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Abstract

The subcellular distribution of Katp channel subunitsin rat isolated ventricular
myocytes was investigated using a panel of subunit specific antisera. Kir6.1 subunits
were associated predominantly with myofibril structures and were co-localized with the
mitochondrial marker MitoTracker red (correlation coefficient (cc) = 0.63 £ 0.05).
Anti-Kir6.1 antibodies specifically recognized a polypeptide of 48 kDain mitochondrial
membrane fractions consistent with the presence of Kir6.1 subunitsin this organelle.
Both Kir6.2 and SUR2A subunits were distributed universally over the sarcolemma.
Lower intensity antibody associated immunofluorescence was detected intracel lularly,
which was correlated with the distribution of MitoTracker red in both cases (cc, Kir6.2,
0.56 + 0.05; SUR2A, 0.61 + 0.06). A polypeptide of 40 kDawas recognized by anti-
Kir6.2 subunit antibodies in Western blots of both microsomal and mitochondrial
membrane fractions consistent with the presence of this subunit in the sarcolemma and
mitochondria. Similarly, SUR2A and SUR2B subunits were detected in Western blots
of microsomal membrane proteins consistent with a sarcolemmal localization for these
polypeptides. SUR2B subunits were shown in confocal microscopy to co-localize
strongly with t-tubules (cc, 0.81 £ 0.05). Together the results indicate that Kir6.2 and
SUR2A subunits predominate in the sarcolemma of ventricular myocytes consistent
with aKir6.2/SUR2A subunit combination in the sarcolemmal Katp (sarcKatp) channel.
Kir6.1, Kir6.2 and SUR2A subunits were demonstrated in mitochondria. Combinations
of these subunits would not explain the reported pharmacology of the mitochondrial
Katp(mitoK atp) channel (Lui et al. 2001. Mol. Pharmacol. 59:225-230) suggesting the

possibility of further unidentified components of this channel.



Introduction

ATP-sensitive potassium (K atp) channels link the metabolic energy status of cellsto
membrane potential by responding to the ATP:ADP ratio. Although these channels
would normally be closed in cardiac myocytes, during myocardial ischemia, where the
cellular ATP:ADP ratio falls substantially, activation of Katp channels could contribute
to cardioprotective mechanisms.>* Functional Kate channel currents have been
demonstrated in both cardiac sarcolemmal® (sarcK atp) and mitochondrial (mitoK ate)
membranes’. The mitoK a7p channel is much more sensitive to the potassium channel
opener, diazoxide, and the K atp channel antagonist, 5-hydroxydecanoate (5-HD)

compared to the sarcK atp channel, which is more sensitive to the blocker HMR1098.°

K atp channels are hetero-octomers (Kir6.04/SUR,) formed by four pore forming
polypeptides of the inwardly rectifying K* channel family Kir6.0 and four
sulphonylurea receptor (SUR) subunits of the ATP-binding cassette (ABC) protein
superfamily.” The pharmacological properties of channels expressed in heterologous
systems suggest strongly that the sarcK atp channel is composed of Kir6.2 and SUR2A
subunits.* Current flow viaKir6.2 subunitsin sarcK ate channelsisintegral to
mechanisms of action potential shortening. This was shown by the rescue of pinacidil-
induced outward current and action potential shortening in ventricular cells from Kir6.2°
" knockout mice by gene transfer of the Kir6.2 subunit.? The structure of the mitoK ate
channel has not been elucidated but participation of Kir6.1 is suggested from

immunogold labelling of the inner mitochondrial membrane.®



Exposure of the myocardium to a brief ischemic insult paradoxically protects the
myocardium against subsequent prolonged ischemic insult.'® The involvement of
cardiac Katp channelsin ischemic preconditioning (IPC) has been suggested by a
number of pharmacological studies which show that potassium channel openers (KCO)
can mimic IPC, while K atp channel antagonists, glibenclamide and 5-HD, abolish or
reduce this protection.>® Which of the cardiac K ate channels is responsible for ischemic
preconditioning remains a matter of debate.® The involvement of the sarcK atp channel
in IPC was supported by experiments on ischemic ventricular cells from Kir6.2”
knockout mice which showed the absence of sarcK ate channel activation and action
potential shortening in IPC normally seen in wild type cells.™ Arguing against this,
KCO have been reported to produce cardioprotection and increases in flavoprotein
oxidation at concentrations that were without effect on sarcolemmal Ixatp Or action
potential duration.® In addition, block of KCO-induced cardioprotection by 5-HD,
which is suggested to be selective for the inhibition of mitoK otp channels, has been
shown to occur without effect on sarcolemmal K ate channel currents.?® These
observations favor an involvement of the mitoK atp channel in the preconditioning
response, although an independent effect of Katp channel modulators on mitochondrial

metabolism cannot be ruled out.****

To understand the different roles of sarcK atp and mitoK atp channelsin cardiac
myocytes, the molecular composition of each needs to be resolved. In this study a panel
of isoform specific, site-directed antibodies against Katp channel subunit peptides was

produced to investigate the cellular localization of Katpchannel subunit isoformsin



isolated ventricular myocytes by (i) confocal microscopy and (ii) subcellular

fractionation and Western blotting.

Materials and Methods

Preparation of polyclonal antibodies

Antiserawere raised to peptides corresponding to the C-terminal domains of rat Kir6.1
(accession number D42145), Kir6.2 (D86039), SUR2A (D83598) and SUR2B
(AF087838) K atp channel subunits. Peptides were synthesized according to Atherton
and Sheppard™ and were composed of the following amino acid residues: Kir6.1;
(C)KVQFMTPEGNQCPSES (residues 409-424, Protein and Nucleic Acid Chemistry
Laboratory, University of Leicester, UK), Kir6.2; (C)KAKPKFSISPDSLS (residues
377-390, Research Genetics Inc. Huntsville, USA), SUR2A;
PNLLQHKNGLFSTLVMTNK(C) (residues 1527-1545, Pepceuticals Ltd., Leicester,
UK), SUR2B; ESLLAQEDGVFASFVRADM(C) (residues 1528-1546, Pepceuticals
Ltd)™. N- or C-terminal cysteine residues were added to the peptides to facilitate
conjugation™® to ovalbumin (Kir6.1) or Keyhole Limpet Haemocyanin carrier protein
and were not part of the channel subunit sequences. Antiserawere raised against peptide
carrier protein conjugates in New Zealand White Rabbits (Kir6.1, University of
Leicester; Kir6.2, Research Genetics Inc.; SUR2A and SUR2B, Pepceuticals Ltd.).
Antibody titre was estimated by ELISA using microtitre plates coated with 1 pg/ml

peptide.’



Western blotting

Twenty five microlitres of in vitro translated subunit protein reaction'’ or ventricular
myocyte proteins (11 pg protein/ml) were denatured, separated by sodium dodecyl
sulfate polyacrylamide (7.5%) gel electrophoresis(SDS-PAGE)™® and transferred to
nitrocel lulose membranes (Hybond-C Super, Amersham Biosciences UK Limited, Little
Chalfont, UK) with awet-blot technique.® Membranes containing protein standards
were stained with amido black stain (0.1 % amido black stain, 45 % methanol, 10 %
acetic acid) and destained in 1 % acetic acid. Membranes for immunodetection were
incubated with 10 % dried milk solution (10 % w/v dried milk powder, 10 mM Tris-
HCI (pH 7.5), 0.9 % NaCl, 0.05 % Tween 20). Individual laneswereisolated in a
Decaprobe (Hoefer Scientific Instruments, San Francisco, USA) and treated with anti-
Katp channel subunit antiserum diluted 1:250 in dried milk solution for 16 h at 4°C.
Membranes were washed with 10 mM Tris-HCI (pH 7.5), 0.9 5 NaCl, 0.05 % Tween
20, 0.25 % N-lauryl sarcosine, 0.25 % nonidet P40 and incubated with horseradish
peroxidase conjugated anti-rabbit immunoglobulin (Sigma) diluted 1:1000 for 2 h at
room temperature. After washing, photoluminometric detection was with Western blot
reagent ECL (Amersham Biosciences, Frieberg, Germany) and data were recorded on

Kodak X-ray film.

Immunoprecipitation

Invitro translated K atp channel subunit proteins (5-10 pul) solubilized in 1 % Triton X-

100 were immunoprecipitated from afinal reaction volume of 100 ul containing 20 mM



Tris-HCI (pH 7.5), 10% bovine serum albumin, 500 mM KCIl with 1 pl of anti-Katp
channel subunit antiserum as described previously.'” Immunoprecipitates were
subjected to SDS-PAGE™® on 7 % polyacrylamide mini gelsfor 1.5h at 120 V.
Following electrophoresis, gels were prepared for autoradiography as described

previously.'’

HEK 293 cell transfection

Human embryonic kidney (HEK) 293 cells stably expressing SUR2A alone or
SUR2A/Kir6.2%° (agift from Dr. A. Tinker, University College London, London, UK)
were transiently transfected with either Kir6.1 or SUR2B subunits cloned in the
expression vector plRES-EGFP (Clontech, Oxford, UK) using LipofectAMINE™ 2000
(Invitrogen Ltd., Paisley, UK). Transfection efficiencies of 70% were achieved
routinely. Cells were maintained in minimal essential medium with Earle's Salts
supplemented with 10% foetal calf serum and 5% L-glutamine under antibiotic
selection (SUR2A, 727 pg/ml G418; Kir6.2/SUR2A, 727 ug/ml G418, 364 pg/ml

zeocin).

Isolation of single ventricular myocytes

Rat isolated ventricular myocytes were prepared using the Langendorff technique with

collagenase (type 1, Sigma) and protease (type XV, Sigma) as described previously*%

and resulted, typicaly, in a 70-90 % yield of quiescent, rod-shaped myocytes.



Immunocytochemistry

Coverdlips (25 mm) were washed with a 1:1 mixture of chloroform and methanol,
rinsed once with water, soaked in 0.01 % poly-L-lysine (Sigma-Aldrich, Poole, UK)
and dried 12-16 hours prior to fixation of cells. HEK 293 cells stably expressing
Kir6.2/SUR2A or rat isolated ventricular myocytes were adhered to the glass coverdlips
at 4°C for 20 min and the cells fixed in 2 % paraformal dehyde at room temperature for
10 min. The fixative was removed and 100 mM glycine added to quench the
paraformaldehyde for 10 min. Cells were treated with permeabilization solution (0.1 %
Triton X-100in PBS; 2.7 mM KCl, 15 mM potassium phosphate, 137 mM NaCl, 8 mM
sodium phosphate) and this solution was replaced with solution containing glycine for
10 min. Finally the cells were washed 3 times in PBS for 5 min and stored at 4°C for

12-16 hin PBS.

Cellswere incubated for 30 min with antibody-diluting buffer (2 % goat serum, 1 %
bovine serum albumin, 0.05 % Triton X-100 in SCC; 150 mM NaCl, 15 mM Na
citrate). Antibody diluting buffer was replaced with buffer containing primary antibody
at 1:250 or 1:500 dilutions and incubated for one hour at room temperature. Cells were
washed for 10 min in 0.05 % Triton X-100 in SCC and then incubated with anti-rabbit
IgG fluorescein isothiocyanate (FITC) conjugate (1:1000 dilution, Sigma-Aldrich,
Poole, UK). After three 10 min washes anti K atp channel antibody-labeled cells were
viewed with a confocal dual laser-scanning microscope at 488 nm. Mitochondriawere
localized in co-localization experiments by incubating antibody-labeled cells with 100

nM Mitofluor 589 (Molecular Probes, Poort Gebouwin, The Netherlands) PBS for 10



minutes. The fluorescent emission from labeled mitochondria was detected at 580 nm.
Transverse tubules (t-tubules) were visualized using a monoclona I XE11, antibody
(1:250 dilution) directed to a 28 kDa T-tubule specific protein® (a gift from Dr. K.
Campbell, University of lowa, USA) and binding detected with anti-mouse 1gG-
rhodamine (1:1000 dilution, TRITC, Sigma-Aldrich, Poole, UK) conjugate at a

wavelength of 525 nm.

Confocal Microscopy

Confocal microscopy was performed as described previously?* with excitation
wavelengths of 488 nm for the detection of anti-K atp channel subunit antisera, 568 nm
for Mitofluor red 589 and the anti-transverse tubule (t-tubule) marker (IXE11,
antibody). All images were analyzed using a background subtraction method off-line.
The background was defined as aregion of interest proximal to the cell and subtracted

automatically from subsequent images.

Data acquisition, image processing

Confocal image processing was performed using the Ultra-view software (v4.0) (Perkin
Elmer, Beaconsfield, UK). Datawas presented as mean + standard deviation and
exported as an ASCI| text file. Asadeviceto represent distribution of fluorescent
intensity throughout the cells, data was presented as aline created from one image

drawn either horizontally or vertically through the confocal plane. Theline graph



represents the colour coded fluorescent profile from the whole cell area defined off line

from the confocal images.

Co-localization analysis

Co-localization analysis consisted of both the correlation and the co-localization
between two images. The two images were mapped to remove the background signals
and the images combined to asingle color image. Two forms of results were generated.
The co-localization correlation analysis then takes into account the intensity of a signal
within apixel aswell asits x,y coordinates. The percentage co-localization is based
only on whether there is any signal from each component in each pixel.

The correlation between the two signals was then calculated on intensity as follows:

C= _axb where: C= correlation, a= Image 1-Image 2, b=Image 2- Image 1

a’xb?

Preparation of mitochondria

Mitochondria were prepared from rat ventricle according to the method of Santos et

al.? and monitored by the enrichment of cytochrome ¢ oxidase activity.? The

microsoma membrane fraction was recovered in the supernatant after centrifugation of

tissue homogenate at 9000 x g for 10 min.

Results

Anti-K a1p channel subunit antisera

10



A panel of site-directed polyclonal antisera (anti-Kir6.1, Kir6.2, SUR2A and SUR2B)
was prepared to permit Kir6.0 and SUR2 isoforms to be distinguished. In each case,
antiserawere shown to be of high titre measured against 20 ng immunizing peptide per
well in ELISA, with a positive signal of > 0.15 absorbance units (A43) under standard
assay conditions with antisera diluted at least 1:10* (not shown). Specificity was
confirmed by the demonstration of an absence of direct cross reactivity with other short
peptides including those derived from related isoforms and block of the ELISA signal
by preincubation for 16 h of diluted antisera with the immunizing peptide (10 pg/ml)

but not by any other short peptides, including those derived from related isoforms.

All antiserarecognized their respective subunit polypeptides (Kir6.1, 45 kDa; Kir6.2, 40
kDa, SUR2A and SUR2B, 140 kDa) in Western blots of in vitro expressed subunit
polypeptides (Fig. 1A and B). Moreover, al antibodies were shown to
immunoprecipitate specifically [**SJmethionine-labelled in vitro translated subunit
polypeptides (Fig. 1C and D), to bind to fixed and permeabilized HEK 293 cells only
when transfected with cDNA encoding the target polypeptide (Fig. 2) and to produce
unique staining patternsin isolated ventricular myocytes (see below, Fig. 8). In al the
above assays, specificity was confirmed by the demonstration of an absence of direct
cross-reactivity with other subunit polypeptides and/or block of immunoreaction by
preincubation of diluted antisera with the immunizing peptide (10 pg/ml) for 16 h but

not by any other short peptides including those derived from related isoforms.

Localization of Kir6.0 subunitsin isolated ventricular myocytes
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The localization of Katp channel subunits was investigated by immunocytochemistry
and confocal microscopy in isolated adult rat ventricular myocytes. Anti-Kir6.1 C-
terminal antiserum was used to localize Kir6.1 subunit distribution in fixed and
permeabilized isolated ventricular myocytes. A strong intracellular signal was observed
with longitudinal streaks of immunofluorescence, consistent with an association of this
isoform with myofibril structures within the cells (Figure 3A). In some cells, punctate
anti-Kir6.1-associated immunofluorescence was al so localized either on or just under
regions of the sarcolemma. The pixel profile taken across a stained myocyte
demonstrated 3-fold higher anti-Kir6.1-associated fluorescence of internal structures
than at the sarcolemma (Figure 3B). The specificity of anti-Kir6.1 antibody binding to
these structures was confirmed by the abolition of fluorescence signal after
preadsorption of the anti-Kir6.1 antiserum with 10 pg/ml immunizing peptide (Figure
3C and 3D) but not by non-specific peptides, e.g. the corresponding C-termina peptide

from Kir6.2 (not shown).

A predominantly mitochondrial localization for Kir6.1 subunits has been suggested
previously from immunoblot analysis of subcellular fractions of skeletal muscle and
liver and from immunogold labeling of mitochondrial structures.’ To investigate
whether Kir6.1 subunits were localized in mitochondria associated with myofibrilsin
ventricular myocytes, mitochondria were |abeled with the fluorescent mitochondrial
marker, MitoFluor red 589 and the co-localization of anti-Kir6.1-associated
fluorescence was analyzed by comparing fluorescent emission on excitation at 568 and

488 nm, respectively (Fig. 4A-C). Analysis of the pixel profile (Fig. 4D) for the

12



distribution of the two fluorescent labelsin six cellsrevealed that of all pixels positive
for anti-Kir6.1, 86 + 12 % were a so positive for MitoFluor red. Conversely, of all
pixels positive for MitoFluor red, 74 + 17 % were also positive for anti-Kir6.1. The
correlation coefficient for co-localization of anti-Kir6.1 and MitoFluor red labeling was

0.63 + 0.05.

From the similarity of the functional and pharmacological properties of Katp channels
when Kir6.2 and SUR2A subunits are co-expressed in heterologous expression systems
compared to native cardiac sarcolemmal channels, the cardiac sarcolemmal Katp
channel is proposed to comprise this subunit combination.?” Consistent with this
proposal, anti-Kir6.2-associated fluorescence was localized over the sarcolemma of
ventricular myocytes with weaker fluorescence associated with intracellular structures
(Fig. 5A and 5B). This signal was blocked by preadsorption of the anti-Kir6.2 antiserum
with 10 pg/ml immunizing peptide (Figure 5C and 5D) but not by non-specific peptides,
e.g. the corresponding C-terminal peptide from Kir6.1 (not shown). Transverse pixel
profiles taken across myocytes showed strong florescence intensity associated with the
sarcolemmal membrane with intracellular fluorescence approximately half that at the

sarcolemma (Fig. 5B and F).

In cells co-labeled with anti-Kir6.2 antiserum (1:250 dilution) and MitoFluor Red (Fig.
5E), analysis of the pixel profile (Fig. 5F) for the distribution of the two fluorescent

labelsin six cellsrevealed that of al pixels positive for anti-Kir6.2, 45 £ 3 % were aso
positive for MitoFluor red. Conversely, of all pixels positive for MitoFluor red, 32 £ 10

% were also positive for anti-Kir6.2. The correlation coefficient for co-localization of

13



anti-Kir6.1 and MitoFluor red labeling was 0.56 + 0.05. In cells labeled with anti-Kir6.2
antiserum at higher dilution (1:500), labeling of Kir6.2 was observed associated with
the sarcolemmal membrane only (not shown) further suggesting that the density of
Kir6.2 subunit at the sarcolemmais higher than that in mitochondria. Together, these
results suggested strong association of Kir6.2 subunits with the sarcolemma but also the

presence of Kir6.2 subunitsin mitochondrial membrane at alower abundance.

Localization of SUR2 subunitsin isolated ventricular myocytes

As predicted from the proposed involvement of the SUR2A subunit in the sarcolemmal
K atp channel?’, anti-SUR2A-associated fluorescence was localized strongly over the
sarcolemma (Fig 6A-C). Aswith Kir6.2-associated immunofluorescence, weaker anti-
SUR2A -associated fluorescence was localized with intracellular structures.
Preadsorption of the anti-SUR2A antiserum with 10 pg/ml immunizing peptide (Fig. 6A
and 6B) but not non-immunizing peptides, e.g. the corresponding C-terminal peptide
from SUR2B (not shown), confirmed that anti-SUR2A antibody binding to sarcolemmal
and internal structures was specific to the SUR2A polypeptide. In co-localization
experiments (Fig. 6C-E), analysis of the pixel profile (Fig. 6F) for the distribution of
anti-SUR2A labeling and MitoFluor red in six cells revealed that of all pixels positive
for anti-SUR2A -associated fluorescence, 43 + 4 % were also positive for MitoFluor red.
Conversely, of all pixels positive for MitoFluor red, 72 + 5 % were also positive for
anti-SUR2A. The correlation coefficient for co-localization of anti-SUR2A and
MitoFluor red was 0.61 £ 0.06, suggestive of a probable mitochondrial, as well as, a

sarcolemmal distribution of the SUR2A subunit.
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Anti-SUR2B-associated fluorescence displayed a distinct regular transverse striated
pattern of labeling (Fig. 7A), which was further illustrated on examination of the
longitudinal pixel profile of the fluorescent emission with this antiserum (Fig. 7B).
Preadsorption of the anti-SUR2B antiserum with 10 pg/ml immunizing peptide (Fig. 7C
and D) but not non-immunizing peptides, e.g. the corresponding C-terminal peptide
from SUR2A (not shown), confirmed that anti-SUR2B antibody associated
immunofluorescence was specific to the SUR2B polypeptide. To examine whether this
pattern of transverse striations corresponded to the localization of t-tubules, the co-
localization of SUR2B labeling with that of a specific 28kDa t-tubule protein marker
recognized by monoclonal 1XE11, antibody®® was investigated. Analysis of the pixel
profile for the distribution of anti-SUR2B and IXE11, antibody labeling revealed that of
al pixels positive for anti-SUR2B-associated fluorescence, 50 + 5 % were positive for
the t-tubule marker. Conversely, of all pixels positive for IXE11, binding, 77 £ 7 %
were aso positive for anti-SUR2B binding. The correlation coefficient for co-
localization of anti-SUR2B and the I XE11, t-tubule marker was 0.81 £ 0.05, suggesting

that SUR2B subunits are highly localized to the t-tubule system in ventricular myocytes.
No staining of myocytes was seen with an anti-SUR1 subunit antiserum, similar to that
prepared by Aguilar-Bryan et al.?® against the N-terminal domain of this subunit (not

shown).

Western blotting of Katp channel subunits in isolated ventricular myocytes
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The subunit content of Katp channelsin isolated ventricular myocytes was investigated
by Western Blotting (Fig. 8). A polypeptide of 45 kDawas detected with anti-Kir6.1
antiserum corresponding to the native Kir6.1 subunit (Fig. 8A). Preadsorption of the
diluted antiserum with Kir6.1 C-terminal peptide blocked anti-Kir6.1 recognition of the
45 kDa species completely. Anti-Kir6.2 antiserum labeled a polypeptide of 40 kDain
the absence but not the presence of the Kir6.2 C-terminal peptide consistent with

specific immunodetection of the native Kir6.2 subunit (Fig 8A).

Immunodetection of electrophoretically separated ventricular myocyte proteins with
both anti-SUR2A and anti-SUR2B antisera most often resulted recognition of multiple
species of apparent molecular wei ghts between approximately 120 and 160 kDa (Fig.
8B). Moreover, additional polypeptides of lower molecular weights were also labeled
(not shown). This contrasted to labeling of SUR2 subunits in Western blots of
polypeptides transcribed and trandated in vitro from cDNA, where distinct bands
corresponding to polypeptides of the predicted molecular weight were always observed
(Fig. 1B). In blots of myocyte proteins, most of the polypeptides recognized by anti-
SUR2 subunit antisera were no longer labeled after preadsorption of the antiserum with

the appropriate immunizing SUR2 C-termina peptide (Fig. 8B).

Katp channel subunit distribution in subcellular fractionations of ventricular myocytes

Subcellular fractions corresponding to mitochondria and low buoyant density

microsomes (containing sarcolemma) were prepared to allow the subcellular

localization of K atpchannel subunits to be investigated in Western blots. Cytochrome ¢

16



oxidase activity in the mitochondrial fraction (1089 pmol/min/mg protein) was enriched
approximately 6-fold over both the microsomal fraction (196 pmol/min/mg protein) and
cell homogenate (173 pmol/min/mg protein). Enrichment of mitochondriawas also
established by labeling with anti-cytochrome ¢ antiserum of a polypeptide of 12 kDain
mitochondrial but not microsomal membranes (Fig. 8G). Conversely, concanavalin A-
alkaline phosphatase conjugate bound to multiple glycoproteins in the microsomal
fraction and homogenate, while no polypeptides were detected in the mitochondrial
fraction (not shown). Comparison of the detection of a representative concanavalin A-
|abeled polypeptide of 104 kDain microsomal and mitochondrial fractionsis shownin

Fig. 8H.

When blots of electrophoretically separated mitochondrial fraction proteins were probed
with anti-Kir6.1 antiserum, a single band of 48 kDa was |abeled in the absence but not
the presence of competing Kir6.1 C-terminal peptide (10 pg/ml, Fig. 8C). Similarly,
polypeptides of 40 (Fig. 8C) and 80 kDa (not shown) were labeled specificaly in the
mitochondrial fraction by the anti-Kir6.2 antiserum. Detection of these species was
reduced in the presence of competing Kir6.2 C-terminal peptide (10 pg/ml, Fig. 8C).
When blots were probed with anti-SUR2 antiserum, no labeling of polypeptides
corresponding to the migration of native SUR2 subunits was observed (Fig.8D).
Additional polypeptides of lower apparent molecular size were labeled but this labeling
was considered to be non-specific, as antibody binding was not reduced by

preadsorption with the appropriate immunizing peptide.
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In microsomal fractions, anti-Kir6.1 and 6.2 antisera detected pol ypeptides of 48 and 40
kDa, respectively, and both anti-SUR2A and SUR2B antisera detected pol ypeptides of
140 kDa. Taken together, Western blotting indicates the presence of Kir6.1, Kir6.2 only
in mitochondria, while Kir6.1, Kir6.2, SUR2A and SUR2B are all present in the low

buoyant density microsome fraction.

Discussion

Immunol ogical methods have been applied to provide direct evidence for the cellular
localization of Katp channel subunit isoformsin rat isolated ventricular myocytes. Four
subunit specific antisera were prepared against C-terminal domains in each subunit and
characterized against synthetic peptidesin ELISA, and in Western blots and
immunoprecipitation experiments using in vitro translated subunit polypeptides.
Antiserawere further tested against HEK 293 cells transfected either stably or
transiently with specific Katp channel subunits to further establish specificity. This
combination of screens established that all four antisera recognized the immunizing
antigen only and provided isoform specific recognition for the subunit localization

experiments.

Kir6.1 was shown to be associated predominantly with the mitochondria of ventricular
myocytes. Confoca microscopy using the anti-Kir6.1 antiserum revealed an
intracellular distribution of the Kir6.1 subunit associated with myofibril structures.
Anti-Kir6.1 immunofluorescence was significantly co-localized with the mitochondrial

marker MitoFluor red suggesting that Kir6.1 is the predominant mitoK atp channel pore
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forming subunit in ventricular myocytes. This result was corroborated by the strong
labeling by anti-Kir6.1 antiserum of a polypeptide of 48 kDain Western bl ots of
mitochondrial fractions. A mitochondrial localization for Kir6.1 has been suggested
previously from immunogold histochemistry in rat skeletal muscle using an anti-Kir6.1
antibody against a different epitope (amino acids 375-386).° It is noteworthy that a
putative mitochondrial targeting sequence isfound in Kir6.1, consistent with a

mitochondrial localization for thisisoform (PSORT, UK

Human Genome M apping Project Resource Centre, _http://menu.hgmp.mrc.ac.uk/cgi-
bin/psort ). Whether Kir6.1 isacomponent of the mitoK atp channel has been
questioned from the inability of a dominant negative form of Kir6.1 (Kir6.1 AFA) to
ablate the mitochondrial redox response of increased flavoprotein fluorescence to
diazoxide® and from the unchanged diazoxide-stimulated changesin flavoprotein
fluorescence in Kir6.1" knockout mice compared to wild type.® It is possible that an
alternative Kir subunit contributes to the mitoK atp channel but several studies have
suggested that K atp channel modulators can elicit effects on mitochondrial metabolism

12-14

independent of Katp channel activity and thusit is possible that flavoprotein

fluorescence may be an inappropriate assay of mitoK atp channel activity.

It has been suggested from Western blot analysis that Kir6.1 subunits are present in the
plasma membrane of rabbit liver® and murine cardiomyocytes® but only limited
evidence for a plasma membrane localization for this subunit was observed in this
study. Detection of Kir6.1 was predominantly intracellular in this study but the presence

of Kir6.1 in cardiac sarcolemma was supported by the observation of occasiona
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punctate anti-Kir6.1 antiserum-associated immunofluorescence at the cell boundary of

some cells.

Kir6.2 subunits are widely held to comprise the pore of the sarcK atp channel from the
resemblance of the properties of co-expressed Kir6.2/SUR2A expressed in heterologous
systems with those of the native sarcK atp?” and from the reduction in functional
sarcolemmal K atp channelsin Kir6.2 knockout mice.® Anti-Kir6.2 subunit-associated
immunofluorescence at high antiserum dilution (1:500) was localized almost
exclusively on the cell boundary. To our knowledge, thisisthe first direct evidence in
support of the contention that Kir6.2 subunits are present in the sarcK atp channel. When
the anti-Kir6.2 antiserum dilution was reduced (1:250), significant anti-Kir6.2 subunit-
associated immunofluorescence was also observed on intracellular structures that co-
localized significantly with the distribution of the mitochondrial marker, MitoFluor red.
The presence of Kir6.2 subunits in mitochondria was confirmed by specific recognition
of a polypeptide of 40 kDa by anti-Kir6.2 antiserum in Western blots of isolated
mitochondrial fraction. Together, our results suggest that Kir6.2 is the predominant

Kir6.0 isoform in the sarcolemma and that it is also present in mitochondria.

It has been shown that, in principle, Kir6.1 and Kir6.2 can co-assemble into functional
mixed hetero-multimers.® Five distinct channel populations with differing single-
channel amplitudes were observed on co-expression of Kir6.1, Kir6.2 and SUR2B in
HEK 293 cells and co-expressed Kir6.1 and Kir6.2 subunits were co-
immunoprecipitated. In addition, Kir6.2/SUR2B currents were suppressed by co-

expression of Kir6.1 dominant negative subunits and Kir6.1/SUR2B currents, by co-
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expression of Kir6.2 dominant negative subunits, respectively.” The strong labeling of
Kir6.2 and the occasional punctate staining of Kir6.1 only at the sarcolemmain this
study suggest that Kir6.2 homotetramers are likely to predominate in sarcKatp. This
conclusion is consistent with the absence of sarcK atp channel currentsin
cardiomyocytes of Kir6.2” knockout mice® and the presence of unmodified sarcK ate
channelsin cardiomyocytes of Kir6.1"" knockout mice.*® The inference that Kir6.2 is
the predominant K atp pore-forming subunit in the sarcolemma and that significant
hetero-multimerization of Kir6.1 and Kir6.2 does not occur in cardiac tissue was a so
drawn from a study in rabbit ventricular myocytes in which gene transfer of dominant
negative Kir6.2 subunit was reported to suppress pinacidil-induced sarcK atp channel
currents, whereas dominant negative Kir6.1 subunits did not.* Why dominant negative
Kir6.1 subunit was ineffective against Kir6.2/SUR2A containing channelsin HEK
A549 cells and cardiomyocytesin the study Seharaseyon et al.* but disrupted

Kir6.2/SUR2B channelsin the study of Cui et al.® is not clear.

Consistent with the contention that SUR2A subunits comprise the sulphonylurea
accessory subunit of the sarcK atp channel, from comparisons of functional properties of
heterologously expressed Kir6.2/SUR2A channels and native channels,?’ distinct
localization of anti-SUR2A -associated immunofluorescence to the cell boundary was
observed in confocal microscopy of ventricular myocytes. Anti-SUR2A -associated
immunofluorescence was also localized to intracellular structures and there was a
significant correlation with the distribution of the mitochondrial marker MitoFluor red
indicative of amitochondrial localization of this subunit. The low sensitivity to

diazoxide conferred on K atp channels by the SUR2A subunit argues against a primary
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role for this subunit in mitoK stp channels.® Moreover, the insensitivity of
Kir6.1/SUR2A channelsto either diazoxide or 5SHD argues against this combination in
mitoK atp channel structure.® In view of some reservations over the validity of the
association of potassium channel modulator-induced changes in flavoprotein

fluorescence with mitoK ap channel activity,?*

careisrequired in attributing a
pharmacological profileto the mitoK atp channel and, therefore, all three of the Katp

channel subunitsidentified in mitochondria herein may contribute to its structure.

Immunaoblot analysis of myocyte proteins with both anti-SUR2 subunit antisera resulted
in the specific detection of multiple polypeptides. Since the two anti-SUR2 antisera
were shown not to recognize their highly related family member in Western blots of in
vitro translated subunits, i.e. anti-SUR2A did not recognize SUR2B and vice versa, and
specific antibody binding was competed in each case by the appropriate immunizing
peptide, it islikely that multiple detection of bands in tissue blots was not a product of
low antibody specificity but rather the presence of a number of related antigenic
polypeptides. Those polypeptides with apparent molecular weights near that predicted
for the SUR2 subunits may have been multiple glycosylation products of the target
subunit, proteolytic products of the native subunit or, possibly, the result of expression
of different splice variants.> Labeled polypeptides with apparent molecular weights
significantly lower than the predicted size are likely to have been derived proteolytically
from the native subunit. Inclusion of protease inhibitor cocktailsin all steps following
myocyte dissociation did not reduce the number of polypeptides detected suggesting

that the SUR2A subunit isrelatively labile on disruption of cardiac cells.

22



Although the presence of SUR2A in mitochondria was suggested from
immunocytochemical experiments, when the presence of SUR2A in mitochondriawas
examined directly in immunoblots of mitochondrial proteins, anti-SUR2A antiserum did
not label any polypeptide specifically. Thisinability to detect the presence of SUR2A

may have been due to the proteolytic lability of the SUR2A subunit.

The distribution of anti-SUR2B-associated immunofluorescence in isolated ventricular
myocytes was distinctly different to that observed with any of the other three anti-Katp
channel subunit antisera. In this case, adistinct regular transverse striated pattern of
labelling was strongly associated with t-tubular structures (1XE11, antibody
localisation). In the absence of a similar pattern of localisation for either Kir6.1 or
Kir6.2, the identity of the pore-forming partner(s) for this subunit remains to be
determined. To date, the SUR2B subunit has been associated primarily with Katp
channels in the sarcolemma of smooth muscle.! Specific locaization of SUR2B to the t-
tubules of cardiomyocytes suggests a possible novel function in thislocation. The
inward rectifiers Kir2.1 and Kir2.2 have both been implicated in contributing to a slow
inward tail current (I) in t-tubules of ventricular myocytes.*** In addition, the
presence of an important Katpchannel in t-tubules is suggested from the paralel lossin
cultured rabbit ventricular myocytes of ATP-sensitive potassium current (Ix-atp) and
membrane capacitance, ® which has been attributed in turn to the disappearance of t-
tubules.>"*® The presence of SUR2B localized specifically in t-tubules provides direct

evidence for a K o1p channel in these structures.
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In summary, this study provides direct immunological evidence from confocal
microscopy and subcellular fractionation followed by Western blotting for distinct
subcellular localization of Katp channel subunits in ventricular myocytes. Kir6.2 and
SUR2A were universally distributed over the sarcolemma. Since Kir6.1 was largely
localized intracellularly, it can be inferred that the main sarcK atp channel oligomer is
Kir6.2/SUR2A. Within the t-tubule system SUR2B was the predominant SUR.
Although neither Kir6.0 subunit displayed a similar discrete transverse striated
distribution, we hypothesize that the t-tubule form of the sarcK atp channel islikely to
be Kir6.2/SUR2B, since Kir6.2 was by far the predominant sarcolemmal Kir6.0 subunit
and only relatively small amounts of Kir6.1 appeared to be present in punctate |ocations

in the surface membrane.

SarcK atp channels containing Kir6.2 subunits are clearly important in maintaining
cardiac cellular homeostasis, as well as responding to metabolic challenges,***
Cardiomyocytes from Ki r6.2”" knockout mice lack the appearance of
electrocardiographic ST-segment elevation in response to ischemia seen in wild type
cells.® In addition, the ability to adjust membrane excitability and calcium handling in
response to sympathetic stimulation is compromised in Ki r6.2”" knockout mice,
suggesting that important mechanisms responsible for adaptation to stress involving
Kir6.2-containing sarcK atp channels remain to be elucidated.*® Experiments on Ki r6.2"
knockout mice have also shown that Kir6.2-containing sarcK otp channels are important
for the depression of cardiac excitability and that they are likely to be important in

mediating |PC in cardiac tissue.™*
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In mitochondria, both Kir6.1 and Kir6.2 subunits were shown to be present. Whether
homo-oligomers containing Kir6.1 and/or Kir6.2 or hetero-oligomers of Kir6.1/Kir6.2
constitute the mitoK atp channel requires further study. Although there was no evidence
from Western blotting of mitochondrial fractions, immunocytochemistry also suggested
the presence of SUR2A in mitochondria. This study implicates Kir6.1, Kir6.2 and
SUR2A as potential components of the mitoK atp channel but the precise composition of
the mitoK atp remains to be elucidated. Experiments to investigate the co-
immunoprecipitation of Katp channel subunits from different subcellular compartments
are ongoing in our laboratory and may resolve thisissue. Interestingly, no apparent
changesiin cardiac sarcK apor mitoK atp channels were evident in Kir6.1"~ knockout
mice.*® The major effect of Kir6.1 knockout in these mice was an increased
susceptibility to spontaneous coronary spasm leading to alethal atrioventricular block,
resembling a Prinzmetal anginain humans. This condition was associated with defects
in vascular sarcolemmal K ate channels, rather than their cardiac counterparts.® In view
of these results and reservations concerning the use of flavoprotein fluorescence to

12-14

monitor mitoK atp channel activity™ =, the confirmation of the presence and potential

role of a cardiac mitoK 51p channel remains elusive.
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Singh et al., 2002 Figure 1. K, mp channel subunit localisation m cardiac myocytes
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Singh et al., 2002 Figure 2. K, p channel subunit localisation in cardiac myocytes
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Singh et al, 2002 Figure 3. K, p channel subunit localisation n cardiac myocytes
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Singh et al., 2002 Figure 4. K, p channel subunit localization in cardiac myocytes
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Singh et al., 2002 Figure 5. K, p channel subunit localization in cardiac myocytes
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Singh et al., 2002 Figure 6. K, p channel subunit localisation in cardiac myocytes
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Singh et al., 2002 Figure 7. K, p channel subunit localization in cardiac myocytes
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Singh et al., 2002 Figure 8 K, rp channel subunit localisation m cardiac myocytes
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