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The complete amino acid sequence of a third sodium channel (designated sodium channel III) 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 voltage-dependent modulation 
of the sodium ion permeability of excitable mem- 
branes and thus plays an essential role in 
generating action potentials [ 11. 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 
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whole protein-coding sequence of the third type of 
cDNA 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 III 
cDNA 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 [5], 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 Pstl 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); II, 5’-GTTGCCTTCTTGGAT-3’ (29682982); 
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 2OOcg of rat brain 
poly(A)+ RNA, or 4 nmol of primer V on 3OOrg of poly(A)+ 
RNA. The probes (A-H) used for screening the cDNA libraries 
constructed by primer extension were as follows: A, 
PsrI(4158)/BstE11(4474) fragment from clone prSCH203; B, 
HpuII(4027)/PsrI(4158) fragment from prSCH306; C, 
FnuDI1(2873)/HpuII(3081) fragment from prSCH321; D, 
Pnu4HI(2618)/Pnu4HI(2832) fragment from prSCH331; E, 
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HaelII(I298)/HpaII(1504) fragment from prSCH417; F, 
Suu3AI(997)/RsaI(lO49) fragment from prSCH616; G, 
DdeI(644)/DdeI(773) fragment from prSCH705; and H, 
AvaII(235)/ZfinfI(303) fragment from prSCH722; probes A, C, 
D and E were labelled by nick-translation [S] with 
[a-“P]dCTP, and probes B, F, G and H were labelled at the 
5 ‘-end with [y-“P]ATP. Escherichiu coli strain HBlOl or 
MC1061 was used for transformation [9], and transformants 
were screened at 60°C as in [lo]. DNA sequencing was carried 
out according to [ 111. 

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, see 
fig.1). For cloning cDNA 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 lo5 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.1) 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 
lo4 transformants) with probe D derived from 
prSCH331 to harvest 18 positive clones including 
prSCH417 (nucleotides 1292-2981). Screening 
(-6 x IO5 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 IO5 transformants) 

with probe F derived from prSCH616 to give 5 
positive clones including prSCH705 (nucleotides 
598-1081). A second screening (-1.1 x lo5 
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 II [3]. The translational in- 
itiation site was assigned to the methionine codon 
composed of nucleotide residues l-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 A4,. 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.SB, panel c, 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 III. 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 (I-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, II 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 III, rat II/rat 
III, rat I/Electrophorus, rat II/EZectrophorus and 
rat III/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 
III, like the three other sodium channels, contains 
four repeated units of homology (positions 
111-456, 776-1048, 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 (Sl, 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 my- 
helical membrane-spanning segments Sl-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 I (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'-----CAGTGTTTTGTCGTTTGCGC~TGGCGTGTGTCTGCCAGTAGATGGCAGTGACACGTTGAGTGCCGCCAACCTTlTCTTTTTTClTlCTTTlTTTTTTTllTTCCCCTTCCAG -301 

GGCCGlTTTCTGAlATATGTlGGGTACCATAGAGTGAATCTCAGAACAGGAAGCGGAGCCAlAAGCAGAGAGGATTCCGGA~GGTCl~TTTGTTTTCATGTCCACA~GAAAGCAAGGGG~A~ATTG~TGTAATTTGC~ATCCCT -151 

GTGGCCCAAATCTGAAGAACTACAGGGGGTGGCACCGTCCATTCTAACCATCTTGGATGCTGTCCTTTGTTGAGCTGTGATTCCTAAGGCTCTCCATCAGGCMTTCTTATGC~G~GCTAAACGT~TTAAATGTGCAGGATGAAAAG -1 

I 10 20 30 43 50 
MetAlaGlnAlaLeuLeuValProProClyProGluSerPheArgteuPheThrArgGluSerteuAlaAl~~leGiuLysArgAlaAlaGluGluLysAlaLysLysProLystysGluGlnAsplleAspAspG1uAsnLysProLys 
ATGGCCCAGGCACTGCTGGTACCCCCGGGACCTGAGAGCTTCCGCCTTTTCACTCGAGAATCTCTTGCTGCTATCGAAAAGCGTGCTGCAGAAGAWlAAGCCAAGAAACCCAAGAAAGAGCAAGACATTGACGATGAGAACAAACCAAAG 150 

60 70 80 90 100 
ProAsnSerAspLeuGluAlaClyLysAsnLeuProPhelleTyrGlyAsp~leProPr~GluMetV~lSerGluProteuGluAspteuAspPr~TyrTyrValSerLystysThrPheValValLeuAsntysGlyLysA~a~l~Phe 
CCAAACAGCGACTTGGAAGCTGGGAAGAACCTTCCATTTATCTATGGAGACATTCCTCCAW\GATGGTGTCAGAGCCCCTGGAGGACCTGGACCCCTACTATGTCAGTAAGAAAACTTTTGTAGTGTTG~TAAAGG~GGCGATTTTT 300 

110 120 130 140 150 
ArgPheSerAlaThrSerAlaLeulyrlleLeulhrProLeuAsnProVdlA~gLyslleAla~letyslleLeuValH~sSerte~PheSe~etLeulleMe~CysTh~~leLeuThrAsnCysVa~Phe~etThrLe~SerAsnP~n 
CGATTCAGCGCCACCTCCGCCCTGTATATTTTAACTCCGCTAAACCCTGTTAGGAAAATTGCCATTAAGATTTTGGTACACTCTTTGTTCAGCATGCTTATCATGTGCACTATTTTGACCAACTGTGTATTTATGACGTTGAGT~TCCT 450 

160 170 180 190 200 
ProAspTrpThrLysAsnValGluTyrThrPheThrGlylleTyrThrPheGluSerLeulleLyslieLeuAlaArgGlyPheCysLe~GIuAsPPheThrPheLeuArgAspP~olrpAsnTrpLeuAspPheSerVallleValMet 
CCCGACTGGACAAAGAATGTAGAGTATACGTTCACTGGGATCTATACCTTTGAGTCACTTATAPAGATCTTGGCAAW\GGGTTTTGCTTAGAAGATCTGGCTGGATTTCAGTGTCATCGTGATG 600 

210 220 230 240 250 
AlaTyrValThrG1uPheValAspLeuGlyAsnValSerAlaLeuArgThrPheArgV~lLeuArgAlate~LysThrlleSerValI1eProGlyLeuLysThrlleVdlGlyAlaLeuIleGlnSerValLysLysLeuSerAspVdl 
GCATATGTGACAGAGTTTGTGGACCIGGGGC~TGTCTCAGCGCTGAG~CGTTCAGAGTTCTCCGAGCATTG~AACAATATCAGTCATTCCAGGTTTA~GACCATCGTGGGGGCCCTGATCCAGTCCGTG~G~GCTGTCCGACGTC 750 

260 Il? LW 280 290 300 
~etlleteuThrValPheCysLeuSerVdlPheAlaLeulleGlyLeuGlnLeuPhe~etGlyAsnLeuArgAsnLyrCysSerGlnTrpProProSerAspSerAlaPheGluThrPsnThrThrSerTyrPheAsnGlyTh~etAsp 
ATGATCCTCACCGTGTTCTGTCTCAGTGTCTTlGCTCTAATCGGGClGCAGCTCTTCATGGGC~CCT~GG~TAAATGCTCGCAGTGGCCCCCGAGCGATTCGGCTTGAAACCPiACCAACACTACTTCCTACTTCAATGGCACAATGGAT 900 

310 
A A T 

330 
A 

340 350 
SerAsnGlyThrPheValAsnValThrHetSerThrP~eAsnTrptysAspTyrlleAl~AspAspSerHlsPheTyrValLeuAspGlyGlnLysAspProLeute~CysGlyAs~GlySerAspAlaGlyGlnC~sP~~Gl~GlyT~~ 
TCAAATGGGACATTTGTTAATGT~C~TGAGCACT?TCAACTGG~GGATTATATCGCAGATGACAGTCACTTTTATGTClTGGATGGACMAAAGATCCTTTACTCTGTGG~ATGGCTCC~TGCAGGACAATGTCCAG~GGGTAC 1050 

Thr 360 370 380 390 400 
IleCysVa1LysAlaGlyArgAsnProAs~TyrG~yTyrThrSerPheAspThrPheSerTrpAlaPheteuSerteuPheArgLeu~etThrGl~AspTyrlrpGluAsnteuTyrGlnLeuThrLeuArgAlaAlaGlytysTh~Ty~ 
ATCTGTGTGAAGGCTGGACGAAACCCCAACTACGGCTACACAAGCTTTGACACCTTCAGCTGGGCCTTCTTGTCCCTGTTTCGACTCATGACTCAGGACTACTGGGAGAATCTTTACCAGTTGACATTGCGTGCAGCTGGG~~CCTAC ,200 

A 
410 420 430 440 450 

MetllePhePheValLeuValilePheLeuGlySerPheTyrLeuValAsnte~lleLe~AlaValValAlaMetAl~TyrGl~Gl~GlnAsnGl~AlaTh~LeuGl~Gl~AlaGl~GlntysGl~Al~Gl~PheGl~Gl~~~tL~~Gl~ 
ATGATATTTTTCGTCCTGGTAATTTTCTTGGGCTCGTTTTATTTGGTGAACTTGATCCTGGCTGTGGTGGCCATGGCCTATGAGGAGCAGAACCAGGCCACACTGGAG~GGCTG~CAG~GGAGGCAGAGTTTCAGCA~TGCTGGAG 1350 

460 470 480 490 500 
GlnLeuLysLysGlnGlnGluGluAlaGlnAlaYalAlaAlaAlaSerAlaAlaSerArgAspPheSerGlylleGlyGlyteuGlyGluLeuteuGl~SerSerSerGluAlaSe~LysLeuSerSerLysSerAlatysGl~T~pA~g 
CAACTGAAGAAGCAGCAGGAGGAGGCTCAGGCAGTGGCTGCAGCCTCCGCGGCATCCAGAGACTTCAGTGG~TAGGAGGGTTAGGAGAACTTCTGGAGAGTTCTTCAGAI\GCTTCCAAGTTGAGCTCCAAGI\GTGCTAAGGAGTGGAGG ,500 

A 
510 LYs 520 530 540 550 

AsnAr9ArgLysLysArgArgGlnArgGluHisLeuGluGlyAsnHisArgAlaAspGlyAspArgpheProtysSerGluSerGluA~pSerValLysArgArgSerPheLeuLeuserLeuAspGlyAsnProLeuTh~GlyAspLys 
AACCGGAGGAAGAAGAGGAGACAGAGGGAACACTTGGAGGGAAACCACAGAGCCGATGGAGACAGGTTTCCC~GTCGG~TCGG~~CAGTGTCAAAC~G~GCTTCCTGCTCTCCCTGGATGGC~CCCGCT~CTGGT~CAAG ,650 

560 
A 

570 580 590 600 
LysLeuCysSerProHlsGlnSerte~teuSerIleArgGlySerLeuPheSerProArgArgAsnSertysThrSerllePheSerPheArgGlyArgAlatysAspV~lGlyS~~Gl~AsnAspPheAl~AspAspGl~H,sS~~Th~ 
AAGCTGTGCTCTCCCCACCAGTCTCTCTTGAGTATCCGTGGCTCCCTGTTTTCCCCMGACGC~TAGC~~CGAGCATTTTCAGCTTCAGAGGTCGGGCG~GGACGTGGGGTCTGAG~T~CTTTGCAGAC~T~GCACAGCACC ,800 

610 620 630 640 650 
PheGluAspSerGluSerArgArgAspSerLeuPheValPro~~sArgProGlyGluArgArgAsnSerAsnGlyThrThrThrGluThrGluV~lArgtysArgArgLeuSerSerTyrGl~lleSe~etGlu~etLeuGluAspS~r 
TTCGAGGACAGCGAGAGCAGGAGAGACTCCCTGTTTGTGCCGCACAGACCTGGA~GCGACGC~CAGT~CGGTACCACCACTGA~CGGAAGTCAGG~~G~GGCTAAGTTCTTACCAGATTTC~TGG~TGCTGGAGGATTCC 1950 

660 670 680 690 700 
SerGlyArgGlnArgSerMetSerlleAlaSerlleLeuThrAsnThrMetGluGl~te~G~uGluSerArgGlnLysCysProProCysTrpTyrArgPhe;laAsnYalPheL~~lleTrpAspCysCysAspAlaTrpLeuLysVal 
TCTGGAAGACAAAGATCCATGAGCATAGCCAGTATCCTWICTTGAAGAATCTAGACAGAAGTGCCCACCATGCTGGTATAWGTG 2100 

710 720 730 740 750 
LysH~sLeuvalAsnLeulleValMetAspProPheValAspteuAlal~eThrlleCyslleValLeuAsnThrte~Phe~etAla~etGl~HisTyrPro~etThrGlnGlnPheSerSerValte~ThrValGlyAsnLeuV~lPhe 
AAGCATCTTGTGAATTTAATTGTGATGGATCCATTTGTTGATCTTGCCAT~C~TTTGCATCGTATTA~TACACTGTTCATGGCCATGGAGCACTATCCCATGACCCAGCAGTTCAGCAGTGTGCTGACTGTGGGA~CCTGGTCTTC 2250 

760 770 780 790 800 
ThrG1yilePheThrAlaGlunet\ialLeuLysilelleAl~~etAspProTyrTyrTyrPheGlnGl~GlyTrpAsnllePheAspGly~lelleV~lSerteuSerLe~MetGlut~uGlyLeuAlaAsnValGluGlyteuSerVal 
ACTGGGATCTTCACAGCCGAAATGGTCCTTAAAATCATTGCCATGGACCCCTATTATTATTTCCAAGAGGGCTGG~TATTTTCGATGG~TTATTGTTAGCCT~GTTT~TGGAGCTAGGCCTGGC~TGTGGAGGGGCTGTCTGTG 2400 

810 820 030 840 850 
LeuArgSerPheArgLeuLeuArgValPheLysLeuA1aLysSe~T~pProThrLe~AsnMetLeulleLys~1elleGlyAsnSerValGlyAlaLe~GlyAsnteuThrLeuValLe~Alallel~eValPhe~lePh~Al~V~lV~l 
CTTCGGTCCTTCAGACTGCTCCGAGTCTTCAAGTTGGC~AGTCCTGGCCCACACTGAACATGCTCATT~GATCATCGGC~CTCGGTGGGCGCACTGGGCAACCT~CCCTGGTGCTGGCCATCATCGTCTTCATTTTTGCCGTGGTC 2550 

860 870 880 890 900 
Gly~etGlnLeuPheGlyLysSerTyrLysGluCysValCysLysI~eAsnVa~Asp~ysLysteuProArgTrpH~sHetAsnAspPhePheH~sSerPheLeul~eValPheArgYalLeuCysG~yGluT~plleGl~Th~~tT~p 
GGCATGCAGCTGTTTGGAAACAGCTACAAGGAGTGTGTCTGCAAGATCAATGTGGACTGC~GCTGCCGCGCTGGCACAT~C~CTTCTTCCACTCCTTCCTW\TCGTGTTCCWIGTGCTGTGTGGGGAGTGGATAGA~CCATGTGG 2700 

910 920 930 940 950 
AspCysMetGluValAlaGlyGlnThrMetCysLeulleValPheMetLeuValMetVal~leGlyAsnLeuValValLeuA~nLeuPheLeuAlaLeuLeuLeuSerSerPheSerSerAspAsnLeuAlaAlaThrAspAspA~pAs~ 
GACTGCATGGAGGTCGCGGGCCAGACCATGTGCCTTATTGTGTTCATGTTGGTCATGGTGATTGGGAACCTTGTGGTTCTGAACCTCTTTCTGGCCTTATTGTTGAGTTCCTTTAGTTCAGAT~CCTTGCTGCTACT~C~TGAT~C 2850 

960 970 980 990 IO00 
G1u~etAsnAsnLeuGlnlleAlaValGlyArg~tGlntysGlylleAspPheValLysAsnLyslleArgGluCysPheArgLysAlaPhePheArgLysProLysVallleGl~~leGlnGl~GlyAs~Lysll~AspS~~Cy~H~t 
GRAATOU\C~CCTCCAWITCGCGGTGGGARGGATGC~GGW\ATTGATTTTGTG~l~~TACGGGAGTGCTTCC~~GCGTTTTTCA~AGCCG~AGTGATA~TCC~GAAGGC~C~TA~CAGCTGCATG 3000 

1010 1020 1030 1040 1050 
SerAsnAsnThrClylleGlulleSerLysGluLeuAsnTyrLeutysAspGlyAsnGlyThrThrSerGlyValGlyTh~lySerSerValGluLysTyrValIleAspGluAsnAspTyrP(etSerPhelleAsnArnProS~~L~~ 
TCCAPiTAACACGGGCATCGAAATRAGCAAAGAGCTTAACTACCTT~~CGGT~TGGAACCACCAGCGGCGTGGGAACCGG~GCAGTGTGG~AATACGTAATCGATG~~TGACTACATGTCATTCATA~CAATCCCAGCCTC 3150 

Arg 1070 I080 1090 ,100 
ThrValThrValProlleAlaYalGlyGluSerAspPheGluAsnLeuAsnThrGluGluPheSerSerGluSerGluLeuGluGluSerLysGluLysteuA~nAlaThrSerSe~S~rGluGlySerTh~V~lAspV~lAl~P~~P~~ 
ACCGTGACTGTGCCP~~TTGC~GTGGGAGAGTCTGACTTTGAAPJ\TTTA~TACGG~~GTTCAGCAGTGAGTCA~TTGG~~~GT~G~~TTA~~GCAACCAGCTCTTCTG~GG~GCACAGTTGATGTTGCTCCACCC 3300 

A 1110 I120 1130 A 1140 1150 
ArgGluGlyGluGlnAlaGluIleGluProGlvGluAspLeuLysProGluAlaCysPheThrGluGlyCyslleLysLy~PheProPheCysGlnValSerThrG1uGl~GlyLy~GlyLys~l~TrpT~pA~nt~~A~gLysTh~cy~ 
CGAGAAGGTGAACAAGCAGATTG~CCTWIGGAGGACCTT~GCCAG~GCTTGTTTTACTG~GGGTGCATT~AA~~TCCCCTTCTGTC~GT~GTACAG~~GGTA~GG~TATGGTGG~TCTTAGG~GACATGC 3450 

,160 1170 1180 1190 1200 
TYrSerlleValGluHlsAsnTrpPheGluThrPhelleValPh~~etlleLeuLeuSerSerGlyAldLeuAlaPheGluAsplleTyrlleGluGlnArgLysTh~Il~ty~Th~~tLe~Gl~Ty~Al~AspLysV~lph~Th~Ty~ 
TACAGCATTGTGGAGCACAACTGGTTTGAGACATTCATTGTGTTCATGATTCTCCTCAGTAGTGGCGCTTTGGCCTTTGAG~TATATACATT~GC~C~~CGATC~~CCATGCTGGAGTATGCA~C~GGTCTTCACGTAC 3600 

1210 1220 1230 ,240 1250 
I~ePheileLeuGlu~etLeuLeuLysTrpValAlaTyrGlyPheGlnThrTyrPheThrAsnAlaTrpCysTrpLeuAspPheLeulleValAspValSerLeuValS~~Le~V~lAl~AsnAl~Le~GlyTy~S~~Gl~L~~G~yA~~ 
ATCTTCATCCTGGAGATGCTCCTCAAATGGGTGGCCTATG~TTTC~CCTATTTCACC~TGCCTGGTGCTGGTTGGACTTCCTGATCGTTGATGTTTCTTTGGTTAGCCTGGTAGCC~TGCTCTTGGTTACTCAG~CTTGGTGCC 3750 

,260 1270 1280 1290 1300 
~~~LysS~~LeuA~gTh~LeuA~gAlaLeuA~gProLe~A~gAl~LeuSerArgPheGluGIy~etA~gValValV~lAsnAlaLe~ValGlyAlallePr~Serlle~tAsnValL~~LeuValCysLe~~l~Ph~T~pL~~~l~ph~ 
ATCAAATCCCTACGGACACTGAGAGCTCTGAGGCCGCTCC~GCCTTATCCCGCTTT~GGCAT~GGGTGGTTGT~ATGCTCTTGTTGGTGC~TTCCCTCCATCAT~TGTGTTATT~TGTGTCTCATCTTCTGGCT~TTTTT 3900 

1310 1320 1330 1340 1350 
S~~l~e~~tGlyVa1~S~LeuPheAlaGlyLysPheTyrHlsCysValAsnThrThrThrGlyAsn~etPheGlulleLysGluV~lAsnAsnPheSerAspCysG1nAlaLeuGlyLysGlnAlaArgTrpLysAs~V~lLy~V~lAs~ 
AGCATCATGGGTGTGAATCTGTTTGCTGGAAAGTTCTATCACTGTGTTAACACGAC~CAGGC~CATGTTT~T~~G~GTG~C~TTTCAGTGACTGTCAGGCTCTTGGC~GC~GCCCGGTGG~G~TGTGA~GTC~C 4050 
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1360 1370 1380 1390 1400 

pheAspAsnvalGlyAlaGlyTyrLeuAl4L~~L~~Gl~V~lAlaTh~PheLysGlyTrp~tAsplle~etTyrAlaAlaValAspSerArgAspValLySLeuGl~Pr~lleTYffilUGlUAS~L~~TY~~~TY~L~~TY~Ph~v~l 
TTTW\~AACGTTGGGGCTGGCTAC~TGGCATTGCTGC~GTGGCCACATTC~GGCTGGATGGACATCATGTATGCAGCTGTT~TTCGCGG~CGTC~CTGCAGCCCATATAT~~~~TGTA~ATGTA~~TGTA~TTTGT~ 

1410 A 1420 1430 1440 1450 

IlePhellellePheClySerPhePh~Th~L~~AsnLe~PhelleGlyVallle~leAspAsnPheAsnGlnGlnLysLysLysPheGlyGlyGlnAspllePhe~tThrG1uGluGl~LY~LySTY~TY~A~~Al~~~~LY~LY~L~~ 
ATCTTCATCATCTTCGGCTCGTTCTTCACTCTAAATCTATTCATCGGTGTCATCATA~C~CTTC~CCAGCA~~~GTTTGGAGGTCAA~CATCTTTAT~CA~~CA~~ATACTAC~TGC~T~~GCTC 

1460 1470 1480 1490 1500 

GlySerLysLysProGlnLysProIleProArgProAl~AsnLysPheGlnGly~tValPheAspPheValThrArgGlnValPheAsplleSerlle~et~leLeu~leCysLeuAsn~etValTh~et~etv~lGlUTh~ASPA~P 
GGCTCAAAGAAACCTCAGAAGCCCATCCCTCGGCCTGC~C~TTTC~GG~TGGTCTTT~TTTTGT~CCAGAC~GTGTTTGACATCAGCATCAT~TCCTCATCTGCCTC~CATGGT~CCAT~TGGTGG~C~TGAC 

1510 1520 1530 ,540 1550 
GlnSerLysTyrHetThrLeuYalLeuSerArglleAsnL~~ValPheIleV~lLeuPheThrGlyGluPheLeuLe~Ly~Le~lleSerLeuArgTyrTyrTyrPheThr~leGlyTrpAS~~lePh~ASpPheV~lValv~lll~L~~ 
CAGAGCAAATACATW\CCCTGGTTTTGTCCCGAATC~CCTAGTGTTCATTGTCCTCTTCACTGGG~GTTTCTGCT~GCTCATCTCCCTCA~TACTACTACTTCAC~TAGGGTG~CATCTTTGACTTTGTGGTGGT~TTcTc 

1560 1570 1580 1590 1600 

SerlleValGly~etPheLeuAlaGluLeuIleGluLy~TyrPheV~~SerP~oThrLe~PheArgVallleArgLe~Al~Arg~leGlyArglleLeuArgLeulleLysGlyAlaLysGlylleArgThrLeuLeuPheA1ALeu~t 
TCGATTGTAGGARTGTTTCTCGCAGAGCTGATAGAGAAGTATTTCGTGTCCCCTACCCTGTTCC~GTCATCCGCCTGGCCAGGATTG~CGAATCCTACGCCTGATCA~GGCGCC~GGGGATCCGCACTCTGCTCTTTGCTTT~TG 

1610 1620 1630 1640 1650 
~etSerLeuProAlaLeuPheAsnlleGlyLeuLeuLe~PheLeuVal~etPhelleTyrAla~lePheGly~etS~rAs~PheAlaTyrValLysLysGluAlaGlylleAspAspMetPheAsnPheGluThrPheGlyA~nSe~et 
ATGTCCCTTCCTGCGCTGTTCRACATCGGCCTCCTGCTTTTCCTGGTCATGTTCATCTACGCCATCTTTGG~TGTCCAACTTTGCCTATGTT~AAGAGGCTGG~TT~TGACATGTTCAACTTTGAGACTTTTGGC~CAGCATG 

1660 1670 1680 1690 1700 
lleCysLeuPheGinlleThrThrSerAlaGlyTrpAspGlyLeuLeuAlaPro~leLeuAsnSerAlaProPrnAspCysAspProAspAlalleHisProGlySerSerValLysGlyAspCysGlyAsnProSerValGlyllePhe 
ATCTGCTTGTTCCAAATCACCACCTCTGCCGGCTGGW\CGGACTGCTGGCCCCCATCCTC~CAGCGCACCTCCCGACTGTGACCCC~TGC~TTCACCCTGGAAGCTCGGTG~GGGGGACTGTGGG~CCCATCCGTGGGGATTTTC 

1710 1720 1730 1740 1750 
PhePheValSerTyrIlelleIleSerPheLeuYalValValAsn~etTyrlleAlaValIleLeuGluAsnPheS~~ValAl~ThrGl~Gl~S~~AlaGl~P~aLe~S~~Gl~A~pAspPheGl~~etPheTyrG~~V~lTrp~luLys 
TTTTTTGTCAGCTACATCATCATATCCTTCCTGGTGGTGGT~CATGTACATCGCTGTCATCCTGGAG~CTTCAGCGTCGCCACC~~AGTGCAGAGCCCCTGAGT~G~C~CTTT~GATGTTCTAC~GGTCTGG~G~G 

1760 1770 1780 1790 1800 
PheAspProAspAlaThrGlnPhelleGluPheCysLysLeuSerAspPheAlaAlaAlaLeuAspProProLe~L~~~l~Al~LysP~~A~~Ly~V~lGl~L~~lleAl~~~tA~pL~~P~~~~tValS~~GlyA~pArglleHisCys 
TT~GA~~~TGA~G~~ACT~AGTTCATAGAGTT~TG~~G~TTT~TGA~TTTG~AG~TG~~~TGGAT~~T~~~~T~CT~ATCGCA~GCCA~~A~GT~~AGCT~ATTGCCATGGA~~TG~CCATGGTGAGTG~GA~~G~AT~~A~TGC 

1810 1820 1830 1840 1850 
LeuAsplleLeuPheAlaPheThrLysArgValLeuGlYGluSerGlyGluMetAspAlaLeuArg~leGlnHetGl~AspA~gPhe~~tAl4S~~A~~P~~S~~LysV~lS~rTY~Gl~P~~ll~Th~Th~ThrL~~LysArgLysGln 
CTGGACATCTTGTTTGCTTTTACAAAGCGGGTCCTGGGCGA~GTGGA~GATGGACGCTCTTC~TCCAGATGG~~TCGCTTCATGGCTTCC~CCCCTCC~GGTCTCTTAT~GCCCATTACCACCACCCTG~ACGG~ACAA 

1860 I870 1880 1890 1900 
GluGluVa1SerA!aAlalleIleGlnArgAsnTyrArgCysTyrLeuLe~LysGlnArgLeuLysAsnlleSerSerLy~Ty~AspLy~Gl~lh~ll~Ly~GlyA~g~l~AspL~~P~~ll~Ly~GlyA~p~~tV~lIleAspLysLeu 
GAGGAGGTGTCTGCTGCTATCATTCAGCGTAATTATAGATGTTATCTTTTA~GC~CGGTTAA~~CATATCGAGTAAATACGACA~GAGAC~TCAAGGG~GGATTGACTTGCCTAT~~G~GATATGGTTATTGAC~ATTG 

1910 1920 I930 1940 1950 
ASnGlyAsnSerThrProGluLysThrAspGlySerSerSerThrThrSerProProSerTyrAspSerValThrLysPr~AspLysGl~LysPh~Gl~Ly~A~pLysP~~Gl~Ly~Gl~~leLysGlyLysGluValArgGluAsnGln 
AATGGGAATTCCACCCCAGAAAAGACGGATGGGAGTTCCTCCAC~CCTCTCCTCCTTCCTAT~CAGTGT~CAA~CCA~T~GGAAAAGTTTGA~AGAC~ACCAG~~G~ATCAAAGGG~AGAGGTCAGAGAGAATCAA 

4200 
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Fig.2. Nucleotide sequence of cloned cDNA encoding rat sodium channel III. 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; Cl (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 
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 
III 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, 

many of which presumably form dipoles, represent 
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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1550 
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1700 1750 

SIVGN~LAELlEKYF~SPTLFRVIRiARIGRILRLiKGAKGlRTLiFALMHSLPAiFNIGi~~L~-~ DD,4FNFETFGNSHICLFqiTTSAGI,OGLiAPIL 
SIVGMFLAELIEKYFVSPTLFRVlRLARIGRlLRLlKGAKGIRTLLFALMNSLPALFNlGLLLFLVNF DDNFNFETFGNSMICLFqITTSAGUOGLLAPIL 
SlVG~FLAELIEKvFVSPTLFRVIRLARIGRILRLIKGAKGlRTLLFALNMSLPALFNIGLLLFLVHF 
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Fig.3. Alignment of the amino acid sequences of rat sodium channels I (top), 11 (second row), III (third row) and the Elecfrophorus 
electricus sodium channel (bottom). The one-letter amino acid notation is used. The sequence data for rat sodium channels I and II 
and the Eiectrophorus 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 Sl-S6 in each of repeats I-IV 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 Sl 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 
[3,251. 

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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