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ABSTRACT We report the cloning of RKShUIA, a cDNA
encoding a K+ channel sequence expressed in rat brain. This
cDNA encodes K+ channel subunits that express in Xenopus
oocytes a slow, 4-aminopyridine- and tetraethylammonium-
sensitive, delayed rectifier-type K+ channel activated by large
membrane depolarizations. This gene belongs to the Shaker
(Sh) family ofK+ channel genes, since the predicted protein has
the same overall structure and shows significant homology to
other members of this family. However, RKShIIIA cannot be
assigned to either of the two known classes of Sh-family genes
in mammals based on sequence analysis. Notable features ofthe
RKShIIIA protein product include a probable cytoplasmic loop
rich in prolines and a stretch very homologous to the Drosophila
Shaw protein, both near the amino terminus.

Ion channels are ubiquitous membrane proteins with impor-
tant and multiple functions in both excitable and nonexcitable
cells (1). Potassium (K+) channels are particularly diverse
and are present in all eukaryotic cells (1, 2). In neurons
specific combinations of various ion channels underlie the
generation of many different signal waveforms and firing
patterns and thus contribute to the complexity of neuronal
information coding and integration (3).
Two unrelated sequences encoding voltage-dependent K+

channels have been characterized, clearly representing two
distinct families of genes. The first family, the Shaker (Sh)
family, encodes proteins of several hundred amino acids that
are similar to those encoded in the Shaker gene in Droso-
phila, a gene that generates several products by alternative
splicing (4-6), and includes several members in mammals
(7-14) and in Drosophila (15). A gene encoding a voltage-
dependent K+ channel with extremely slow kinetics cloned
originally from kidney (16) defines the second K+ channel
gene family. The products of the Sh-family genes consist of
a core region with six hydrophobic sequences of which
probably five are membrane-spanning domains. Between the
third and fourth hydrophobic segments there is a sequence,
thought to be membrane-spanning (17, 18), consisting of an
arginine (sometimes lysine) at every third position and hy-
drophobic amino acids in the other positions. This motif,
believed to be responsible for voltage sensing, is known as S4
and is also present in voltage-dependent Na' and Ca2+
channels (17, 18). In contrast, the gene cloned from kidney
encodes a protein with a single membrane-spanning domain
and no real S4 sequence.
A comparison of the known sequences in the Sh family

suggests the presence of several groups or classes (13). We
now report on the cloning of a K+ channel cDNA from rat
brain (RKShIIIA) that clearly belongs to the Sh family.§ A
comparison with other members of this family suggests that
this cDNA is a member of a third class of K+ channel genes
in the Sh family in mammals.

MATERIALS AND METHODS
DNA Sequencing. Sequences were obtained by the dideoxy-

nucleotide chain-termination method using Sequenase (Unit-
ed States Biochemical) and plasmid DNA as template.
RNA Expression. The recombinant pBluescript (Strata-

gene) plasmid containing the RKShIIIA insert was linearized
by digestion with Apa I orXho I, and full-length capped RNA
transcripts were synthesized with T3 polymerase as de-
scribed (19). Standard methods were used to inject RNA into
Xenopus laevis oocytes and to record ionic currents (19, 20),
except that often the oocytes were not defolliculated until
use. All electrophysiological recordings were carried out at
21-22°C in ND96 solution (96 mM NaCl/2 mM KCl/1.8 mM
CaCI2/1 mM MgCl2/5 mM Hepes, pH 7.5).

Southern Blot Analysis. Digested rat genomic DNA was
electrophoresed into 0.8% agarose in lx TBE buffer (21).
Southern blot transfers into Hybond (Amersham) were pre-
pared essentially as described (21). The blots were hybridized
with 32P-labeled DNA probes synthesized by the random
hexamer primer method (22).

RESULTS AND DISCUSSION
Primary Structure of RKShIIUI. The nucleotide and de-

duced amino acid sequence of clone RKShIIIA is shown in
Fig. 1. The predicted product of the cDNA is a protein of 563
amino acids with a calculated relative molecular mass of
61,894. The conceptual translation of RKShIIIA (Fig. 1), a
hydropathy analysis (not shown), and a comparison with the
amino acid sequence of three classes of Sh-family genes (Fig.
2) indicate that our sequence is similar in overall structure to
other Sh-family genes. Like all Sh-family gene products,
RKShIIIA contains six hydrophobic regions (H1-H6) and a
well conserved S4 domain.
A special feature ofRKShIIIA is a 44-amino acid sequence

inserted in the amino end region of the protein (enclosed in
a box in Fig. 2). The sequence contains several stretches of
consecutive prolines, a rare feature found in some other
proteins such as the hinge region of some IgGs (25), myelin
Al basic protein (26), and synapsin (27). In addition, two
serines in this sequence are surrounded by amino acids
similar to those that surround serines or threonines that
undergo 0-glycosylation (26). According to the proposed
topology of this channel (Fig. 1), these putative 0-glycosyl-
ation sites are on the cytoplasmic side and thus might be
involved in the regulation of phosphorylation and protein
assembly and targeting (28).
We find that the fifth hydrophobic domain (H5) is consis-

tently one of the most conserved regions among known Sh
K+ channel sequences. This sequence is probably not hy-
drophobic enough to constitute a membrane-spanning do-
main (6, 18). Furthermore, if one assumes that H5 is not
membrane-spanning, the predicted topology of Sh K+ chan-

*To whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M34052).
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-79
GCCACGGTG AACATCTGGC CCACGAGAGC TTTAACTTGG TGCTGTGTTC GCCTTCCCTA
-20
GTCATGTCTG AGCCACAGAG ATG GGC AAG ATC GAG AAC AAC GAG AGG GTG ATC CTC 36

Hit Gly Lys Ie, Clu Asn Asn Clu Arg VaL lIe Lou 12

MT GTC GGA GGC ACC AGG CAC GAA ACC TAC CGC AGC ACT CTC AAG ACC CTT CCT 9o
Asn Vat Cly Cly Thr Arg His Glu Thr Tyr Arg Str Thr Lou Lys Thr Lou Pro 30

GGA ACT CGC CTG GCC CTT CTC GCC TCC TCT GAA CCT CAG GGC GAC TGC CTG ACT 14
Gly Thr Arg Lou AL. Lou Lou AL. Sir Sir Glu Pro Gln Gly Asp Cys Lou Thr 48

GCT UCG GGT GAC AAG CTG CAG CCG CTG CCC CCT CCG CTG TCT CCA CCG CCG CGA 196
AL. Al. Gly Asp Lys Lou Gln Pro Lou Pro Pro Pro Lou Ser Pro Pro Pro Arg 66

CCC CCT CCC TTG TCC CCT GTC CCC AGC CCCGGCTTC GAG GGC GGC GCA GGC AC 252
Pro Pro Pro Lou Ser Pro VaL Pro Sir Gly Cys Ph. Clu Gly Cly Alt Gly Asn 84

TGC AGT TCG cAC GGT GGC MT GGC AGC GAC CAC CCT GGC CGA CCC CGC GAA TTC 306
Cys Sir Ser His Cly Cly Asn Cly Ser Asp His Pro Gly Cly Cly Arg Glu Ph. 102

TTC TTC GAT CGC CAC CCA GGA GTC TTC GCC TAT GTC CTC MAC TAC TAC CGC ACG 360
Phi Phe Asp Arg His Pro Gly Vat Phi AL. Tyr VaL Lou AMn Tyr Tyr Arg Thr 120

GGC MG CTG CAC TGC CCC GCC GAC GTG TGT GGA CCG CTC TTC GAG CAA GAG CTG 414
GLy Lys Lou His Cys Pro Al. Asp Vol Cys Gly Pro Lou Phi Glu Glu Glu Lou 138

GCA TTC TGG GGC ATC GAT GAG ACC GAC GTG GAG CCC TGC TGC TGG ATG ACC TAC 468
AL. Phi Trp Gly lIe Asp Glu Thr Asp VaL Glu Pro Cys Cys Trp Hit Thr Tyr 156

AGO CAG CAC CGG GAC GCC GAG GAG GCC CTG GAT ATC TTC GAG ACA CCC GAC CTC 522
Arg Cln His Arg Asp AL. Glu Glu Al. Lou Asp ILt Phi Glu Thr Pro Asp Lou 174

ATC GGA GGC GAC CCT GGT GAT GAT GAG GAC CTA GGG GGC MG AGA CTG GGC ATT 576
ILt Cly Gly Asp Pro Gly Asp Asp Clu Asp Lou Gly Gly Lys Arg Lou Cly ILi 192

GAG GAT GCT GCG GGG CTG GGA GGA CCC GAT GGC MG TCT GGC CGC TGG AGO MG 630
Clu Asp AL. AL. Gly Lou Gly GLy Pro Asp Gly Lys Ser Gly Arg Trp Arg Lys 210

CTG CAG CCT CGC ATG TGG GCT CTC TTT GAG GAC CCC TAT TCA TCC AGA CCC GCT 684
Lou Cln Pro Arg Het Trp ALt Lou Phe Glu Asp Pro Tyr Ser Sir Arg Al. Ale 228

AGO TTT ATT OCT TTT OCT TCT CTO TTC TTC ATT TTG GTT TCC ATC ACA ACC TTT 738
Ar2 Phe Ilt ALt Phe Ate Sir Lou Phe Phe LIt Leu VoL Ser Ile Thr Thr Phe 246

H1
T*CCTG GAGACA CAC G GCT TTC MT ATT GTT AMA MC CO CA GAG CGAOTC 792

Cs Leu Clu Thr His Clu AL. Phi Asn lie V.L Lys Asn Lys Thr Glu Pro VaL 264

ATC MC GCC ACC AGC OCT GTT CTC CAG TAT GM ATC GAA ACG GAT CCT GCC TTG 846
Iti Asn Gly Thr Sir AL. VaL Lou Gln Tyr Glu LIt Glu Thr Asp Pro AL. L. 282

AGA TAT TG GAM GGA OTG TGT GTG GTG TGG TTT ACT TTT GM TTT TTA GTC COT 900
Thr Trr V.L Glu Clv Vol Cys Vat VoL Tro Phi Thr Phe Glu Phe Lou Vol Ara 3w0

H2
ATT GTT TTC TCG CCC MAT "A CTT GAG TTC ATC AMA MT CTA TT MC ATC ATT 954

Ilt Vat Phl Sir Pro Asn Lys Ltu Glu Phi [Lt Lys Asn Lou Leu Asn Ili Ili 318

GAC TTT GTG OCC ATC CTC CCC TTC TAC TTA GAG GTG GGA CTC AGC GGC CTG TCT 1008
Aso Phe VaL AL. Ile Leu Pro Phe Tyr Lou Glu VoL Glv Leu Ser Glv Leu Ser 336

H3
TCC AA GC OCT AMA GAT GTG CTC GGC TTT CTC AGG GT(. GTT AGG TTT GTG AGG 1062
Sir Lys Al. Alt Lys Asp V.L Lou Gly Phe Lou Ara VaL VaL Ara Phi VoL Ars 354
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ATC CTG AGA ATC TTC AAG CTT ACC CGC CAT TTC GTA GGT CTG AGA GTG CTC GGA 1116
Ile Leu Ar2 Ile Phe Lvs Leu Thr Arg His Phe VaL Gly Leu Arg VaL Leu Gly 372

S4
CAC ACT CTT CGT GC AGC ACC AMT GM TTT TTG TTG CTG ATC ATC TTT CTO OCT 1170
His Thr Lou Arg Alt Sir Thr Asn Olu Phe Lou Lou Lou Ile Ilt O'he Lou Ale 390

CTO GGA OTT TTG ATA TTC OCT ACG ATG ATC TAC TAC OCT GAO CGA OTA CCC OCT 1224
Leu Gly ViL Leu Ile Phe Alt Thr Het lie Tyr Tyr Ali Glu Arg Vat Cly Al. 408

H4
CG CCT MAT GAT CCC TCA GCc AGT GAO CAC ACA CAO TTC AAM C ATC CCC ATT 1278
Gln Pro AMn Asp Pro Ser Al. Ser Glu His Thr Gln Phi Lys Asn lie Pro Ile 426

OCT TTC TOG TOG OCT GTG cTr ACC ATG ACT ACC TTA 0CC TAT 000 GAT ATG TAC 1332
Otv Phe Tri Tro Ali Val Val Thr Met Thr Thr Leu Mly Tyr Gly Aso Met Tyr 44

H5
CCC CAA ACA TOG TCA CCC ATO TTn GTG GGG 0CC TTG TOT OCT CTG OCT OGA OTG 1386
Pro Gln Thr Trp Ser Cly Met Lou Vt GOlv ALt Lou Cvs Alt Lou Al. Olv Val 462

CTO ACC ATA OCT ATG CCT GTG CCC GTC ATT GTC AAC AAT TTT 0CC ATG TAC TAC 140
Lou Thr Ile Al. Hit Pro Vat Pro VaL Ile Vat Asn Asn Phi Gly Hit Tyr Tyr 40

H6
TCC TTr GCA AT OCc MO CAO AAA CTT CCA AGA AM AGAAM AMO CAC ATT CCT 1494
Ser Lou AtL Hit Ali Lys Gln Lys Leu Pro Arg Lys Arg Lys Lys His lie Pro 498

CCT 0CC CCT CTG CCA ACC TCA CCT ACA TTT T*C AAG ACA GAA TTA AAC ATG OCT 1548
Pro Al. Pro Lou Al. Ser Ser Pro Thr Phe Cys Lys Thr Clu Leu Asn Met Al. 516

TGT MC AGT ACC CAO AGT GAC ACA TGT CTG CCC AM GA AAC COG CTT CTG GMA 1602
Cys Asn Ser Thr Gin Ser Asp Thr Cys Lou Gly Lys Clu Asn Arg Lou Lou GCu 534

CAT MC AGA TCA GTG TTA TCA GOT GAC GAC AGT ACA CGA AGT GAG CCG CCA TTA 1656
His Asn Arg Sir VaL Lou Ser Cly Asp Asp Sir Thr Gly Sir Clu Pro Pro Leu 552

TCA CCT TCC CGA AAM OCT CCC CAT CAG ACC CTC TAO TACCAGAG ACAAAAACAG 1710
Ser Pro Ser Gly Lys Al. Pro His Gin Thr Leu * 563

AAGAGGMGC ACATGTTTCC TGTTGACGAC AGCTGATTAC ACGTGCGCTT CTGATGGAGC 1770
ofTCAGGAAA
ATCTCTTACT
TATCATGGAT
CTGGAAACTT
CGCATTCTCT
TGCCAAGGAA
ACGTGTGCAT
AGCATCTGTG
GGTGGTTTTG
TTTCTTTTAT

AMCCACTTA
CTMCCATTT
COTCATCACC
AAAAATATMA
TATATAGTA
TCTTCMTCG
ATCACTGCTG
MATCTCTTAO
TCGTGTACCT
CATGTTACTA
ATCTGATTM

GATMCTGCA
TMTGACTTG
TTTTGCCTGC
CTGCTACTGA
GAGGCATTTA
ATATTCTGCT
GCGTCCACCC
MOCTTCMA
CTCATTA
TTGTACATTA
TATATCCGCT
CTTAGTCATG
AGTATTCATC
ATTCTGGCA
MTATTATCA
ATTCCTTTTT
TAGTTGAMC
TTCCCCTGGG
TTTYTGACCA
ACTGAATGA
ATGAT

AAGATGTTGT
GGAAAGGCAC
TGAAAATGGC
ATGTGACCGc
AAGCTTGTAA
TGTCGACAGA
TTCTCACAGT
AAATCCCAC
CAGAGGWCAG
COTGTTOTAT
TGTGAACTAT
TATTCATTTA
GTATMOTCT
TGAGATATT

MTTATATCC
TTCGTGAGCT
TGTGTMAGA
ATTCTGMTA
TCTCMOCTG
AGATAAAAG

CATTACTGGT
AAACAGAT
ACATTGAGAT
ATGTGACCGC
AGAAATCCTG
CCAGAGTCCA
CTCATAGAC
MGGCTCTGA
TGATCCMT
CTACAAACAC
GTTGTAMCT
OTTCTGGAAC
TTTGTCATTG
TTTT TATTM
TAAAATGTCT
TTGTGGCTMA
TTTTTCATCT
TACTCTATAG
CATGCCTMT
TCAACGATC

TACACGCAAG
AGAAAGTGTT
TTAGCCATTC
TTTGTGTTCA
GCTOGMCTG
CAAAACMCT
AGCGAGCCAC
ATGGCTCCTC
GTAGTATAGC
CGATTGCCTC
TTTAGTGTCT
GCTGTTACTA
TTACCTCMT
ATGATCMCC
ATTTTGCATA
TGAAGCGTGT
TGCTTAATCA
CCTMTTATA

CGTTGTGATA
TGGGGATAA

CCGAGGCCAG
GTACGAGTT
AGGATTGTA

GAAGAGTTCC
AAATGGGCTT
GTAMTACCA
ATTCATTGTC
TCGGGCTCAT
TCTGTTTTCA
ATTTTCTTGC
ACATAGAMT
TCTAGMGAC
TATAAMTATT
AAMTOTGTAG
AAAGAGATAT
GTTTGTCTTC
ATATTTCG
MCCCCTGTA
AGCCATGGA
CTTGATCCT

1830
1890
1950
2010
2070
2130
2190
2250

2310
2370
2430
2490
2550
2610
2670
2730
2790
2850
2910
2970
2985

FIG. 1. Nucleotide and deduced amino acid sequence of RKShIIIA. The name given to this clone attempts to indicate its relationship to other
K+ channel sequences. The R indicates the clone is from rat, K that it encodes a K+ channel, Sh that it belongs to the Sh family of genes, III
that it is a member of the third known class of genes in this family, and A that it is the first known member of this class in rat. We have not
indicated tissue of origin in the name, because other sequences have been found in more than one tissue (e.g., RCK4 and RHK1, found in brain
cortex and heart, respectively, are the same sequence). The numbers indicate the nucleotide and amino acid positions with the chosen initiation
codot as 1. The ATG triplet chosen as the initiation codon is the second found in the sequence, but it produces the longest possible open reading
frame and predicts a protein that is highly homologous to other Sh K+ channel sequences. The first stop codon in frame is shown by an asterisk.
Hydrophobic domains (H1-H6) and the S4 motif are underlined. Consensus sequences for N-glycosylation (23) are indicated with filled squares.
Only two of these (Asn-259 and -266) are extracellular in the expected topology of the protein assuming that the amino terminus is intracellular
(because of a lack of signal-peptide sequence) and that H1-H4, S4, and H6 are membrane-spanning domains (6, 18). The clone containing the
RKShIIIA insert was obtained by screening (21) a rat brain cDNA library in AZAP (Stratagene) with DNA probes derived from the
amino-terminal end of a partial clone obtained previously. Hybridization to nitrocellulose replicas of cultures was carried out in 50% (vol/vol)
formamide/5x SSPE at 420C (21). Another isolate was partially sequenced. It is identical to RKShIIIA except that in the 3' end instead of a
T as the last nucleotide it contains a stretch of 10 A residues. The initial partial clone was obtained by screening, at low stringency [20o
formamide/5x SSPE at 300C], an oligo(dT)-primed rat brain Agtll cDNA library with an oligonucleotide probe corresponding to the first 60
bases of the (H5) domain of the Drosophila Shaker H4 cDNA (4). The recombinant pBluescript plasmid containing the RKShIIIA insert was
obtained from the purified AZAP clone by in vivo excision using Stratagene protocols.

nel subunits will be similar to that of the homologous repeats the K+ selectivity filter. If a K+ channel is a tetramer of
in voltage-dependent Na+ and Ca2l channels (18). We pro- Sh-family gene products (18), the center of the H5 sequences
pose that H5 enters the membrane partially and helps to form could form a ring containing 12 hydroxyl groups. These
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RKShI I IA: MGK IENNERVILNVGGTRNETYRSTLKTLPGTRLALLASSE 41
Shaw: -HLIU MDSEM--V I KA---KI-A---SR-TEAL 43
DRKI: -*T-NGSRSTSSLPPEPNEIVRS KACSR--R ----- LA--VLWR--DR--R---GK-RDCW 60
RCK1: -TVWEUADEASAAPGHPaDGSYPRDNDDHN-CC ---VI-IS-L-F--QLK--AGF-N-L-GWPKKR" 70

RKShIIIA: POGDCLTAAGDKL LPPPLSPPPRPPPLSPVPSG FENGA NGCSSNGGGSDNPGG EFFFfDRHPGVF 111
Show: ANY-PIL N-Y--------- 62
DRKI: TNDSL-QVCD-YSLED -Y-------Y. - 88
RCKI: RYF-P-R U-YN----RPS- 89

RKShI I IA: AYVLMYYRTG KLNCPADVCGPLFEEELAFWGIDETDVEPCCMTYYRQHRDAEEALDIFETPDLIGGDPG 180
Show: --------- --Y-T-----------E---L-SNO - T----TO-T-AVLDRL--DTEK-S 131
DRKI: TSI--F---- R--MNEEN-ALS-SQ--DY----- IYL-S--OQA-H-KKEQNEELKR-AET-REREGE 157
RCK1: DAI-Y--OS-GR-RR-VN-PLDN-S--IK-YELG-EAM-KFREDEGFIKEEERPLPE 14

H1
RKShIllA: DDEDLGGKRLGIEDAAGLGGPDCKSGRWUKLOPRNLFEDPYSS FIAFASLFFILVSITTFC T 250
Show: EE-LARKFGFEEDYYK-TIS W-OENK--I-S--DE--- KY GW V---CI--LS-- - 195

DRKI: EFDUTCC AEKRKKL-D-L-K--- -KIL-II-IN--VL-TIALS - 206
RCKI: KEY-ROV-L---Y-E-- --V-8-IV-I 18

H2
RKShVIIIA:NAFUIVKNKTEPVINGTSAVLOTEIETD P GYYVEVCVWFTFEFLVRIV KiLEFlKL 314
Show: -PDSWIVRNIT-KTANGSNGWFLDK-QTNAU I- F-I-C-I-A----- I-N-- FI -- -----SS 263

DRKI: LPELOSLDEFGOSYD U- AN--A--IA---N-Y-L-FL -K-W-F-GP 257

RCKI: LPELKDD-DF-GTINRIDUTTVI-TSWIFTD FI -TL-II--S-- fFF -S-TD-F--I 253
H3 S4 * * 0

RKShIIIA: LNIIDFVAILPFYLEVGLSC SKSDVLG LPVVPFVPILPIFKLTRNF VLGVLHTLRAST 379

Show: V--- I-T-S-I IDLVOR N-LENAD -EFFSII--N-L--V--.-SS-f.KI-l-F ---A 326
DRKI: --A--LL ----Y-VYIF-TE SVLOFOR IF-IN----- L--A--ST- OS--f---R-Y 324

RCKI: N-F -- --- I-YFITL-TEI E GEGATSL ---I-L-K-Vf----AS--IK-rOIQ----K--N 323
* * H4 H5

RKShlIIA: N LLLIIFLALGVLIFATNI RVGAOPNDPSASENTaFKNIPFlPIAWTNYTLGYGDNYPO 449
Show: K T--VF --V- -IV - SLV-- IOPU- D-US--- L--- ----V A-- A-K YI 389
DRKI: - G--- L ---N-IN--SSLVFF- KDEDD --- ---- TI ----V---- --K LL 385
RCKI: U L---f--fl-- AEE-E SN-0.. -....S V-------V G 384

H6 4
RKShI I IA: GMI VALCALAGVLYIAVVI Vl FGC YYSLAMAKOKILPRKRKKNIPPAPLASSPTFCKTELNNACNS 519
Show: ----.--..-4-.L...-A--A--NTO-RA --- K--RRVL-VEOPlOPRLPGAPGGVSG-GT 459
DRKI: -K --C--Cl ----V--LI-I-- - -SEF-KEOKUOE-AIKR-EALERAKUUG-IVSMKDAFARSIE 455
RCKI: -K -S--- I- ---- -NYF-HRETEGEEO^OLLNVSS-MLASD-DLSRRSSSTISKSEY 454

RKShI I IA: TOSDTCLGKEURLLENMRSVISUDSTGSEPPLSPSGPNQTL*
Show: PG-GPNS-PNGSGGYGP-UN-KYKDLV-PKSDNAFSFD'
DRKI: EDVVEKNGESIAKKDKVDNNLSPNKWKWTKRALSETSSSK(.355)
RCKI: NEIEEDFNSIAYRAUMIRTYGCTA-ODNCVNKSKLLTDV

563
498
498
495

FIG. 2. Comparison of predicted amino acid sequences of RK-
ShIIIA and other Sh K+ channel genes. The complete sequences of
RKShIIIA, Shaw, and RCK1 are shown. DRK1 extends 355 amino
acids further at the carboxyl end. Identical amino acids are shown
with dashes. The sequences were aligned to maximize long stretches
of homology. Gaps in the sequence are shown as blanks. The
beginning and the end of the central core region used for calculations
of identity are marked by arrows. The H1-H6 and S4 sequences and
a 44-amino acid insert peculiar to RKShIIIA are boxed. The leucines
in heptad repeat ("leucine zipper" motif) adjacent to the S4 domain
are indicated with filled circles (24). In RKShIIIA the fourth leucine
is replaced by phenylalanine.

hydroxyls could provide the water-like environment which
dehydrates K+ ions selectively (1, 29).

Functional Properties of RKShIHA Channels. In vitro tran-
scribed RNA from RKShIIIA expresses K+ channels when
injected into Xenopus oocytes. Large currents absent in
uninjected oocytes are observed in oocytes injected with
RKShIIIA transcripts (Fig. 3 A-C). The reversal potential of
these currents, determined from tail-current analysis (19),
depends on external K+ concentration as expected for a

K+-selective channel. A reversal potential of -85 mV is
obtained in 2 mM external K+ and -55 mV in 10 mM (data
not shown). These values are close to the expected equilib-
rium potential for K+ (-95 mV and -55 mV, respectively),
assuming an internal K+ concentration of 90 mM, and indi-
cate a very high selectivity for K+ ions (1). The currents
expressed by RKShIIIA activate slowly, starting at about
-10 mV, and their rise time decreases with increasing
depolarization (Fig. 3 A-C). These currents inactivate very
slowly (Fig. 3B) and activate with a delay (Fig. 3C). All these
are features of delayed rectifier-type K+ channels (1, 2).
A conductance-voltage curve obtained from five experi-

ments is presented in Fig. 3D. The conductance begins to rise

A B

FIG. 3. Electrophysiological properties of ion currents expressed
by RNA transcripts of RKShIIIA. (A-C) Currents recorded under
voltage clamp. Depolarizing pulses, from -80 to +40 mV with 10-mV
increments, were delivered at a rate of every 4 sec (A and C) or 8 sec

(B) from a holding potential of -100 mV. The oocytes were bathed
in ND96 solution and the electrodes were filled with 3 M KCL. (D)
Plot of normalized conductance (conductance at the indicated po-
tential divided by the maximum conductance) obtained from five
oocytes and three different preparations of RNA. In one case (open
circles) depolarizing pulses were given in 5-mV increments. The
conductance was calculated (1) by dividing the steady-state current
at the end of 500-msec depolarizing pulses by the driving force using
a reversal potential of -85 mV.

between -15 and -10 mV and increases steeply to a maxi-
mum value. Sometimes a decline in conductance is observed
with large depolarizations. Half-maximal conductance is
obtained at around 13 mV and the limiting slope of the curve

is estimated to be 7-7.5 mV for an e-fold change in conduc-
tance. The reduced steepness exhibited by RKShIIIA, com-

pared to Drosophila Shaker channels (19), may be due to the
smaller number of basic residues in the S4 domain (six vs.

seven). However, amino acids in other regions of the protein
may also influence the steepness of conductance-voltage
relations (13).
The currents expressed by RKShIIIA are blocked 70-

100% (depending on the membrane potential) by 1 mM
tetraethylammonium, 5 mM Ba2+, and 1 mM 4-aminopyri-
dine, three well known K+ channel blockers. The blockage of
RKShIIIA channels by 4-aminopyridine seems to exhibit
open-channel block behavior (1), contrary to what has been
observed for 4-aminopyridine blockade of K+ channels in
squid giant axon (30). Specifically, the degree of blockage of
RKShIIIA currents by 4-aminopyridine increases with in-
creasing depolarization, the rise time of the currents becomes
faster, and at some voltages (e.g., at +20 mV) a time-
dependent inactivation is induced (Fig. 4). Furthermore,
repetitive depolarization produces further blockage (see In-
set in Fig. 4B), as opposed to the gradual release of block
observed for the delayed rectifier of the squid giant axon (30).
K+ Channel Classes. Based on sequence homology, and

hence evolutionary relatedness, of previously known Sh-
family sequences, two classes of genes (13) can be defined
(classes I and II in Table 1). Members of a given class, in
different species, are far more similar to each other than to
members of different classes in the same species (Table 2).
This suggests that these two classes originated from some
ancestral sequence before the flies and mammals diverged
(13-15). RKShIIIA is more similar to the Drosophila Shaw
gene (15) than to any other known K+ channel sequence
(Table 2) or any sequence in the GenBank data base (January

Neurobiology: McCormack et al.
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A B
40

1 0
I

_ .4R~~~~
-20

FIG. 4. 4-Aminopyridine block of RKShIIIA currents. Records
of ion currents obtained as in Fig. 3 for depolarizing pulses to the
indicated voltages are shown before (A) and after (B) the addition of
0.8 mM 4-aminopyridine. The Inset in B shows the currents during
a depolarizing pulse to 20 mV applied at a frequency of 1/sec
obtained after the experiment shown in B was finished.

1990), particularly in a long stretch near the amino terminus
that is almost identical between these two sequences (Fig. 2).
Furthermore, genomic DNA analysis suggests that several
genes of the same class, with similar homologies to Shaw, are
present in the rat genome (Fig. 5). However, as shown in
Table 2, the overall homology between RKShIIIA and Shaw
is significantly less than that among class I or class II genes
(e.g., between RCK1 in rat and H4 in Drosophila, or between
DRK1 in rat and Shab in Drosophila). Outside the stretch in
the amino terminus, RKShIIIA is more similar to Shaw than
to other Sh genes in the sixth hydrophobic domain (H6) and
the sequence immediately following H6, but it is more similar
to RCK1 or DRK1 in the region around the S4 domain (Fig.
2).
RKShIIIA is clearly different from class I or class II genes

and thus we consider it a member of a third Sh gene class in
mammals. Class I and II genes have vertebrate and inverte-
brate counterparts. RKShIIIA and Shaw are probably related
genes; however, their evolutionary relatedness is different
from that between class I and class II genes. Thus, their
assignment to the same class of genes is tentative, and
definite assignment must await further evolutionary analysis.
The physiological significance of these classes is not

known. Inactivation is clearly not a defining parameter
because, for example, class I includes channels that inacti-
vate very fast and channels that inactivate very slowly and
have delayed rectifier properties (Table 3). Differences in
these properties apparently can be achieved without major
changes in the core region. From the electrophysiological
studies done thus far, we can distinguish two parameters of
predicted physiological significance which appear to vary
among classes (Table 3): class I members activate quickly
and at relatively low (but not subthreshold) voltages, while

Table 1. Shaker family of K+ channel genes

Class Rat Human Drosophila
I RCK1 = RBK1 (10, 8) HuKI (12, 13) Shaker(4-6)

RCK5 = RBK2 (10, 9) HuKIV (12, 13)
RCK4 = RHK1 (10, 11) HuKII (12, 13)
RCK3 (10) HuKIII (12, 13)

HuKV (12, 13)
HuKVI (12, 13)

II DRK1 (14) Shab (15)
III RKShIIIA Shaw? (15)

(this paper)
IV Shal (15)
V Shaw? (15)
This table was modified from ref. 13. A homologue of RCK1,

RBK1, and HuKI is known in mouse (MBK1, ref. 7).

Table 2. Fraction of identical amino acids in analogous positions
between pairs of Sh K+ channel proteins

Shaw DRK1 Shab RCK1 H4
RKShIlIA 0.52 0.42 0.41 0.41 0.40
Shaw 0.41 0.40 0.41 0.41
DRK1 0.72 0.42 0.40
Shab 0.39 0.37
RCK1 0.76
The fractions of identical amino acids in overlapping sequences in

the core region were calculated using an alignment like the one shown
in Fig. 3 but which included also Shab and H4. H4 is one of the
products of the Drosophila Shaker gene (4). Shab (15) and Shaw (15)
are Drosophila genes, and DRK1 (14) and RCK1 (10) are rat genes.

class II and class III channels (DRK1 and RKShIIIA) acti-
vate relatively slowly and require large-depolarizations. RK-
ShIIIA currents activate at particularly high voltages. These
differences might explain why there seems to be much more
expression of class I genes than of class II or III genes in
brain, since most neuronal K+ channels activate in the
voltage range of class I channels. The three gene classes also
differ in the number of positively charged residues in the S4
domain (Table 3).
Other properties such as developmental regulation, cellu-

lar localization, posttranslational modification, or participa-
tion in heteromultimner formation (31, 32) might turn out to be
important properties of Sh channel classes. For example,
RKShIIIA and Shaw lack a consensus sequence for cAMP-
dependent phosphorylation present in most Sh K+ channel
sequences.

Functional Significance. One major task in the future ofK+
channel gene research is to understand the physiological
significance ofthe various K+ channel subunits that are being
cloned. Because the functional properties of a given K+
channel will depend on whether it is a homo- or heteromul-
timer of Sh-family gene products (19, 31, 32), on the inter-
actions of this aggregate with smaller subunits (20, 33), and
on posttranslational modifications (2), the results of the
expression of a particular Sh gene will depend on the cellular
context. It is interesting in this regard that the properties

114 I

FIG. 5. Southern analysis of rat genomic DNA. DNA was
digested with an excess of EcoRI or Sac I. The Southern blots were
hybridized (21) under conditions of relatively low stringency (30%o
formamide/5x SSPE at 37rc) with one oftwo probes. The first probe
(A) contains the region that is most similar between Shaw and
RKShIIIA (nucleotides 301-501); the second probe (B) contains the
sequence encoding the H3 through H4 domains (nucleotides 964-
12%), where Shaw and RKShIIIA are less similar. A single strong
hybrdizaion anadserl faint bUt discrete hyrdiainband
are observed with both probes, suggesting the presence of several
genes homologous to both regions of RKShIIIA. HindIll-digested A
DNA was used as size markers. Kb, kilobases.
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Table 3. Electrophysiological properties of three classes of Sh
K+ channels

Channel S4 kinit Von0, ton,§
Class (ref.) Z* msec mV msec

I H4 (19) 7 4 -40 5
RCK1 (10) 7 -50 15
RCK5 (10) 7 -55 6
RHK1 (11) 7 30 -40 10
RCK3 (10) 7 1000 -55 14

II DRK1 (14) 5 -25 120
III RKShIIIA 6 -10 80
Approximate values were determined from published data, at

room temperature. All the experiments used a similar bathing
solution except for those on DRK1, which used Co2+ instead of
c2+.Ca2~
*Number of positive charge residues in S4.
tTime constant of inactivation at 0 mV. A dash implies inactivation
is very slow or very small.
tActivation voltage, the approximate voltage at which the conduc-
tance starts to rise.
§Activation rate at 0 mV determined as time to peak for rapidly
inactivating currents, and time to rise between 10% and 90% for
slowly inactivating and noninactivating currents.

observed here are very similar to those of one of the K+
currents (VKs) observed in Xenopus oocytes injected with
whole brain poly(A)+ RNA (34). RKShIIIA channels activate
at about the highest voltages one may expect physiologically.
If RKShIIIA is expressed in the plasma membrane, and if its
properties resemble those in the oocyte, we expect this
channel to be particularly important in the termination of
prolonged depolarizations (above 0 mV) such as plateau
potentials or in the regulation of the frequency and duration
of spike bursts (3). A channel such as RKShIIIA would play
little role in subthreshold phenomena or in shaping the
waveform of fast Na+ spikes.

Note Added in Proof. After this paper was submitted we became
aware of a sequence, obtained from NG108 cells, just published by
Yokoyama et al. (35). Their sequence (NGK2) is similar (but not
identical) to that of RKShIIIA and appears to be the same as that of
a related cDNA (bnl3) from PC12 pheochromocytoma cells (Vega et
al., ref. 36). Sequence analysis suggests that NGK2 (or bnl3) and
RKShIIIA are two different members of the same gene class as
defined here. Interestingly, although the amino acid sequence dif-
ferences between NGK2 and RKShIIIA are similar to those found
among class I gene members, their electrophysiological properties
are very similar.
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