 1991), which
might be due to the conformational change of $5-6 re-
gion because of the altered interaction between the III-
IV linker and the S5-6 region. Paramyotonia congenita
(PMC), attributed to the mutation in the ITI-IV linker
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(McClatchey et al., 1992), may change the conformation
of the III-IV linker directly. The experiments that will
determine that exact mechanism are, however, left for
the future.
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Note added in proof: The G-protein-gated atrial K channel I, o, was
recently revealed to be heteromultimer (Krapivinsky et al., 1995). The
particular sites noted in this model important for ion selectivity and
gating conserve their negative and positive charges except for the pos-
itive one in the cytoplasmic side of MO.
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