
April 1992 Volume 301, number 3, 168-172 FEBS 10934 
0 1992 Federation of European Biochemical Societies 00145793/92/S5.00 

ISK, a slowl,y activating voltage-sensitive IS’ channel 

Characterization of multiple cDNAs and gene organization in the mouse 
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ml,, is a protein consisting of 129 amino acids with a single putative transmembranc domain. The injection of mIsk cRNA into Xettopus oocytes 
directs the expression of a voltage-gated K’ current. A heart mRNA blot probed with ml,, DNA revealed at least two transcripts. The messenger 
diversity of mIsK was investigated by cloning and chatacterization of multiple cDNAs of one genomic clone, and by performing primer extension 
experiments. All cDNAs characterized have the same protein-coding sequence, and heterogeneity of the transcripts arises from alternative splicing, 
and multiple sites of transcription start and polyadenylation. I Sk ;s encoded by a single gene in the mouse genome. The gene organization reveals 
the existence of an exon containing the whole protein-coding sequence and of two alternative exons corresponding to the 5’ untranslated sequences. 
We failed to detect the presence of another :!xon capable ofcxtending the protein-coding sequence. The diversity oft& messengers is not associated 

with a diversity of the ml,, protein. 

Delayed rectifier 

1. INTRODUCTION 2. MATERIALS AND METHODS 

The IsK protein was originally cloned in rat kidney by 
functional expression [I]. This protein consists of 130 
amino acid residues and has a single putative transmem- 
brane domain. In Xenupus oocytes the IsK protein 
mRNA directs the expression of a very slowly activating 
voltage-dependent and K+-selective outward current. 
The localization of the rat IsK protein in epithelial cells 
supports the view that this protein plays a role in the 
epithelial K’ transport [2]. 

2. I. Nurrlwtt blot ottulysis und isohriott of cDNA cfottes 

Expression ot‘ the ISK protein is not restricted to epi- 
thelia. It is also Fresent in myometrium [3,4], in heart 
[4,S] and in lymphocytes [6]. In mouse heart, the IsK 
message is particularly abundant at the early stages of 
development. Northern blot analysis of neonate mouse 
heart mRNAs with an IsK cDNA probe shows at least 
two hybridizing signals, indicating the presence of vari- 
ous related mRNAs species. It was important to know 
whether this mRNA diversity reflects an ISK protein 
diversity. This paper analyzes the diversity of ISK 
cDNAs and characterizes the gene organization. Re- 
sults suggest that no more than one IsK protein species 
is expressed in mouse tissues. 

Northern blot analysis was carried out as described previously [S]. 
An oligo(dT)-primed cDNA library, derived from poly(A)+ RNA 
isolated from newborn mouse hearts was constructed by cloning into 
the EcoRl site of phage AZAPll (Stratagene), Recombinant phages 
were screened by plaque hybridization with the previously character. 
ized mouse IIK cDNA clone CIII [S]. The probe was “P.labelled by 
random primer synthesis (Amcrsham). Hybridization-positive clones 
were isolated from about 3. IO5 clones. The AZAP recombinant 
phages were converted to plasmid cDNA by rescue excision (Strata- 
gene), The cDNA inserts were characterized by complete or partial 
sequencing [7] and by restriction enzyme analysis. 

2.2. Isolution 0Jgetrottric c/otres 
The labelled cDNA insert of CIII was used to screen a mouse 

genomic DNA library constructed into AEMBL3 phap vector. After 
screening approximately 2’ 10’ plaques, 22 positive clones were iso- 
lated. One clone, &II. containing a genomic insert of I6 kb and 
covering the mouse ISK gene was characterized. The physicai map of 
the IsK gene was established by restriction mapping, Southern blot 
hybridization Rrrd sequencing of selected restriction fragments of Gsl I 
which had beep subcloned into pBluescript SK- plasmid (Stratagene), 

2.3. Genotnic bfor ltybrirkution 
Mouse genomic DNA was prepared from C& cells [8] and dim 

gested with the restriction enzymes BrrtnHI, ApuI and EcoRI. After 
clectrophoresis in 0.8% agarose gel and transfer to Hybond-N filters 
(Amersham), the blots were probed with “zP-labelled insert of CI I I and 
with a “2P-labelled 0.95 kb Pstl fragment of 011 (see Fig. 4) corre- 
sponding to the V-untranslated region of the clone. 
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2.4. Primer extension analysis 
Primer extension analysis was pcrfonned losing total RNA isolated 

from mouse neonate heart as template. Two oligonucleotides were 
5’-end labelled with [y-“P]ATP using To kinase and served as primers: 
PR I (22-mer), 5’.GAATTGGGCAGGCTCATCCTGG-3’, comple- 
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mcntary to nucleotides -5/+ I7 from the initiation codon of ISK mRNA 
and PR2 (29.mer). 5’.TGCCTGGTCCTGGACGGTGCAGAGG-3’. 
complementary to nucleotides -431-64 (see Fig. 6). For each cxperim 
ment, approximately 5 a IO5 cpm of primer was incubated with 5 pg of 
RNA for 5 min at WC and subsequently annealed at 42°C overnight 
in 80% formumide, 0.4 M NaCI, I mM EDTA, pH 8.0 and 40 mM 
PIPES, pH 6.4. Revcrsc transcription was performed according lo 
Sambrook et al. [S]. The Rnal products were analyzed by electrophore- 
sis in 7 M urea, 6% polyacrylamide gel. 

3. RESULTS 

3.1. Isolation arld clwacterirufior~ of mls,, cDNAs 
Northern blot analysis of neonatal mouse heart 

mRNA hybridized with a probe containing the entire 
coding sequence of the mIsK protein indicates the pres- 
ence of at least two bands of size estimated to 0.9 and 
3.4 kb (Fig. 1). The presence of these different tran- 
scripts in mouse heart prompted us to isolate new 
cDNAs corresponding to these mRNAs. A mouse neo- 
nate heart cDNA library was screened at high strin- 
gency. Approximately 50 positive clones were obtained 
from 6 a 10’ plaques, and eight cDNAs were character- 
ized. Sequences are presented in Fig. 2. It appears that 
the main difference between these clones consists in the 
length of their 3’ untranslated terminal sequence which 
varied from 83 (clone 011) to 1790 (clone CSI I) base 
pairs. Our analysis showed that at least 3 alternative 
polyadenylation sites are used to generate the different 
3’ termini. When the 3’ untranslated sequence of the 
Csl I clone was used to probe the heart mRNAs only the 
large-size transcripts were revealed confirming that 
these large m&k transcripts are generated by an elonga- 
tion in their 3’ untranslated sequences. Minor diffet- 
ences were also found in the 5’ termini which probably 

1 2 

Fig. I. Specific expression of ISK in mouse heart. Poly(A)+ (5 pg) from 
neonate mouse heart were probed with ‘aP.labelled insert of Ct I I clone 
(lane I) or by ‘zP-lab&d 0.95 kb Purl fragment of CSII clone 

(lane 2). 

Go1 Sor Lou Pro Aon SW lhr lhr Uol Lor Pro Pho Lou Ill0 131-g Lou Trg aln 16 
nla AGC CT0 CCC III71 lCC nCO ACT OTT CT0 CCC flT Cl0 OCC AGO Cl8 100 WIG 51 

.Olu fhr Ala Glu Oln 01~ 01~ Aan uol 5~ 01~ LW nla nrG ~y0 sop aln Lou 26 
an6 ncn aci arm coo aoe oat nnc 0~0 TCG aoc CIO OCT COT NIO fcl cna CR 100 

nrp ROP fw SCP LUG Lcu oiu nki LOU lyr IIO ~~~ nor uOl 10~ 01~ ph, rhr 5q 
WI OAT OfIt AGC f!RO CIA OAQ GCO ClC TAC ATC CTC Al0 Of0 CfO OGC 1lC 1TC 162 

Olu PhO Pho Thr Lw Gly Ilo nor Lou 6or lyr Ilo Rrp S~F ly0 ~90 Lou GIU 72 
OGC TTC TTC RCC CT0 OGC ATC AT0 Cl0 Aal TnC MC COG TCC MO AH Cl0 01 216 

HI0 Sor HIa AND Pro Pho R0n U0I Tbr Ilo Olu aor n0p nlo lrp Oh Olu ~90 90 
cnc Tee cnc ant ccl rrc fm 010 TRC nfc on0 Ten ant act TOG cna ana firm 270 

alu Lya Ala U0l Pho Oin Al0 Arg 4101 LOU Glu SOP Pho At6 Rio c90 fy UOI loo 
aaa Asa OCC OTC TTC CR0 OCC COT GlC Cl0 GAO IGC 1lC AOR GCT 1OC in1 olC 224 

Ilo Glu Am Oln Ale Ala Uol tlu Gin Pro nlo Thr HI0 LOU PPO Olu LOU 190 120 
ATT arm mc cna oca occ tin on0 en0 CCT occ nm cnc CTT ccl aft8 CTG fm 376 

Pro Lcu Sor I29 
ccn Tfo fca fo~nccccncncfclncnao~a~cnnacoo~~ci~icinoicomiocc~accni~~c 116 

AnlTOCAlTClTTCTA1AOlRGACRRTCORlTlATTT1GCnO~CCTGnCc1lOlCTTGlARRTCTllOPAG 500 
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Fig. 2. Nucleotide sequcncc of mlsK cDNAs. Nucleotides arc num- 
bered from the first residue of the translation initiation codon. The 
symbols indicated are as follows: * A 0 0 0 a the 5’ and 3’ termini 
of the cDNA insert sequences of clones 4371, Culi. CWI. CI51i. CSII, 

CJN and CI I I, respectively. The symbol + corresponds to the 3’ lennini 
of the cDNA insert of the clone Crr I. 

reflect the use of multiple transcription start sites (see 
below). 

Despite their differences, these 8 cDNAs encode an 
identical protein. Moreover, cDNA synthesized with 
the shorter (CI I I) or the longer (01 I) clone as template 
were both capable of inducing the same K’ channel 
activity when expressed in Xenopus oocytes (data not 
shown). 

3.2. Physical map of the mlsK protein gene 
In order to determine the structural organization of 

the mouse Isk gene, we isolated a genomic clone de- 
noted Gsl I, Tine 16 kb insert was digested by several 
restriction enzymes, and fragments hybridizing posi- 
tively with the CIII insert were identified, subcloned 
and subjected to sequence determination. 

It was found that the whole protein-coding sequence 
as well as the 3’ untranslated termini of cDNAs are 
encoded by a single exon (exon 2) whereas the 5’ termini 
upstream of the residue 39 are encoded by an other 
exon, exon 1, located approximately 10.3 kb upstream 
from exon 2. All the clones isolated in this study showed 
the same exon 1 with variable lengths corresponding to 
multiple transcription start sites (Fig. 2). 

In a recent study, the rat ISK protein gene organiza- 
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Fig. 3. Physical map of the Isk genomic clone G~II. The exons are 
boxed. Their location was assigned by comparison of the sequence 
determinations for the genomic insert of011 to those ofcDNA inserts 
ofcloncs CII I and 011. The protein coding region is depicted by solid 
boxes. The restriction enzyme sites shown are A: ApuI, B: i3a~HI. E: 

EcoRI. 

tion has been reported [9]. It was found that the rat Isk 
protein mRNAs were initiated from 2 alternative exons, 
called exon 1A and exon 1B. Our mouse genomic clone 
contains a nucleotide sequence that is 88% homologous 
with the rat exon 1A. This sequence is located approxi- 
mately 400 bp upstream of exon 1. The sequences at the 
exon-intron boundaries (exon llintronlexon 2, putative 
exon lA/intron/exon 2) are consistent with the consen- 
sus sequence of the splice junction [lo]. The initiation 
of transcription from this putative exon 1A is discussed 
below. The physical map of the mIsK protein gene and 
nucleotide sequences of exons and t;ieir surrounding 
regions are presented in Figs. 3 and 4. 

3.3. Genomic Southern analysis 
Blots of mouse genomic DNA digested with several 

restriction enzymes were probed with the CI I I (Fig. 5) 
insert. The revealed bands have the sizes predicted from 
the partial restriction map of the GSII genomic clone. 
Interestingly, no other bands were observed under low- 
stringency conditions of hybridization. Therefore, it 
was concluded that there is only one copy of the Isk gene 
in the mouse haploid genome, and that this gene does 
not belong to a family of related genes. This result was 
fully confirmed by hybridizing the blots with a probe 
derived from a 3’ untranslated part of the C511 clone 
(not shown). 

3.4. Characterization of 5’ termini of misK mANAs 
Primer extension analysis was performed in order to 

identify the 5’ terrnini of ISK mRNAs, Two oligonucleo- 
tides were utilized for reverse transcription of mouse 
neonate heart total RNA. One primer was complemen- 
tary to a nucleotide sequence of exon 2 (residues -5 to 
+ 17 around the AUG codon), whereas the other primer 
PR2 was complementary to a sequence of putative exon 
IA (residues -43 to -64 upstream of the AUG codon) 
(Fig. 6). 

Fig. 4. Nucleotide sequence of exon IA. exon 1 and exon 2 and of the 
Ranking regions of these three cxons. Exonic sequences deduced from 
cDNA sequences are boxed. The nuclcotides are numbered relative to 
the first nucleotide of the translation initiation codon, 5’ termini se- 
quences of exon 1A and exon 1 predicted by primer extension are 
indicated by lines under the sequences, The start sites of transcription 
revealed by analysis of the 5’ termini of TsK mRNAs are indicated by 
arrows above exon IA and exon I. The location of sequences homol- 
ogous to the promoter and regulating elements arc shown above the 
nuclcotide sequence. A repeated sequence is underlined by arrows, 

does not correspond to any cDNA clone characterized 
and is probably due to another transcription start site 
not yet described. 

The extension from PRl gave rise to 4 major bands The extension from PR2 gave rise to two weak bands 
corresponding to sizes of 95, 110, 132 and 152 nucleo- of sizes of 83 and 76 residues. This result indicates that 
tides (Fig. 6). The extended DNAs of 95, ! !O and 132 at least two species of mRNA are initiated from *;*es . . . Y.._ 
nucleotides have sizes in good agreement with those located in the putative exon 1A and that the largest PR2 
predicted from the cDNA clones CI I I, CSI I and C371, extended DNA of 63 nucleotides probably corresponds 
respectively. The PR 1 extended DNA of 152 nucleotides to the S’ end of exon 1A. 

1 3P Y 
9’,,,,,,,.,,..,....,,,,.,..gttccagaacagteogogtoucatagtgag~ct 

gtctcaasacogogacagatgaaatccacattataaccaacccactaggcgacattttgc 

tagtggcttcattggatatttcattgagaaataacttt9t~tcatacaagccctagttta 

attattaattgtatttatttatttatttggctttaggcatcaag~ttttaattattata~ 

ataaaactatgaagaacetttatatccttaagacttctctaaacccagtgcctctctttg 

gaatagotttctcagaataacattacacgctggaggcagtctagtgctctceactgtggc 

tcagtacctggattctgssacccacatggccacagctccccatctgccctttgtcaac~g 

gagtattotst~gcOgetpaeCccBtgggaggg~~tt~agttgt~9~oagtt 

gtgcccaggagcccataggggctgtflgtccttagaagtgatcagatgaggaagaccacgg 

99099999999t99c99c999999999999a9ca9ttaccctt69ct9t9tcctttc9ct 

gtagfltca9aagcctgcctctgtatctcatctgccagcctagceaagcccttccaccgg~ 

gctgcccctgt gac cacacctgtcaggcgggtgggcaac9ctatgaaactgaccagga F+ 

agtcacctgagcaacttcagagcttgctcctgctgggagaga~~~g~~9gttcatactlg 

tagatgctcaaggtagccttgtagaatagccgaggagccacaggggtccagcagggt9tt 

aa9ataaagggtactggogaggttctgogceatctctgo9gtgcocgtgtttggagctot 

ttaotagggtgtttgtccggtgctgccctggtct9tcttccttattctcccoca9actgc 

ctgccagccctoagcccacctgctggagtcaaagtgtttcccggccttggggctgagtgc 

gtgggstgggtaocttcag cctaggctggcaga 
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Fig. 5. Mouse genomic DNA analysis by Southern blot. Mouse cellu- 
lar DNA was digested by EcoRI, BurrrHl and Apul and probed with 
the CI I I insert, The sizes of hybridization-positive frdgments are indi- 
cated on the left side of the autoradiograph. The restriction fragments 
of the iSK protein gene, which were expected to hybridize with the 
cDNA probe, arc indicated below the map of thr genomic clone Ci51 I. 

These results were confirmed with RNAse protection 
experiments by using a cRNA probe consiting of exon 
1 and exon 2 connected adjacently and the genomic 
sequence preceeding exon 1 (not shown). One protected 
band had a size equivalent to the PRl extended DNA 
of 152 nt. This length probably corresponds to the 5’ 
end of exon 1. Another protected band had the size 
expected for a fragment digested up to the diverging 
sequences between exon 1 and the putative exon 1A. 

Hence, primer extension experiments as well as 
RNAse protection analysis indicate that an exon equiv- 
alent to the rat exon 1A also exists in the mouse ISK 
protein gene. This conclusion was further supported by 
polymerase chain reaction experiments in which a DNA 
fragment containing exon 1A and exon 2 from position 
-48 on exon 1A to -1-387 in exon 2 was amplified from 
mouse neonate heart cDNA (not shown). 

Taken together, all these results demonstrate that 
multiple transcription start sites are used in both exon 
1 and exon 1A to generate the IsK message with a 
marked preferential use of exon 1 in mouse. 

The analysis of mRNAs was carried out with 
mRN.*.s of neonate heart since this tissue is the most 
abundant source of Isk transcripts. Simiiar resuits were 
obtained with adult mouse heart and kidney mRNAs 
(of course, signals were much weaker in these cases). It 
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Fig. 6, Analysis of 5’ tcrmini of the Isa mRNAs, The mowc neon& 
heart total RNA (5 pg) were annealed with two 5’ end-hbcllcd ol- 
igonucleotides (the asterisks denote the ‘eP-labelied site PRI (lane I) 
and PR2 (lane 3)), and transcribed by reverse transcriptase. The tran- 
scription products were subjected to electrophomsis on 6% poly- 
acrylamidc urea gels, The autoradiographic exposures of lance 1 and 
5, and lane 3 were conducted for 18 and 48 h. respectively. The sizes 
of extended products were deduced from a plasmid sequence (lane 2). 

then seems that the developmental stage of the mouse 
does not infiuence the choice of transcription start sites 
in both exons. 

3.5. Nucleoride sequence of the upslreutn region ofexon 
IA and eson I 

The nucleotide sequences around exon IA and exon 
1 were determined on the basis of the assignment of the 
two upstream exons of the ml,, gene. There are 470 bp 
between the 3’ termini of exon 1A and exon 1. These 
regions have structural features typical of a housekeep 
ing gene promoter. First, neither TATA, nor CAAT 
promoter elements were present in the 5’ flanking region 
to exon 1A and exon 1 (Fig. 3). Second, the G*C con- 
tent was high, it averaged for example 61 and 63% in 
the 250 bp immediately 5’ to exon 1 A and exon 1 respec 
tively compared to about 40% for the entire mammal 
genome. Third, multiple transcription start sites were 
observed. Finally there are many potential promoter, 
enhancer and regulating DNA elements in these regions 
including GTIIc, Spl, API consensus sequences and 
repetitive sequences (Fig. 3). 
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4. DISCUSSION 

The purpose of this work was to know whether there 
is a diversity of ISK genes and of ISK proteins. The anal- 
ysis of 8 independent cDNA clones ranging from 0.6 to 
2.3 kb revealed that the large differences in size between 
these clones mainly resulted from the length of their 3’ 
untranslated sequence due to at least three sites of pol- 
yadenylation. The 8 clones presented the same protein 
coding sequence. The minor differences observed in the 
5’ region of the cDNA clones probably result from the 
use of different transcription start sites. Primer exten- 
sion and RNAse protection experiments confirmed this 
conclusion. 

Cloning of the n&s protein gene from a genomic 
library and analysis by genomic Southern blot revealed 
the existence of only one ISK gene in the mouse haploid 
genome. The structural organization of this gene is un- 
usual. It consists of at least two exons separated by an 
intron of approximately 10 kb. There are two alterna- 
tively used first exons containing only the 5’ untmns- 
lated sequence while the second exon encodes the whole 
protein and the 3’ untranslated sequence. 

A search of a possible exonic sequence in the intron 
between exons 1 and 1A was carried out by probing 
heart and kidney mRNA blots with restriction frap 
ments of this intron (data not shown). No signal corre- 
sponding to the possible presence of another exon capa- 
ble of extending the protein coding sequence of IsK was 
detected. 

The different reasons for the diversity of ISK mRNAs 
have been elucidated. These include alternative splicing, 
and multiple sites of transcription start and polyadenyl- 
ation. Despite this heterogeneity of transcripts, oniy one 
Isk protein species is found in the mouse, The putative 
physiological role of the messenger heterogeneity re- 
mains to be understood. 

IsK mRNA directs in the Xettopus oocyte the expres- 
sion of a slow voltage-gated K’ channel. Whether ISK 
is the K’ channel by itself, or a regulator of a K’ chan- 
nel endogenous to the oocytes and not normally active, 
remains a question of debate. However, recent reports 
using mutagenesis [ 11,121 seem to indicate that the ISK 
protein is a K’ channel. Our own results support the 
same conclusion [S]. If mIsK is a K’ channel, then it is 
interesting to note that the IsK protein is a very peculiar 
ion channel when compared to other known structures 
of this kind. The structure of IsK differs completely from 
that of the other known ion channels [13] and the ISK 
protein is encoded by a single gene. Up to now the 
diversity of genes coding for a given voltage-sti::lsitive 
ion channel has been the rule. There exist at least five 
genes encoding Na’ channels [ 14, IS], five genes also for 
Ca+ channels [I61 and probabiy more than ten for volt- 

age-sensitive K’ channels related to the Drosophila 
Shaker, S/law, Shah and Shal genes [ 171. The diversity 
observed for the Shaker superfamily is known to pro- 
duce a very large panel of different K’ currents with 
different biophysical properties, different regulations 
and different pharmacology that will play a crucial role 
in signal integration and plasticity [18,19]. 

The unique biophysical properties displayed by the 
single IsK putative K’ channel might suggest for this 
protein a role in a number of basic physiological proc- 
esses. 
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