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Abstract Our aim was to determine the subcellular

localization and functional roles of the KATP channel

subunit Kir6.1 in intracellular membranes. Specifically, we

focused on the potential role of Kir6.1 as a subunit of the

mitochondrial ATP-sensitive K? channel. Cell imaging

showed that a major proportion of heterologously expres-

sed Kir6.1-GFP and endogenously expressed Kir6.1 was

distributed in the endoplasmic reticulum with little in the

mitochondria or plasma membrane. We used pharmaco-

logical and molecular tools to investigate the functional

significance of this distribution. The KATP channel opener

diazoxide increased reactive oxygen species production,

and glibenclamide abolished this effect. However, in cells

lacking Kir6.1 or expressing siRNA or dominant negative

constructs of Kir6.1, the same effect was seen. Ca2? han-

dling was examined in the muscle cell line C2C12.

Transfection of the dominant negative constructs of Kir6.1

significantly reduced the amplitude and rate of rise of

[Ca2?]c transients elicited by ATP. This study suggests that

Kir6.1 is located in the endoplasmic reticulum and plays a

role in modifying Ca2? release from intracellular stores.

Keywords KATP channel � Kir6.1 �
Endoplasmic reticulum � Mitochondria �
Potassium channel opener � Ischemic preconditioning

Introduction

ATP-sensitive potassium (KATP) channels are involved in a

number of physiological and pathophysiological processes

and form a link between cellular metabolism and membrane

excitability. KATP channels are known to be present in many

tissue types with a variety of functions (Rodrigo and

Standen 2005). Characteristically, their gating is inhibited

by increasing intracellular [ATP] and activated by

increasing [ADP]. KATP channels are also present on en-

domembranes, in particular in mitochondria (‘‘mitoKATP’’)

(Inoue et al. 1991; Paucek et al. 1992). The KATP channel is

an octameric complex comprised of four Kir6.0 subunits

from the inward rectifier family of potassium channels and

four sulfonylurea receptors (SURs), a member of the ATP-

binding cassette family of proteins. The pore-forming sub-

unit Kir6.0 has two different members, Kir6.1 and Kir6.2,

which share 70% amino acid identity. The regulatory sub-

unit SUR is encoded by two distinct genes, SUR1 and

SUR2, and is the site of action for antidiabetic drugs such as

glibenclamide used in the treatment of type 2 diabetes

mellitus (Babenko et al. 1998; Seino 1999; Rodrigo and

Standen 2005; Ashcroft and Gribble 1998).

Ischemic preconditioning describes the phenomenon in

which a short period of ischemia protects against a more

prolonged one (Yellon and Downey 2003). The ability of

potassium channel openers such as pinacidil and nicorandil

to mimic and of inhibitors such as glibenclamide to abolish

this phenomenon led to the suggestion that the effector in

this process was a KATP channel. The initial focus was

on the channel present in the sarcolemma; however, a

number of pharmacological observations were not com-

patible with this hypothesis (Wang and Ashraf 1999; Fryer

et al. 2000). The focus of research then turned to the

potential involvement of a KATP channel present in the
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mitochondrial inner membrane. There are biochemical and

physiological data supporting the existence of this channel

(Inoue et al. 1991; Paucek et al. 1992); however, its

molecular identity has not been established. The KATP

channel subunit Kir6.1 is widely distributed, and there have

been a number of reports proposing that it is a subunit of

the mitoKATP channel (Suzuki et al. 1997; Lacza et al.

2003; Zhou et al. 2005; Cuong et al. 2005). However,

recent studies oppose this notion and, indeed, question the

very existence of such a channel (Ardehali et al. 2004; Das

et al. 2003; Hanley et al. 2002; Foster et al. 2008). Given

this controversy, we studied the subcellular localization

and potential function of Kir6.1 in intracellular

membranes.

Materials and Methods

Molecular Biology

Kir6.1-GFP was generated by subcloning a BamHI/EcoRI

fragment of Kir6.1 into the BglII/EcoRI site of pEGFP-N1

(Clontech, Palo Alto, CA). A PCR fragment was generated

using a high-fidelity polymerase (Vent DNA polymerase;

New England Biolabs, Beverly, MA) corresponding to the

remaining coding sequence of Kir6.1 without the stop

codon and in-frame with GFP. This fragment was then

subcloned into the above with an EcoRI/ApaI digest to give

Kir6.1-GFP in pEGFP-N1. High performance purity (HPP)

grade siRNAs (20 nmol) for Kir6.1 were custom-designed

by Qiagen (Valencia City, CA) and active against both

mouse and rat Kir6.1. The duplex 1 target sequence for

mouse and rat was CACCACCTTGGTAGACCTGAA and

the duplex 2 target sequence was CAGGAAGAGCATC

ATCCCGGA. The latter was the most effective and was

used in the functional studies (see below and Supplemen-

tary data). The duplex 3 target sequence was GAGGTGG

TTCCTATTCACCAA (for human only).

Cell Culture

HEK293 (human embryonic kidney cell line), HepG2

(human liver cell line) and C2C12 (cell line derived from

mouse skeletal muscle) cells were cultured in Eagle min-

imal essential medium with Earle’s salts and L-glutamine

supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin (Invitrogen, Abingon, UK). The

HL-1 cell line was obtained from Professor W. C. Clay-

comb (White et al. 2004) and grown in supplemented

Claycomb medium, which contained 10% FBS (JRH Bio-

sciences, Andover, UK), 1% penicillin/streptomycin,

0.1 mM norepinephrine (Sigma-Aldrich, Poole, UK) and

2 mM L-glutamine (Life Technologies, Paisley, UK). HL-1

cardiomyocytes were cultured on a gelatin (0.02% [wt/

vol])/fibronectin (10 lg/ml) matrix. Cells were grown at

37�C in 95% air and 5% CO2.

Biochemical Separation of Intracellular Organelles

HEK293 cells were transfected with Kir6.1-GFP (11 lg)

and Sur1 (11 lg) using a calcium phosphate transfection

technique (Urabe et al. 2000) and left for 48 h before

analysis. Cells were fractionated using a homogeniza-

tion buffer (3 mM imidazole [pH 7.4], 250 mM sucrose,

1 mM EDTA, 10 lg/ml cycloheximide, protease inhibitor

[Roche, Lewes, UK]) method by modifying published

protocols (Fialka et al. 1997). All steps were carried out at

4�C. Fractions were prepared from a T-75 flask of con-

fluent HEK293 cells. Each flask was washed twice with

ice-cold PBS, and cells were then collected by scraping in

1 ml ice-cold lysis buffer and homogenized by a 10 9 21-g

needle. By a 10-min 1,0009g centrifugation step, the

postnuclear supernatant (PNS) was prepared. A discontin-

uous OptiPrep gradient was generated by layering 1.4-ml

layers of 40% OptiPrep in lysis buffer, followed by 35%,

30%, 25%, 20%, 15% and 10% OptiPrep in lysis buffer and

finally topped up with lysis buffer and centrifuged at

165,0009g for 3 h at 4�C using the TI 41.14 rotor. Samples

were fractionated in 940-ml aliquots from top to bottom to

form 12 fractions (fraction 1 equates to the top fraction and

fraction 12 to the bottom one). For further SDS-PAGE, the

fractions were mixed with 39 reducing SDS-PAGE load-

ing buffer (R-STB) and incubated for 10 min at 95�C.

SDS-PAGE and Western Blotting

Twenty-five microliters of each OptiPrep density fraction

was separated on 10% Laemmli gel (Laemmli 1970). Gels

were transferred to PVDF membranes and blocked in

phosphate-buffered saline (PBS, pH 7.4) containing 5%

dried milk powder. After blocking, membranes were

incubated with anti-ATPB (raised to epitopes on the

b-subunit of the mitochondrial ATPase, mouse monoclo-

nal, 1:7,500 [Abcam, Cambridge, MA]), anti-calnexin

(rabbit polyclonal, 1:2,000 [Santa Cruz Biotechnology,

Santa Cruz, CA]) and anti-GFP (mouse monoclonal,

1:2,000 [Roche]) antibodies for 2 h. Membranes were then

washed with PBS three times for 5 min. After washing, the

primary antibody was detected by adding a horseradish

peroxidase (HRP)-conjugated goat anti-rabbit specific

secondary antibody (1:5,000, Santa Cruz [sc-2054]) and an

HRP-conjugated goat anti-mouse specific secondary anti-

body (1:10,000, Jackson, Bar Harbor, ME) for 2 h. The

membranes were then washed three times with PBS for

5 min and developed using the ECLTM Western blotting

chemiluminescent reagent kit (Amersham, Aylesbury, UK)
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per the manufacturer’s instructions. Gel densitometry was

performed as previously described (Leaney et al. 2001).

In the characterization of the siRNA duplexes a 35-mm

dish of transfected HEK293 cells was harvested into ice-

cold PBS and a fraction of this cell suspension directly

lysed with SDS-PAGE lysis buffer as above.

Microscopy

Live Cells

HEK293 and C2C12 cells were transfected with Kir6.1-

GFP, DsRed2-ER (targeted to the endoplasmic reticulum

[ER], Clontech) and SUR1 (in pcDNA3 vector). Cells were

transfected using lipofectamine (Invitrogen) and left for

24–48 h before analysis. In some cases, cells were loaded

with tetramethylrhodamine, ethyl ester perchlorate

(TMRE, Invitrogen) to stain mitochondria. EGFP was

excited using an argon 488-nm laser, and emission was

recorded using a HQ515/30 filter. DsRed2 was excited

using a helium/neon laser at 543 nm, and images were

collected with a LP560 filter. Colocalization analysis was

performed using the approach of Manders (http://www.

uhnresearch.ca/facilities/wcif/imagej/colour_analysis.htm).

Fixed Cells

Cells were fixed with 4% paraformaldehyde in PBS

and washed twice with PBS before incubation with

PBS ? 0.2% Triton X-100. They were treated with

blocking solution containing 2% BSA, 5% goat serum and

0.1% Triton X-100 in PBS. The affinity-purified rabbit

antiserum for Kir6.1 was diluted 1/300 in blocking solution

(Cui et al. 2001), and the secondary antibody used was a

rhodamine-conjugated goat anti-rabbit antibody. The ER

was stained using 100 lg/ml solution of fluorescein con-

jugate of concanavalin A. We also stained for mitochondria

using cytochrome-c oxidase mouse monoclonal antibody

and a FITC-linked secondary antibody (all probes were

purchased from Molecular Probes, Eugene, OR). The

coverslips were individually mounted onto slides using a

small drop of Vectashield (Vector Laboratories, Burlin-

game, CA). Images were acquired and analyzed as above.

Reactive Oxygen Species Production Assay

Cells were plated into black-walled, clear-bottomed

96-well plates for 24 h before 1-h incubation with the

reactive oxygen species (ROS) detection reagent 2070-
dichlorofluorescein (DCF, 15 lg/ml in PBS from Molec-

ular Probes). The drug plates containing diazoxide and

glibenclamide were prepared as 109 stocks in DMSO in

clear 96-well plates so that the final concentration of

DMSO in each well was 0.02% (2.6 mM). Equivalent

experiments using DMSO in PBS were used as controls.

The plates were then placed in the fluorometric imaging

plate reader system (Bucher Biotech, Basel, Switzerland),

and the fluorescence (in arbitrary units) was measured

every second. The cells were illuminated for 1 min before

addition of the agonist (diazoxide or control). At 3 min,

antagonist (glibenclamide or control) was added into the

wells containing the agonist or control buffer.

[Ca2?]c Imaging

For [Ca2?]c measurements, C2C12 cells were plated into

six-well plates containing 25-mm coverslips 24–48 h

before they were loaded with 5 lM Fura-2 AM (Molecular

Probes) containing 0.005% Pluronic (Sigma-Aldrich) in a

HEPES-buffered salt (HBSS) solution composed of (in

mM) 156 NaCl, 3 KCl, 2 MgSO4, 1.25 KH2PO4, 2 CaCl2,

10 glucose and 10 HEPES (pH 7.35). After 30 min, the

medium was removed and replaced with the same solution

without CaCl2 but with 0.5 mM EGTA. The cells were left

for 15 min before fluorescence measurements were

obtained using a Nikon (Tokyo, Japan) epifluorescence

inverted microscope inverted with a 209 fluorite objective.

The excitation light from a xenon arc lamp was selected

using 10-nm bandpass filters centred at 340, 360 and

380 nm housed in a computer-controlled filter wheel

(Cairn Research, Faversham, UK). The emitted light pas-

sed through a long-pass filter to a cooled charged-coupled

device (CCD) camera (Orca ER; Hamamatsu, Welwyn

Garden City, UK). The data were collected at intervals of

5–10 s before they were digitized and analyzed with Origin

7.0 (OriginLab, Northampton, MA). The traces are pre-

sented as ratios of excitation at 340 and 380 nm, both with

emission at [515 nm. The rising rate constants of ATP-

induced Ca2? transients were measured by calculating the

largest rate between successive data points in this rapid

phase.

Patch Clamping

Membrane currents were studied with the whole-cell patch-

clamp technique, using an Axopatch 200B amplifier (Axon

Instruments, Foster City, CA). Currents were filtered at

1 kHz and sampled at 2 kHz via a Digidata 1200 interface.

Data were analyzed using Clampfit software (Axon

Instruments). Whole-cell patch pipettes were manufactured

from borosilicate glass (OD 1.5 mm, ID 1.2 mm) using a

PP-830 puller and fire-polished using a MF-830 microforge

(both Narishige, Tokyo, Japan) to give pipette resistances

of 2–3.5 MX. Pipette capacitance was reduced by coat-

ing tips with a parafilm/mineral oil suspension and com-

pensated for electronically, while series resistance was
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compensated to 70% using the amplifier. Whole-cell bath

solutions (pH 7.4) contained (mM) 140 KCl, 5 HEPES, 1.2

MgCl2 and 2.6 CaCl2 and pipette solutions (pH 7.2) con-

tained (mM) 140 KCl, 5 HEPES, 1.2 MgCl2, 10 EGTA,

1 CaCl2, 1 (Mg)ATP and 0.5 (Na)UDP.

Statistical Analyses

The colocalization data were compared against a theoreti-

cal value of zero with the rank scoring Mann-Whitney test.

These data are presented as medians with 25% and 75%

interquartile ranges. One-way ANOVA with a Bonferroni

post-hoc test was carried out to assess for statistical dif-

ferences for ROS production and Ca2? handling data. Data

are presented as means ± SEM. All data analyses were

performed using Prism (version 4; Graphpad Software, San

Diego, CA). P \ 0.05 was defined as significant.

Results

Kir6.1 in combination with SUR2B expresses plasmalem-

mal currents similar to that thought to underlie the KATP

channel in smooth muscle. We thus determined whether the

expression of Kir6.1-GFP with SUR2B in HEK293 cells

leads to membrane currents with the appropriate pharma-

cology indicative that the GFP fusion was not grossly

altering membrane function. Using whole-cell patch clamp-

ing, the currents were qualitatively similar to those with

Kir6.1 and SUR2B expression (Fig. 1).

We heterologously expressed Kir6.1-GFP in a number

of cell lines and examined its subcellular distribution. The

pharmacology described for the mitoKATP channel is

closest to that described for the Kir6.1/SUR1 combination

(Liu et al. 2001). Thus, we expressed both Kir6.1-GFP and

Kir6.1-GFP/SUR1 together with ER-DsRed2 in C2C12

(Fig. 2a) and HEK293 cells (Fig. 2b). In both cell lines, a

significant proportion of the Kir6.1-GFP signal colocalized

with a marker of the ER (coefficients of colocaliza-

tion *30–50%). Although a significant proportion of

Kir6.1 was located in the ER, there is still a fraction that is

unaccounted for; and this may be located in other com-

partments such as mitochondria. Thus, we loaded C2C12

cells, transfected with Kir6.1-GFP and Kir6.1-GFP/SUR1,

with Mitotracker red. Colocalization analysis indicated that

a low proportion of Kir6.1-GFP colocalized with the

mitochondrial marker (Fig. 2c). The coexpression of

Kir6.1-GFP with SUR1 does not lead to prominent mem-

brane translocation of Kir6.1-GFP; however, the combi-

nation of SUR1 with Kir6.2-GFP does show this pattern

(Fig. 2d). The numerical data are summarized in Fig. 2e.

We next examined the distribution of endogenous Kir6.1

using immunofluorescent staining with an antibody raised

to the C terminus of Kir6.1. We previously published a

characterization of this antibody (Cui et al. 2001). Kir6.1 is

not present in HEK293 cells (Cui et al. 2001); but C2C12,

HepG2 and HL-1 cells showed significant expression of

Kir6.1 using immunofluorescence (Fig. 3a–c). We labeled

the ER with concanavalin A, and there was at least 50%

colocalization between the channel and the marker

(Fig. 3a–c). We also investigated the distribution of Kir6.1

in mitochondria using cytochrome-c oxidase, a component

of the mitochondrial respiratory chain. The results in

Fig. 3d and e show that there was only at best a modest

fraction of Kir6.1 expressed in mitochondria. The data are

summarized in Fig. 3f.

To further investigate the subcellular distribution of

Kir6.1 using techniques other than imaging, we transiently

transfected HEK293 cells with SUR1 and Kir6.1-GFP. We

then isolated potential fractions corresponding to an ER

and mitochondrial localization using gradient centri-

fugation (see ‘‘Materials and Methods’’). In Fig. 4 it is

apparent that Kir6.1-GFP (detected using an anti-GFP

antibody) has a distribution that most closely matches the

distribution of the ER marker. The mitochondrial fractions

are lower on the gel; but there is some overlap, and it is

impossible to exclude some possible mitochondrial local-

ization.

Fig. 1 An example of a whole-cell recording to show KATP channel

activity in HEK293 cells transfected with Kir6.1-GFP and SUR2B.

Currents were stimulated with 300 lM diazoxide, and channel activity

was inhibited with 10 lM glibenclamide
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In addition to the well-known pharmacological tools for

the manipulation of KATP channel function, it would be

desirable to have equivalent molecular reagents. We have

previously characterized Kir6.1 dominant negative con-

structs with two different pore mutations (GFG to

AFA = DNGA or GA and GFG to SFG = DNGS or GS)

(Cui et al. 2001). They are highly effective but not selec-

tive for Kir6.1 as they also have effects on Kir6.2 (Cui

et al. 2001). Thus, we also developed and characterized

siRNA duplexes to Kir6.1, and the controls are shown in

Fig. 5. Both duplexes were able to suppress Kir6.1, but not

Kir6.2, expression (Fig. 5); but duplex 2 was the most

effective and was used below.

It has been proposed that activation of mitoKATP chan-

nels by diazoxide (diazoxide) leads to generation of ROS

and that this is central to the protective effects of the

compound. Glibenclamide antagonizes diazoxide-induced

ROS production. We investigated the effects of these drugs

in three cell lines (C2C12, HEPG2 and HEK293), and they

all showed a significant increase in ROS production in

response to 50 lM diazoxide; this effect was abolished by

10 lM glibenclamide (Fig. 6a–c). Thus, the pharmacolog-

ical agents have effects on ROS production, but this is

independent of the presence of the Kir6.1 subunit as the

channel is not expressed in HEK293 cells. We investigated

this further and knocked down the expression of Kir6.1 in

C2C12 and HepG2 cells using siRNA. Knockdown of

Kir6.1 did not affect diazoxide-induced ROS production in

any of the three cell lines, and the data for C2C12 cells are

displayed in Fig. 6d. Finally, we used the dominant nega-

tive constructs with two different pore mutations (Cui et al.

2001), and the overexpression of these cDNA constructs in

C2C12 cells did not affect ROS production induced by

diazoxide (Fig. 6e, f). Transfection efficiency was C 70%

as determined in parallel cotransfections with eGFP and the

constructs.

Fig. 2 Confocal images showing the proportion of colocalization

between Kir6.1 (Kir6.1-GFP) and ER (DsRed2-ER) or mitochondria

(Mitotracker) signals in immortalized cell lines using transient

transfections (median values for colocalization coefficient are in

bold). The scale bar in a–d is 10 l. a C2C12 cells transfected with

Kir6.1-GFP ? DsRed2-ER (n = 48, 36%) or Kir6.1-GFP ? DsRed2-

ER ? SUR1 (n = 32, 33%). b HEK293 cells: Kir6.1-GFP ?

DsRed2-ER (n = 48, 51%), Kir6.1-GFP ? DsRed2-ER ? SUR1

(n = 32, 50%). c C2C12 cells transfected with Kir6.1-GFP and

treated with Mitotracker red (n = 36, 25%), C2C12 cells transfected

with SUR1 ? Kir6.1-GFP (n = 17, 27%). d HEK293 cells transfec-

ted with Kir6.2-GFP and SUR1. These KATP subunits form a protein

complex and exit the ER to localize to the plasma membrane. e A

graph to summarize the data for a–c. Each column represents the

proportion of Kir6.1 that localizes to the ER or mitochondria. These

data are presented as medians with 25% and 75% interquartile ranges
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[Ca2?]c Handling

Our results show that Kir6.1 is predominantly located in

the ER. We therefore asked whether it has a function in

the regulation of Ca2? release from intracellular stores,

perhaps providing a route for charge compensation during

Ca2? release. Undifferentiated C2C12 cells do not gen-

erate a [Ca2?]c transient to 1 mM caffeine, but 10 lM ATP

routinely and reliably induced a significant increase in

[Ca2?]c, presumably via purinergic receptors such as P2Y.

The absence of added calcium and the presence of EGTA

in the extracellular medium ensured that the source of

Ca2? was derived from internal stores. Even in differen-

tiated C2C12 cells (4 days in low serum medium) only

59% of the cells showed responses to caffeine. Given the

reproducible response to ATP, we investigated the role of

Kir6.1 in ATP-induced Ca2? transients in nondifferenti-

ated C2C12 cells using the dominant negative constructs

as they led to a more prominent inhibition than siRNA.

Apparent Fura-2 ratios were reduced in all eGFP-

expressing cells compared to nontransfected cells due to

some degree of GFP excitation in the UV as this blunts

the dynamic range of the ratio (Bolsover et al. 2001).

However, there was a significant decrease in the amplitude

of the [Ca2?]c transient (Fig. 7a, b) and a decrease in the

rate of rise of the response (Fig. 7a, c) when comparing

cells transfected with eGFP alone and those transfected

with eGFP and a dominant negative construct. The

Fig. 3 Images to show the

endogenous distribution of

Kir6.1 in immortalized cell lines

using Kir6.1 antibody, ER

marker (concanavalin A FITC)

and mitochondrial marker

cytochrome-c oxidase (median

values for colocalization

coefficient are in bold).

a C2C12 cells (n = 25, 47%)

(ER). b HepG2 (n = 33, 51%).

c HL-1 cells (n = 34, 56%)

(ER). d C2C12 cells (n = 17,

30%) (Mitochondria). e HEPG2

(n = 22, 32%). f A graph to

summarize the degree of

colocalization between the

endogenous distribution of

Kir6.1 and ER and

mitochondrial markers. These

data are presented as medians

with 25% and 75% interquartile

ranges
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presence of GFP did not affect the rate constant for the

rise of the [Ca2?]c transient (for GFP-transfected cells =

1.20 ± 0.2 s-1 [n = 9], for nontransfected cells = 1.19 ±

0.2 s-1 [n = 23]).

Discussion

Since the sequencing of a number of mammalian genomes,

the full palette of canonical K? channels is now known

(Salkoff et al. 2005). One question following the cloning of

the various components of the KATP channel was whether

one of the known Kir6.0 and/or SUR subunits was the

molecular equivalent of mitoKATP. Furthermore, the

unequivocal demonstration of such would establish the true

existence of these channels in mitochondria. A number of

studies have suggested that Kir6.1 might be one component

(Suzuki et al. 1997; Lacza et al. 2003; Zhou et al. 2005;

Cuong et al. 2005). Our imaging and biochemical studies

showed that Kir6.1 had a predominant intracellular location,

with only at most a modest proportion in mitochondria.

However, we were unable to demonstrate any correlation

between functional readout and Kir6.1 expression. ROS

production is often associated with mitochondrial KATP

channel opening and protection against cell death at reper-

fusion. Indeed, the generation of such species has been

suggested to form a key link between mitoKATP channel

opening and the subsequent activation of downstream sig-

naling pathways responsible for protection (Forbes et al.

2001; Costa and Garlid 2008; Costa et al. 2008). Specifi-

cally, diazoxide and glibenclamide had identical effects on

ROS production in cell lines that express Kir6.1 (HL-1 and

C2C12) and in those that do not (HEK293). Furthermore,

siRNA treatment and the expression of 6.1 dominant neg-

ative constructs in C2C12 cells had no effect ROS produc-

tion. Thus, our data do not support the idea that Kir6.1

underlies mitoKATP. It is worth noting that much of the

supporting data are based on antibody recognition tech-

niques, and one group has recently shown, using proteomic

techniques, that some of the commercial antibodies detect

other unrelated proteins (NADH dehydrogenase flavopro-

tein 1 and mitochondrial isocitrate dehydrogenase) in

mitochondria (Foster et al. 2008). We raised our own anti-

sera and undertook a number of control experiments

(Cui et al. 2001). If it is not a known K? channel subunit,

what protein components constitute mitoKATP? There is

evidence that it is a multiprotein complex of a succinate

dehydrogenase, mitochondrial ATP-binding cassette pro-

tein 1, phosphate carrier, adenine nucleotide translocator

and ATP synthase (Ardehali et al. 2004). However, the ion

selectivity and the molecular basis for the ion conduction

pathway were not established, and it is not clear how it is

related to the canonical elements in the H5 segment of the

established K? channel genes and structures (Doyle et al.

1998). Furthermore, there are a number of studies that

question the existence of mitoKATP and whether K? channel

activity in the mitochondrial inner membrane has a role in

cardiac protection (Das et al. 2003; Hanley et al. 2002;

Foster et al. 2008).

Our imaging studies showed that Kir6.1 had a pre-

dominant intracellular location in the ER. Heterologous

transient transfection of GFP-tagged proteins might over-

whelm the transport capacity of the cell, and for an

intrinsic membrane protein this might result in apparent

retention in the ER. However, immunofluorescent staining

also detected the presence of endogenous Kir6.1 in these

cell lines, and this had a similar subcellular distribution to

Kir6.1-GFP. In addition, Kir6.1 was ER-retained and not

trafficked to the plasma membrane when coexpressed with

a potential regulatory subunit, SUR1, in contrast to

Kir6.2-GFP, which was clearly translocated to the plasma

membrane. The apparent predominant distribution of an

ion channel is determined by retention and forward export

sequences present in the channel complex, in this

case Kir6.0 and SUR (Ma et al. 2001). There may be
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Fig. 4 Western blot analysis of OptiPrep density fractions of

HEK293 cells expressing Kir6.1-GFP and SUR1. a The expression

and localization of Kir6.1-GFP using an anti-GFP antibody (GFP) and

comparison to fractions containing ER, detected with an anti-calnexin

antibody (Calnexin) and mitochondria, detected by using an anti-

ATPB antibody (ATPB). b Graph shows the signal intensity (% of

total signal) in the Western blot analysis shown in a. The diagram

contains mean data from four experiments, and the error bars
represent the standard error of the mean
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significant differences between the different Kir6.0 and

SUR isoforms, especially in terms of forward export

motifs which have not been well characterized. What

would be the consequence of a regulated K? permeability

opening and closing in endoplasmic and/or sarcoplasmic

membranes? A major function of these intracellular

organelles is to store and release Ca2?. Potentially, Ca2?

release could generate a large diffusion potential, which if

unchecked, would ultimately inhibit the release process. It

is thought that there is a mechanism of ‘‘charge com-

pensation’’ mediated by ion fluxes through K? and Cl-

channels in the sarcoplasmic reticulum (SR) membrane

(Coronado and Mille, 1980; Tinker et al. 1992; Garcia and

Miller 1984). Opening of additional K? channels may

enhance Ca2? release, alter the dynamics of the Ca2?

transient and prevent accumulation of Ca2? in the SR

during Ca2? overload. Interestingly, we were able to

obtain some preliminary data indicating an influence of

modulating Kir6.1 function on Ca2? transients in C2C12

cells. Specifically, the magnitude of the Ca2? transient

was attenuated and the rate of release slowed. Thus, it is

possible that Kir6.1 contributes a pathway underlying a

modest fraction of the charge compensating current in ER

membranes. It is worth stating that the responses were not

abolished, and it appears that there are a number of spe-

cialized ER resident channels that also accomplish this

role (Coronado and Miller 1980; Tinker et al. 1992).

These initial observations need to be consolidated using

Fig. 5 HEK293 cells were transiently transfected with Kir6.1-GFP or

Kir6.2-GFP with SUR2B and 61siRNA (duplex 1 or 2, see ‘‘Materials

and Methods’’). Images were taken with epifluorescent and brightfield

microscopy. The amount of fluorescence was used to monitor the

silencing effect of siRNA for Kir6.1. a HEK293 transfected with

Kir6.1-GFP, SUR2B and 61siRNA. b HEK293 transfected with

Kir6.2-GFP, SUR2B and 61siRNA. The 61siRNA does not affect the

expression of Kir6.2-GFP and is specific to Kir6.1. c Western blot of

HEK293 lysates, transiently transfected with KATP channel subunits

and siRNA duplex 1 or 2 for Kir6.1 and probed with an antibody to

the C terminus of Kir6.1

144 K.-E. Ng et al.: Kir6.1 Localization and Function

123



more physiological approaches, such as genetically mod-

ified mice. It is established that a number of ion channels,

including inwardly rectifying K? channels, depend for

their activity on the provision of phosphatidylinositol

bisphosphate (PtdIns[4,5]P2) in the membrane system

(Gamper and Shapiro 2007). Intracellular membranes have

little PtdIns(4,5)P2 compared to the plasma membrane

(Voelker 1996), and thus, a large number of PtdIns(4,5)P2-

dependent ion channels would be expected to be inactive

during transit through the secretory pathway. This has

been suggested to be potentially beneficial to the cell.

However, we have established that Kir6.1 has a very high

PtdIns(4,5)P2 affinity, and it may be one of the exceptions

to this paradigm (Quinn et al. 2003).

Fig. 6 Graphs to show the rate of ROS production in immortalized

cell lines in response to 50 lM diazoxide and 10 lM glibenclamide.

a C2C12 (n = 24). b HepG2 cells (n = 48). c HEK293 (n = 53).

Graphs to show the rate of ROS production in C2C12 cells treated

with siRNA and dominant negatives for Kir6.1. d C2C12 cells

transfected with siRNA for Kir6.1 (n = 24). e C2C12 cells transfec-

ted with Kir6.1 with the AFA mutation (DNGA, n = 16). f C2C12

cells transfected with Kir61 with the SFG mutation (DNGS, n = 16)
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