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The complete amino acid sequence of a third sodium channel (designated sodium channel ITI) from rat brain has been
deduced by cloning and sequence analysis of the cDNA. This protein is homologous in amino acid sequence and shares
characteristic structural features with other sodium channels.
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1. INTRODUCTION

The sodium channel is a transmembrane protein
responsible for the voitage-dependent modulation
of the sodium ion permeability of excitable mem-
branes and thus plays an essential role in
generating action potentials [1]. We have previous-
ly elucidated the complete amino acid sequences of
the sodium channel from the electric organ of the
eel Electrophorus electricus [2] and two distinct
sodium channels (designated sodium channels I
and II) from rat brain [3] by cloning and sequence
analysis of the cDNAs. We have also cloned part
of a third type of rat brain sodium channel cDNA
encoding a sequence of 573 amino acids that is
highly homologous with the carboxy-terminal se-
quences of sodium channels I and II [3]. The pre-
sent investigation deals with the isolation of the

Correspondence address: S. Numa, Departments of Medical
Chemistry and Molecular Genetics, Kyoto University Faculty of
Medicine, Yoshida, Sakyo-ku, Kyoto 606, Japan

* Present address: Physiologische Chemie, Medizinische
Fakultat der Universitit des Saarlandes, D-6650 Hom-
burg/Saar, FRG

The nucleotide sequence presented here has been submitted to
the EMBL/GenBank database under the accession number
Y00766

Published by Elsevier Science Publishers B.V. (Biomedical Division)

whole protein-coding sequence of the third type of
c¢DNA and with the complete amino acid sequence
of this novel sodium channel (designated sodium
channel III) deduced from the cDNA sequence.
The accompanying paper [4] concerns the func-
tional expression of the cloned sodium channel IIT
¢DNA and the tissue distribution of the mRNAs
encoding rat sodium channels I, II and III.

2. MATERIALS AND METHODS

Total RNA was extracted from the whole brain of male
Wistar rats (~200 g body wt) by the guanidinium thiocyanate
method [S], and poly(A)* RNA was isolated by oligo(dT)-
cellulose chromatography [6]. The procedures used to clone
transcripts formed by extension of a synthetic oligodeox-
yribonucleotide primer into the PstI site of the plasmid pBR322
have been described [7]. Five primers (I-V) were prepared using
an automatic DNA synthesizer (Applied Biosystems): I,
5'-CAGGGTCATGTATTT-3' (complementary to nucleotides
4507-4521); 11, 5'-GTTGCCTTCTTGGAT-3' (2968—2982);
III, 5'-TGGGAAACCTGTCTC-3’ (1559-1573); IV, 5'-TA-
GTTGGGGTTTCGT-3' (1068—1082); and V, 5'-CTAACA-
GGGTTTAGC-3’ (339-353); 1 nmol of primer I, II or III or
3 nmol of primer IV was extended on 200 xg of rat brain
poly(A)" RNA, or 4 nmol of primer V on 300 xg of poly(A)*
RNA. The probes (A—H) used for screening the cDNA libraries
constructed by primer extension were as follows: A,
Pst1(4158)/BstE11(4474) fragment from clone prSCH203; B,
Hpall(4027)/Pstl(4158) fragment from prSCH306; C,
FnuDI1(2873)/ Hpal1(3081) fragment from prSCH321; D,
FnudHI(2618)/Fnu4H1(2832) fragment from prSCH331; E,
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Haelll(1298)/Hpall(1504) fragment from prSCH417; F,
Sau3Al(997)/Rsal(1049) fragment from prSCH616; G,
Ddel(644)/Ddel(773) fragment from prSCH705; and H,
Avall(235)/ Hinf1(303) fragment from prSCH722; probes A, C,
D and E were labelled by nick-translation [8] with
[2-3?P]dCTP, and probes B, F, G and H were labelled at the
5'-end with [y-**P]JATP. Escherichia coli strain HB101 or
MC1061 was used for transformation [9], and transformants
were screened at 60°C as in [10]. DNA sequencing was carried
out according to [11].

3. RESULTS AND DISCUSSION

Clone prSCH203, which was isolated [3] from
the Okayama-Berg library [12] derived from rat
brain poly(A)* RNA, carries a cDNA sequence
(nucleotides 4133—6409; for nucleotide numbers,
see fig.2) encoding the carboxy-terminal 573 amino
acid residues of sodium channel III and the
3'-noncoding region (for all cDNA clones, sece
fig.1). For cloning ¢DNA sequences further
upstream, a synthetic oligodeoxyribonucleotide
primer complementary to a sequence in the
5'-portion of the prSCH203 ¢cDNA (primer I; for
all primers, see section 2 and fig.1) was extended
by reverse transcriptase using rat brain poly(A)*
RNA as template. The single-stranded cDNA ob-
tained was converted to double-stranded ¢cDNA,
which was cloned in the plasmid pBR322. Screen-
ing (~1.5 x 10° transformants) of the resulting
¢cDNA library with a probe derived from the
5’-terminal region of prSCH203 (probe A; for all
probes, see section 2 and fig.l1) yielded 3
hybridization-positive clones including prSCH306
(carrying nucleotides 3964—4521). The same filters
were rescreened with probe B derived from
prSCH306 to give prSCH321 (nucleotides
2866—4092) and subsequently with probe C derived
from prSCH321 to give prSCH331 (nucleotides
2586—3478). A second cDNA library constructed
by extension of primer II was next screened (~9 X
10* transformants) with probe D derived from
prSCH331 to harvest 18 positive clones including
prSCH417 (nucleotides 1292—2981). Screening
(=6 x 10° transformants) of a third cDNA library
prepared by extension of primer III with probe E
derived from prSCH417 yielded 11 positive clones
including prSCH616 (nucleotides 927-1547) and
prSCH628 (nucleotides 933-1569). A fourth
cDNA library resulting from extension of primer
IV was then screened (~2.4 x 10° transformants)
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with probe F derived from prSCH616 to give 5
positive clones including prSCH705 (nucleotides
598-1081). A second screening (~1.1 x 10°
transformants) of the same library with probe G
derived from prSCH705 yielded 6 positive clones
including prSCH722 (nucleotides 224—900). Final-
ly, a fifth cDNA library constructed by extension
of primer V was screened (~2.4 x 10° transfor-
mants) with probe H derived from prSCH722 to
give 4 positive clones including prSCH801
(nucleotides —413 to 349).

Fig.2 shows the 6822-nucleotide cDNA sequence
(excluding the poly(dA) tract) for rat brain sodium
channel III, determined with the clones given in
fig.1. The primary structure of rat sodium channel
III was deduced by using the reading frame cor-
responding to the amino acid sequences of rat
sodium channels I and IT [3]. The translational in-
itiation site was assigned to the methionine codon
composed of nucleotide residues 1-3 because this
is the first ATG triplet that appears downstream of
a nonsense codon, TAA (nucleotides —24 to
—22), found in frame. A translational termination
codon (TAA) occurs in frame after codon 1951
specifying lysine. Thus, rat sodium channel III
consists of 1951 amino acid residues (including the
initiating methionine) and has a calculated M; of
221375; at positions where amino acid differences
are predicted by the nucleotide differences found
among the individual clones (see fig.2), the amino
acid residues given beneath have been used to
calculate the M;. RNA blot hybridization  analysis
shows that rat brain contains a major mRNA
species of ~9000 nucleotides and a minor mRNA
species of ~7500 nucleotides that are hybridizable
with a sodium channel III-specific probe (see
fig.5B, panel ¢, lane 2 in [4]). Clone prSCH203 has
a 3'-noncoding sequence (556 nucleotides) much
shorter than those of the cDNAs encoding rat
sodium channels I and II (2120 and 2328
nucleotides, respectively [3]) and contains the
polyadenylation signal AATAAA [13] (nucleotides
6385—6390) 20 nucleotides upstream of the
poly(dA) tract. This, together with the sizes of the
major mRNA species encoding sodium channels I
and II (~9000 and ~9500 nucleotides, respectively
[3,4]), may suggest that the two mRNA species en-
coding sodium channel III arise from polyadenyla-
tion at different sites and that clone prSCH203 is
derived from the shorter mRNA species.
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Fig.1. Cloning and restriction map of cDNA encoding rat sodium channel I11. All existing sites for the six-base-specific restriction
endonucleases shown and the four- and five-base-specific restriction endonuclease sites relevant to the hybridization probes used are
presented and identified by numbers indicating the 5'-terminal nucleotide generated by cleavage. The protein-coding region is indicated
by a closed box, the synthetic oligonucleotide primers (1-V) used for reverse transcription by small open boxes, and the hybridization
probes (A—H) used for screening cDNA libraries by hatched boxes. The extent of cDNA inserts of the individual clones used for
nucleotide sequence analysis are shown by thick lines; the poly(dG)- poly(dC) tails and the poly(dA)- poly(dT) tract are not included.

Fig.3 shows the alignment of the amino acid se-
quences of rat sodium channels I, IT and III and
the Electrophorus sodium channel. The degree of
amino acid sequence homology is 87, 85, 87, 61, 62
and 61% for the rat I/rat II, rat I/rat 111, rat II/rat
I11, rat 1/Electrophorus, rat 11/Electrophorus and
rat [HI/Electrophorus pairs, respectively; for
evaluating amino acid sequence homology, a con-
tinuous stretch of gaps has been counted as one
substitution regardless of its length. Similarity
matrix analysis [16] reveals that sodium channel
I11, like the three other sodium channels, contains
four repeated units of homology (positions
111-456, 7761048, 1240—1554 and 1563—1861 in
the aligned sequences). The regions corresponding
to the internal repeats are highly conserved among
the four sodium channels, whereas the remaining
regions, all of which are assigned to the
cytoplasmic side of the membrane (see below), are
less well conserved, except the short segment be-
tween repeats III and IV. Sodium channel III is
also similar in hydropathy profile [17] to the three
other sodium channels [2,3,14]. Each internal
repeat has five hydrophobic segments (S1, S2, S3,
S5 and S6) and one positively charged segment
(S4), all of which exhibit predicted secondary
structure [18]. Thus, the sodium channel III

molecule is assumed to have the same transmem-
brane topology as proposed for the other sodium
channels [2,3] in that the four repeated units of
homology, each containing the six presumably a-
helical membrane-spanning segments S1-S6, are
oriented in a pseudosymmetric fashion across the
membrane and in that the amino- and carboxy-
termini reside on the cytoplasmic side of the mem-
brane. The proposed transmembrane topology is
consistent with five of the six potential N-
glycosylation sites [19,20] that are conserved in all
the four sodium channels (asparagine residues at
positions 212, 297, 340, 1418 and 1432; see fig.3)
as well as with all the potential cyclic AMP-
dependent phosphorylation sites [21] that are con-
served in the three rat sodium channels (serine
residues at positions 249, 574, 593, 630, 643, 718,
719 and 1556; see fig.3). Sodium channel III, like
sodium channels I and II, has a large insertion in
the region between repeats I and II, as compared
with the Electrophorus sodium channel, but the in-
sertion is somewhat shorter in sodium channel III
(135 amino acids) than in sodium channels 1 (194
amino acids) and II (182 amino acids). The in-
serted segments and their carboxy-terminal
neighbouring regions of the three rat sodium chan-
nels contain six of the eight conserved potential
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5'aean CAGTGTTTTGTCGTTTGCGCAATGGCGTGTGTCTGCCAGTAGATGGCAGTGACACGTTGAGTGCCGCCAACCTTTITCTTTTITCTTICTTITTTIITITITITTCCCCTICCAG
GGCCGTTTICTGATATATGT TGGGTACCATAGAGTGAATCTCAGAACAGGAAGCGGAGGCATARGCAGAGAGGATTCCGGAAAGGTCTCTTTGTTTTCATGTCCACAGAGAAAGCAAGGGGGAAAAATTGAATGTAATTTGCAAATCCCT
GTGGCCCAAATCTGAAGAACTACAGGGGGTGGCACCGTCCATTCTAACCATCTTGGATGCTGTCCTTTGTTGAGCTGTGATTCCTAAGGC TCTCCATCAGGCAATTCTTATGCAAGAAGCTAAACGTAATTAAATGT GCAGGATGAAAAG

1 10 20 30 40 50
MetAlaGlnAlaLeuLeuValProProGlyProGluSerPheArgleuPheThrArgGluSerLeuAlaAlal leGlulysArgAlaAlaGluGluLysAlalysLysProLysLysBluGInAsplleAspAspGluAsnLysProlys
ATGGCCCAGGCACTGCTGGTACCCCCGGGACCTGAGAGCTTCCGLCTTTTCACTCGAGAATCTCTTGCTGC TATCGAAAAGCGTGC TGCAGAAGAGAAAGC CAAGAAACCCAAGAAAGAGCAAGACAT TGACGATGAGAACARACCAAAG

60 70 80 90 100
ProAsnSerAspLeuGluAlaGlylysAsnieuProPhellelyrGlyAsplleProProGluMetvalSerGiuProLeuGiuAspl euAspProTyrTyrvalSerLyslysThrPheValvall euAsnlysGlyLysAla] lePhe
CCARACAGCGACTTGGAAGL TGGGAAGAACCTTCCATTTATCTATGGAGACATTCC TCCAGAGATGGTGTCAGAGCCCCTGGAGGACC TGGACCCCTACTATGTCAGTAAGARAACTTTTGTAGTGTTGAATRAAGGGAAGGCGATTTTT

110 120 130 140 150
ArgPheSerAlaThrSerAlaleuTyrlleLeuThrProleuAsnProValArglys!tleAlallelys]leleuVallisSerLeuPheSerMetieul leMetCysThrileLeuThrAsnCysvalPheMet ThrieuSerAsnPro
CGATTCAGCGLCACCTCCGCCCTGTATATTTTAACTCCGCTAAACCCTGTTAGGARAATTGCCATTAAGATTTTGGTACACTCTTTGT TCAGCATGCTTATCATGTGCACTATTTTGACCAACTGTGTATTTATGACGTTGAGTAATCCT

160 170 180 190 200
ProAspTrpThrLysAsnValGluTyrThrPheThrGly[leTyrThrPheGluSerLeullelys!leleuAlaArgGlyPheCysleuGluAspPheThrPheleuArgAspProTrpAsnTrpleufspPheServalilevalMet
CCCGACTGGACAAAGAATGTAGAGTATACGTTCACTGGGATCTATACCTTTGAGTCACTTATAAAGATCTTGGCAAGAGGGTTTTGCTTAGAAGATTTCACTTTCCTCCGTGACCCATGGAACTGGCTGGATTTCAGTGTCATCGTRATG

210 220 230 240 250
AlaTyrValThrGluPhevalAsplLeuGlyAsnvalSerAlaLeuArgThrPheArgValleuArgAtaleuLysThrlleServallleProGlylLeulysThrllevalGlyAlaleulleGinServallysiysleuSerAspyal
GCATATGTGACAGAGTTTGTGGACCTGGGCAATGTCTCAGCGCTGAGRACGTTCAGAGTTCTCCGAGCATTGAAAACAATATCAGTCATTCCAGGT TTAAAGACCATCGTGGGGGCLCTGATCCAGTCCGTGAAGAAGCTGTCCGACGTC

260 Ile Leu 280 290 300
MetITeleuThrValPheCysLeuSerValPheAlaleulleGlyLeuGlnteuPheMetGlyAsnLeuArgAsnLysCysSerGinTrpProProSerAspSerAlaPheGluThrasnThrThrSerTyrPheAsnGlyThrMetAsp
ATGATCCTCACCGTGTTCTRTCTCAGTGTICTTTGCTCTAATCOGGLTGCAGCTCTTCATGGGCAACC TGAGGAATAAATGL TCGCAGTEGCCLTCGAGCGATTCGGCTTTTGAAACCAACACTACTTCCTACTTCAATGGCACAATGGAT

A

310 A A T 30 340 350
SerAsnGlyThrPhevalAsnValThrMetSerThrPheAsnTrpLysAspTyrlleAlaAspAspSertHisPheTyrValleuAspGlyGlnLysAspProleuleuCysGlyAsnGlySerAspAlaGlyGinCysProGluGlyTyr
TCAAATGGGACATTTGTTAATGTAACAATGAGCACTTTCAACTGGARGGATTATATCGCAGATGACAGT CAC T TTTATGTCYTGGATGGACARARAGATCC TTTACTCTGTGGAAATGGE TCCBATGCAGGATAATGTCCAGAAGGGTAC

Thr 360 370 380 390 400
I1eCysVa1LysAlaG]yArgAsnProAsnTyrGIyTerhrSerPheAspThrPheSerTrpA]aPheLeuSerLeuPheArgLeuMetThrGlnAspTerrpG1uAsnLeuTyrGlnLeuThrLeuArgA1aAlaGlyLysThrTyr
ATCTGTGTGAAGGC TGGACGAAACCCCAACTACGGCTACACAAGCTTTGACACCTTCAGCTGGGCCTTCTTGTCCCTGTTTCGACTCATGAC TCAGGAC TACTGGGAGAATCT TTACCAGTTGACATTGCGTGCAGCTRGRARRACCTAC

A

410 a20 430 440 450
MetllePhePheValleuValllePheLeuGlySerPheTyrLeuValAsnLeulleleuAlavalvalAlaMetAlaTyrGluGluGTnAsnGlnAtaThrleuGluGluAlaGluGInLysGluATaGluPheGInG) nMetLeuGlu
ATGATATTTTTCGTCCTGGTAATTTTCTTGGGCTCGTTTTATTTGGTGAACTTGATCCTGGC TGTGGTGGCCATGECC TATGAGGAGCAGAACCAGGCCACAC TGGAGGAGGC TGAACAGAAGGAGGCAGAGT TTCAGCAGATGCTGGAG

460 470 480 490 500
G]nLeuLysLysGlnG]nGIuGluA]aG]nAIaVa]AlaAlaAlaSerAlaA]aSerArgAspPheSerGlyIIeG]yGlyLeuGlyGluLeuLeuGluSerSerSerGluAlaSerLysLeuSerSerLysSerAlaLysGluTrpArg
CAACTGAAGAAGCAGCAGGAGGAGGCTCAGGCAGTGGCTGCAGCCTCCGCGGCATCCAGAGAC TTCAGTGGAATAGGAGGGT TAGGAGAACTTC TGGAGAGT TCTTCAGAAGC TTCCAAGTTGAGC TCCAAGAGTGCTAAGGAGTGGAGG

510 Lys 520 530 540 550
AsnArgArgLysLysArgArgGlnArgGluHisLeuG1uGlyAanisArgAlaAspGlyAspArgPheProLysSerGluSerG]uAspSerValLysArgArgSerPheLeuLeuSerLeuAspGlyAsnProLeuThrGTyAspLys
AACCGGAGGAAGAAGAGGAGACAGAGGGAACACTTGGAGGGAAACCACAGAGCCGATGGAGACAGGTTTCCCAAGTCGGAAT CGGAAGACAGTGTCAAACGAAGAAGCTTCCTOCTC TCCCTGRATGGCAACC CGCTGACTGETGACAAG

560 A 570 580 590 600
LysLeuCysSerProHisGlnSerLeuLeuSerI1eArgGlySerLeuPheSerProArgArgAsnSerLysThrSerIlePheSerPheArgGlyArgAlaLysAspVaIGlySerGluAsnAspPheAlaAspAspGluHisSerThr
AAGCTGTGCTCTCCCCACCAGTCTCTCTTGAGTATCCGTGGCTCCCTGTTTTCCCCAAGACGCAATAGCAARACGAGCATTTTCAGCTTCAGAGGTCGGGCGAAGGACGTGGGGTCTGAGAATGACTTTGCAGACGATGAGCACAGCACC

610 620 630 640 650
PheGluAspSerGluSerArgArgAspSerLeuPheValProHisArgProGlyGluArgArgAsnSerAsnGlyThrThrThrGluThrGluValArgLysArgArgleuSerSerTyrGlnlleSerMetGluMetleuGluAspSer
TTCGAGGACAGCGAGAGCAGGAGAGACTCCCTGTTTGTGCCGCACAGACC TGGAGAGCGACGCAACAGTAACGGTACCACCAC TGAAACGGAAGTCAGGAAGAGAAGGC TAAGTTCTTACCAGATTTCAATGGAAATGCTGGAGGATTCC

660 670 680 690 700
SerGlyArgG]nArgSerMetSerl1eAlaSerI1eLeuThrAsnThrMetGluG]uLeuG\uGluSerArgGlnLysCysProProCysTrpTyrArgPheﬁ1aAanalPheLeulleTrpAsprsCysAspA]aTrpLeuLysVal
TCTGGAAGACAAAGATCCATGAGCATAGCCAGTATCCTGACCAACACCATGGAGGAAC TTGAAGAATCTAGACAGAAGTGCCCACCATGCTGETATAGATTCGCCAATGTGTTTTTGATCTGGGACTGCTGTGATGCATGGTTAAAAGTG

710 720 730 740 750
LysHisLeuValAsnLeulleValMetAspProPhevalAspleuAlalleThrleCysIleValLeuAsnThrieuPheMetAlaMetGluHisTyrProMetThrG1nGInPheSerServalleuThrvalGlyAsnLeuvalPhe
AAGCATCTTGTGAATTTAATTGTGATGGATCCATTTGTTGATCTTGCCATAACAATTTGCATCGTATTAAATACACTGT TCATGGCCATGGAGCACTATCCCATGACCCAGCAGT TCAGCAGTGTGL TGACTGTGGGAAACCTGGTCTTC

760 770 780 790 800
ThrélyllePheThrAlaGluMetVaileuLysllelleAlaMetAspProTyrTyrTyrPheGInGIuGlyTrpAsnllePheAspGlyltellevatSerLeuSerleuMetGluleuGlyleuAlaAsnValGluGlyleuServal
ACTGGGATCTTCACAGCCGAAATGGTCCTTAAAATCATTGCCATGGACCCCTATTATTATTTCCAAGAGGGCTGGAATATTTTCGATGGAATTATTGTTAGCCTGAGTTTAATGGAGC TAGGCCTGGCAAATGTGGAGGGGCTGTCTGTG

810 820 830 840 850
LeuArgSerPheArgleut euArgValPhelysteuAlaLysSerTrpProTnrieuAsnMetieullelysIielleGiyAsnServalGlyATaLleuGlyAsnLeuThrLeuvValleuAlallel TeValPhellePheAlaValval
CTTCGGTCCTTCAGACTGCTCCGAGTCTTCAAGTTGGCAAAGTCCTGGCCCACACTGAACATGCTCATTAAGATCATCGGCAACTCGGTGGGCGCAC TGGGCAACCTGACCCTGGTGCTGGCCATCATCGTCTTCATTTTTGCCGTGGTC

860 870 880 890 900
GlyMetGlnLeuPheGlylysSerTyrLysGluCysValCysLysIleAsnvalAspCysiysleuProArgTrpHisMetAsnAspPhePhetisSerPheLeu] JeValPheArgValLeuCysGlyGluTrplieGiuThriHet Trp
GGCATGCAGCTGTTTGGARAGAGCTACAAGGAGTGTGTCTGCAAGATCAATGTGGACTGCAAGCTGCCGCGCTGGCACATGAACGACTTCTTCCACTCCTTCCTGATCGTGTTCCGAGTGCTGTGTGEGGAGTGGATAGAGACCATGTGE

910 920 930 940 950
AsprsMetGluValAlaGlyG]nThrMetCysLeuIIeValPheMetLeuValMetVal[leGlyAsnLeuValValLeuAsnLeuPheLeuAlaLeuLeuLeuSerSerPheSerSerAspAsnLeuAlaAlaThrAspAspAspAsn
GACTGLATGGAGGTCGCGGGCCAGACCATGTGCCTTATTGTGTTCATGTTGGTCATGGTGATTGGGAACCTTGTGGTTCTGAACCTCTTTCTGGCCTYATTGTTGAGTTCCTTTAGT TCAGATAACCTTGCTGC TACTGACGATGATAAC

960 $70 980 990 1000
GluMetAsnAsnLeuGlnI1eAlaValGlyArgMetGlnLysGlylleAspPheValLysAsnLysl1eArgG]uCysPheArgLysA]aPhePheArgLysProLysValI]eGluIleGlnGluGlyAsnLysIleAspSerCysMet
GAARTGAACAACCTCCAGATCGCGGETGGGAAGEATGCAARAGGGAAT TGATTTTGTGAAAAATAAGATACGGGAGTGCTTCC GAARAGCGT TTTTCAGAAAGCE GAAAGTGATAGAAATC CAAGAAGGCAACARAATAGACAGC TGCATG

1010 1020 1030 1040 1050
SerAsnAsnThrGlyIleGlulleSerLysGluLeuAsnTyrLeulysAspGlyAsnGlyThrThrSerGlyValGlyThrGlySerSerValGluLysTyrVallleAspGluAsnAspTyrMetSerPhe lleAsnAsnProSerLeu
TCCAATAACACGGGCATCGAAATAAGCAAAGAGE TTAACTACCTTARAGACGGT AATGGAACCACCAGCGOLGTGEGARCCGGAAGTAGTOT GEARRAATACGTAATCGAT GAAAATGACTACATGTCATTCATARACAATCCCAGECTC

Arg 1070 1080 1090 1100
ThrVa]ThrVa]ProIleAlaVa1GlyG]uSerAspPheGluAsnLeuAsnThrG]uGluPheSerSerGluSerGIuLeuG]uGluSerLysGIuLysLeuAsnAlaThrSerSerSerG1uG]ySerThrVa1AspVa1AlaProPro
ACCGTGACTGTGCCAATTGCTGTGGEAGAGTCTGAC T TTGAARATTTAAATACGGAAGAGT TCAGCAGTGAGTCAGAAT TGGAAGAAAG TAAGGAGAAATTARATGCAACCAGC TCTTC TGAAGGRAGCACAGT TRATGTTGCTCCACCE

Ao 1120 T 1140 1150

ArgGluGlyG]uG]nA]aGluIleG1uProGluGluAspLeuLysProGluAlaCysPheThrGluGlyCyslIeLysLysPheProPheCysG]nValSerThrGluG]uGlyLysG]yLyslIeTrpTrpAsnLeuArgLysThrCys
CGAGAAGGTGAACAAGCAGAAATTGAACCTGAGGAGGACCT TAAGCCAGAAGCTTGTTTTACTGAAGGGTGCATTAAAAAATTCCCCTTCTGTCAAGTAAGTACAGAAGAAGGTAAAGGAAARATATGGT GGAATC TTAGGAAGACATGC

1160 170 1180 1190 1200
TyrSerIleVa]G]uHisAsnTerheGluThrPheIleValPheMetlleLeuLeuSerSerGIyAlaLeuAlaPheGluAspIleTyrIleGluGlnArgLysThrI1eLysThrMetLeuGluTyrAlaAspLysValPheanTyr
TACAGCATTGTGGAGCACAACTGGTTTGAGACATTCATTGTGTTCATGATTCTCCTCAGTAGTGGCGCTTTGGCCTTTGAGGATATATACATTGAGCAACGAAAGACGATCAAGACCATGCTGGAGTATGCAGACAAGGTCTTCACGTAC

1210 1220 1230 1240 1250
I1ePheI1eLeuGluMetLeuLeuLysTrpValAlaTyrG)yPneGlnThrTerheThrAsnA]aTrprsTrpLeuAspPheLeul1eValAspVa1SerLeuValSerLeuVa1AlaAsnAlaLeuGlyTyrSerGluLeuGlyA]a
ATCTTCATCCTGGAGATGCTCCTCAAATGGGTGGCCTATGGATTTCAAACCTATTTCACCAATGCCTGGTGCTGGTTGGACTTCCTGATCGTTGATGTTTCTTTGGTTAGCCTGGTAGCCAATGCTCTTGGTTACTCAGAACTTGGTGCC

1260 1270 1280 1290 1300
I1eLysSerLeuArgThrLeuArgAlaLeuArgProLeuArgAIaLeuSerArgPheGluGlyMetArgValValValAsnAlaLeuValG1yAlaI1eProSerI1eMetAanalLeuLeuVa1CysLeuIlePheTrpLeullePhe
ATCAAATCCCTACGGACACTGAGAGCTCTGAGGCCGCTCCGAGCCTTATCCCGCTTTGAAGGCATGAGGGTGGTTGTAAATGCTCTTGTTGGTGCAATTCCCTCCATCATGAATGTGTTATTGGTGTGTCTCATCTTCTGGCTGATTTTT

1310 1320 1330 1340 1350
SerlleHetGTyVa1AsnLeuPheA]aGlyLysPheTyrHisCysVa1AsnThrThrThrGlyAanetPheG]ul]eLysG?uvalAsnAsnPheSerAsprsG]nAlaLeuG]yLysGlnAlaArgTrpLysAanalLysVa1Asn
AGCATCATGGGTGTGAATCTGTTTGCTGGAAAGTTCTATCACTGTGTTAACACGACAACAGGCAACATGTTTGAAATAAAAGAAGTGAACAATTTCAGTGACTGTCAGGCTCTTGGCAAGCAAGCCCGGTGGAAGAATGTGAAAGTCAAC
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1360 1370 1380 1390 1400
PheAspAsnValGlyAlaGl TereuAlaLeuLeuG]nValAlaThrPheLysG]yTrpHetAsplleHetTyrA]aAlaValAspSerArgAspValLysLeuG\nProl1eTyrGluGluAsnLeuTyrHetTereuTerheVal
TTTGAEAACGTYGGEGCTGG{TACCTGGCATTGCTGCAAGTGGCCACATTCAAAGGCTGGATGGACATCATGTATGCAGCTGTTGATTCGCGGGACGTCAAACTGCAGCCCATATATGAAGAAAACCTGTACATGTACCTGTACTTTGTC

1410 A 1820 1430 1440 1850
I1ePhellellePheGlySerPhePheThrieuAsnLeuPhel teGlyValllel1eAspAsnPheAsnGInGInLysLysLysPheGlyGlyGlnAspllePheMetThrGluGluGInlysLysTyrTyrAsnAlaMetLysLysLeu
ATCTTCATCATCTTCGGCTCGTTCTTCACTCTAAATCTATTCATCGGTGTCATCATAGACAAC TTCAACCAGCAGAAGAAGAAGT TTGGAGG TCAAGACATCTTTATGACAGAAGAACAGAAGAAATACTACAATGCAATGAAGAAGCTC

1460 1470 1480 1490 1500
GlySerLysLysProGlnLysProIleProArgProAlaAsnLysPheGlnG]yHetVa]PheAspPheValThrArgGlnValPheAspl1eSerlleMetIleLeuIleCysLeuAsnMetValThrMetHetValGluThrAspAsp
GGCTCAAAGAAACCTCAGAAGCCCATCCCTCGGCC TGCARACAAAT TTCAAGGGATGGTCTTTGATTTTGTAACCAGACAAGTGT TTGACATCAGCATCATGATCCTCATCTGCCTCAACATGGTGACCATGATGGTGGAAACGGATGAC

1510 1520 1530 1540 1550
GInSerLysTyrMetThrLeuValleuSerArglleAsnLeuvalPhelleVaileuPheThrGlyGluPheLeuleulysteulleSerLeuArgTyrTyrTyrPheThrl1eGlyTrpAsnllePheAspPheValvalvallleLeu
CAGAGCAAATACATGACCCTGGTTTTGTCCCGAATCAACCTAGTGTTCATTGTCCTCTTCACTGGGGAGTTTCTGCTGAAGCTCATCTCCCTCAGATACTACTACTTCACGATAGGGTGGAACATCTTTGACTTTGTGGTGETGATTCTC

1560 1570 1580 1590 1600
SerllevalGlyMetPheLeuAlaGluLeulleGluLysTyrPhevaiSerProThrieuPheArgVallleArgleuAlaArglleGlyArglleLeuArgleul leLysGlyAlalysGlylleArgThrieuLeuPheAlaleuMet
TCGATTGTAGGAATGTTTCTCGCAGAGC TGATAGAGAAGTATTTCGTGTCCCCTACCCTGTTCCGAGTCATCCGCCTGGCCAGGATTGGACGAATCCTACGCCTGATCAAAGGCGC CAAGGGGATCCGCACTCTGCTCTTTGCTTTGATG

1610 1620 1630 1640 1650
MetSerLeuProAlaleuPheAsn]leGlylLeuleuleuPheleuvalMetPhelleTyrAlal1ePheGlyMetSerAsnPheAlaTyrVallystysG1uAlaGly])eAspAspMetPheAsnPheGluThrPheGlyAsnSerMet
ATGTCCCTTCCTGCGCTGTTCAACATCGGCCTCCTGCTTTTCCTGETCATGTTCATCTACGCCATCTTTGGGATGTCCAACTTTGCCTATGTTAAAAAAGAGGCTGGAAT TGATGACATGTTCAACTTTGAGACTTTTGGCAACAGCATG

1660 1670 1680 1690 1700
IleCysLeuPheGinlYeThrThrSerAlaGlyTrpAspGlylLeuleuAlaProl leLeuAsnSerAlaProProAspCysAspProAspAlalledisProGlySerServallysGlyAspLysGlyAsnProServalGlyllePhe
ATCTGCTTGTTCCAAATCACCACCTCTGCCGGCTGGGACGEACTGCTGGCCCCCATCCTCAACAGCGCACCTCCCGACTGTGACCCCGATGCAATTCACCCTGGAAGLTCGGTGAAGGGGGACTGTGGGAACCCATCCGTGEGGATTTTC

1710 1720 1730 1740 1750
PhePheValSerTyrIleIle[leSerPheLeuVa]ValValAanetTyrl]eA]aVa]IleLeuGluAsnPheSerVa]A]aThrGluGluSerAlaGluProLeuSerGIuAspAspPheG]uMetPheTyrG]uValTrdﬁluLys
TTTTTTGTCAGCTACATCATCATATCCTTCCTGGTGGTGGTGAACATGTACATCGCTGTCATCCTGGAGAACTTCAGCGTCGCCACCGAAGAAAGTGCAGAGCCCCTGAGTGAGGACGACTTTGAGATGTTCTACGAGG TCTGGGAGAAG

1760 1770 1780 1790 1800
PheAspProAspAlaThriGInPhelleGluPheCysLysLeuSerAspPheAlaAlaAlaleuAspProProleuteulleAlalysProAsnLysValGlnteulleATaMetAspleuProMetValSerGlyAspArglleHisCys
TTCGACCCTGACGCCACTCAGTTCATAGAGTTCTGCAAGCTTTCTGACTTTGCAGCTGCCCTGGATCCTCCCCTCCTCATCGCAAAGCCAAACARAGTCCAGCTCATTGCCATGGACCTGCCCATGGTGAGTGGAGACCGCATCCACTGE

1810 1820 1830 1840 1850
LeuAsplleLeuPheAlaPheThrLysArgValteuGlyGluSerGlyGluMetAspAlaLeuArglleGInMetGluAspArgPheMetAlaSerAsnProSerLysvalSerTyrGluProlleThrThrThrieulysArglysGin
CTGGACATCTTGTTTGCTTTTACAAAGCGGGTCCTGGGCGAGAGTGGAGAGATGGACGCTCTTCGAATCCAGATGGAAGATCGCTTCATGGCTTCCAACCCCTCCAAGGTCTCTTATGAGCCCATTACCACCACCCTGAAACGGAAACAA

1860 1870 1880 1890 1900
GluGluvalSerAlaAlallelleGinArgAsnTyrArgCysTyrLeuLeul ysGinArgleulysAsnlleSerSertysTyrAspLysGluThrileLysGlyArglleAspleuProllelysGlyAspMetvallleAspLysLeu
GAGGAGGTGTCTGCTGCTATCATTCAGCGTAATTATAGATGTTATCTTTTAAAGCAACGGTTAAAAAACATATCGAGTAAATACGACAAAGAGACAATCAAGGGAAGGATTGACTTGCCTATAAAAGGAGATATGGTTATTGACAAATTG

1910 1920 1930 1940 1950
AsnGlyAsnSerThrProGluLysThrAspGlySerSerSerThrThrSerProProSerTyrAspServalThrLysProAspLysGluLysPheGlulysAsplysProGlulysGlulleLysGlyLysGluValArgGluAsnGln
AATGGGAATTCCACCCCAGAARAGACGGATGGGAGT TCCTCCACAACCTCTCCTCCTTCCTATGACAGTGTAACAAAACCAGATAAGGAAAAGTT TGAGAAAGACAAACCAGAARAAGAAATCAAAGGGAAAGAGGT CAGAGAGAATCAA

kiéTAAAAAGAGACAAAGAAATGTCTTTGTAATCAATTGTTTACAGCCTCTGAAGGTAAAGTATCCGTGTCAACTGGACTCTAAGGAGAGGTCCATGCCAAACTGACTGTTTCAACAAATACTCAAGGTCAGTGCCTATACCAGACAGTG
ACCTCTGTCACTGCCACTCTGTGAGACAGGGTATCAACATTGACAAGAGGTTGCTGCTTCCATTACCAGCTGACACTGC TGAGGAGAACTCCATTGTGCAAGTGACCCGTCATCATGCCCCCAAACTCCATTAGTACAACGCTCCTGTCA
TCTATTTTTAACATTCACATTTGCCATATTTTTACAAAATCTGTCCCAGTGTATCTTCCTGGTCCCCACTTCATAGTCTGTTCATAATACTATGTCACTATTTTTGTAAATGAAGTTTACGTTAAGGGAARATATATATATARGAATCCC
ATGTTGCTAAGTCCACAAGTTTCTCCAGTAATCATARAAAAATATTTTGCCTGAGAGATGAAATTATTGC TCAARACAAAAAARAATARATTCTAATGTTAACAGTTTC - —mn v 3
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Fig.2. Nucleotide sequence of cloned cDNA encoding rat sodium channel 11I. Nucleotide residues are numbered in the 5'- to
3'-direction, beginning with the first residue of the ATG triplet encoding the initiating methionine, and the nucleotides on the 5'-side
of residue 1 are indicated by negative numbers; numbers of the nucleotide residues at the right-hand end of individual lines are given.
The deduced amino acid sequence of rat sodium channel III is shown above the nucleotide sequence, and amino acid residues are
numbered beginning with the initiating methionine. The 5'-terminal sequence presented does not extend to the 5’ -end of the mRNA.
The 3’-terminal sequence shown is followed by a poly(dA) tract connected with the vector DNA sequence [12]. The nucleotide
differences observed among the individual clones are as follows: G (prSCH705) or A (prSCH722) at nucleotide 810; G (prSCH705)
or A (prSCH722) at 819; C (prSCH705) or T (prSCH722) at 833; G (prSCH705) or A (prSCH722) at 855; G (prSCH705 and prSCH628)
or A (prSCH616) at 1063; G (prSCH616 and prSCH628) or A (prSCH417) at 1374; G (prSCH616 and prSCH417) or A (prSCH628)
at 1537; G (prSCH321) or A (prSCH331) at 3175; G (prSCH321) or A (prSCH331) at 3246; G (prSCH306) or A (prSCH321) at 4092,

The resulting amino acid substitutions are also shown.

phosphorylation sites mentioned above. The
sodium channel protein from rat brain has been

many of which presumably form dipoles, represent

shown to be phosphorylated [22,23].

Segment S4 in repeats I, II, III and IV of rat
sodium channel III contains four, five, six and
eight arginine or lysine residues, respectively, at
every third position (except for the arginine residue
closest to the carboxyl-end of segment S4 in repeat
IIT residing at the fourth position), with mostly
nonpolar residues intervening between the basic
residues. This structure is conserved in segment S4
of all the four sodium channels (see fig.3). It seems
probable that the positive charges in this segment,

the voltage sensor [2,3]. Segment S2 in every repeat
contains, at equivalent positions, a glutamic acid
residue (positions 169, 840, 1306 and 1627; see
fig.3) and a lysine residue (positions 173, 844, 1310
and 1631), which are conserved in all the four
sodium channels. These acidic and basic residues
are located on one side of the a-helix. In addition,
segment S2 in repeats I and III contains a con-
served glutamic acid or aspartic acid residue (posi-
tions 159 and 1296) located 10 residues from the
above-mentioned glutamic acid on nearly the same
side of the a-helix. Segment S3 in every repeat con-
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Fig.3. Alignment of the amino acid sequences of rat sodium channels I (top), Hl (second row), 111 {third row) and the Electrophorus
electricus sodium channel (bottom). The one-letter amino acid notation is used. The sequence data for rat sodium channels I and II
and the Electrophorus sodium channel have been taken from [2,3). At positions where amino acid differences occur (see fig.2 and
[3,14]), the residues given beneath have been adopted. Sets of three or four identical residues at one position are enclosed with solid
lines, and the fourth residues regarded as conservative substitutions at the same position are enclosed with broken lines. Conservative
substitutions are defined as pairs of residues belonging to one of the following groups: S, T, P, A and G; N, D, E and Q; H, R and
K;M, I, L and V; F, Y and W [15]. Gaps (—) have been inserted to achieve maximum homology. Amino acid residues are numbered
beginning with the initiating methionine, and numbers of the residues at the right-hand end of individual lines are given. Positions
in the aligned sequences including gaps are numbered beginning with that of the initiating methionine, and position numbers are given
above the sequences. The putative transmembrane segments S1-S6 in each of repeats I-1V are indicated; the termini of these segments
have been tentatively assigned.

tains a conserved aspartic acid residue (positions
195, 862, 1328 and 1648) at an equivalent position.

The above-mentioned charged residues in
segments S2, S3 and S4 are fully conserved in the
putative sodium channel from Drosophila as well
[24], except that the aspartic acid residue in seg-
ment S2 of repeat III (position 1296) is replaced by
an asparagine residue and that an additional lysine
residue is present in segment S4 of repeat III (posi-
tion 1350). It seems reasonable to assume that
these conserved charged residues in the putative
transmembrane segments are essential for the
voltage-dependent operation of the sodium chan-
nel [2,3]. Furthermore, the cluster of positively
charged residues (predominantly lysine) in the
region between segment S6 of repeat III and seg-
ment S1 of repeat IV as well as the cluster of
negatively charged residues in the region following
segment S6 of repeat IV [3] is conserved in the
vertebrate and insect sodium channels. It is con-
ceivable that these regions, which are assigned to

the cytoplasmic side of the membrane, are in-
volved in the inactivation of the sodium channel
[3,25].

The structural features characteristic of the
sodium channel are shared by the receptor for
calcium channel blockers from rabbit skeletal mus-
cle, which is thought to be a calcium channel [26].
A putative potassium channel component from
Drosophila has a basic structure corresponding to
a single repeat of the sodium channel [27]). These
findings suggest that voltage-gated ionic channels
represent a family of evolutionarily related gene
products [26].
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