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Isx, a slowly activating voltage-sensitive K™ channel

Characterization of multiple cDNAs and gene organization in the mouse
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mlgx is & protein consisting of 129 amino acids with a single putative transmembranc domain. The injection of mly cRNA into Xenopus oocytes
directs the expression of a voltage-gated K™ current. A heart mRNA blot probed with mIgx DNA revealed at least two transeripts. The messenger
diversity of mlgy was investigated by cloning and churacterization of multiple cDNAs of one genomic clone, and by performing primer extension
experiments. All cDNAs characterized have the same protein-coding sequence, and heterogeneily of the transcripts arises from alternative splicing,
and multiple sites of transcription start and polyadenylation. Isk 15 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’ uniranslated sequences.
‘We failed to detect the presence of another sxon capable of extending the protein-coding sequence. The diversity of mlg; messengers is not associated
with a diversity of the mly protein.

Delayed rectifier

1. INTRODUCTION

The I protein was originally cloned in rat kidney by
functional expression [1]). This protein consists of 130
amino acid residues and has a single putative transmem-
brane domain. In Xenupus oocytes the Igx protein
mRNA directs the expression of a very slowly activating
voltage-dependent and KT-selective outward current.
The localization of the rat Igx protein in epithelial cells
supports the view that this protein plays a role in the
epithelial K* transport [2].

Expression or the Isx protein is not restricted to epi-
thelia. It is also present in myometrium [3,4], in heart
{4,5] and in lymphocytes [6]. In mouse heart, the I .
message is particularly abundant at the early stages of
development. Northern blot analysis of neonate mouse
heart mRNAs with an Igx 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 Igx protein
diversity. This paper analyzes the diversity of Igy
cDNAs and characterizes the gene organization. Re-
sults suggest that no more than one Iy, protein species
is expressed in mouse tissues.

Correspondence address: F. Lesage, Institut de Pharmacologie
Moléculaire et Cellulaire, 660 route des Lucioles, Sophia Antipolis
06560, Valbonne, France.
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2. MATERIALS AND METHODS

2.1. Northern blot analysis and isolation of cDNA clores

Northern blot analysis was carried out as described previously [5].
An oligo(dT)-primed cDNA library, derived from poly(A)* RNA
isolated from newborn mouse hearts was constructed by cloning into
the EcoRI site of phage AZAPII (Stratagene). Recombinant phages
were screened by plaque hybridization with the previously character-
ized mouse I, cDNA clone Ciii [§]. The probe was **P-labelled by
random primer synthesis (Amersham). Hybridization-positive clones
were isolated from about 3-10® clones. The AZAPII recombinant
phages were converted to plasmid cDNA by rescue excision (Strata-
gene), The cDNA inserts were characterized by complele or partial
sequencing [7] and by restriction enzyme analysis,

2,2, lsolation of genomic clones

The lubelled ¢DNA insert of Ciiy was used to screen a mouse
genomic DNA library constructed into AEMBL3 phage vector. Afler
screening approximately 2-10° plaques, 22 positive clones were iso-
lated. One clone, Gsii, containing a genomic insert of 16 kb and
covering the mouse Igx gene was characterized. The physicai map of
the lsx gene was established by restriction mapping, Southern blot
hybridization and sequencing ol selected restriction fragments of Gsi1
which had beer- subeloned into pBluescript SK™ plasmid (Stratagene),

2.3, Genomic blot hybridization

Mouse genomic DNA was prepared from C,C,, cells [8] and di-
gested with the restriction enzymes BamHI, Apal and EcoRI. Afler
clectrophoresis in 0.8% agarose gel and transfer to Hybond-N filters
(Amersham), the blots were probed with **P-labelled insert of C111 and
with a P-labelled 0.95 kb Ps¢l fragment of Csii (see Fig. 4) corre-
sponding to the ¥-untranslated region of the clone.

2.4. Primer extension analysis

Primer extension analysis was performed using total RNA isolated
from mouse neonate heart as template. Two oligonucleotides were
5-end labelled with [¥-*P]ATP using T, kinase and served as primers:
PRI (22-mer), 5-GAATTGGGCAGGCTCATCCTGG-3, comple-
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mentary to nucleotides ~5/+17 from the initiation codon of I MRNA
and PR2 (29-mer), §-TGCCTGGTCCTGGACGGTGCAGAGG-3',
complementary to nucleotides ~43/-64 (see Fig. 6). For each experi-
ment, approximately S 10° cpm of primer was incubated with 5 ug of
RNA for 5 min at 85°C and subsequently annealed at 42°C overnight
in 80% formamide, 0.4 M NaCl, | mM EDTA, pH 8.0 and 40 mM
PIPES, pH 6.4. Reverse transcription was performed according to
Sambrook et al. [8]. The final products were analyzed by electrophore-
sis in 7 M urea, 6% polyacrylamide gel.

3. RESULTS

3.1. Isolation and characterization of mils, cDNAs
Northern blot analysis of neonatal mouse heart
mRNA hybridized with a probe containing the entire
coding sequence of the mlgy 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 nRNAs. A mouse neo-
nate heart cDNA library was screened at high strin-
gency. Approximately 50 positive clones were obtained
from 6-10° 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 Ci1) to 1790 (clone Cs11) 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
Cs11 clone was used to probe the heart mRNAs only the
large-size transcripts were revealed confirming that
these large mlgk transcripts are generated by an elonga-
tion in their 3’ untranslated sequences. Minor differ-
ences were also found in the 5 termini which probably

1 2

. — 28S

- 18S

Fig. 1. Specific exprassion of Isk in mouse heart. Poly(A)* (5 ug) from

neonate rnouse heart were probed with **P-labelled insert of Ci11 clone

(lane 1) or by *P-labelled 0.95 kb Psil fragment of Csii clone
(lane 2).
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* o oe [ ]
3'  CTAGACCCCCOOCTCACAGOCACACACATCAAGCOTCCCCETE ~71
CACACACCAGGTTCCCTTOGCTTCTRCACCCROCAOTTTTOCTCTOCATCCOGGGANCOT TORCOLCCAGS =1

flat Ser Leu Pra fisn Ser The The Ual Leu Pro Phe Leu Ala Arg Leu Trp Oin 18
ATG AGC CTC CCC ART TCC ACC ACT GTT CTG €CC TTT CTG GCC AGC CT6 106 CAS 5S4

0l¢ The Ala Glu Cln Gly Gly Asn Val Ser Cly Leu Ala Arg Lys Ser Oln Lev 36

GG ACA GCT GAR CAG GGC OGC AAC TG TCG GOC CTC OST COT ARO TCT CAG CTC 106

firg fop Rsp Ser Lys Lew Olu Ala Leu Tyr 1l Leu Met Ual Leu Gly Phs Phe 54
COA GAT GAC AGC ARG CTA OROC OCG CTC TAC ATC CTC ATG GT0 CTC 60C T1C TIC 162

Oly Phe Phe Thr Leu Gly Ile Nat Leu Ssr Tyr 1ls Arg Ser Lys Lys Leu Glu 72
GGC TTC TTC ACC CTC 0GC ATC ATO €TI0 AST TAC ATC CGA TCC ARG AGC CTO GAG 216

His Ser Hia Asp Pro Phe fsn Val Tyr Lle Olu Ser Asp Ala Trp Gin Glu Lys €0
CAC TCC CAC CAC CCT TIC AAC GTC TAC ATC GAC TCR GAT GCC TGG CNG OAG AAM 270

Oly Lys fla Vel Phe Oin Ala Arg Vel Leu Glu Ser Phe Arg Ala Cys Tye Val 100
GOC AAG OCC OTC TTC CHO OCC COT GIC CT0 ORC AGC TIC AGA GCT TOC TAT 6TC 324

Ite Glu Aan Gln Ala Rla Vel Glu Gin Pro Ala The His Leu Pro Olu Leu Lys 126
ATT GAR AAC CAG GCG CCC GTA GRC CAG CCT GCC ACA CAC CTT CCT GAR CTG MAC 378

Pro Leu Ser 129
CCA TTG TCG TORRCCCCACACTCTACATOTORACARGCCORTCTTICTAGTCOCATOCCTGCCATACIC 446

T11ATT0TACOGCCACCHC TORGTTTTTGTGRARDACTOTGAGOOOTGART TRRTGACACCAOTTTTCTON 517
A
ARTTOCATTCTTICTATAGTACACAATCOATTTATITIGEACCASCTGACCTTOTCTIGTAARTCTAGEAG 500
*

GOGTCCCACARCAACATOBLTTCTGAGRATACARDLTOROTTTCCCCCARATCTCTCCA. tuuvuususs

os

=
0 2 1,6K5 )iy .y, CACTRTARARCARTARTARACARCATTTANNTARARARANARARA  3°
Fig. 2. Nucleotide sequence of mlgx cDNAs. Nucleotides are num-
bered from the first residue of the translation initiation codon, The
symbols indicated are as follows; &« A 1O @ e the 5" and 3’ termini
of the ¢cDNA insert sequences of clones Can, Casi, Casi, Clsai, Csni,

Cwi and Ciny, respectively. The symbol + corresponds to the 3’ termini
of the cDNA insert of the clone C.

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 (Ci11) or the longer (Csi1) 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 mls; protein gene

“In order to determine the structural organization of
the mouse Isx gene, we isolated a genomic clone de-
noted Gsi11. The 16 kb insert was digested by several
restriction enzymes, and fragments hybridizing posi-
tively with the Cin insert were identified, sub-cloned
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 clongs 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 Ik protein gene organiza-
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Fig. 3. Physical map of the Ig; genomic clone Gsit, The exons are

boxed. Their location was assigned by comparison of the sequence

determinations for the genomic insert of Gsii to those of cDNA inserts

of clones C111 and Csi1. The protein coding region is depicted by solid

boxes. The restriction enzyme sites shown are A: Apal, B: BamHI, E:
EcoRI.

tion has been reported [9]. It was found that the rat Igx
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 1/intron/exon 2, putative
exon 1A/intron/exon 2) are consistent with the consen-
sus sequence of the splice junction [10]. The initiation
of transcription from this putative exon 1A is discussed
below. The physical map of the mlgy protein gene and
nucleotide sequences of exons and tieir 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 Ciu (Fig. 5)
insert. The revealed bands have the sizes predicted from
the partial restriction map of the Gs11 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 Iy, 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 Csi1 clone
(not shown).

3.4. Characterization of 5’ termini of mlsy mRNAs

Primer extension analysis was performed in order to
identify the 5" termini of Igx 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
1A (residues —43 to -64 upstream of the AUG codon)
(Fig. 6).

The extension from PR1 gave rise to 4 major bands
corresponding to sizes of 95, 110, 132 and 152 nucleo-
tides (Fig. 6). The extended DNAs of 95, 110 and 132
nucleotides have sizes in good agreement with those
predicted from the cDNA clones Cii, Csit and Cin,
respectively. The PR1 extended DNA of 152 nucleotides
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1 3? 6?
S iiiiiiascaasssasiiaassagttccagaacagt cagagt uncaiagt gagact
gtctcaasanagegacagalgaaatccacattat aaccaasccactaggegacattitige
tagtggettcatiggatattitcatigagaaataactiiglutcatacaagecetagitia
attattaattgtatttatttatttattiggetitaggeateaagatittaattattataa
ataaaactatgaagaacetttatatecttaagacttetctaaacccagtgectetettity
gaatagatttcticagaataacattacacgetggaggeagictagtgetctecactgtgge
tecagtacctggattctgecacceacat ggecacagetcecccatet gecctt tgtcaacag
gagtattatctiggaatgtigeaggtaagccegt gggagggecttcagttgtagecagtt
gtgeccaggageecataggggetgiggicetiagaagt gatcagat gaggaagaceacgg
9909399599399¢99¢3999399398990g¢sagttacccttggetgtgtectiteget
gtuggtengnngeetgectctgtntctcntctgcengectngecaugcecttcenccggn
getgeccetgttgactcacacctgtcaggegggt gggeaacgetat gaaactgaccagga
ﬂgtcncctgagcancltcagagfttgetcctgctgggugugnunggccggttcatnctkg

L ™
cetgggnncttcngnggtggcsccagggctgnngttcctccngcaactgactgccca:ng
qgaccaggeacced

cagagectcgaccatitagetacectetgcacegt ceat sea

tagatgetcaaggtagecttgtaguatagecgaggagecacaggggtecageagggtigit
aagatanagggtactggagaggtictgagecatectet gaggtgeacgt gttt ggagetat
ttaatagggtgtttgteeggigetgecctggtetgtettcettatteteccecacagactge
ctgecagecctaageccacctgetggagtcaaagtgttteceggecti gggget gagtge
ngcgtgcagggtgcugggtgcaggglgggctgggtuncttcagﬁgqcctnggctggenga
tagcgagecancctggctggnagccccngggctetgtgacgt cgfccacccnnngcnnc

I[il'[llil"lfﬂ lllHJ'I.IEWU: taagtcaggggete

ctgectetgenaggtu................( intron = IO,Ikb 2........
on
....gatt?tnagttgcettttcctltcug

Fig. 4. Nucleotide sequence of exon 1A, exon | and exon 2 and of the
fanking regions of these three exons, Exonic sequences deduced from
cDNA sequences are boxed. The nucleotides are numbered relative to
the first nucleotide of the translation initiation codon, 5’ termini se-
quences of exon 1A and exon | predicted by primer extension are
indicated by lines under the sequences, The start sites of transcription
revealed by analysis of the 5’ termini of Iyx mRNAs are indicated by
arrows above exon 1A and exon 1. The location of sequences homol-
ogous {o the promoter and regulating elements are shown above the
nucleotide 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 PR2 gave rise to two weak bands
of sizes of 83 and 76 residues. This result indicates that
at least two species of mRNA are initiated from sites
located in the putative exon 1A and that the largest PR2
extended DNA of 63 nucleotides probably corresponds
to the 5’ end of exon 1A.
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Fig. 5. Mouse genomic DNA analysis by Southern blot. Mouse cellu-
lar DNA was digested by EcoRI, BamHI and Apal and probed with
the Cii insert, The sizes of hybridization-positive fragments are indi-
cated on the left side of the autoradiograph. The restriction fragments
of the [y protein gene, which were expecied to hybridize with the
cDNA probe, are indicated below the map of the genomic clone Gsii.

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 PRI 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 Igk
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 +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 gencrate the Igx message with a
marked preferential use of exon 1 in mouse.

The analysis of mRNAs was carried out with
mRNAs of neonate heart since this tissue is the most
abundant source of Ig, transcripts. Simiiar resuits were
obtained with adult mouse heart ar:d kidney mRNAs
(of course, signals were much weaker in these cases). It
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Fig. 6, Analysis of 5 termini of the Isx mRNAs, The mouse neonate
heart total RNA (5 ug) were annealed with two 5° end-labelled ol-
igonucleotides (the asterisks denote the **P-labelied site PR1 (lane 1)
and PR2 (lane 3)), and transcribed by reverse transcriptase, The tran-
scription products were subjected to electrophoresis on 6% poly-
acrylamide urea gels, The autoradiographic exposures of lanes 1 and
2, 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 influence the choice of transcription start sites
in both exons.

3.5. Nucleotide sequence of the upsiream region of exon
14 and exon 1

The nucleotide sequences around exon 1A and exon
1 were determined on the basis of the assignment of the
two upstream exons of the mlg, 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 1A and exon | respec-
tively compared to about 40% for the entire mammal
genome. Third, multiple transcription start sites were
observed. Finally there are many gpotential promoter,
enhancer and regulating DNA clements in these regions
including GTIIc, Spl, APl consensus sequences and
repetitive sequences (Fig. 3).

171



Volume 301, number 2
4, DISCUSSION

The purpose of this work was to know whether there
is a diversity of Igx genes and of Ig¢ 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 mlg; protein gene from a genomic
library and analysis by genomic Southern blot revealed
the existence of only one Igk gene in the mouse haploid
genome. The structural organization of this gene is un-
usual, It consists of at Jeast two exons separated by an
intron of approximately 10 kb, There are two alterna-
tively used first exons containing only the 5 untrans-
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 frag-
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 I, was
detected.

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

Isx mRNA directs in the Xeropus oocyte the expres-
sion of a slow voltage-gated K* channel. Whether Igx
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 [11,12] seem to indicate that the Ik
protein is a K™ channel. Our own results support the
same conclusion [5]. If mlgk is a K* channel, then it is
interesting to note that the Ik protein is a very peculiar
ion channel when compared to other known structures
of this kind. The structure of Ik differs completely from
that of the other known ion channels [13] and the I¢x
protein is encoded by a single gene. Up to now the
diversity of genes coding for a given voltage-scusitive
ion channel has been the rule. There exist at least five
genes encoding Na* channels [14,15], five genes also for
Ca’ channels [16] and probubly more ihan ten for voli-
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age-sensitive K* channels related to the Drosophila
Shaker, Shaw, Shab and Shal genes [17]. 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 Igx putative K* channel might suggest for this
protein a role in a number of basic physiological proc-
esses.
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