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ABSTRACT The principal voltage-sensitive sodium chan-
nel from human heart has been cloned, sequenced, and func-
tionally expressed. The cDNA, designated hH1, encodes a
2016-amino acid protein that is homologous to other members
of the sodium channel multigene family and bears >90%
identity to the tetrodotoxin-insensitive sodium channel char-
acteristic of rat heart and of immature and denervated rat
skeletal muscle. Northern blot analysis demonstrates an ~9.0-
kilobase transcript expressed in human atrial and ventricular
cardiac muscle but not in adult skeletal muscle, brain, myo-
metrium, liver, or spleen. When expressed in Xenopus oocytes,
hH1 exhibits rapid activation and inactivation kinetics similar
to native cardiac sodium channels. The single channel conduc-
tance of hH1 to sodium ions is about twice that of the homol-
ogous rat channel and hH1 is more resistant to block by
tetrodotoxin (ICso = 5.7 uM). hH1 is also resistant to p-cono-
toxin but sensitive to block by therapeutic concentrations of
lidocaine in a use-dependent manner.

Voltage-dependent sodium channels (NaChs) form a multi-
gene family, with six isoforms currently identified in the rat
(1). Although structurally very similar, these isoforms can be
distinguished by their kinetics (2), single-channel conduc-
tance (3), toxin sensitivity (4, 5), and reactivity with specific
immunoreagents (6). For example, a NaCh isoform ex-
pressed in rat cardiac and in immature or denervated adult
skeletal muscle differs dramatically from the NaCh in inner-
vated skeletal muscle in its relative insensitivity to block by
tetrodotoxin (TTX), saxitoxin, and u-conotoxin (4, 5, 7).

Tetrodotoxin-insensitive (TTX-I) voltage-dependent
NaChs are critical for the initial rapid upstroke of the cardiac
action potential and are responsible for most of the Na*
current that occurs in mammalian heart (8, 9). In addition,
this TTX-I NaCh isoform is the principal target of class I
(cardiac) antiarrhythmic agents (10). Although NaCh block-
ing agents of this type are widely used in the acute therapy of
ventricular tachyarrhythmias, their precise molecular mech-
anism of action remains unclear, in part due to the difficulty
of studying human cardiac NaChs in isolation.

An in vitro expression system for studying isolated human
cardiac NaChs would have great utility. However, previous
attempts to functionally express cardiac TTX-I NaChs in
oocytes using RNA from mammalian heart have met with
variable success (11-13). While functional expression of the
rat muscle TTX-I isoform (rSkM2) from its cloned cDNA has
been accomplished (14), the applicability of these findings to
the homologous human cardiac NaCh is unknown. We report
here the cloning, sequencing, and functional expression of
the TTX-I NaCh from human heart, designated hH1.**
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MATERIALS AND METHODS

Screening of a Human Cardiac cDNA Library. A size-
selected [>1 kilobase (kb)] oligo-(dT) and random-primed
adult human cardiac cDNA library constructed in AZAPII
(Stratagene) was screened with cDNA probes derived from
rSkM2 [nucleotides (nt) 1-4385 and 5424-7076; ref. 15].
Hybridizations were performed at 42°C for 18 h in 50%
(vol/vol) formamide/5% SSPE/5X% Denhardt’s solution/
0.1% SDS/salmon sperm DNA (0.15 mg/ml)/random-
primed *?P-labeled probe (1.5 X 10° dpm/ml)] and filters were
washed with 6Xx standard saline citrate (SSC)/0.1% SDS at
65°C. (1x SSPE = 0.18 M NaCl/10 mM sodium phosphate,
pH 7.4/1 mM EDTA.) Plaque-purified clones were rescued
as pBluescript phagemids and sequenced as described (15).

Northern Blot Analysis. Human tissues were obtained as
frozen surgical pathology specimens or procured from ca-
daveric transplant organ donors by the National Disease
Research Interchange (Philadelphia, PA). Total cellular RNA
was isolated by the method of Chirgwin et al. (16). Samples
(10 ng) were size-fractionated, electroblotted, and prehybrid-
ized as described (15). A subtype-specific hH1 antisense
complementary RNA probe derived from clone C92, repre-
senting 0.9 kb of the 3'-untranslated (UT) region (nt 7494-
8491) was transcribed in vitro from BamHI-linearized tem-
plate DNA and used in Northern blot hybridizations at 5 X
10° dpm/ml. After hybridization (55°C, 18 h), blots were
washed at a final stringency of 0.1x SSC/0.1% SDS, 75°C.

Functional Expression in Xenopus Oocytes. A full-length
hH1 construct was made in pBluescript by sequential ligation
of S14 EcoRI-Sac II (nt +1 to +252), C75 Sac II-Kpn I (nt
+253 to +4377), and C92 Kpn I-EcoRI (nt +4378 to +8491)
fragments and the full-length hH1 insert moved into a mod-
ified pSP64T vector (14). nt —151 to —8 of the 5’-UT region
were deleted from the construct using exonuclease III and
mung bean nuclease (14). A 901-base-pair (bp) Kpn I-Eag 1
fragment from clone C21 (nt 4378-5279) was exchanged for
the corresponding fragment in pSP64T-hH1 to eliminate a
cloning artifact in C92. Synthetic sense mRNA was tran-
scribed in vitro from Spe I-linearized hH1 template as de-
scribed (14).

Stage V or VI oocytes were microinjected with 30-50 ng of
synthetic hHI mRNA and studied after 3-10 days. Na™*
currents were measured either by two-microelectrode volt-
age clamp (14) or by patch clamp with outside-out patches (3).
The bath solution contained 116 mM NaCl, 2 mM KCl, 1.8
mM CaCl,, 2 mM MgCl,, and 5 mM Hepes (pH 7.6). For

Abbreviations: NaCh, sodium channel; TTX, tetrodotoxin; TTX-I,
TTX-insensitive; UT, untranslated; ID, interdomain; /-V, current—
voltage; nt, nucleotide(s).

'To whom reprint requests should be addressed at: 233 Anatomy
Chemistry, 36th & Hamilton Walk, Philadelphia, PA 19104-6059.
**The sequence reported in this paper has been deposited in the

GenBank data base (accession no. M77235).
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HH1 MANF----LLPRGTSSFRRFTRESLAAIEKRMAEKQARG-STTLQESREGLPEEEAPRPQLDLAGASKKLPDLYGNPPOELIGEPLEDLDPFYSYOKYFIVINKGKTIFRFSATNALYVLS 115
SkM2 MANL----LLPRGTSSFRRFTRESLAAIEKRMAEKQARGGSATSQESREGLQEEEAPRPOLDLOASKKLPDLYGNPPRELIGEPLEDLDPFYSTOKTFIVLNKGKTIFRFSATNALYVLS 116
SkM1 MASSSLPNLVPPGPHCLRPFYPESLAAIEQRAVEEEAR----- LORNKQME IEEPERKPRSDLEAGKNLPLIYGDPPPEVIGIPLEDLDPYYSDKKTFIVLNKGKAIFRFSATPALYLLS 115

[ ]

HH1 PFHPVRRAAVKILVHSLFNMLIMCTILTNCVFMAQHDPPPWTKYVEYTFTAIYTFESLVKI LARAFCLRAFTFLRDPUNWLDFSVIIMAYTTEFVDLGNVSALRTFRVLRALKTISVISG 235
SkM2 PFRPVRRAAVKILVHSLFSNLIMCTILTNCVFMAQHDPPPWTKYVEYTFTAIYTFESLVKILARGFCLHAFTFLROPWUNWLDFSVIVMAYTTEFVDLGNVSALRTFRVLRALKTISVISG 236
SkM1 PFSIVRRVAIKVLIHALFSMFIMITILTNCVFMTMSNPPSWSKHVEYTFTGIYTFESLIKILARGFCIDDFTFLRDOPUNMNLDFSVITMAYVIEFVOLGNISALRTFRVLRALKTITYIPG 235
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HH1 LKTIVGALIQGSVKKLADVMVLTIVFCLSVFALIGLOLFMGNLRHKCVRNFTALNGINGSVEADGL----------------~- NUESLD----------- LYLSDPENYLLKNGTSDOVLLCG 327
SkM2 LKTIVGALIQSVKKLADYMYLTVFCLSVFALIGLALFMGNLREKCVRNFTELNGTNGSVEADGL----------------- YUNSLD----------- VYLNDPANYLLKNGTTOVLLCE 328
SkM1 LKTIVGALIQSYKKLSOYMILTVFCLSVFALVGLOLFMGNLRQKCVRWPPPMNDTNTTWYGNDTWYSNDTWYGNDTWY INDTURSQESWAGNSTFDWEAY INDEGNFYFLEGSNDALLCG 355

— 1S5
[ ]

HH1 NSSDAGTCPEGYRCLKAGENPDHGYTSFDSFAWAFLALFRULMYQDCWERLYQQTLRSAGKI YMIFFMLVIFLGSFYLVNLILAVVAMAYEEQNQATIAETEEKEKRFQEANENLKKEHER 447
SkM2 NSSDAGTCPEGYRCLKAGENPDHGYTSFOSFAWAFLALFRULMTQDCWERLYQQTLRSAGKIYNIFFMLVIFLGSFYLVNLILAVVAMAYEEQNQATIAETEEKEKRFQEAMEMLKKEHEA 448
SkM1 NSSDAGHCPEGYECIKAGRNPNYGYTSYDTFSWAFLALFRLNTODYWENLFOLTLRAAGKTYMIFFVVIIFLGSFYLINLILAVVAMAYAEQNEATLAEDQEKEEEFQQMLEKYKKHQEE 475

1S6

HH1 LTIRGVDTVSRSSLENSPLAPVNSHERRSKRRKRMSSGTEECGEDRLPKSDSEDGPRAMNHLSLTRGLSRTSMKPRSSRGSIFTFRRRDOLGSEADFADDENSTARESESHHTSLLVPWPL 567
SkM2 LTIRGVDTVSRSSLENSPLAPVTNHERKSKR-KRLSSGTEDGGDDRLPKSDSEDGPRALNQLSLTHGLSRTSNRPRSSRGSIFTFRRRDQGSEADFADDENSTAGESESHRTSLLVPWPL 567
SkM1 BE--<-cecccccccc e KARAAQAEESGEE -------c--crcemcrredlancccancneac et et a e ss e ot st ne e e 490

HH1 RRTSAQGOPSPGTSAPGHALHGKKNSTVDCNGVVSLLGAGDPEATSPGSHLLRPVMLEHPPDTTTPSEEPGGPOMLTSOAPCVDGFEEPGARQRALSAVSYLTSALEELEESRHKCPPLW 687
SkM2 RHPSAQGGQPGPGASAPGYVLNGKRNSTVDCNGVVSLLGAGDAEATSPGSYLLRPMVLDRPPDTITTPSEEPGGPAMLTPQAPCADGFEEPGARQRALSAVSVLTSALEELEESHRKCPPCW 687
SkM1 -~ - -ADGDPTHNK-----=--------- DCUNG--SLDASGEKGPPRPS-------------mmmmaa oo R e SADSAISDAMEELEEAHQKCPPWW 542

o] (o]

HH1 NRLAQRYLIWECCPLWMSIKQGVKLVVMDPFTDLTITMCIVLNT LFMALEHYNMTSEFEEMLQVGNLVFTGIFTAEMTFKIIALDPYYYFOQQGWNIFDSIIVILSLMELGLSRMSNLSVL 807
SkM2 NRFAQHYLIWECCPLUMSIKQKVKFVVMDPFADLT I TMCIVLNTLFMALEHYNMTAEFEEMLOVGNLVFTGIFTAEMTFKITALDPYYYFQQGWNIFDSIIVILSLMELGLSRMGNLSVL 807
SkM1 YKCAHKVLIWNCCAPWVKFKHIIYLIVMDPFVDLGITICIVLNTLFMAMENYPMTEHFONVLSVGNLYFTGIFTAENVLKLIAMDPYEYFOQGWNIFDSFIVTLSLVELGLANVQGLSYL 662

ns1 ns2 —_ NSy ———— -
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HH1 RSFRLLRVFKLAKSWPTLNTLIKIIGNSVGALGNLTLVLAIIVFIFAVVGMOLFGKNYSELRD--SDSGLLPRWHMMDFFHAFLIIFRILCGEWIETMNDCMEVSGASLCLLVFLLYMYI 925
SkM2 RSFRLLRVFKLAKSWPTLNTLIKIIGNSVGALGNLTLVLATIVFIFAVVGMOLFGKNYSELRHRISDSGLLPRWHMMDFFHAFLIIFRILCGEWIETMWDECMEVSGASLCLLVELLVMV] 927
SkM1 RSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLATIIVFIFAVVGMQLFGKSYKECVCKIASDCNLPRWHMNDFFHSFLIVFRILCGEWIETNWDCMEVAGQAMCLTVFLMVMV] 782

— s 1S5

HH1 GNLVVLNLFLALLUSSFSADNLTAPDEDREMNNLOLALARIORGLRFVKRYITWDFCCGLLRHRPOKPAALAAQGQLPSCIATPYSPPPPETEKVPPTRKETQFEEGEQPGQGTPGDPEPY 1045
SkM2 GNLVVLNLFLALLLSSFSADNLTAPDEDGEMNNLOQLALARIORGLRFVKRTTWOFCCGILRRRPKKPAALATHSQLPSCITAPRSPPPPEVEKVPPARKETRFEEDKRPGAGTPGDSEPY 1047
SkM1 GNLVVLNLFLALLLSSFSADSLAASDEDGEMNNLQIAIGRIKWGIGFAK----TFLLGLLRGKILSPKEIILSLGEPGGAGENAEESTPEDEKKEPPPEDKELKDNHILNHVGLTDGPRS 898

186 ———

HH1 CVPIAVAESDTDDQEEDEENSLGTEEESSKQQESQPYSGWPRGPPDSRTWSOVSATASSEAEASASQADNWROQWKA - -EPQAPGCGETPEDSCSEGSTADMINTAELLEQIPDLGQDVKD 1163
SkM2 CVPIAVAESDTEDQEEDEENSLGTEEESSKQ-ESQVYSGGHEPYQEPRAWSOVSETTSSEAGASTSQADWQQEQKT - -EPQAPGCGETPEDSYSEGSTADMINTADLLEQIPDLGEDVKD 1164
SkM1 L ELDHLNFINNPYLTIQVPIASEE----------=-=--=---- SDLEMPTEEETDAFSEPEDIKKPLQPLYDGNSSVC------~----- STADYKPPEEDPEEQAEENPEGEQ 982

HH1 PEDCFTEGCVRRCPCCAVDTTOAPGKVWWRLRKTCYHIVEHSWFETFIIFMILLSSGALAFEDIYLEERKTIKVLLEYADKMFTYVFVLEMLLKWVAYGFKKYFTNAWCWLDFLIVDVSL 1283
SkM2 PEDCFTEGCVRRCPCCMVDTTOSPGKVWWRLRKTCYRIVEHSWFETFIIFMILLSSGALAFEDIYLEERKTIKVLLEYADKMFTYVFVLEMLLKWVAYGFKKYFTNAWCWLDFLIVDVSL 1284
SkM1 PEECFTEACYKRCPCLYVDISQGRGKMWNTLRRACFKIVEHNWFETFIVFMILLSSGALAFEDIYIEQRRVIRTILEYADKVFTYIFILEMULLKWVAYGFKVYFTNANCWLDFLIVDVSI 1102

ns1 ns2 ns3—
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HH1 V?LVANTLGFAENG?!KSLRYLRALRPLﬁALSRFEGMRVVVNALVGAlPSlKNVLLVCLlFVLIFS!HGVNLFAGKFGRCINOTEGDLPLNY?IVN“KSQCESLNLTGELYUTKVKVNFD 1403
SkM2 VSLVANTLGFAEMGPIKSLRTLRALRPLRALSRFEGMRVVVNALVGAIPSIMNVLLVCLIFWLIFSIMGYNLFAGKFGRCINQTEGDLPLNYTIVNNKSECESFNVIGELYNTKVKVNFD 1404
SkM1 ISLVANWLGYSELGPIKSLRTLRALRPLRALSRFEGHRVVVNALLGAIPSIMNVLLVCLIFWLIFSIMGYNLFAGKFYYCVNTTTSE-RFDISVVNNKSESESLMYTGQVRWMNVKVNYD 1221

nsa nss

HH1 NVGAGYLALLOQVATFKGWHMD INYAAVOSRGYEEQPOWEYNLYMYIYFVIFIIFGSFFTLNLFIGVIIDNFNQOKKKLGGOADIFMTEEQKKYYNAMKKLGSKKPOKPIPRPLNKYQGFIFD 1523
SkM2 NVGAGYLALLQVATFKGWMDINYAAVDSRGYEEQPOWEDNLYMYIYFYVFIIFGSFFTLRLFIGVIIDNFNOQOKKKLGGADIFMTEEQKKYYNAMKKLGSKKPQKPIPRPLNKYQGFIFD 1524
SkM1 NVGLGYLSLLOQVATFKGUMD IMYAAVDSREKEEQPHYEVNLYMYLYFVIFIIFGSFFTLNLFIGVIIDNFNQOKKKFGGKDIFNTEEQKKYYNAMKKLGSKKPQKPIPRPONKIQEMVYD 1341

nsé

HH1 IVIKQAFDVTIMFLICLNMVTMMYETODQSPEKINILAKINLLFVAIFTGECIVKLARLREYYFTNSWNIFDFVVVILSIVGTVLSDIIQKYFFSPTLFRVIRLARIGRILRLIRGAKGI 1643
SkM2 IVTKQAFOVTIMFLICLNMVTMMVETDDOSPEKVNILAKINLLFVAIFTGECIVKMAALREYYFINSWNIFDFVVVILSIVGTIVLSDIIQKYFFSPTLFRVIRLARIGRILRLIRGAKG] 1644
SkM1 FYTKAQVFDISIMILICINMVTMMVETDDGSOLKVDILYNINMVFIT I FTGECVLKMFALRHYYFTIGWNIFOFVYVILSIVGLALSDLIQKYFVSPTLFRVIRLARIGRVLRLIRGAKGT 1461

vs1 Ivs2 Ivs3 o Ivsa

HH1 RYLLFALMMSLPALFNIGLLLFLVMFIYSIFGMANFAYVKWEAGIDDMFNFOTFANSHNLELFQITTSAGWDGLLSPILNTGPPYCOPTLPNSNGS-RGDCGSPAVGILFFTITYITIISFLT 1762
SkM2 RTLLFALHKSLPALFN]GLLLFlVHFIYSIFGHAHFAYVKUEAGIDDHFNFQTFARSHLCLFOITTSTGUDGLLSPILnYGPPYCDPNLPHSNGS’RGNCGSPAVGKLFFTTY[IISFLI 1763
SkM1 RTLLFALMMSLPALFNIGLLLFLVMFIYSIFGMSNFAYVKKESGIDDMENFETFGNSIICLFEITTSAGWOGLLNPILNSGPPDCDPTLENPGTNVRGDCGNPSIGICFFCSYITISFLT 1581

— VS5 ———IVS6——

HH1 VYNMY AT ILENFSYATEESTEPLSEDDFDMFYEIWEKFDPEATOFIEYSVLSDFADALSEPLRIAKPNQISLINMNDLPMVSGDRINCMDILFAFTKRVLGESGEMDALKIQNEEKFMARA 1882
SkM2 VYRMY ATl LENFSVATEESTEPLSEDDFOMFYEIWEKFDPEATQFIEYLALSDFADALSEPLRIAKPNQISLINMDLPMVSGDRIHCMDILFAFTKRVLGESGEMDALKIQOMEEKFMAA 1883
SkM1 VVNMY AT I LENFNVATEESSEPLSEDDFEMFYETWEKFDPDATQFIDYSRLSDFVDTLQEPLKIAKPNKIKLITLDLPMYPGDKIHCLDILFALTKEVLGDSGENDALKQTMEEKEMAA 1701

HH1 NPSKISYEPITTTLRRKHEEVSAMVIGRAFRRHLLORSLKHASFLFRAQAG-SGLSEEDAPEREGLIAYVMSENFSRPLGPPSSSSISSTSFPPSYDSVTRATSDNLQVRGSDYSHSEDL 2001
SkM2 NPSKISYEPITTTLRRKHEEVSATVIORAFRRHLLORSVKHASFLFROOAGGSGLSDEDAPEREGLIAYMBNGNFSRRSRPLSSSSISSTSFPPSYDSVTIRATSDNLPVRASDYSRSEDL 2003
SkM1 NPSKVSYEPITTTLKRKQEEVCAIKIQRAYRRHLLOQRSVKQASYMYRHSQDG- - -NDDGAPEKEGLLANTMNKMYGHEKEGDGVQSQGEEEKASTEDAGPTVEPE--PTSSSDTALTPSP 1816

HH1 ADFPPSPDRD--------- RESIV 2016
SkM2 ADFPPSPDRD--------- RESIV 2018
SKM1 PPLPPSSSPPQGQTVRPGVKESLY 1840

FiG. 1. Amino acid sequence of hH1, deduced from its cloned cDNA, is compared to sequences of rSkM1 (13) and rSkM2 (15). Identical

amino acid residues are shaded. The suggested locations of the six transmembrane a-helices within each domain are designated by horizontal
lines. Potential extracellular consensus glycosylation sites are indicated by circles (solid circles indicate sites conserved in all known NaChs).

patch clamp experiments, the vitelline membrane was re-
moved by hyperosmotic stripping (17). The bathing solution

contained 150 mM NaCl, 2 mM KCl, 1.5 mM CaCl,, 1 mM
MgCl,, 10 mM glucose, and 10 mM Hepes (pH 7.4). The pipet
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solution contained 130 mM CsF, 10 mM CsCl, S mM EGTA,
and 10 mM Cs-Hepes (pH 7.3). For single-channel record-
ings, capacity transients were eliminated by averaging rec-
ords without openings and subtracting this average from all
records. Measurements were made at 20-22°C.

RESULTS

Isolation and Characterization of Human Heart NaCh
¢DNAs. A cDNA library from adult human cardiac muscle
was screened with probes corresponding to 6.5 kb of the
rSkM2 cDNA. Ninety positive clones were identified (6 X 10°
recombinants screened), and 16 were plaque-purified. Four
overlapping clones were sequenced (S14, 3.6 kb; C75, 4.3 kb;
C21, 1.5 kb; and C92, 4.5 kb), and these clones collectively
encompassed 8491 bp of the cDNA designated as hH1. The
identity, orientation, and approximate position of these
cDNAs were defined by comparisons with the nucleotide
sequence of rSkM2. Designation of individual clones was as
follows (nt 1 is defined as the first nucleotide in the most §’
clone): S14 was 3517 bp, nt 1-632 and 762-3646 (5’-UT of 150
bp and amino acids 1-161 and 205-1165); C75 was 4366 bp,
nt 152-4518 (amino acids 2-1456); C21 was 1450 bp, nt
4257-5707 (amino acids 1369-1852); and C92 was 4530 bp, nt
3980-8491 (amino acids 1343-2016, and 3'-UT of 2293 bp).
The initiation codon was at position 151-153 and the termi-
nation codon was at 6199-6201 in the complete hH1 se-
quence. A 129-bp segment (nt 633-761; amino acids 162-204)
that was deleted from S14 and an insertion of 19 bp that
introduced a premature termination codon in C92 (insertion
follows nt 4962) were discovered and appeared to be cloning
artifacts. These alterations were not present in the corre-
sponding regions of overlapping clones C75 and C21. Full-
length constructs containing one or both of these defects
were nonfunctional in oocyte expression studies.

The complete nucleotide sequence of hH1 consists of 150
bp of 5’-UT sequence, an open reading frame of 6048 bp, and
a 3’-UT region of 2293 bp that contains neither a polyade-
nylylation signal sequence nor a poly(dA) region. The pre-
dicted initiation site of hH1 resembles the consensus se-
quence for eukaryotic initiation sites only in the presence of
a purine nucleotide (adenosine) at position —3 and a guano-
sine at position +4 relative to the start codon. An out-of-
frame ATG is present at relative positions —8 to —6 and this
is a constituent feature of all previously cloned NaChs. An
extensive 3'-UT is present but bears no significant nucleotide
sequence homology with other NaChs.

Primary Structure of hH1. The primary structure of hH1
(Fig. 1) consists of 2016 amino acids with a calculated
molecular weight of 227,159. The sequence is comparable to
other NaChs, with four large (226-288 residues) homologous
domains, each containing at least six potential membrane
spanning a-helical segments including a positively charged
amphipathic segment (S4) (18). Comparisons between hH1
and each of the cloned NaChs reveal a consistent pattern of
primary structure homology within the repeat domains and
the interdomain (ID) 3-4 region. ID 1-2 and ID 2-3 are much
less conserved; only rSkM2 exhibits a high degree (>80%) of
amino acid sequence identity with these regions of hH1. In
addition, the ID 1-2 region is 296 residues long, more similar
to brain NaCh isoforms than the adult skeletal muscle isoform
(rSkM1) or eel electroplax NaCh.

There are 14 potential sites for N-linked glycosylation in
regions of hH1 predicted to be extracellular, all of which are
conserved from rSkM2; § sites (residues 214, 291, 328, 1365,
and 1380) are found in all cloned NaChs. Most of these sites
are located within the S5-S6 interhelical regions of D1 and
D3. Within predicted cytoplasmic domains, there are six
consensus sites for cyclic nucleotide-dependent phosphory-

Proc. Natl. Acad. Sci. USA 89 (1992)

lation (Ser-483, -571, and -593; Thr-17, -977, and -1026)
although none are universally present in other NaChs.

Tissue Distribution of hH1. The steady-state levels of hH1
RNA transcripts in various adult human tissues were exam-
ined. An hH1-specific antisense cRNA probe hybridizes with
an =9.0-kb transcript present in total RNA isolated from right
atrium and left ventricle but not in RN A isolated from human
adult skeletal muscle, brain, myometrium, liver, or spleen
(Fig. 2). These results are consistent with the tissue-specific
expression of hH1 in adult cardiac muscle.

Functional Expression of hH1. Xenopus oocytes were in-
jected with synthetic mRN A generated from a full-length hH1
construct lacking the 5'-UT region (Figs. 3-5). Typical Na™*
currents were observed 3-10 days later with either two-
microelectrode or outside-out patch recording (Fig. 3A). The
normalized peak current-voltage (I-V) relationship for six
patches is shown in Fig. 3B. The maximum inward currents
in these patches ranged between 89 and 1100 pA and acti-
vated at potentials more positive than —60 mV (maximum at
—10 mV). The absence of reversal of the current at voltages
as high as +90 mV in these patches indicates that the channels
are highly selective for Na* over Cs*, with a selectivity ratio
>34:1. Data describing the steady-state voltage dependence of
inactivation were fit by a Boltzmann distribution with a
midpoint of —61.9 + 0.3 mV and a slope factor of 7.7 = 0.3
mV. The kinetics of inactivation during a voltage pulse usually
exhibited a single exponential with a time constant (r,) that
decreased =~e-fold/53 mV with depolarization. Inactivation
kinetics were rapid and voltage-dependent, unlike the currents
from either rSkM1 (19) or rat brain IIA (20), which show
abnormally slow inactivation in Xenopus oocytes.

The hH1 currents were insensitive to TTX (Fig. 4A4), with
an ICsq value of 5.7 = 0.8 uM. u-Conotoxin (100 nM), which
blocks TTX-sensitive NaChs from skeletal muscle (5, 19),
does not block the Na* current of hH1 when expressed in
oocytes. Lidocaine (10 uM) produces a frequency-dependent
block (Fig. 4B). In five oocytes, 10 uM lidocaine blocked 2
* 2%, 21 = 3%, and 37 = 3% of the peak current at 0.5, 5,
and 10 Hz, respectively. At 100 uM lidocaine, the block was
29 + 7%, 54 *+ 7%, and 70 * 7% for frequencies of 0.5, 5, and
10 Hz (n = 3).

Single-channel currents were obtained for hH1 from out-
side-out patches (Fig. 5). The kinetics of activation and
inactivation are comparable to those seen in patches from
mammalian heart (21, 22). The first latencies to openings and
the probability of late openings decrease with depolarization;
the openings also may occur in bursts. A plot of the ampli-
tudes of the single-channel currents as a function of voltage
shows inward rectification. Between —20 and +10 mV,
where the I-V relationship is relatively linear, the slope
conductance is =22 pS. This value is intermediate between
the conductance of rSkM1 (32 pS) and rSkM2 (10 pS)
measured under identical conditions (Fig. 5).
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9:5 — E S Fi1G. 2. Northern blot analy-

[ sis of the tissue distribution of

hH1 transcripts. Locations of
44= RNA size standards (in kb) elec-
trophoresed on the same gel are
indicated to the left. The size of
the hH1 transcript in atrium and
ventricle is =9.0 kb.
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Fi1G. 3. Activation and inacti-
vation of Na* currents of hH1
expressed i- oocytes. (A) A family
of Na* currents in a large outside-
out patch. The holding potential
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cedure from the same holding po-
tential. The currents were elicited
1 by 26-ms pulses from —70 to +70
mV in 10-mV increments. (B) The

normalized peak /-V relationship
(mean * SD) for six patches. (C)
The steady-state inactivation
h curve for the data (mean * SD)
obtained with large outside-out
patches from seven oocytes. The
test potential was —30 mV, and
the 45-ms prepulses ranged from
=120 to 0 mV. The theoretical
curve is a nonlinear least squares
fit of the data by the formula
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DISCUSSION

At least six distinct isoforms of the voltage-dependent NaCh
a subunit exist in rat brain, skeletal muscle, and heart. Based
upon previously published observations (23, 24), it appears
likely that a similar array of NaCh subtypes exists in the
human genome. We characterize here a member of the
human NaCh a-subunit multigene family, hH1.

The most striking aspect of the hH1 channel primary
structure is its high level of similarity with rSkM2 (15) and the
rat cardiac NaCh RH1 that appears to be identical to rSkM2
(25). The degree of primary structure identity that exists
between human hH1 and rSkM2 (93.8%) is significantly
greater than that between the two rat isoforms rSkM1 and
rSkM2 (59%), which are coexpressed in skeletal muscle.
These comparisons are particularly striking in the ID 1-2 and
ID 2-3 regions where amino acid sequence identity between
rSkM1 and rSkM2 is much lower (14 and 23%) than that
between human hH1 and rSkM2 (88% for ID 1-2 and 84% for
ID 2-3). This observation suggests that structural differences
between NaCh isoforms have been conserved during evolu-
tion and are likely to be important physiologically.

The S5-S6 interhelical region in D1 has been postulated to
contribute to the binding site for TTX. A comparison of the
primary structure of this segment in TTX-I and TTX-
sensitive NaChs is particularly interesting since a marked
decrease in the affinity for TTX has been reported in rat brain
II NaChs subjected to site-specific mutation at position 387
(Glu — Gin) in this region (26). Although the neutralization
of negative charge produced by this mutation might interfere
with binding of the cationic neurotoxins TTX and saxitoxin,
a glutamate corresponding to Glu-387 is conserved in all
known NaCh sequences including hH1 (Glu-375) and, there-
fore, cannot be a determinant of toxin binding. However, the
adjacent asparagine residue that is present in all TTX-
sensitive NaCh isoforms is replaced by arginine in both
hH1(Arg-376) and rSkM2. This charge difference could con-

after the peak with a single expo-
nential. Data (mean + SEM) were
analyzed from six patches.

-20 [} 20 40 60
V (mV)

tribute to the decreased affinity for TTX exhibited by these
channels. Four additional residues in this region are con-
served in the TTX-I isoforms but differ in charge from the
consensus of the TTX-sensitive NaCh sequences; these
include two additional positive residues (Lys-317 and Arg-
340) and two negative residues (Glu-346 and Asp-349).

In spite of the structural and electrophysiological similar-
ities between hH1 and rSkM2, there are two distinct func-
tional differences. (i) hH1 is less sensitive to TTX block, with
an apparent affinity (ICsy = 5.7 uM) almost 3 times lower than
that found for rSkM2 (14). (i) The amplitudes of the single-
channel currents of hH1 are different than those found in
rSkM2. The hH1 single-channel I-V curve shr ¥s inward
rectification with a conductance near 0 mV of =22 pS (Fig.
5), whereas equivalent measurements in rSkM2 (Fig. 5; ref.
27) and in developing rat skeletal muscle (3) yield a linear I-V
relation with a slope =10 pS. The simplest hypothesis for the
difference between the two types of TTX-I channels is that
the hH1 channel has more negative charge near the extra-
cellular mouth of the pore than rSkM2. This charge could
increase the local concentration of Na* (thus increasing the
conductance) and of Ca?*, known to block open Na* chan-
nels in a voltage-dependent manner (28). Calcium ions can
produce the curvature in the I-V trace at negative potentials,
where the block is enhanced due to the higher probability of
Ca?* residing in a blocking site in the pore. Four negatively
charged residues in hH1 that replace neutral amino acids at
corresponding positions of rSkM2 and that may lie at the
extracellular mouth of the channel are located in the S5-S6
interhelical regions of domains 1 (Glu-302 and Glu-312), 2
(Asp-870), and 4 (Asp-1741).

The inactivation kinetics of expressed hH1 currents are
rapid and closely resemble sodium currents observed in
intact cardiac tissue. In contrast, functional expression of
other cloned NaChs (rSkM1 and rat brain IIA) in Xenopus
oocytes results in abnormally slow inactivation (19, 20). The
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FiG. 4. Effect of NaCh blockers on hH1 currents in voltage-
clamped oocytes. (A) Dose-response curve (mean *+ SD) for TTX
inhibition (at —30 mV) of hH1 current in seven oocytes. The
theoretical curve is the best fit to a model for a one-site block with
an ICso of 5.7 uM. All toxin effects were completely reversible in
these experiments. (B) Inhibition of hH1 currents by 10 uM
lidocaine. Lidocaine block was examined using 16-ms pulses to —20
mV from a holding potential of —100 mV. The currents were
measured as the peak amplitude on the 20th pulse at stimulus
frequencies of 0.5, 5, and 10 Hz.

fact that rSkM1 and rat brain IIA NaChs exhibit rapid
inactivation kinetics when expressed in mammalian somatic
cell lines (29, 30) suggests that abnormal behavior of ex-
pressed NaChs may occur because of differences in post-
translational processing or lack of a modulating factor(s) in
oocytes rather than differences in primary structure.
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