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Large-conductance Ca?*-activated K* (BKc,) channels are widely distributed in cellular membranes of
various tissues, but have not previously been found in cardiomyocytes. In this study, we cloned a gene
encoding the mouse cardiac BK¢, channel a-subunit (mCardBKa). Sequence analysis of the cDNA revealed
an open reading frame encoding 1154 amino acids. Another cDNA variant, identical in amino acid
sequence, was also identified by sequence analysis. The nucleotide sequences of the two mCardBKa
cDNAs, type 1 (mCardBKal) and type 2 (mCardBKa2), differed by three nucleotide insertions and one
nucleotide substitution in the N-terminal sequence. The amino acid sequence demonstrated that
mCardBKa was a unique BKc, channel o-subunit in mouse cardiomyocytes, with amino acids 41-1153
being identical to calcium-activated potassium channel SLO1 and amino acids 1-40 corresponding to
BKc, channel subfamily M alpha member 1. These findings suggest that a unique BKc, channel a-subunit
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is expressed in mouse cardiomyocytes.
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Introduction

Ca%*-activated K* (Kc,) channels participate in many physiologi-
cal processes such as neuronal secretion, smooth muscle contrac-
tion, action potential shape determination, and spike frequency
adaptation [1,2]. Kc, channels are activated by either an increase in
intracellular calcium or membrane depolarization [1,3,4]. There
are three distinct classes of K¢, channels, based on the primary ami-
no acid sequence and single-channel conductance: small-conduc-
tance, intermediate-conductance, and large-conductance Kc,
channels [2-5].

Large-conductance Ca®*-activated K* (BKc,) channels are widely
distributed in a variety of cell types, including both electrically
excitable and non-excitable cells [6]. BKc, channel subtypes have
distinct electrophysiological properties, including characteristic
single-channel conductance, Ca®*-sensitivity, and gating kinetics
[3,7], and provide a physiologically important negative feedback
mechanism in the regulation of membrane potential and intracel-
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lular Ca?* elevation [8]. The molecular identities and electrophysi-
ological characteristics of BKc, channels have been studied
extensively over the last two decades. BKc, channel genes have
been cloned from a number of organisms [9-12]. The first reported
cDNAs encoding a BK¢, channel a-subunit was Drosophila slowpoke
(Slo) [10]. In some mammalian tissues, BK¢, channels consist of
two different subunits, a pore-forming a-subunit and a regulatory
B-subunit [13-15].

Altered K* channel expression has been linked to pathophysio-
logical conditions of cardiomyocytes, including acute myocardial
infarction. For example, increased activation of ATP-sensitive K*
(Katp) channels contributes to resistant ischemia in response to
chronic hypoxia in the immature rabbit heart [16]. Both sarcolem-
mal and mitochondrial Karp channels mediate cardioprotection in
chronically hypoxic hearts [17]. In addition to Karp channels, it
has been suggested that BKc, channels also protect the heart
against ischemia in adult rabbits and guinea pigs [18,19]. However,
in contrast to Karp channels, the functional BK¢; channels are not
known to be expressed in the sarcolemma of cardiomyocytes
[18]. Mitochondrial BKc, (mitoBKc,) channels were first found in
the inner mitochondrial membranes of a glioma cell line [20].
The molecular components of mitoBKc, channels have not been
identified, despite their significant role in cardioprotection
[18,21,22].

Several isoforms of BKc, channel a-subunits, alternatively
spliced at the N- or C-terminus, have been cloned from a number
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of mammalian species, including rat (rSlo) [23,24], mouse (mSlo)
[11], and human (hSlo) [12,25,26]. Nevertheless, none have been
isolated from heart. Furthermore, although all three small-conduc-
tance K¢, (SKca) channel isoforms have been identified in mouse
and rat heart [27], no functional sarcolemmal BKc, channel has
been detected in cardiomyocytes.

In the present study, we describe the cloning, sequencing, and
expression of the first full-length cDNA encoding a BKc, channel
a-subunit of mouse cardiomyocytes.

Materials and methods

Single cell isolation. The protocols used conformed to the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and
Use Committee of the College of Medicine, Inje University. Ten-
week-old male mice (23-30 g) were anesthetized with an injected
mixture of pentobarbital sodium and heparin. The heart was cann-
ulated for retrograde perfusion with an enzyme solution contain-
ing 0.01% collagenase via the aorta, on a Langendorff apparatus.

Generation of full-length cDNAs. Rapid amplification of 5’ and 3’
cDNA ends (RACE) was performed using a BD SMART™ RACE cDNA
Amplification Kit (BD Biosciences Clontech, USA), following RT-PCR
of mRNA extracted from mouse ventricular myocytes and of total
RNA extracted from mouse heart (BD Biosciences Clontech, USA)
to generate double-stranded cDNA. To isolate mRNA from total
RNA preparations, a Poly(A)Purist MAG Kit (Ambion, USA) was
used according to the manufacturer’s recommended protocol. Both
5’- and 3'-RACE were performed using double-stranded cDNA as a
template with the BKc, channel a-subunit gene-specific primers
BK1263-F (5'-AAGAAATACGGGGGCTCCTA-3’) and BK2124-R (5'-
CATGACAGGCCTTGCAGTAA-3'), and the adaptor primers RACE-1-F
(CTCCTCCTCTTCCTCCTCGTCCTCGGTC) and RACE-1-R (GGCAGCAAA
CGGTCCACAGGTACTTGAG). Additional BKc; channel o-subunit
gene-specific primers, BK147-F (GGTCTTAGAATGAGCAGCAAT)
and BK3711-R (TCATCTGTAAACCATTTCTTTTCT), were generated
based on the sequences of progressively amplified 5'- and 3’-RACE
products, to obtain full-length cDNAs. These were cloned into
pGEM-T Easy vector (Promega, USA) for further studies.

Sequencing and characterization of cardiac BK¢, channel o-subunit
cDNAs. Additional BKc, channel o-subunit gene-specific primers
generated based on the sequences of the 5'- and 3’-RACE products
were used to obtain fragments for nucleotide sequencing. Se-
quences were initially determined using a BigDye Terminator
V3.1 cycle sequencing Kit (Applied Biosystems Inc., USA), on a
3130 Genetic Analyzer (Applied Biosystems Inc., USA). All con-
structs were confirmed by automated sequencing using Sequence
Scanner Software V1.0 (Applied Biosystems Inc., USA). For each
sequencing reaction, 200-500 ng of double-stranded template
and 3.2 pmol of primer were used, with a BigDye Terminator cycle
sequencing ready reaction kit. Eight to 16 full-length cDNA clones
were used to confirm the sequence, and each was sequenced in
both directions using T7 and Sp6 primers.

RT-PCR. Total RNA (2 pg) from tissue was reverse transcribed
using 200 U of SUPERSCRIPT II RT (Gibco-BRL, USA) in a total
volume of 20 pl. delBK-F (5'-GACGTTCTGAGCGTGAC-3') and -R (5’'-
AACTGGTGGAGCAATCATTAAC-3") were used as primers for the
expression of nucleotides 2224-2337 of Kcnmal (GenBank Acces-
sion No. NM010610), and mouse glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) in Table 1 was used as an internal control.
PCR was performed in a T Professional Thermal Cycler (Biometra,
Germany)with Taq polymerase in 1.5 mM MgCl,, 0.2 uM of each pri-
mer, and 20 uM of each dNTP as recommended by the supplier. The
cycling profile was comprised of an initial denaturing step for 5 min
at 94 °C followed by 35 cycles at 94 °C for 1 min, 60 °C for 1 min,
72 °C for 1 min, and a final extension at 72 °C for 5 min.

Table 1
Sequences of primers used.
Primer Sequence Product
length (bp)

BK1 Forward ~ GACGTTCTGAGCGTGACTG n.d.
Reverse =~ TGGTGGAGCAATCATTAACAGAG

BK2 Forward ~ CTCCTCCTCTTCCTCCTCGT 199
Reverse =~ GCAAACGGTCCACAGGTACT

BK3 Forward ~ GGCTTTCAACGTGTTCTTCCTCCT 254
Reverse =~ GCAGATTCACCAGCTTGATGGAGT

BK4 Forward ~ ACCTCAAGAGGGAGTGGGAAACAC 269
Reverse =~ CATTCCAGGAGGTGTGAATCCTTG

BK5 Forward ~ GGCTTTCAACGTGTTCTTCCTCCT 423
Reverse =~ GCATAAACGTCCCCATAACCCACT

BK6 Forward  CACTGGAATGTTTCACTGGTGTGC 490
Reverse =~ CATTCCAGGAGGTGTGAATCCTTG

GAPDH Forward ~ ACTCCACTCACGGCAAATTC 370
Reverse CCTTCCACAATGCCAAAGTT

Troponin-T Forward ~ GCCAAAGATGCTGAAGAAGG 344
Reverse =~ CTGTTCTCCTCCTCCTCACG

Endothelin-1 ~ Forward =~ CTGCTGTTCGTGACTTTCCA 316
Reverse GGTGAGCGCACTGACATCTA

n.d., not detected.

Results
Cloning of cDNA encoding mouse cardiac BKc, channel a-subunit

To amplify a conserved region of the BK¢, channel a-subunit in
cardiomyocytes, we constructed universal primers based on an
mRNA sequence with high similarity among known animal BKc,
channel a-subunits (mouse, GenBank Accession Nos. NM010610;
rat, NM031828; cow, NM174680; and human, NM001014797
and NMO002247). The aligned amino acid sequences were 98-
99% identical (mouse, GenBank Accession Nos. NP034740.1; rat,
NP114016.1; cow, NP777105.1; human, NP001014797.1 and
NP002238.2). The primers were designed to flank the region of
interest, and care was taken to avoid sequences that could pro-
duce internal secondary structure. To prevent the formation of
primer dimmers, the 3’-ends of the primers were not complemen-
tary. To avoid nonspecific primer annealing, the primers had
nearly identical melting temperatures (Ty,), and a hot-start PCR
method was used. Gradient PCR was used to determine the best
annealing temperatures. Table 1 shows the universal BK primers
constructed to amplify the BKc, channel a-subunit transcripts
from mouse cardiomyocyte total RNA and from commercially ob-
tained mouse heart total RNA. As a result of RT-PCR and sequence
analysis, all of the universal BK primer pair successfully amplified
fragments of the BKc, channel o-subunit mRNA besides of BK1
primer set.

The purity of the isolated cardiomyocyte preparation was ver-
ified by RT-PCR using gene-specific primers in Table 1. Troponin-
T, which is highly expressed in cardiomyocytes but not in endo-
thelial cells, was used as a cardiomyocyte-specific marker. Endo-
thelin-1 (ET-1) was wused as markers for contaminating
endothelial cells. GAPDH, a constitutively and ubiquitously ex-
pressed gene, was used to check the RT-PCR conditions. The purity
of the samples was defined by the high expression of GAPDH, tro-
ponin-T, and BKc,; channel a-subunit transcripts, and the absence
of ET-1 transcripts (Supplementary Fig. 1). Furthermore, total RNA
from mouse heart (Clontech, USA) and total RNA from primary
cultures of rat cardiomyocytes [28] were used as sources for the
isolation of the cardiac BKc, channel o-subunit gene, and gave
the same results as those shown in Supplementary Fig. 1.

To determine the complete cDNA sequence of cardiac BKc,
channel o-subunit, 5'- and 3’-RACE PCR were performed. The
primers used for RACE PCR were constructed based in Table 1
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1 ccgcatagggcggcggcggcggcggcggcggaggcageggtcttagaATGAGCAGCAATATCCACGCGAACCATCTCAGCCTAGACGCGTCCTCCTCCTC 100
101 CTCTTCCTCCTCCTCTTCTTCTTCTTCCTCCTCCTCTTCCTCCTCGTCCTCGGTCCACGAGCCCAAGATGGATGCGCTCATCATACCGGTGACCATGGAG 200
201 GTGCCGTGCGACAGCCGGGGCCAACGCATGTGGTGGGCTTTCTTGGCCTCCTCCATGGTGACTTTCTTCGGGGGCCTCTTCATCATCTTGCTCTGGCGGA 300
301 CGCTCAAGTACCTGTGGACCGTTTGCTGCCACTGCGGGGGCAAGACGAAGGAGGCCCAGAAGATAAACAATGGCTCCAGCCAGGCAGATGGTACTCTCAA 400
401 GCCAGTGGACGAAAAAGAGGAGGTGGTGGCAGCCGAGGTCGGCTGGATGACATCTGTGAAGGACTGGGCAGGGGTGATGATATCCGCCCAGACACTGACT 500
501 GGCAGAGTCCTGGTTGTGTTAGTCTTTGCTCTCAGCATTGGTGCCCTCGTAATATACTTCATAGACTCGTCAAACCCAATAGAATCCTGCCAGAATTTCT 600
601 ACAAAGATTTCACATTACAGATCGACATGGCTTTCAACGTGTTCTTCCTCCTCTACTTTGGCTTGCGGTTTATTGCAGCCAACGATAAGCTGTGGTTCTG 700
701 GCTGGAAGTGAATTCAGTAGTAGATTTCTTCACAGTCCCTCCTGTGTTTGTGTCTGTGTACTTAAACAGAAGTTGGCTTGGCTTGAGATTTTTAAGAGCT 800
801 CTCAGACTGATACAGTTTTCAGAGATTTTGCAGTTTCTGAATATCCTTAAAACAAGTAACTCCATCAAGCTGGTGAATCTGCTCTCCATATTTATCAGCA 900
901 CGTGGCTGACTGCAGCTGGATTCATCCACTTGGTGGAGAATTCAGGGGACCCATGGGAAAATTTCCAAAACAACCAGGCACTTACGTACTGGGAATGTGT 1000
1001 CTACTTACTCATGGTCACAATGTCTACAGTGGGTTATGGGGACGTTTATGCAAAAACCACACTTGGACGCCTCTTCATGGTCTTCTTCATCCTCGGGGGA 1100
1101 CTGGCCATGTTTGCCAGCTACGTCCCTGAAATCATAGAGTTAATAGGAAACCGCAAGAAATACGGGGGCTCCTATAGCGCGGTTAGTGGAAGAAAGCACA 1200
1201 TTGTAGTCTGTGGACACATTACTCTGGAGAGTGTCTCTAACTTCCTGAAGGACTTTCTGCACAAGGACCGGGATGATGTCAACGT GATTGTCTTTCT 1300
1301 TCACAACATCTCCCCTAACCTTGAGCTTGAGGCTCTGTTCAAACGGCATTTCACTCAGGTGGAGTTTTATCAGGGCTCTGTCCTCAATCCACATGATCTT 1400
1401 GCCAGAGTCAAGATAGAGTCAGCAGATGCATGCCTGATCCTTGCCAATAAGTATTGCGCTGACCCGGATGCAGAAGATGCCTCCAACATCATGAGAGTGA 1500
1501 TCTCCATCAAAAACTACCACCCAAAGATCAGGATCATCACTCAGATGCTGCAGTATCACAACAAGGCCCATCTGCTCAACATCCCCAGCTGGAACTGGAA 1600
1601 AGAGGGTGATGACGCAATATGCCTTGCAGAGCTCAAGTTGGGTTTCATAGCCCAGAGCTGTCTGGCTCAAGGCCTCTCCACAATGCTTGCCAATCTCTTC 1700
1701 TCTATGAGGTCATTCATAAAGATTGAGGAAGACACATGGCAGAAATACTACTTGGAAGGAGTCTCCAATGAAATGTACACAGAATATCTCTCCAGTGCCT 1800
1801 TCGTGGGTCTGTCCTTCCCTACTGTTTGTGAGCTGTGTTTTGTGAAGCTTAAGCTCCTGATGATAGCCATTGAGTACAAGTCTGCCAACAGAGAGAGCCG 1900
1901 AATATTAATTAACCCTGGGAACCACCTTAAGATCCAAGAAGGTACTTTAGGATTTTTCATCGCAAGTGATGCCAAAGAAGTTAAAAGGGCATTTTTTTAC 2000
2001 TGCAAGGCCTGTCATGATGACGTCACAGATCCCAAAAGAATTAAAAAATGTGGCTGCAGGCGGCTTGAAGATGAGCAGCCGCCAACCCTGTCACCAAAAA 2100
2101 AAAAACAACGTAATGGGGGCATGAGGAACTCGCCCAACACCTCCCCGAAGCTGATGAGGCATGACCCCTTGTTAATTCCTGGCAATGATCAGATTGACAA 2200
2201 CATGGACTCCAATGTGAAAAAGTACGACTCCACTGGAATGTTTCACTGGTGTGCACCCAAGGAGATTGAGAAAGTCATCTTGACTCGAAGTGAAGCTGCC 2300
2301 ATGACTGTCCTGAGTGGCCATGTCGTAGTCTGCATCTTTGGGGATGTCAGCTCAGCCCTGATTGGCCTCCGGAACCTGGTGATGCCACTTCGTGCTAGCA 2400
2401 ACTTTCACTATCATGAGCTCAAACACATTGTGTTTGTGGGCTCCATTGAGTACCTCAAGAGGGAGTGGGAAACACTGCACAACTTCCCGAAAGTGTCCAT 2500
2501 ATTGCCTGGTACACCATTAAGTCGGGCTGATTTAAGGGCTGTCAACATCAACCTCTGTGACATGTGCGTTATCCTGTCAGCCAATCAGAATAATATTGAT 2600
2601 GATACTTCGCTTCAGGACAAGGAATGCATCTTGGCGTCACTCAACATCAAATCTATGCAGTTTGATGACAGCATCGGGGTCTTGCAGGCTAATTCCCAAG 2700
2701 GATTCACACCTCCTGGAATGGACAGATCATCACCCGACAACAGCCCAGTGCACGGGATGTTACGCCAGCCGTCCATCACAACTGGGGTCAACATTCCCAT 2800
2801 CATCACGGAACTCGTGAATGATACCAATGTTCAGTTTTTGGACCAAGACGATGACGATGACCCTGACACAGAGCTGTACCTCACACAGCCCTTTGCTTGT 2900
2901 GGGACAGCATTTGCCGTCAGCGTCCTGGACTCACTCATGAGCGCGACATACTTCAATGACAATATCCTCACCCTAATACGGACCCTGGTGACAGGAGGAG 3000
3001 CCACACCAGAGCTCGAGGCTCTAATAGCTGAGGAGAATGCACTTCGAGGAGGCTACAGCACTCCGCAGACATTGGCCAACAGGGACCGTTGCCGAGTGGC 3100
1201 CCAGTTAGCCCTGTTAGATGGTCCCTTTGCAGACTTAC TGGTGGTTGTTATGGTGATCTGTTCTGCAAAGCTCTGAAAACATATAATATGCTTTGT 3200
3201 TTTGGAATTTACCGGCTGAGAGATGCCCACCTCAGCACCCCCAGCCAGTGTACAAAAAGGTACGTCATCACCAATCCTCCCTACGAGTTTGAGCTCGTAC 3300
3301 CAACAGACCTGATCTTCTGCCTGATGCAGTTTGACCACAACGCTGGCCAATCCCGGGCCAGTCTGTCTCATTCCTCCCACTCCTCACAGTCGTCCAGTAA 3400
3401 GAAGAGCTCCTCCGTCCACTCCATCCCGTCCACAGCAAATCGGCCGAACCGGCCCAAGTCCAGGGAGTCCCGCGACAAACAGAACAGAAAAGAAATGGTT 3500
3501 TACAGATGAaaaaaaaaaaaaaaaaaaaaaaaaaa 3535

Fig. 1. The nucleotide sequence of the BK¢, a-subunit obtained from mouse ventricular myocytes and mouse heart total RNA. The large characters denote the open reading

frame.

after checking the sequences of the PCR products. The cDNA con-
tained an open reading frame encoding an 1154-amino acid
mouse cardiac BKc, channel a-subunit protein (mCardBKa) (Figs.
1 and 2). A cDNA variant encoding the same 1154 amino acids
was also found by sequence analysis. The two types of mCardBKa,
type 1 (mCardBKal) and type 2 (mCardBKa2), differed by three
insertions and one nucleotide substitution in the N-terminal se-
quence (Fig. 3A). The amino acid sequence of mCardBKa was un-
ique to mouse cardiomyocytes, with amino acids 41-1153 being
identical to K¢, channel SLO1 (GenBank Accession No.
AAL69971) and amino acids 1-40 being identical to BKc, channel
subfamily M alpha member 1 (GenBank Accession No. NP034740)
(Fig. 3B).

In addition, we confirmed the mRNA expression pattern of
mCardBKa in mouse cardiomyocytes by RT-PCR using gene-spe-
cific primers designed for the region of the insertion/deletion sites
between Kcnmal, the gene coding BKc, channel subfamily M al-
pha member 1, and mCardBKal (Fig. 4B). RT-PCR results showed

that Kcnmal transcripts were highly expressed in mouse brain
but not in cardiomyocytes (Fig. 4A). This result demonstrated that
the unique BKc, channel o-subunit in cardiomyocytes was
mCardBKa.

Expression of cardiac mCardBKa in H9c2 cells

Sarcolemmal BK¢, channels have not been found in cardiomyo-
cytes, although BKc, channels activity has been identified in the
mitochondrial inner membrane of guinea pig ventricular myocytes
[18]. The molecular component of mitoBK¢, has not been identified
even though their activities have been demonstrated in cardiac
mitochondria. The above results suggest that the cloned BKc, chan-
nel o-subunit (mCardBKa) in our study may encode the mitoBKc,
channel a-subunit.

Therefore, we tried to establish transiently transfected cell lines
expressing mCardBKa at a high level. H9c2 was used as the target
cell line in the transfection experiments; these cells, originated

1 MSSNIHANHLSLDASSSSSSSSSSSSSSSSSSSSSVHEPKMDALIIPVTMEVPCDSRGQRMWWAFLASSMVTFFGGLFIILLWRTLKYLW 90
91 TVCCHCGGKTKEAQKINNGSSQADGTLKPVDEKEEVVAAEVGWMTSVKDWAGVMISAQTLTGRVLVVLVFALSIGALVIYFIDSSNPIES 180
181 CQNFYKDFTLQIDMAFNVFFLLYFGLRFIAANDKLWFWLEVNSVVDFFTVPPVFVSVYLNRSWLGLRFLRALRLIQFSEILQFLNILKTS 270
271 NSIKLVNLLSIFISTWLTAAGFIHLVENSGDPWENFQNNQALTYWECVYLLMVTMSTVGYGDVYAKTTLGRLFMVFFILGGLAMFASYVP 360
361 EIIELIGNRKKYGGSYSAVSGRKHIVVCGHITLESVSNFLKDFLHKDRDDVNVEIVFLHNISPNLELEALFKRHFTQVEFYQGSVLNPHD 450
451 LARVKIESADACLILANKYCADPDAEDASNIMRVISIKNYHPKIRIITQMLQYHNKAHLLNIPSWNWKEGDDAICLAELKLGFIAQSCLA 540
541 QGLSTMLANLFSMRSFIKIEEDTWQKYYLEGVSNEMYTEYLSSAFVGLSFPTVCELCFVKLKLLMIAIEYKSANRESRILINPGNHLKIQ 630
631 EGTLGFFIASDAKEVKRAFFYCKACHDDVTDPKRIKKCGCRRLEDEQPPTLSPKKKQRNGGMRNSPNTSPKLMRHDPLLIPGNDQIDNMD 720
721 SNVKKYDSTGMFHWCAPKEIEKVILTRSEAAMTVLSGHVVVCIFGDVSSALIGLRNLVMPLRASNFHYHELKHIVFVGSIEYLKREWETL 810
811 HNFPKVSILPGTPLSRADLRAVNINLCDMCVILSANQNNIDDTSLQDKECILASLNIKSMQFDDSIGVLQANSQGFTPPGMDRSSPDNSP 900
901 VHGMLRQPSITTGVNIPIITELVNDTNVQFLDQDDDDDPDTELYLTQPFACGTAFAVSVLDSLMSATYFNDNILTLIRTLVTGGATPELE 990
991 ALIAEENALRGGYSTPQTLANRDRCRVAQLALLDGPFADLGDGGCYGDLFCKALKTYNMLCFGIYRLRDAHLSTPSQCTKRYVITNPPYE 1080
1081 FELVPTDLIFCLMQFDHNAGQSRASLSHSSHSSQSSSKKSSSVHSIPSTANRPNRPKSRESRDKQNRKEMVYR 1153

Fig. 2. The deduced amino acid sequence of mouse cardiac BK¢, o-subunit.
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I e
nCardBKal CCGCATAGGGCGGCGGCG--GC-GGCGGCGGCEGAGECAGCGGTCTTAGH
Ty TN o T [ |
B 1 10 20 a0 50 60 70
I & : " : : " &
H_alphal HANGGGGGGGSSGGEGGGEEGSGLRHSSNIHANHLSLOASSSSSSSSSSS55555555SSYHEPKHDALT,
nCardBKal HSSNIHANHLSLDASSSSS55555555555655SSYHEPKHDALT
SLO1 HDALT
690 700 710 720 730 740 750 760

H_alphal IKKCGCRRPKHSIYKRHRRACCFDCGRSERDCSCHSGRYRGNYDTLERTFPLSSYSYNDCSTSFRAFEDEQI

nCardBKal IKKCGCRR
SL01 IKKCGCRR

LEDEQI

LEDEQI

Fig. 3. (A) Alignment of the nucleotide sequences of the two BK¢, a-subunit cDNA variants, mcardBKa1 and mcardBKa2, from mouse cardiomyocytes. (B) Amino acid sequence
alignment of the mouse cardiac BKc, a-subunit with BKc, channel subfamily M alpha member 1 (GenBank Accession No. NP034740) and calcium-activated potassium
channel SLO1 (GenBank Accession No. AAL69971). M_alpha1, BKc, channel subfamily M alpha member 1; mCardBKa1, mouse cardiac BKc, o-subunit (mCardBKa) variant 1;

SLO1, mouse calcium-activated potassium channel SLO1.

A Brain Heart

deiBKa: [ [l < 1140p
aapon: [ [

B ?161

delBK-F == 228?

Kcnnal GGCTGCAGGCGGCCCARGATGTCCATCTACARGAGARTGAGACGAGCATGTTGTTTTGATTGLC EISHCETTCTGHEEETEH[‘TBII TCGTGCATGTCAGGCCGTGTGCGTGGTAACGTGGAC

nCardBKal GGCTGCAGGCGGC---

Consensus GGCTGCAGGCGGC........cc00vvvessescsssssssssssossssnnns

é== delBK-R 2400

2281
I

|
Kcnnal FI[IEIZTTGHEFIGFIHECTTCCEGEITTETTETGT[ZIE]']TTHFITGHITGCTIIFIE[IFIEITr[CGTEIITT'IGHHGHIGHECFIEC[ZGCCHFIECETGTCHCCHHHHFIHHHHHCRHEGTFIHTEGG

nCardBKal =-=----

CONSANEEE cossstsaststtstsstssiotittistnesitttstssssestottsnsnns

TTGARGATGAGCAGCCGCCARCCCTGTCACCARRRARAARACARCGTARTGGG

............. TTGARGATGAGCAGCCGCCARCCCTGTCACCARRAARAARACARCGTARTGGG

Fig. 4. (A) Expression of BKc, o-subunit transcripts (delBKa) in mouse brain and heart. For positive and negative controls, cDNA from mouse brain was used. PCR products
were generated using of gene-specific primers for nucleotides 2224-2337 of Kcnmal, the gene coding BKc, channel subfamily M alpha member 1, and GAPDH. (B) Alignment
of BKc, o-subunit transcripts of Kcnma1 (GenBank Accession No. NM010610) and cardiac BK¢, o--subunit (mCardBKa) from mouse. The box indicates the gene-specific primers

used in (A).

from cardiomyocytes. The gene-specific primers BK147-F and
BK3711-R were used to obtain full-length mCardBKa cDNA, which
was cloned into pECFP-C1 for transfection into H9c2 cells. All of the
clones that showed ECFP expression by confocal microscopy were
confirmed by RT-PCR using gene-specific primers in Table 1 to
have high mCardBKa mRNA expression levels. Mitochondria-spe-
cific staining of H9c2 cells revealed a remarkably regular arrange-
ment of mitochondria, as seen in adult cardiomyocytes [29], but
mCardBKa expression was not localized to the mitochondrial
membrane (Supplementary Fig. 2).

Discussion

Potassium channels regulate cellular excitability. One of them,
BKc. channels couple intracellular Ca®* with cellular excitability,
playing a critical role in linking membrane voltage to cellular cal-
cium homeostasis. The BKc, channel is composed of a pore-forming
o~subunit associated with auxiliary B-subunits [30]. Until now,
sarcolemmal BKc, channels have not been found in cardiomyo-
cytes. In this study, we cloned a gene encoding the mouse cardiac
BKc, channel a-subunit (mCardBKa). The cDNAs of BKc, o-sub-
units, encoded by the gene slowpoke (slo1) [9-11], have been
cloned from a variety of sources, and we designed primers based
on the most conserved regions of these sequences (BK in Table
1). Sequence analysis showed that mCardBKa was an 1154-amino

acid protein as deduced from cDNA open reading frame (Fig. 2).
Based on the amino acid sequence, mCardBKa was a unique BKc,
channel o-subunit in mouse cardiomyocytes; it was identical to
Kca channel SLO1 in amino acids 41-1153 while amino acids 1-
40 corresponded to BKc, channel subfamily M alpha member 1
(Fig. 3B). Furthermore, we confirmed the presence of cardiac BKc,
channel a-subunit mRNA in the total RNA from both mouse heart
and primary rat cardiomyocyte cultures. From sequence analysis,
all of them contained the unique BKc, channel a-subunit (data
not shown). In addition, we confirmed the mRNA expression pat-
tern of mCardBKa in mouse cardiomyocytes using gene-specific
primers from the region where insertion/deletion sites differ be-
tween Kcnmal and mCardBKal. RT-PCR results showed that
Kcnmal transcripts were highly expressed in mouse brain but
not in cardiomyocytes (Fig. 4). These results indicated that the un-
ique BKc, channel o-subunit in cardiomyocytes was mCardBKa.
These findings suggest the expression of a single predominant iso-
form of mouse BKc,; channel a-subunit in mouse cardiomyocytes.

It remains to be established whether the primary target for BKc,
channel-selective agents in cardiomyocytes is the mitoBK¢, chan-
nel, as sarcolemmal BK¢, channels have not been cloned from ven-
tricular myocytes. mitoBKc; channels have been detected in
cardiomyocytes in a patch-clamp study performed on mitoplasts
[18]; however, a proteomic analysis of the mitochondrial inner
membrane did not identify the mitoKc, channel protein. Many
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studies have indicated the importance of mitochondrial Karp chan-
nels in cardioprotection from ischemia-reperfusion injury [31-34].
The K' channels, particularly BKc, channels, have also been
thought to be important in cardioprotection [22,35,36]. Xu et al.
[18] suggested that the properties of mitoBKc, channels located
in the inner mitochondrial membrane of guinea pig cardiomyo-
cytes resemble those of BKc, channels, although, the molecular
nature of the mitoBKc, was not identified. Thus, any BKc, channel
homologs identified in cardiomyocytes may encode a physiologi-
cally functional mitoBK¢, channel.

To identify the expression and localization of mCardBKa, we
established a transiently transfected H9c2 cell line expressing
mCardBKa. The mCardBKa cDNA (nucleotides 147-3711) con-
structs in plasmid pECFP-C1 were transfected into H9c2. The
mCardBKa was expressed in H9c2 cells, and this expression was
not localized to the mitochondrial membrane (Supplementary
Fig. 2). It is possible that the exclusion of nucleotides 1-146 in
the N-terminus and/or nucleotides beyond 3712 in the C-terminal
region might have affected affect the localization of mCardBKa to
the mitochondrial inner membrane. Alternatively, mCardBKa may
actually be a sarcolemmal BK¢, channel o-subunit. In real-time
PCR experiments, mCardBKa mRNA expression was up-regulated
by ischemic preconditioning (Supplementary Table 1), and mito-
BKc, channels have been considered key effectors in cardioprotec-
tion, although the mechanism remains uncharacterized at the
molecular level. Bautista et al. [37] suggested that the Ca?'- and
voltage-dependent K* (maxi-K) channel p;-subunit is expressed
in cardiomyocyte mitochondria and is regulated by sustained hy-
poxia. Several isoforms of BKc, channel a-subunit, alternatively
spliced in the N- and C-terminus, have been cloned from a num-
ber of mammalian species, yet no isoforms corresponding to BKc,
channel a-subunit have been isolated from hearts. Thus, mCardB-
Ka may be a functional mitoBKc, channel a-subunit in heart.
Alternatively, our study found that the analogs of sarcolemmal
BKc. channel o-subunits in cardiomyocytes. If our cloned o-sub-
units are predominant expression pattern of sarcolemmal BKc,
channels in cardiomyocytes, drugs targeting cardiac mitoBKc,
channels should be used carefully to avoid affecting sarcolemmal
BK¢, channels. To clarify this issue, additional study including the
channel activities and/or channel proteins should be followed in
near future.

In summary, our study found that unique BK¢, channel o-sub-
unit is expressed in mouse cardiomyocytes, which could provide
a better understanding of the intracellular mechanism of cardio-
protection related to BKc, channels in cardiomyocytes.
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