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A Novel Ubiquitously Distributed Isoform of GIRK2 (GIRK2B) Enhances
GIRK1 Expression of the G-Protein-Gated K+ Current in
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We have isolated a novel variant form of GIRK2, designhated GIRK2B, from mouse brain cDNA library.
GIRK2B was much shorter than the first type of GIRK2 (GIRK2A), but its amino acid sequence was identical
to the corresponding part of GIRK2A except the C-terminal eight amino acid residues. When GIRK2B cRNA
was co-injected with GIRK1 and sreceptor cRNAs toXenopusoocytes, acetylcholine-induction of the in-
wardly rectifying K" current was enhanced dramatically. This suggests that GIRK2B can form a heteromulti-
meric G-protein-gated Kchannel with GIRK1. The reverse transcription polymerase chain reaction analysis
showed that GIRK2B mRNA distributed much more broadly than GIRK1 mRNA. Therefore, GIRK2B might
also play other unrecognized roles in various tissues than to forrh ch&nnel with GIRK1. ©1996 Academic
Press, Inc.

The G-protein-gated inwardly rectifying*K(K s)? channels exist in the brain as well as in the
heart. The clone (GIRK1/KGA), which encodes the main subunitgtKannel, was isolated from
the rat heart [1,2]. From a mouse brain cDNA library, two additional clones homologous to GIR
were further obtained and designated GIRK2 and GIRK3 [3]. The,fgKL, which was initially
reported to encode the ATP-sensitivé ¢hannel, has-70% homology in the amino acid sequence
to GIRK1, thus may also belong to the family of GIRK [4]. Actually, it was shown that the cardi
K channel is composed of GIRK1 and CIR (cardiac inward rectifier), which is almost identi
to rcKarp-1 [5]. It was also reported that, when either GIRK2 or GIRK3 was co-expressed w
GIRK1, the G-protein-activation of Kcurrent was prominently enhanced [6,7]. These resull
suggest that members of GIRK family can associate with each other to form functional het
multimeric Kg channels. Therefore, it is important to identify the clones which potentially a
subunits of K channels for elucidating the molecular mechanism underlying G-protein-activat
of Kg channels in various tissues.

In the present study, we have tried to find a new member of GIRK family. We have isolate
novel variant form of GIRK2 from mouse brain cDNA library and designated this clone
GIRK2B. We examined the electrophysiological properties of GIRK2B usinggreopusoocyte
expression system and also tissue distribution of its mMRNA by reverse transcription polyme
chain reaction (RT-PCR) technique.

MATERIALS AND METHODS

Screening of mouse brain cDNA library and DNA sequencingiouse brain cDNA library (Stratagene, La Jolla, CA)
was screened under a mild stringency condition u§lag digested human ck;p-1 cDNA (~1.5 kb) as a probe. Human
cKarp-1 cDNA was kindly provided by Dr. J. P. Adelman (Oregon Health Sciences University, Portland, OR) [

1 Correspondence should be addressed to Y. Kurachi at Department of Pharmacology Il, Faculty of Medicine, C
University, 2-2 Yamada-oka, Suita, Osaka 565, Japan. Fax: +81-6-879-3519.

2The abbreviations used are:gkchannel, G-protein-gated inwardly rectifying K+ channel; C-terminus, carboxy
terminus; N-termini, amino-termini; RT-PCR, reverse transcription polymerase chain reacfipng%subunits of G
protein; ACh, acetylcholine; S.E.; standard error; bp, base pairs.
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Hybridization was conducted in 30% formamj&ex SSC, 5 x Denhaldt's solution, 0.1% SDS, 26§/ml denatured salmon
sperm DNA, at 37°C for 18 h. Filters were washedhwt x SSC, 0.1% SDS at room temperature for 20 min and the|
exposed to x-ray film overnight at —80°C with an intensifying screen. DNA sequencing was performed on both strands |
a DNA sequencer (DSQ-1000, Shimadzu, Kyoto, Japan) as described previously [8].

Functional expression in Xenopumocytes and electrophysiological measurements. The methods of preparation
oocytes, cRNA injection and electrophysiological measurements have been previously descrikeddBliocytes were
injected with m3-muscarinic receptor cRNA (10 ng per oocyte), as well as cRNAs for mouse brain GIRK1 (20 ng), GIRK
(20 ng), or both GIRK1 and GIRK2B (10 ng each). After injection, oocytes were incubated in a modified Barths’ solu
at 18°C, and electrophysiological studies were undertaken 3 days later. Two-electrode voltage clamp experiments
carried out with a voltage clamp amplifier (Turbo Clamp TEC 01C, Tamm, Germany). Oocytes were bathed in a solt
which contained 90 mM KCI, 3 mM MgGJ 5 mM HEPES, pH 7.4, and 3QoM niflumic acid to block endogenous chloride
current. Voltage steps (1.2 sec in duration) to various potentials between +60 and —120 mV from the holding potent
0 mV were applied every 7 sec. Results were expressed as mean * S.E. Significant difference between values was a
by Student’s unpairetitest or by Chi-square test. Thevalue <0.05 was considered significant.

RT-PCR amplificationTotal RNAs from various organs were extracted by guanidine thiocyanate methods [9]. Comy
mentary DNAs synthesized from these total RNAs with oligo-(dT) primers were used as templates for PCR amplifica
The sequences of the primers were as follows: GIRKECHFTCCATCGAAGCTGCAG-3 (forward), and 5
GTTTTGCTATGTGAAGCG-3 (reverse), the sequences corresponding to nucleotides 1195-1212 and 1495-1!
GIRK2A, 5-AATGACGTGCCAAGCCCGAA-3 (forward), and 5>ACACTAGGAGCCCAGCATCA-3 (reverse), the
sequences corresponding to nucleotides 954-973 and 1243-1262; GIRKZBGF GAGAAATGCATTCA-3' (forward),
and 3-GGCTTGATAACAAATAGC-3' (reverse), the sequences corresponding to nucleotides 979-996 and 1471-1¢
The PCR condition was as follows: an initial denaturation at 94°C for 4 min, followed by 30 cycles of denaturing at 9
for 45 sec, annealing at 58°C for 1 min, and extension at 72°C for 2 min, with a final extension step at 72°C for 8 |
Amplified DNA fragments were electrophoretically fractionated on 2% agarose gels.

RESULTS

The screening of mouse brain cDNA library with the human g1 as a probe [4] resulted in
isolation of a 1.7 kb clone encoding 327 amino acids with two hydrophobic putative membra
spanning domains (M1 and M2) and one potential pore-forming domain (H5) (Fig. 1A). The am
acid sequence of the resulting clone was identical from position 1 to 318 to that of GIRK2 repo
by Lesage et al. [3], except for two amino acid residues at positions 260 and 313. The nucle
sequence of the'Buntranslated region of this clone was also identical to that of GIRK2. In contra
the carboxy (C)-terminus of this clone was much shorter than that of GIRK2. The C-termi
nucleotide sequences including-untranslated regions of this clone and GIRK2 were diverger
from position 954. Thus, eight amino acid residues in the C-terminus of this clone were diffel
from those of GIRK2 (Fig. 1B). Based on these results, we considered this clone to be an iso
of GIRK2 and designated this new clone as GIRK2B and the first type of GIRK2 as GIRK2A. T
two divergent residues in the highly homologous parts of GIRK2A and GIRK2B weré%Ser
(AGT) and HE™® (ATC), and Thf®° (ACT) and Met'® (ATG), respectively. However, when we
reanalized the sequence of GIRK2A which we obtained by utilizing RT-PCR technique fr
mouse brain mRNAs, these residues were?¥h(ACT) and Met'® (ATG). Thus, the amino
(N)-termini of GIRK2B and GIRK2A may be identical.

In Figure 2, representative current records frlenopusoocytes injected with either GIRK1
cRNA alone (A), GIRK2B cRNA alone (B), or both (C) are shown. The cRNA fgrmuscarinic
receptor was always co-injected into oocytes. Currents measured in the control bathing solutiol
under application of 1uM ACh in the three cases (A-C) are depicted in the first and secor
columns, respectively. The third column shows the ACh-induced currents which were obtaine
subtracting the control currents from those under application of ACh at each potential. The A
induced currents were antagonized byl atropine. ACh did not induce any significant current
alterations in the oocytes where onlyeceptor were expressed (data not shown). The steac
state current-voltage relationships of the ACh-induced currents in the three different combinat
of GIRK1 and GIRK2B are shown in Figure 2D. All of the ACh-induced currents rectifie
inwardly at potentials more positive than 0 mV. The frequency of successful expression in
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A GCAGAA TGGAGTCTCC TGARAGCCIG COGEAGCTGA TGTGAAATTG GACCATCTGC TIOCAGTTGG TCTGTTICCT CCTTTTCITG TATTTICTIC -111
CCTOGCCATT CACCGTOGAG TGAATTATTG AATCITGCTC CGTTCCGAGA GAGGCGATCA GGATGGAGTG APCCTACCCT GTCCACTACA AGGRAAACCA CABAGAAGAA -1

ATG ACA ATG GOC AAG TIA ACT GAA TCC ATG ACT AAC GIC TTG GAA GOC GAT ICC ATG GAC CAG GAT GTG GAA AGC CCA GTG GOC ATT CAC 20
Met Thr Met Ala Lys Leu Thr Glu Ser Met Thr Asn Val Leu Glu Gly Asp Ser Met Asp Gin Asp Val Glu Ser Pro Val Ala Ile His 30
CAG CCA ARG TTG OCT AAG CAG GOC AGG GAC GAC CTG OO AGA CAC ATC AGC CGA GAC AGG ACC AAA AGG AAA ATC CAG AGG TAC GTG A0G 180
Gln Pro Lys Leu Pro Lys Gln Ala Arg Asp Asp Leu Pro Arg His Ile Ser Arg Asp Arg Thr lys Arg Lys Ile Gln Arg Tyr Val Arg 60
ARG GAT GGG ARG TGC AXC GIT CAC CAC GGC AAT GTG (GG GAG ACG TAC CGA TAC CTG ACG GAC ATC TIC ACC ACC CTG GIG GAC CTG ARG 270
Lys Asp Gly Lys Cys Asn Val His His Gly Asn Val Arg Glu Thr Tyr Arg Tyr Leu Thr Asp Ile Phe Thr Thr Leu Val Asp leu Lys 90
TGG AGA TTC AAC CTG TIG ATC TIT GIC ATG GIC TAC ACA GIG ACG TGG CIT TIC TIT GOG ATG ATC TGG TGG CTG ATT GOG TAC ATC CGG 360
Trp Arg Phe Asn Leu Leu Ile Phe Val Met Val Tyr Thr Val Thr Trp Leu Phe Phe Gly Met Ile Trp Trp Leu Ile Ala Tyr Ile Arg 120
GGA GAT ATG GAC CAC ATA GAG GAC COC TUG TGG ACT CCT TGT GIC ACC AAC CTC AAC GG TTT GIC TCT GCT TIT TIA TIC TCC ATA GAG 450
Gly Asp Met Asp His Ile Glu Asp Pro Ser Trp Thr Pro Cys Val Thr Asn Leu Asn Gly Phe Val Ser Ala Phe Leu Phe Ser Ile Glu 150
ACA GAA AXC ACC ATC GGT TAT GOC TAC (GG GTC ATC ACG GAC ARG TGC CCT GAG GGG ATT ATT CTC CTC TTR ATC GAG TCC GIG TIG GG 540
Thr Glu Thr Thr Ile Gly Tyr Gly Tyr Arg Val Ile Thr Asp Lys Cys Pro Glu Gly Ile Ile Leu Leu Leu Ile Gln Ser Val Leu Gly 180
TCC ATT GIC AAC GOC TIC ATG GIA GGA TGT ATG TTT GIG AMA ATA TCC CAA (XC ARG AMG AGG GCA GAG ACC CTG GIC TTT TCC ACC CAC 630
Ser_Ile Val Asn Ala Phe Met Val Gly Cys Met Phe Val Lys Ile Ser Gln Pro Lys Lys Arg Ala Glu Thr Leu Val Phe Ser Thr His 210
GcGGmmcmcmccmcarcasmmmcmmcmcmmom@cmmGAATmcu:AT'rcmcpaeumcmcm 720
Ala Val Ile Ser Met Arg Asp Gly Lys Leu Cys Leu Met Phe Arg Val Gly Asp Leu Arg Asn Ser His Ile Val Glu Ala Ser Ile Arg 240
GOC ARG TTG ATC ARG TCC ARA CAG ACT TCA GAG G0G GAG TTT ATT CCC CTC AAC CAG ACT GAT ATC ARC GIG GGG TAC 'TAC ACA GG GAC 810
Ala Lys Leu Ile Lys Ser Lys Gln Thr Ser Glu Gly Glu Phe Ile Pro Leu Asn Gln Thr Asp Ile Asn Val Gly Tyr Tyr Thr Gly Asp 270
GAC CGG CIC TTT CTG GIG TCA (CA TTG ATT ATT AGC CAT GAA ATT AAC CAA CAG AGT OCC TIC TGG GAG ATC TCC AAA GOG CAG CTG CCT 900
Asp Arg Leu Phe Leu Val Ser Pro Leu Ile Ile Ser His Glu Ile Asn Gln Gln Ser Pro Phe Trp Glu Ile Ser Lys Ala Gln Leu Pro 300
ARA GAG GAA CTG GAG ATT GTG GIC ATC CTG GAG GGA ATG GIG GAA GOC ACA GGT AAG ATG GGT TIC GCC CTG GGT TTT CTG TGA GRA ATG 990
Lys Glu Glu Leu Glu Ile Val Val Ile Leu Glu Gly Met Val Glu Ala Thr Gly Lys Met Gly Phe Ala Leu Gly Phe Leu 327
CATTCAGACC CTCAGGTGTG ARATACTGIG TCTOCCTGIC TTOCGACCTT AARCGTGCTC TGGGATGICT AGCTATCTTG CTTTTCAATT TICCTAARTT TAAGATTIGG 1100
TIGGTGGTGT GGTTGATGTT TTIRTGTGTA GAAGAGTTCC GOCTGCATGT GIGIATGIGT GIGIGOCACG TTCATGOCTG GTGOCTGIGE GRUCAGAAGA GOGCTUCARA 1210
ATCCCTAGAA CTGTAACARA ATGGTTGAGG TACAGTAGAC TCTGRGAARC TGAACCAGGG TCOCTCTGCAA GAGCACGCAT OCTCTAAACT GUTGGGOCAT CTCTACAGCT 1320
COOCATICAC CTICTIAACG CIGICTAGAA GGGARAATRA TGATTIATAA TGIATGITAA AGTTCCATGT ACTTAATGAA ATTRGATTTT GATCTGIGTC TGAGGATTAT 1430
TTTGAATGAT ‘TCTAGACCAT TICTCATITA ANTATTTGIA GCTATTIGIT ATCARGOCAA AGGOGAGITA ARCCOCCCCC CACOCTGIOC ARAARAARAAA AARARAAA 1538

250

GIRK2B 250

GIRK2A MTMAKLTESMTNVLEGDSMDQDVESPVAITHQPKLPKQARDDLPRH R| 50
GIRK2B MTMAKLTESMTNVLEGDSMDQDVESPVAIHQPKLPKQARDDLPRHISRDR 50
GIRK2A TKRKIQRYVRKDGKCNVHHGNVRETYRYLTDIFTTLVDLKWRFNLLIFVM 100
GIRK2B TKRKIQRYVRKDGKCNVHHGNVRETYRYLTDIFTTLVDLKWRFNLLIFVM 100
GIRK2A VYTVTWLFFGMIWWLIAYIRGDMDHIEDPSWTPCVTNLNGFVSAFL 150
GIRK2B VYTVTWLFFGMIWWLIAYIRGDMDHIEDPSWTPCVTNLNGFVSAFLF 150
GIRK2A TETTIGYGYRVITDKCPEGIIL lQSVLGSIVNAFMVGCMFVKlSQ 200
GIRK2B ETTIGYGYRVITDKCPEGIILL IQSVLGSIVNAFMVGCMFVKISQP K 200

RAETLVFSTHAVISMRDGKLCLMFRVGDLRNSHIVEASITRAKLIKSKQTS

GIRK2A !RAETLVFSTHAVISMRDGKLCLMFRVGDLRNSHIVEASIRAKLIKSKQTS

GIRK2A GEFIPLNQTDlNVGYYTGDDRLFLVSPLIISHEINQQSPFWEISKAQLP 300

GIRK2B EGEFIPLNQTDINVGYYTGDDRLFLVSPLIISHEINQQSPFWEISKAQLP 300
313 3i8 323

GIRK2A EELElVVILEGMVEATGMTCQ RSSYITSEILWGYRFTPVLTMEDGFYE 350

GIRK2B LEIVVILEGMVEATGKMGF|AILGFL 327

GIRK2A VDYNSFHETYETSTPSLSAKELAELANRAEVPLSWSVSSKLNQHAELETE 400

GIRK2A EEEKNPEELTERNG 414

FIG. 1. The nucleotide sequence and deduced amino acid sequence of the GIRK2B cDNA (A) and alignment o
amino acid sequences of GIRK2A and GIRK2B (B). Nucleotide residues are numbered from the first nucleotide o
initiating ATG codon. Amino acids are numbered beginning with the initiating Met. The proposed trans-membrane rec
are underlined. The potential pore-forming region is double underlined. GIRK2B is identical to GIRK2A in the N-termi
sequence corresponding to amino acid residues of 1-318 and divergent in the C-terminal sequence from amino acid re
of 319. The identical amino acid residues are boxed.

combination of GIRK1 and GIRK2B was 79% @ 19), which was significantly greater than that
of GIRK1 alone (14%, p= 0.003; n= 7) and that of GIRK2B alone (29%, g 0.004; n= 14).
As shown in Figure 2E, the steady-state current induced by ACh at -120 mV with the combina
of GIRK1 and GIRK2B (0.22 + 0.03.A) was~20 fold greater than that with GIRK1 alone (0.01
+ 0.01 uA, p = 0.0003) and~10 fold greater than that with GIRK2B alone (0.02 + 0QA, p

= 0.0001).

To compare the expression of GIRK1, GIRK2A and GIRK2B mRNAs, the RT-PCR assay Vv
performed (Fig. 3). The specific PCR primers for amplification of GIRK1, GIRK2A, and GIRK2|
were designed from the Begion of each cDNA sequence to produce cDNA fragments of 318 ba
pairs (bp), 309 bp and 510 bp, respectively. These regions were divergent among these three
cDNA sequences. The RT-PCR yielded visible amplified product of GIRK1 in mRNAs of for
brain, cerebellum, eye, atrium and skeletal muscle, and that of GIRK2A in forebrain, cerebel
and eye. On the other hand, the RT-PCR product of GIRK2B with expected length of the fragn
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FIG. 2. Currents recorded from representatkenopus oocytesxpressing either GIRK1 or GIRK2B cRNA or both by
two-electrode voltage clamp. Injection of either GIRK1 (A) or GIRK2B cRNA (B) or both (C) produced the inward
rectifying currents. The cRNA for pamuscarinic receptor was always injectecKienopusocytes: Currents were measured
during perfusion with the control bathing solution (first column) and during perfusion with the solution containjrig 10
ACh (second column). The third column presents the subtracted ACh-induced currents. Currents were measured
postinjection. (D) The steady-state current-voltage relationships of the ACh-induced currents for repressatetpues
oocytes expressing GIRKIA(), GIRK2B (m) or both @): The ACh-induced currents inwardly rectified in any case. (E)
Average steady-state currents induced by ACh at -120 mV: The ACh-induced current with both GIRK1 and GIRK2B (
+ 0.03 pA; n = 19) was significantly greater than that of GIRK1 alone (0.01 + Qu&] p = 0.0003; n= 7) and that of
GIRK2B alone (0.02 £ 0.0nA, p = 0.0001; n= 14).

(510 bp) was detected ubiquitously in forebrain, cerebellum, eye, atrium, ventricle, lung, stom
colon, liver, pancreas, spleen, kidney and skeletal muscle.

DISCUSSION

In this study, we showed that co-expression of a novel variant form of GIRK2 (GIRK2B) wi
GIRK1 and m-muscarinic receptor enhanced the ACh-induction of inwardly rectifyihgu¢rents
in Xenopusocytes. In the oocytes co-injected with GIRK1, GIRK2B andreceptor cRNAs, the
frequency of successful expression became 3-5 times greater and the amplitude of ACh-iriduc
currents became 10-20 times larger, when compared with the currents in the oocytes injectec
either GIRK1 or GIRK2B cRNA and greceptor cRNA. This cannot be explained by a simple
additive effect of co-expression of GIRK1 and GIRK2B. Therefore, it is suggested that GIRK
can form a heteromultimeric Kchannel with GIRK1, as reported in the cases of CIR (GIRK4)
GIRK2A and GIRKS3 [5-7].

GIRK2B is considered to be an isoform of GIRK2A with divergent C-terminal end. Anothi
isoform of GIRK2, different from GIRK2A or GIRK2B, which has a C-terminus Il amino acid:
longer than that of GIRK2A, has been pointed out [3]. These findings may indicate that at I¢
three different isoforms of GIRK2 can be generated by alternative splicing of transcripts frot
single gene. In the inwardly rectifying*kchannels, alternatively spliced isoforms of ROMK1 were
also identified [10]. ROMK channel isoforms (ROMK1-3) expressed differentially in the kidne
but the electrophysiological properties of the expresséautrents remained the same. Becaus
GIRK2B enhanced GIRK1-expression of the G-protein-gatédcifrrent inXenopusoocytes as
GIRK2A does, a major difference between GIRK2A and GIRK2B may also be their tissue ¢
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it = 510 bp

FIG. 3. RT-PCR detection of GIRK1, GIRK2A and GIRK2B mRNAs in various tissues. The RT-PCR assay w
performed as described under Materials and Methods. Amplified fragments were electrophoretically fractionated o
agarose gels. Molecular weights were indicated by using the size marker shown at both ends. The RT-PCR resul
visible amplified products with forebrain, cerebellum, eye, atrium and skeletal muscle mRNAs of GIRK1 (A), w
forebrain, cerebellum and eye mRNAs of GIRK2A (B), and with forebrain, cerebellum, eye, atrium, ventricle, lu
stomach, colon, liver, pancreas, spleen, kidney and skeletal muscle mRNAs of GIRK2B (C).

tribution; i.e., GIRK2A mRNA was specific to the brain, while GIRK2B mRNA was ubiquitousl
distributed. Therefore, the transcriptional expression of GIRK2 mRNAs should be regulated
tissue-specific manner.

It has been shown that members of the GIRK family (e.g. GIRK1, GIRK2A, GIRK2B, GIRK:
and GIRK4) can associate with each other when co-expresseenopusoocytes [5—7]. Because
mRNAs of all members of this family so far isolated are expressed in the brain [1-4,11,12], |
possible that the K channels are divergent and composed of heterologous combinations of m
bers of the GIRK family including GIRK2B in the brain. To prove this hypothesis, the immun
precipitation experiment is necessary. The same possibility can be applied to other organs
brain. Although the I channel activity coupled to a variety of receptors, such ggnmscarinic
and opioid receptors [13,14], has been electrophysiologically identified in heart and brain, the
no report on receptor-dependent activation of hannels in other organs where the GIRK
MRNAs are expressed: e.g., skeletal muscle contains the GIRK1 and GIRK2B mRNAs. Similz
both GIRK2B and GIRK4 mRNAs are ubiquitously distributed, including lung, spleen, liver a
kidney [4]. These results suggest a possibility that GIRKs may play other unrecognized functi
roles in various tissues than to merely forrg; Khannels.
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