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Structurally unique among ion channels, ATP-sensitive K1 (KATP) channels are essential in coupling
cellular metabolism with membrane excitability, and their activity can be reconstituted by coexpression of an
inwardly rectifying K1 channel, Kir6.2, with an ATP-binding cassette protein, SUR1. To determine if consti-
tutive channel subunits form a physical complex, we developed antibodies to specifically label and immuno-
precipitate Kir6.2. From a mixture of Kir6.2 and SUR1 in vitro-translated proteins, and from COS cells
transfected with both channel subunits, the Kir6.2-specific antibody coimmunoprecipitated 38- and 140-kDa
proteins corresponding to Kir6.2 and SUR1, respectively. Since previous reports suggest that the carboxy-
truncated Kir6.2 can form a channel independent of SUR, we deleted 114 nucleotides from the carboxy
terminus of the Kir6.2 open reading frame (Kir6.2DC37). Kir6.2DC37 still coimmunoprecipitated with SUR1,
suggesting that the distal carboxy terminus of Kir6.2 is unnecessary for subunit association. Confocal micro-
scopic images of COS cells transfected with Kir6.2 or Kir6.2DC37 and labeled with fluorescent antibodies revealed
unique honeycomb patterns unlike the diffuse immunostaining observed when cells were cotransfected with
Kir6.2-SUR1 or Kir6.2DC37-SUR1. Membrane patches excised from COS cells cotransfected with Kir6.2-
SUR1 or Kir6.2DC37-SUR1 exhibited single-channel activity characteristic of pancreatic KATP channels.
Kir6.2DC37 alone formed functional channels with single-channel conductance and intraburst kinetic prop-
erties similar to those of Kir6.2-SUR1 or Kir6.2DC37-SUR1 but with reduced burst duration. This study
provides direct evidence that an inwardly rectifying K1 channel and an ATP-binding cassette protein physi-
cally associate, which affects the cellular distribution and kinetic behavior of a KATP channel.

Potassium channels are the most diverse group of ion chan-
nels, with molecular cloning revealing a number of structurally
distinct families, including the subfamily of inwardly rectifying
K1 (Kir) channels (11, 27, 35). Channel diversity is increased
by the ability of constitutive subunits to form not only homo-
meric but also heteromultimeric complexes with distinct func-
tional and regulatory properties (8, 9, 15, 21, 27, 30, 39, 53).
Present in most excitable tissues, ATP-sensitive K1 (KATP)
channels belong to the Kir family and are involved in signaling
networks that transduce cellular metabolic events into mem-
brane potential changes (1, 9, 40). These channels are regu-
lated by intracellular nucleotides and have been implicated in
hormone secretion, cardioprotection, and neurotransmitter re-
lease, with their function best understood in the pancreatic b
cell, where KATP channels are essential in glucose-mediated
membrane depolarization and insulin secretion (7, 9, 14, 31,
34, 42, 44, 52). Structurally unique among K1 channels, KATP
channel activity can be reconstituted by coexpressing two un-
related proteins: the Kir channel Kir6.2 and the ATP-binding
cassette (ABC) protein SUR, specifically the SUR1 isoform
for the pancreatic channel phenotype (2, 22, 38).

Expression of Kir6.2 alone does not result in functional ion
channels, suggesting an intimate and required interaction be-
tween Kir6.2 with SUR1 (1, 7, 40, 41). Actually, expression of
Kir6.2-SUR1 fusion constructs indicates that a subunit stoichi-
ometry of 1:1 is necessary for assembly of active KATP channels
(10, 24). Furthermore, Kir6.2 and SUR1 genes are clustered on
chromosome 11 (p15.1), separated by a short intergenic se-
quence of 4.3 kb, suggesting that these genes could be cotrans-
cribed and cotranslated to form a functional heteromultimeric
channel (1, 9, 22, 40). To date, evidence for physical associa-
tion between Kir6.2 and SUR1 is based on photoaffinity label-
ing of both channel subunits by radioactive sulfonylurea
(10). Labeling of Kir6.2 was dependent on coexpression of
SUR1, suggesting close association between the two sub-
units (10). However, photoaffinity labeling is based primarily
on proximity rather than physical interaction between pro-
teins (18).

Recent evidence indicates that K1 channels are tetramers of
single subunits comprising the K1-selective pore (27). The
measurement of KATP channel activity in cells expressing mu-
tant carboxy-truncated Kir6.2 has been interpreted to mean
that the presence of the carboxy terminus in Kir6.2 prevents
functional expression of the channel in the absence of SUR
(51). However, it is not known whether the distal carboxy
terminus of Kir6.2 merely serves as a suppressor of channel
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activity or is also important in regulating physical interaction
between Kir6.2 and SUR1.

To determine whether Kir6.2 and SUR1 can physically as-
sociate with each other, and to investigate the role of the
carboxy terminus of Kir6.2 in complex formation, we used a
Kir6.2-specific antibody to coimmunoprecipitate and to immu-
nostain channel subunits. We truncated the carboxy terminus
of Kir6.2 polypeptide to yield functional channels in the ab-
sence of SUR1 (49, 51) and then used such mutants to measure
single-channel properties when expressed alone or with SUR1.
We demonstrate that Kir6.2 and SUR1 physically associate in
functional complexes and that the carboxy terminus of Kir6.2 is
not required for subunit association. Furthermore, we provide
evidence that the intraburst behavior of KATP channels is de-
fined by Kir6.2 alone, whereas burst channel behavior is mod-
ulated by association with SUR1.

MATERIALS AND METHODS

Plasmid construction and in vitro translation. For in vitro translation, the
coding region of Kir6.2 (kind gift from S. Seino, Chiba University) was cloned as
an BamHI-EcoRI fragment into the BamHI-EcoRI sites of vector pcDNA3.11

(Invitrogen). Similarly, the open reading frame of SUR1 (kind gift from L.
Aguilar-Bryan and J. Bryan, Baylor College of Medicine) was cloned as an EcoRI
fragment into the EcoRI site of pcDNA1Amp vector (Invitrogen). For construc-
tion of the carboxy-terminus deletion mutant of Kir6.2, the naturally occurring
PshA1 restriction site at position 1057 of the Kir6.2 open reading frame was used.
Kir6.2 in pcDNA3.11 was cut with PshA1 and XbaI, blunt ended, and ligated.
Correct wild-type (Kir6.2) and mutant (Kir6.2DC37) protein expression was
verified by in vitro translation, using a T7 TNT reticulocyte lysate coupled
transcription-translation kit (Promega).

Antibody preparation and immunoprecipitation. A rabbit polyclonal antibody
was raised against the synthetic peptide comprised of residues 19 to 39 in the
Kir6.2 protein (EDPAEPRYRARQRRARFVSKK), conjugated to a carrier
protein, keyhole limpet hemocyanin, and used for immunoprecipitation (30).
cDNAs encoding Kir6.2 or Kir6.2DC37 and SUR1 were in vitro translated by
using a T7 TNT transcription-translation kit to generate recombinant proteins.
In vitro-translated products for each protein (5 ml) were solubilized in 100 ml of
immunoprecipitation buffer (53) and incubated at 30°C for 30 min to allow for
formation of the complex. Following preincubation, 20 ml of prewashed protein
A-Sepharose Fast Flow beads was added together with 1 ml of the epitope-
specific Kir6.2 antibody, and incubation continued at 4°C with rotation for 90
min. Precipitates were sedimented by centrifugation at 4°C and washed three
times in immunoprecipitation buffer and once in phosphate-buffered saline
(PBS; pH 7.4). Prior to loading on a 10% polyacrylamide–sodium dodecyl sulfate
(SDS) gel, samples were solubilized in twofold-concentrated alkaline sample
buffer without boiling. Following electrophoresis, gels were stained and
destained, signals were enhanced by a 20-min incubation in Amplify (Amer-
sham), and dry gels were exposed overnight at 270°C. For single-protein immu-
noprecipitation, the preincubation step was omitted. To test for antibody spec-
ificity, 10 ml of the antigenic peptide (1 mg/ml in PBS) was incubated for 1 h with
1 mg of the Kir6.2 antibody at room temperature prior to immunoprecipitation.

Heterologous expression. African green monkey kidney COS cells do not
natively express Kir6.2 or SUR1 that produces KATP channel activity or proteins
that can be recognized by antibodies (see also reference 22). COS-7 cells were
cultured (at 5% CO2) in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum and 2 mM glutamine. COS-7 cells (2 3 106) plated on
a 100-mm2-diameter culture dish were transfected according to the manufactur-
er’s instructions at 60% confluence, using 8 ml of Lipofectamine (Gibco) and 2
mg of total plasmid DNA in low-serum OPTI-MEM medium (Gibco/BRL). For
cotransfection, plasmid cDNAs encoding the two subunits were added in equal
amounts.

Immunoprecipitation from solubilized membrane proteins. Membranes were
isolated from COS cells coexpressing Kir6.2 and SUR1, labeled with the radio-
active sulfonyurea 125I-azidoglyburide as described previously (10) (kindly pro-
vided by J. Bryan, Baylor College of Medicine). Membranes were solubilized in
buffer containing 20 mM HEPES, 150 mM NaCl, and 1% digitonin (pH 7.5), and
25 mg of solubilized protein was immunoprecipitated with 3 mg of the anti-Kir6.2
antibody. In control experiments, the antibody was preblocked with 50 mM
antigenic peptide. Immunoprecipitates were washed with the same buffer and
solubilized in SDS loading buffer.

Immunostaining and immunofluorescence microscopy. Transfected COS-7
cells, grown on sterile 25-mm-diameter coverslips, were imaged by laser confocal
microscopy. Twenty-four hours posttransfection, cells were washed three times in
Dulbecco’s phosphate-buffered saline (DPBS) and fixed for 15 min in 4% form-
aldehyde. After two washes in DPBS, cells were permeabilized and immersed in
blocking solution (DPBS, 0.2% Triton X-100, 3% bovine serum albumin) for 45
min. The anti-Kir6.2 specific antibody (at 2 to 3 mg/ml) served as the primary

antibody and was added to the blocking solution for 1 h (22°C). Cells were then
washed three times for 10 min each in DPBS containing 0.2% Triton X-100.
Donkey anti-rabbit immunoglobulin G fluorescein-conjugated antibody (Chemi-
con), used as a secondary antibody, was added at a 1/200 dilution to the blocking
solution (1 h, 22°C). Following two washes for 10 min with DPBS and 0.2%
Triton X-100, cells were mounted on slides by using Poly-Aquamount (Poly-
sciences). Immunostained cells were viewed via a Zeiss LSM 410 confocal mi-
croscope coupled to an argon-krypton laser illumination beam (488 nm). Un-
transfected COS-7 cells and cells that did not incorporate foreign DNA during
the transfection procedure served as negative controls.

Patch-clamp recording. To aid in visualizing transfected cells, green fluores-
cent protein was added as a reporter gene to the DNA–Opti-MEM mixture at 0.2
mg for each 2 mg of total DNA used. A day after transfection, cells were lifted off
the culture dish, using 0.05% trypsin-EDTA to prevent tight attachment to
coverslips, prior to electrophysiological measurements, performed about 4 h
later. Transfected COS-7 cells, selected by green fluorescence under the micro-
scope, were superfused with 140 mM KCl–1 mM MgCl2–5 mM EGTA–5 mM
HEPES-KOH (pH 7.3), and recordings were made at room temperature (20 to
22°C). Fire-polished pipettes, coated with Sylgard (resistance, 8 to 10 MV), were
filled with 140 mM KCl–1 mM CaCl2–1 mM MgCl2–5 mM HEPES-KOH (pH
7.3) (45). Channel activity was monitored on-line and stored on tape, using a
pulse code modulation converter system (VR-10; Instrutech) (43). Data were
reproduced, low pass filtered at 4 kHz (23 dB) by a Bessel filter (Frequency
Devices 902), sampled at a rate of 80 ms, and analyzed off-line with BioQuest
software (5, 13). Only patches displaying single-channel activity were used for
kinetic analysis. It should be pointed, however, that due to overexpression of
recombinant channel subunits such patches were rare to obtain compared to
patches with multiple-channel activity. For analysis of intraburst channel behav-
ior, closed times that exceeded 2.5 ms were omitted, as previously established for
reconstituted Kir6.2-SUR1 channel activity (6). By using this criterion, intraburst
closed-time distribution was well fitted by a single exponential. Fitting of closed-
and open-time distributions by exponentials was carried out by using minimiza-
tion of the x2 criterion with the Nelder-Meed method of deformed polyhedrons
(4). Results are expressed as mean 6 standard error of the mean, with n referring
to the number of experiments used in each analysis.

RESULTS

Kir6.2-specific antibody coimmunoprecipitates Kir6.2 and
SUR1. The product of in vitro-translated Kir6.2 migrates on
gel electrophoresis consistent with a 38-kDa protein (predicted
molecular mass, 43 kDa) (Fig. 1A, lane 1). An amino-termi-
nus-directed anti-Kir6.2 antibody immunoprecipitated Kir6.2
(lane 2); the epitope specificity of this antibody was verified by

FIG. 1. Complex formation between Kir6.2 and SUR1. (A) Coimmunopre-
cipitation of in vitro-translated SUR1 with Kir6.2 by an anti-Kir6.2 antibody.
Lane 1, SDS electrophoresis of in vitro-translated Kir6.2, which migrated to 38
kDa. Kir6.2 was immunoprecipitated (IP) by the epitope-specific anti-Kir6.2
antibody in the absence (lane 2) but not in the presence (lane 3) of the corre-
sponding antigenic peptide (anti-p). In vitro-translated SUR1 migrated to 140
kDa (lane 4). When coincubated (30 min), in vitro-translated Kir6.2 and SUR1
were coimmunoprecipitated by the Kir6.2-specific antibody (lane 5). In the
absence of Kir6.2, the anti-Kir6.2 antibody failed to immunoprecipitate SUR1
(lane 6). Immunoprecipitation of respective in vitro-translated products was
confirmed in three to five additional experiments. (B) Coimmunoprecipitation of
SUR1 with Kir6.2 from solubilized membrane proteins of COS cells expressing
SUR1 and Kir6.2 and labeled with the radioactive sulfonylurea 125I-azidogly-
buride. Lane 1 demonstrates that the epitope-specific anti-Kir6.2 antibody pre-
cipitates Kir6.2 (38-kDa band) and coimmunoprecipitates SUR1 (140- to 180-
kDa bands). Lane 2 shows that the antigenic peptide (anti-p) prevented
immunoprecipitation (IP) of both proteins. Lane 3 shows the pattern of 125I-
azidoglyburide-labeled membrane proteins. Molecular masses are indicated to
the left of the gels.
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competition with the corresponding antigenic peptide (lane 3).
SUR1 in vitro translated in the absence of microsomes yielded
a 140-kDa protein (lane 4). Following coincubation, in vitro-
translated Kir6.2 and SUR1 were coimmunoprecipitated by
the anti-Kir6.2 antibody (lane 5). No 140-kDa protein was
detected in the absence of coincubation with Kir6.2 (lane 6),
indicating absence of cross-reactivity. In the presence of mi-
crosomes, a 170-kDa isoform of SUR1 was also coimmuno-
precipitated with Kir6.2 by the Kir6.2-specific antibody (not
shown). Thus, the Kir6.2-specific antibody recognized SUR1
only when SUR1 formed a complex with Kir6.2.

In membranes from mammalian COS cells heterologously
expressing Kir6.2 and SUR1, the radioactive sulfonylurea 125I-
azidoglyburide labeled not only SUR1 but also a number of
other proteins, including a protein with a molecular mass of
approximately 38 kDa (Fig. 1B, lane 1; see also reference 10).
From 125I-azidoglyburide-labeled membranes, the anti-Kir6.2
antibody immunoprecipitated the 38-kDa protein band (1B,
lane 3). This immunoprecipitation was blocked by the anti-
genic peptide, demonstrating that the 38-kDa band was Kir6.2
(lane 2). The only protein that coimmunoprecipitated with
Kir6.2 was SUR1 (140- and 170-kDa bands). Since SUR1 does
not cross-react with the anti-Kir6.2 antibody (Fig. 1A, lane 6),
this finding demonstrates that when coexpressed in mamma-
lian cells, SUR1 and Kir6.2 are strongly physically associated.

Coimmunoprecipitation of the carboxy-terminus-truncated
Kir6.2 with SUR1. Deletion of the carboxy-terminal 37 amino
acids (114 nucleotides) of Kir6.2 produced a truncated Kir6.2
(Kir6.2DC37) in vitro-translated product which was recognized
by the amino-terminus-directed Kir6.2-specific antibody (Fig.
2, lane 1). Due to its smaller size, Kir6.2DC37 migrated faster
than full-length Kir6.2 (lane 2). Following coincubation of
Kir6.2DC37 or Kir6.2 with SUR1 translated product, the
Kir6.2 antibody coimmunoprecipitated Kir6.2DC37 and SUR1
(lane 3), as well as Kir6.2 with SUR1 (lane 4). We conclude
that the carboxy-terminus deletion mutant, Kir6.2DC37, can
physically associate with SUR1.

Coexpression with SUR1 alters the pattern of distribution of
Kir6.2. On immunostaining with the Kir6.2-specific antibody
(Fig. 3), COS cells transfected with Kir6.2 or Kir6.2DC37 dis-
played a honeycomb pattern. Staining could be blocked by the
corresponding antigenic peptide (not shown). After cotrans-
fection of Kir6.2 or Kir6.2DC37 with SUR1 into COS cells,
immunostaining revealed an evenly distributed pattern of flu-

orescence (Fig. 3). We detected no fluorescence when SUR1-
transfected COS cells were stained with the same antibody (not
shown). Thus, the cellular distribution of Kir6.2 appears to
depend on coexpression of SUR1 but not on the presence of
the carboxy terminus of Kir6.2. A similar honeycomb pattern
of protein distribution was seen when COS cells cotransfected
with Kir6.2 and SUR1 were incubated (for 16 h) in the pres-
ence of brefeldin A (5 mg/ml), a known disrupter of intracel-
lular protein transport between the endoplasmic reticulum and
the Golgi apparatus (33). Although we do not yet understand
the significance of the honeycomb pattern, this finding suggests
that SUR1 is required for the intracellular transport and dis-
tribution of Kir6.2.

Coexpression of wild-type or carboxy-truncated Kir6.2 with
SUR1 produce similar single-channel properties. Channel ac-
tivity, obtained in membrane patches excised from COS cells
cotransfected with Kir6.2-SUR1 or Kir6.2DC37-SUR1, was
inhibited by micromolar concentrations of ATP applied to the
intracellular side of the patch (Fig. 4A; n 5 10). At a concen-
tration of 250 mM, ATP reduced channel activity by 96% 6
1% (Kir6.2-SUR1; n 5 5) and 91% 6 5% (Kir6.2DC37-
SUR1; n 5 5). With symmetrical 140 mM [K1], ionic current
produced by Kir6.2-SUR1 and Kir6.2DC37-SUR1 reversed at
0 mV. Currents produced by Kir6.2DC37 rectified somewhat
more weakly than those produced by Kir6.2 (Fig. 4B and C).
Fit of the current-voltage relation at negative potentials
yielded single-channel conductances of 58.4 6 2.7 pS (n 5 8)
for Kir6.2-SUR1 and 54.2 6 2.8 pS (n 5 7) for Kir6.2DC37-
SUR1 (Fig. 4B). The voltage dependence of the distribution of
the open and closed times within a burst was previously used to
characterize recombinant and native KATP channel activity (6).
As the membrane potential was progressively clamped from
280 to 220 mV, the apparent open-time duration of channel
activity increased from 2.1 6 0.2 to 4.5 6 0.8 ms (n 5 5) for
Kir6.2-SUR1 and from 2.2 6 0.3 to 5.8 6 0.8 ms (n 5 3) for
Kir6.2DC37-SUR1 (Fig. 4C). In the same voltage range, the
mean closed time decreased from 0.56 6 0.05 to 0.37 6 0.03
ms (n 5 5) for Kir6.2-SUR1 and from 0.46 6 0.01 to 0.37 6
0.01 ms (n 5 3) for Kir6.2DC37-SUR1 (Fig. 4C). As the mem-
brane potential was clamped from 120 to 160 mV, the ap-
parent mean open time decreased from 12.1 6 2.4 to 7.4 6 0.2
ms (n 5 5) for Kir6.2-SUR1 and from 10.9 6 3.1 to 6.4 6 1.7
ms (n 5 3) for Kir6.2DC37-SUR1 (Fig. 4C). In this voltage
range, the mean closed time increased from 0.4 6 0.1 to 1.7 6
0.2 ms (n 5 5) for Kir6.2-SUR1 and from 0.4 6 0.1 to 0.6 6 0.2
ms (n 5 3) for Kir6.2DC37-SUR1 (Fig. 4C). Thus, heterolo-
gous expression of Kir6.2-SUR1 and Kir6.2DC37-SUR1 pro-
duced similar single-channel conductances, with similar volt-
age dependence of the intraburst open and closed times
defining channel activity.

Kir6.2 responsible for intraburst kinetic properties in the
absence of SUR1. In contrast to wild-type Kir6.2, expression of
Kir6.2DC37 alone produced channel activity in the absence of
SUR1 (see also reference 51). To define which channel subunit
is responsible for specific single-channel and kinetic properties
of recombinant KATP channels, the behavior of Kir6.2-SUR1
and Kir6.2DC37-SUR1 was compared to that of Kir6.2DC37.
The current-voltage relationship for Kir6.2DC37 was not dis-
tinguishable from that obtained for Kir6.2-SUR1 and Kir6.2
DC37-SUR1 (Fig. 4B). The slope of the voltage-current rela-
tionship for Kir6.2DC37, calculated at negative holding poten-
tials by linear regression, was 57.6 6 2.4 pS (n 5 5) (Fig. 4B)
and was not significantly different from values obtained for
Kir6.2-SUR1 and Kir6.2DC37-SUR1 (Fig. 4B). Kir6.2DC37
produced a slightly weaker inward rectification compared to
Kir6.2-SUR1 (Fig. 4B). At 260 mV, single-channel records of

FIG. 2. Complex formation between carboxy-terminus-truncated Kir6.2 and
SUR1. In the absence of SUR1, an amino-terminus Kir6.2-specific antibody
immunoprecipitated in vitro-translated Kir6.2D37 (lane 1) and Kir6.2 (lane 2).
When coincubated with equal amounts of either mutant Kir6.2D37 or wild-type
Kir6.2, SUR1 (lanes 3 and 4) was coimmunoprecipitated by the anti-Kir6.2
antibody. Immunoprecipitation of respective in vitro-translated products was
confirmed in three additional experiments. Molecular masses are indicated to the
left of the SDS gel.
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Kir6.2DC37 displayed kinetics similar to that of Kir6.2-SUR1
and Kir6.2DC37-SUR1 (Fig. 5A). Analysis of transitions be-
tween open and closed times within a burst of channel activity
revealed that all three channel activities had similar intraburst
kinetic properties (Fig. 5A and B). Specifically, the distribution
of open and closed times within a burst for Kir6.2DC37 (Fig.
5B) was not significantly different from that obtained for
Kir6.2-SUR1 (6) or Kir6.2DC37-SUR1 (not illustrated). Using
times which define distributions of open and closed intervals,
we calculated the rates of transitions between closed and open
states within a burst for Kir6.2-SUR1, Kir6.2DC37-SUR1, and
Kir6.2DC37 channel activity (Fig. 5A) based on the equations

k10 5 1/tc,1

k01 5 NIB/@t0~NIB 1 NB!#

where k10 is the rate of transition from the closed to the open
state, k01 is the rate of backward transition, tc,1 is the charac-

teristic time for the closed-time distribution, t0 is the charac-
teristic time for the open-time distribution, NIB is the number
of events within a burst, and NB is the number of bursts.
Transition rates calculated for Kir6.2-SUR1, Kir6.2DC37-
SUR1, and Kir6.2DC37 were not significantly different from
each other (Fig. 5A), indicating that intraburst channel prop-
erties are a property of Kir6.2. However, mean burst duration
for Kir6.2DC37 was 8.3 6 2.2 ms (n 5 5), significantly shorter
than that for either Kir6.2-SUR1 (17.9 6 1.8 ms; n 5 5) or
Kir6.2DC37-SUR1 (26.2 6 5.7 ms; n 5 5). The rate leading
away from intraburst transitions was calculated (16, 37) as

k02 5
k10 1 k01

k10sburst

where sburst is the mean burst duration obtained from single-
channel tracings and k02 is the rate of transition associated with
termination of a burst. This rate was found to be significantly
different for Kir6.2DC37 (143 6 10 s21; n 5 5) than for Kir6.2-

FIG. 3. SUR1 alters the immunostaining pattern of Kir6.2- or Kir6.2D37-transfected cells. Laser confocal images show COS-7 cells immunostained with the
anti-Kir6.2 amino-terminal antibody. (A) Saccular (honeycomb) pattern in cells (n $ 8) transfected with Kir6.2 (left) or Kir6.2D37 (right) alone. (B) Diffuse pattern
in cells (n $ 8) cotransfected with Kir6.2-SUR1 (left) or Kir6.2D37/SUR1 (right). Bars 5 20 mm.
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SUR1 (65 6 7 s21; n 5 5) or Kir6.2DC37-SUR1 (45 6 11 s21;
n 5 5) (Fig. 5A). Such differences in burst duration appeared
to exist throughout the range of holding membrane potentials
(from 280 to 150 mV) (Fig. 5C). Thus, in contrast to intra-
burst channel behavior defined by Kir6.2 alone, burst duration
was affected by assembly with SUR1.

DISCUSSION

We have shown that (i) full-length or carboxy-terminus-
truncated Kir6.2 physically associates with SUR1, (ii) the cel-
lular distribution of Kir6.2 is dependent on coexpression with
SUR1, and (iii) burst duration of channel activity is dependent
on association between Kir6.2 and SUR1. These findings pro-
vide direct evidence for physical association between subunits
of the KATP channel and suggest that the carboxy terminus of
Kir6.2 is not required for complex formation with SUR1. Fur-
thermore, these results support the role of Kir6.2 as a pore-
forming subunit responsible for gating within a burst, while
assembly with SUR1 affects overall burst duration of KATP
channel activity.

Evidence that a member of the Kir6.0 subfamily of inwardly
rectifying K1 channels (11, 27, 35) could associate with a mem-
ber of the SUR subfamily of ABC proteins (19) was first
obtained through functional studies (22). Coexpression of re-

combinant Kir6.2 and SUR1, in heterologous expression sys-
tems, reconstituted pancreatic KATP channel activity (10, 17,
22, 38, 48). Loss of functional KATP channels was found in
pancreatic b cells from patients with familial persistent hyper-
insulinemic hypoglycemia, which usually carry mutations in the
SUR1 gene (9, 12, 28, 36, 46). Coexpression of other Kir6.0
and SUR isoforms reconstituted cardiac and vascular KATP
channel-related phenotypes (23, 26, 54). Chromosomal clus-
tering of Kir6.2 and SUR1 genes also supports the notion of
their related functions (9, 22, 40). More recent evidence for
association between Kir6.2 and SUR1 was obtained by pho-
toaffinity colabeling of Kir6.2 with a radioactive sulfonylurea,
indicating close proximity between SUR1 with Kir6.2 in pan-
creatic cellular membranes (10). Thus, in addition to previ-
ously established functional coupling and chromosomal and
membrane colocalization, our demonstration of complex for-
mation between Kir6.2 and SUR1 provides direct proof for
physical association between channel subunits which constitute
the pancreatic KATP channel. In this regard, SUR proteins are
unique, since no other member of the ABC superfamily has
been reported to functionally assemble with a K1 channel,
although similar associations might occur between the ABC
family cystic fibrosis transmembrane regulator and other chan-
nels (3, 19).

In this study, complex formation was determined by coim-

FIG. 4. Kir6.2-SUR1 and Kir6.2DC37-SUR1 channel activity. Channel activity was recorded from inside-out membrane patches excised from COS-7 cells
transfected with Kir6.2-SUR1 or Kir6.2DC37-SUR1. (A) Both Kir6.2-SUR1 (upper trace) and Kir6.2DC37-SUR1 (lower trace) channel activities were inhibited by ATP
(250 mM). Dotted lines correspond to zero-current level. The holding membrane potential was 260 mV. (B) Current-voltage relationships for Kir6.2-SUR1 and
Kir6.2DC37-SUR1. For comparison, the current-voltage relationship for Kir6.2DC37 expressed alone is superimposed. (C) Portions of representative single channel
records of Kir6.2-SUR1 (left) and Kir6.2DC37-SUR1 (right) obtained at different membrane potentials (indicated in millivolts between traces).
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munoprecipitation of either in vivo- or in vitro-translated
Kir6.2 and SUR1. Thus, Kir6.2 and SUR1 when heterolo-
gously expressed physically associated within cellular mem-
branes, although formation of a complex also occurred in the
absence of plasmalemma or microsomes. Recently, it has been
reported that the highly glycosylated form of SUR1 (170 kDa)
is part of the KATP channel complex and that coexpression of
Kir6.2 facilitates this glycosylation state (10). In the case of
other inward rectifying K1 channels, glycosylation of channel
subunits may promote heteromultimer formation (30, 53). We
show here that glycosylation is not a prerequisite for interac-
tion with Kir6.2 and that the unglycosylated form of SUR1 can
form a stable complex with Kir6.2. This, however, does not
exclude the possibility that higher glycosylated forms of SUR1
possess higher affinity for Kir6.2 or are otherwise functionally
important. Our study indicates that sequence motifs required
for protein-protein interaction are inherent to Kir6.2 and
SUR1 sequences and suggests that no cofactor is required for
channel subunit assembly.

Previously, coimmunoprecipitation was established as a re-
liable approach to determine heteromultimeric formation
among structurally related K1-selective inwardly rectifying
channel proteins, such as Kir3.1 and Kir3.4 (30). Coimmuno-

precipitation has also revealed complex formation between a
K1 channel and nonhomologous proteins within, or even out-
side, the K1 channel family (8, 20, 21, 25, 39). In this regard,
association between Kir6.2 and SUR1 indicates that a K1

inwardly rectifying channel protein can create a complex with
a structurally unrelated protein of the ABC family. The present
findings also indicate a role for SUR1 in regulating the cellular
distribution of Kir6.2, in accord with the regulation of intra-
cellular protein transport by proteins structurally related to the
ABC family (33), as well as with the requirement for chapero-
nin-like proteins for proper membrane localization of K1

channels (29).
Physical interaction among subunits forming K1 channels is

complex (15, 30, 32, 50), with an intact carboxy terminus re-
quired for certain inwardly rectifying K1 channels (47, 53). In
our case, truncation of 37 amino acids from the carboxy ter-
minus of Kir6.2 did not prevent complex formation with SUR1,
suggesting that other domains within Kir6.2 may serve as mo-
lecular determinants for subunit assembly. The absence of the
carboxy terminus of Kir6.2 also did not alter the pattern of
distribution of channel subunits within a cell. Although ex-
pendable for association, deletion of the carboxy terminus led
to Kir6.2 channel activity in the absence of SUR1, as previously

FIG. 5. (A) Single-current records obtained in inside-out patches excised from COS-7 cells transfected with Kir6.2-SUR1 (upper trace), Kir6.2DC37-SUR1 (middle
trace), or Kir6.2DC37 alone (lower trace). The holding membrane potential was 260 mV. Corresponding kinetic schemes with calculated rates of transitions (per
second) are provided for each record. C1 represents the closed state within a burst, and O represents the open state, whereas transitions between states are defined
by forward and backward rates. Termination of a burst of channel activity is defined by transitions leading away from the O state toward an additional closed state(s).
(B) Intraburst open-time (and closed-time [inset]) distribution obtained for Kir6.2DC37 channel activity based on burst analysis and fitted by single exponentials. Results
of fitting are represented by solid lines with corresponding characteristic open (t0) and closed (tc,1) times. The holding membrane potential was 260 mV. (C)
Current-voltage relationships for Kir6.2DC37-SUR1 (upper trace) and Kir6.2DC37 (lower trace) were obtained from a voltage-ramp protocol from 290 to 150 mV
(10-s duration). Lines correspond to single-channel conductance.
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obtained for Kir6.2 mutants lacking 26 or 36 amino acids from
the carboxy terminus (51). That study concluded that the car-
boxy terminus of Kir6.2 inhibits independent channel activity,
which could be restored following coexpression with SUR1
(51). In principle, SUR1 could rescue Kir6.2 channel activity by
binding directly to the carboxy terminus of Kir6.2, thereby
masking the inhibitory property of this domain. This appears
not to be the case since carboxy-terminus-truncated Kir6.2
retained the ability to complex with SUR1. Moreover, carboxy-
terminus-truncated Kir6.2 complexed with SUR1 retained the
ATP sensitivity and voltage dependence, similar to native
KATP channels (6, 7, 55).

The present study provides further evidence for the individ-
ual contribution of Kir6.2 and SUR1 to the behavior of the
channel. The single-channel conductance of Kir6.2D37 was
similar to that of Kir6.2-SUR1 or Kir6.2D37-SUR1, supporting
the notion that Kir6.2 serves as the pore-forming channel sub-
unit (40, 51). However, while Kir6.2D37 defined the intraburst
kinetic behavior (6, 23), SUR1 conferred the overall charac-
teristic burst duration (23). In particular, prolongation of burst
duration obtained by coexpression of Kir6.2 with SUR1 ex-
plains larger whole-cell currents previously recorded in cells
expressing both subunits compared to currents produced by
the carboxy-terminus-truncated Kir6.2 alone (51).

In summary, this study demonstrates physical association
between subunits of the KATP channel and establishes an assay
system with which to further study the structural determinants
of subunit interaction between an ABC protein and an in-
wardly rectifying K1 channel. With respect to the role of
constitutive subunits in defining KATP channel behavior,
single-channel analysis suggests that Kir6.2 serves as the pore-
forming region of the channel, while assembly with SUR1
modulates the overall channel behavior.
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