


The tolbutamide site of SUR1 and a mechanism for its functional
coupling to KATP channel closure

Andrey P. Babenko*, Gabriela Gonzalez, Joseph Bryan
Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX 77030, USA

Received 22 July 1999; received in revised form 2 September 1999

Abstract Micromolar concentrations of tolbutamide will inhibit
(SUR1/KIR6.2)4 channels in pancreatic LL-cells, but not (SUR2A/
KIR6.2)4 channels in cardiomyocytes. Inhibition does not require
Mg2+ or nucleotides and is enhanced by intracellular nucleotides.
Using chimeras between SUR1 and SUR2A, we show that
transmembrane domains 12^17 (TMD12-17) are required for
high-affinity tolbutamide inhibition of KATP channels. Deletions
demonstrate involvement of the cytoplasmic N-terminus of
KIR6.2 in coupling sulfonylurea-binding with SUR1 to the
stabilization of an interburst closed configuration of the channel.
The increased efficacy of tolbutamide by nucleotides results from
an impairment of their stimulatory action on SUR1 which
unmasks their inhibitory effects. The mechanism of inhibition of
LL-cell KATP channels by sulfonylureas during treatment of non-
insulin-dependent diabetes mellitus thus involves two compo-
nents, drug-binding and conformational changes within SUR1
which are coupled to the pore subunit through its N-terminus and
the disruption of nucleotide-dependent stimulatory effects of the
regulatory subunit on the pore. These findings uncover a
molecular basis for an inhibitory influence of SUR1, an ATP-
binding cassette (ABC) protein, on KIR6.2, a ion channel subunit.
z 1999 Federation of European Biochemical Societies.

Key words: ATP-sensitive potassium inward recti¢er;
Gating; ATP-binding cassette; Transport ATPase; SUR2A;
KIR6.0

1. Introduction

The inhibition of KATP channels in pancreatic L-cells by
micromolar concentrations of tolbutamide or nanomolar con-
centrations of glibenclamide [1] has been the pharmacological
basis for treatment of non-insulin-dependent diabetes mellitus
with these ¢rst and second generation sulfonylureas for almost
60 years [2]. The high-a¤nity sulfonylurea receptor SUR1 is
an ATP-binding cassette (ABC) protein [3] that associates
with the inward recti¢er, KIR6.2 [4], to form the octameric,
(SUR1/KIR6.2)4 L-cell KATP channel [5,6]. These channels
provide a unique example of functional coupling between an
ABC or transport ATPase protein and a KIR pore forming
subunit [7] and are the paradigm for other (SURx/KIR6.0)4

KATP channels [8].
Sensitivity to micromolar concentrations of tolbutamide,

poor reversibility of high-a¤nity inhibition by nanomolar
concentrations of glibenclamide and enhancement of the sul-
fonylurea block by intracellular MgADP are hallmarks of L-
cell [9] but not cardiac KATP channels [10]. Reconstitution of

sarcolemmal KATP channels by co-expression of KIR6.2 and
SUR2A, a low-a¤nity glibenclamide receptor, demonstrated
that the di¡erential response to sulfonylureas was speci¢ed by
the SUR isoform [11]. These data and the fact that glibencla-
mide consists of the tolbutamide moiety plus the non-sulfo-
nylurea meglitinide group known to inhibit KATP channels
[12,13] imply that SUR1 contains a high-a¤nity tolbuta-
mide-binding site missing in SUR2A. Sulfonylureas do not
block the open pore of a KATP channel or a¡ect its unitary
conductance or intraburst kinetics. Sulfonylureas do shorten
the mean burst duration and lengthen the intervals between
bursts by placing channels in long-lived interburst closed
states [14]. The structural determinants involved in coupling
sulfonylurea-binding with closure of the (KIR6.2)4 pore are
unknown. How intracellular nucleotides increase the e¤cacy
of sulfonylurea inhibition of L-cell channels is unknown [15].
Two reports suggest that sulfonylureas can alter the ADP
stimulation of SUR1/KIR6.2, but not SUR2A/KIR6.2 chan-
nels [16,17] and reduce the stability of 8-azido ATP-binding
to SUR1 [18]. These e¡ects are dependent on Mg2� and re-
quire intact nucleotide-binding folds (NBFs), suggesting that
sulfonylurea-binding can uncouple Mg-nucleotide di- and tri-
phosphate-dependent stimulatory e¡ects of SUR1 on the
KIR6.2 gate. As these stimulatory e¡ects antagonize nucleo-
tide inhibition on KIR6.2, uncoupling unmasks the inhibitory
action of nucleotides prompting KATP channel closure.

Using matched chimeras of human SUR1 and SUR2A, we
show that the transmembrane domains 12^17 (TMD12-17)
segment of SUR1 confers the high-a¤nity component of tol-
butamide inhibition to chimeric SUR/KIR6.2 channels. High-
a¤nity tolbutamide attenuation of channel activity does not
require the addition of Mg2� and nucleotides. Progressive
truncations of the N-terminus of KIR6.2 impair inhibition
by tolbutamide or glibenclamide, implying that the N-termi-
nus is involved in the allosteric coupling of conformational
changes in SUR1 to the gate of the pore, consistent with the
importance of this cytoplasmic domain for limiting channel
bursting [19]. A relationship between the degree of nucleotide
stimulation and tolbutamide inhibition demonstrates that sul-
fonylureas impair the stimulatory action of intracellular nu-
cleotides unmasking their inhibitory action. Our results sug-
gest a two component mechanism for the high-a¤nity e¡ects
of sulfonylureas: binding to the TMD12-17 segment of SUR1
causes conformational changes that stabilize an interburst
closed con¢guration via a link that involves the N-terminus
of KIR6.2. The same conformational changes are proposed to
impair the stimulatory interactions of intracellular nucleotides
with the NBFs of SUR1 that balance the inhibitory e¡ects of
nucleotides on KIR6.2.

The results were presented at the 1998 Gordon Research
Conference on Cardiac Regulatory Mechanisms, Ion Channel
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Structures and Function and 43rd Biophysical Society Meet-
ings [20].

2. Materials and methods

The human SUR1, SUR2A and KIR6.2 cDNAs have been de-
scribed previously [21], as have the vNKIR6.2 and KIR6.2vC con-
structs [19,22] and the matched SUR chimeras [23]. Two additional
chimeras, XVII and XVIII, were generated as follows using the con-
structs shown in Fig. 2A. Chim XVII was constructed by replacing a
SalI-NotI fragment from Chim XIII, containing the N-terminus of
SUR1 with the SalI-NotI fragment from Chim IV which contains
the N-terminal half of SUR2 and TMD12-17 from SUR1. Chim
XVIII was constructed using overlapping PCR primers to engineer
a HindIII site into SUR2A to match one in SUR1. This changed
SUR2 residues R1197 and M1198 in the intermediate vector to K
and L, respectively. A HindIII-HindIII fragment from SUR1, contain-
ing residues 1020^1226, was then used to replace the corresponding
fragment in the intermediate vector to generate Chim XVIII. The
resulting plasmids were sequenced in both directions to verify that
no mutations were introduced. The transfection and cultivation of
COSm6 cells for electrophysiological experiments and the recording
of currents using the patch-clamp technique were done as described
previously [24]. All recording was done using an Axopatch 200B am-
pli¢er (Axon Instruments, Foster City, CA, USA), at 340 mV hold-
ing and 23^24³C unless otherwise noted. Pipettes were ¢lled with the
K�-rich external solution containing (mM): KCl 145, MgCl2 1, CaCl2
1, HEPES 10, pH 7.4 (KOH), unless otherwise noted. The Mg2�-free
internal solution contained (mM) KCl 140, EDTA 5, HEPES 5, KOH
10, pH 7.2 (KOH), while the Mg2�-containing `intracellular' solution
had the following composition (mM): KCl 140, MgCl2 1, EGTA 5,
HEPES 5, KOH 10, pH 7.2 (KOH). The free Mg2� concentration in
the Mg2�-containing internal solution supplemented with nucleotides
was kept at a quasi-cytosolic level of V0.7 mM by adding MgCl2 to
account for the Mg2�-binding to nucleotides [25]. Nucleotides and
other compounds were from Sigma (St. Louis, MO, USA). Bathing
solutions were applied using a programmable rapid solution changer
(RSC-200, Biologic, Claix, France). The relative NPo, used as a meas-
ure of channel activity in the presence of a test compound, was esti-
mated and the single channel kinetics and nucleotide-sensitivity were
analyzed as described earlier [24]. A conventional single pseudo-Hill
equation or a two component pseudo-Hill equation were ¢t to the
tolbutamide dose-response data. The latter included the fraction of
the maximal NPo (L) remaining when all of the high-a¤nity inhib-
itory sites are occupied [17] and the concentrations IC50h and IC50l at
which inhibition is half maximal at the high and low-a¤nity sites with
corresponding hh and hl slope factors, respectively. Non-linear curve
¢tting was done using the Marquardt-Levenberg algorithm. Averaged
data are expressed as means þ S.E.M. for nv5 with error bars equal to
the S.E.M., unless otherwise noted. Signi¢cance was evaluated using
the Student's t test. Di¡erences with values of P6 0.05 were consid-
ered to be signi¢cant.

3. Results

3.1. SUR1 speci¢es high-a¤nity tolbutamide inhibition, which
is enhanced by stimulatory nucleotides

Fig. 1A shows that inhibition of SUR1/KIR6.2 channels by
tolbutamide, in the absence of nucleotides, can be described
by a two site model where the IC50h and IC50l values di¡er by
approximately three orders of magnitude, 1.9 þ 0.2 WM
(hh = 1.04 þ 0.08) versus IC50L = 1399 þ 137.3 WM (hl = 1.13 þ
0.1). Inhibition of the SUR2A/KIR6.2 channels can be de-
scribed by a single site model with an IC50 value,
1057.4 þ 52.1 WM (hl = 0.95 þ 0.04), similar to the low-a¤nity
site in the SUR1/KIR6.2 channels, in agreement with our ear-
lier estimate [24]. Comparable results were found for channels
reconstituted from rat SUR1 or SUR2A plus mouse KIR6.2 in
Xenopus oocytes [17]. The results are consistent with the idea
that the high sensitivity of the L-cell KATP channel to sulfo-

Fig. 1. SUR1 speci¢es the high-a¤nity tolbutamide inhibition of
KATP channels which is enhanced by Mg-nucleotides. A: A compar-
ison of the currents and tolbutamide dose-response curves from
SUR1/KIR6.2 versus SUR2A/KIR6.2 KATP channels indicates that
the L-cell channel can be described by two components versus a sin-
gle component for the cardiac channel. The solid curve through the
SUR1/KIR6.2 data is the best ¢t to a two component pseudo-Hill
equation giving IC50h = 1.9 þ 0.2 WM, hh = 1.04 þ 0.08, IC50l = 1399 þ
137.3 WM, hl = 1.13 þ 0.1 and L = 0.451 þ 0.015. The dashed line
through the SUR2A/KIR6.2 data is the best ¢t to a single compo-
nent pseudo-Hill equation giving IC50 = 1057.4 þ 52.1 WM and
h = 0.95 þ 0.04. These experiments were done in the absence of nu-
cleotides in the Mg2�-containing internal solution described in Sec-
tion 2. B: The addition of ADP to the ATP-containing internal sol-
ution at V0.7 mM free Mg2� stimulates SUR1/KIR6.2 channels
and markedly increases the degree of high-a¤nity tolbutamide in-
hibition. Here and in the following ¢gures, the arrow and i-o indi-
cate isolation of the inside-out patch, a downward de£ection of the
current trace corresponds to inwardly directed current, the horizon-
tal dotted lines show the level of current when all KATP channels
are closed and the thick solid lines indicate superfusion with a test
compound at the concentration shown. Tlb = tolbutamide. The high-
er ratio of the mean current to macrocurrent noise for SUR2A/
KIR6.2 channels is consistent with the cardiac channels having a
higher Pomax [23].
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nylureas is determined by a high-a¤nity sulfonylurea-binding
site in SUR1 [3] missing in SUR2A [11,17,24]. Low-a¤nity
inhibition of the SUR1/KIR6.2 channels is attributed to an
interaction of sulfonylureas with KIR6.2 [17]. The data are
not su¤cient to conclude that low-a¤nity binding of tolbuta-
mide to SUR2A [26] makes no contribution and that inhi-
bition is entirely due to binding to KIR6.2. High-a¤nity in-
hibition of SUR1/KIR6.2 channels, speci¢ed by sulfonylurea-
binding to SUR1, is saturated at V40% of the maximal Po

in the absence of nucleotides (Pomax) by V100 WM tolbuta-
mide. A substantial channel activity remains at several mM
tolbutamide. Two-hundred WM tolbutamide was used to sat-
urate the high-a¤nity tolbutamide-binding site in all further
experiments.

Fig. 1B illustrates the enhancing e¡ect of a quasi-intracel-
lular mixture of ADP and ATP at V0.7 mM free Mg2� on
the inhibition of reconstituted human L-cell KATP channels by
200 WM tolbutamide. Using these simulated intracellular con-

Fig. 2. Delineation of the SUR1 segment required for high-a¤nity tolbutamide inhibition of KATP channels. A: The top panel shows inhibition
of channels assembled from KIR6.2 and SUR1, SUR2A or the chimeric SURs illustrated. Chimeras I^VI and IX^XIV were described in a pre-
vious report [23]. The topological features of SUR are given on the left, the corresponding amino acids on the right axis. Segments from
SUR1 and SUR2A are shown in white and gray, respectively. The presence of TMD12-17 from SUR1 is su¤cient to confer a high-a¤nity in-
teraction with tolbutamide. B: The inset gives a representative example of inhibition of the Chim XVII/KIR6.2 channel. These channels contain
TMD1-5 which speci¢es the higher Pomax of the cardiac channel [23], indicated by the greater ratio of the mean current to macrocurrent noise
(compare with Fig. 1A). The dose-response curves for the Chim XVII/KIR6.2 and Chim XVIII/KIR6.2 channels show that TMD12-17 from
SUR1 speci¢es a high-a¤nity interaction with tolbutamide (IC50h = 2.2 þ 0.3 WM, hh = 1.11 þ 0.11, IC50l = 1374.1 þ 393.2 WM, hl = 0.97 þ 0.21,
compare with the values for SUR1 in Fig. 1). Reducing the size of the swapped segment reduces the apparent a¤nity of the chimeric channel
for tolbutamide (IC50h = 16.7 þ 4.3 WM, hh = 1.18 þ 0.19, IC50l = 1504.6 þ 914.5 WM and hl = 1.01 þ 0.37) without signi¢cantly a¡ecting the ap-
parent e¤cacy (L = 0.32 þ 0.029 versus 0.355 þ 0.092 for Chim XVII versus XVIII, respectively). The ionic conditions and holding potential are
as in Fig. 1.
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ditions [27], ADP stimulates channel activity pre-inhibited by
1 mM ATP, while 200 WM tolbutamide reduces channel ac-
tivity V10-fold compared with V2.5-fold inhibition in the
absence of nucleotides. Tolbutamide (200 WM) did not a¡ect
the unitary conductance or intraburst kinetics of SUR1/
KIR6.2 channels (see [19] for values obtained under similar
conditions). Note that comparable tolbutamide concentra-
tions will nearly eliminate the KATP conductance of whole
L-cells and that others have described the `enhanced' inhibi-
tion of L-cell KATP channels when MgADP [9] or other nu-
cleotide di- or triphosphates are present at the cytoplasmic
face of isolated patches [15].

3.2. High-a¤nity inhibition by tolbutamide requires the
TMD12-17 segment of SUR1

Matched SUR chimeras [23] were used to delineate the
region of SUR1 which confers high-a¤nity tolbutamide inhi-
bition by comparing the e¡ect of 200 WM tolbutamide on
chimeric channels (Fig. 2A). The results indicate that the
TMD12-17 segment of SUR1 is critical for high-a¤nity tol-
butamide inhibition. Ash¢eld et al. [28] reported a similar
result using unmatched chimeras. Chim XVII and XVIII
show that TMD12-17 is su¤cient to confer high-a¤nity in-
hibition when swapped into SUR2A. Comparison of the tol-
butamide dose-response curves for the Chim XVII/KIR6.2 and

Fig. 3. Deletion of the N-terminus of KIR6.2 impairs high-a¤nity sulfonylurea inhibition. A: Deletion of 32 amino acids, vN32, from the N-
terminus of KIR6.2 eliminates high-a¤nity inhibition of L-cell KATP channels, but not low-a¤nity tolbutamide inhibition, or stimulation by di-
azoxide and nucleotides. Mg-nucleotides also stimulated all chimeric channels. B: Progressive truncation of the N-terminus of KIR6.2 results in
a gradual impairment of high-a¤nity inhibition to the level of SUR2A/KIR6.2 channels marked here by the thick dashed and dotted lines
(mean þ S.D.). C: N-terminal deletion progressively eliminates the inhibitory action of glibenclamide. The holding potential was 0 mV. The qua-
si-physiological external pipette solution contained (mM): NaCl 140, KCl 5, MgCl2 1, CaCl2 1, HEPES 10, pH 7.4 (NaOH). The single chan-
nel kinetics, ATP- and tolbutamide-sensitivity of the SUR1/vN44KIR6.2 channels using similar experimental conditions were reported previ-
ously [7,19]. Free [Mg2�] in the internal solution was V0.7 mM.
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Chim XVIII/KIR6.2 channels (Fig. 2B) show that the smaller
TMD12-15 segment reduces the a¤nity for tolbutamide with-
out a¡ecting the e¤cacy of high-a¤nity inhibition (1-L), con-
sistent with a tolbutamide-binding site within TMD12-17. Our
previous studies [23] have shown that the TMD1-5 segment,
not the TMD12-17 segment, speci¢es the L-cell versus sarco-
lemmal channel isoform di¡erences in Pomax. Di¡erences in
Pomax are determined by the occupancy of interburst closed
state(s), suggested to be the key state(s) that bind nucleotides
and sulfonylureas that inhibit KATP channels [19,29,30]. This
result and the observation that the intraburst kinetics of the
Chim XVII/KIR6.2 and Chim XVIII/KIR6.2 channels are sim-
ilar to those of wild-type channels [23] argue that changes in
tolbutamide-sensitivity of the chimeric channels can not solely
be due to modi¢cation of the single channel kinetics by swap-
ping TMD12-17 segments. The conservative conclusion is that
a part of the high-a¤nity sulfonylurea-binding site is formed
by the TMD12-17 segment of SUR1.

3.3. The N-terminus of KIR6.2 is involved in coupling
sulfonylurea-binding to SUR1 with closure of the KATP

channel pore
We have shown previously that truncation of the N-termi-

nus of KIR6.2 increases the Pomax of L-cell KATP channels by
reducing the occupancy of the interburst closed state [19].
Truncation moderately increases the apparent IC50�ATP�
[19,31], but millimolar concentrations of ATP will reduce
the Po to nearly undetectable levels. The e¡ects of N-terminal
deletions have not been observed for homomeric KIR6.2vC
channels [31] whose steady-state ATP-sensitivity is lower
than that of SUR1/vNKIR6.2vC channels (see [22] versus
[19] for a statistically representative side by side comparison
of KIR6.2vC versus SUR1/vNKIR6.2vC channels). The re-
sults indicate that deletion of as many as 44 amino acids
from the N-terminus [19] does not a¡ect closure of the pore
or remove the low-a¤nity nucleotide site from KIR6.2, but
does disrupt functional coupling between SUR and KIR6.2
[7]. The results shown in Fig. 3 support this hypothesis. As
illustrated in Fig. 3A, SUR1/vN32KIR6.2 channels are inhib-
ited by 200 WM tolbutamide as poorly as the SUR2A/KIR6.2
channels (relative NPo values of 0.84 þ 0.03 versus 0.82 þ 0.05,
respectively). At the same time, the SUR1/vN32KIR6.2 chan-
nels were stimulated by ADP or the potassium channel opener
diazoxide (300 WM), in the presence of ATP and Mg2�. Tol-
butamide at a high concentration (5 mM) inhibited SUR1/
vN32KIR6.2, SUR1/vN32KIR6.2vC35 and SUR2A/KIR6.2
channels equivalently in the absence of Mg-nucleotides (rela-
tive NPo values of 0.16 þ 0.05, 0.18 þ 0.07 and 0.17 þ 0.06,
respectively). These values are consistent with the IC50 for
tolbutamide inhibition reported for KIR6.2vC26 channels
[17], arguing that the deleted segments of the N- and C-ter-
mini of KIR6.2 are not part of the low-a¤nity tolbutamide-
binding site. Fig. 3B summarizes the data for a series of dele-
tions. Truncation of as few as ¢ve amino acids was su¤cient
to compromise high-a¤nity tolbutamide inhibition. Trunca-
tion of 10 or 20 amino acids gave V85^90% of the maximum
attenuation of the inhibition. Analysis of the tolbutamide
dose-response of the SUR1/vN10KIR6.2 channels showed a
signi¢cantly increased L value (0.88 þ 0.028 versus
0.451 þ 0.015 for the wild-type channel shown in Fig. 2)
with no signi¢cant changes in the parameters related to tol-
butamide-binding (IC50h = 1.7 WM at hh = 1.36 and

IC50l = 1479.4 WM at hl = 0.97). As shown in Fig. 3C, high-
a¤nity inhibition by glibenclamide was also impaired by N-
terminal deletion.

As reported for other SUR1/vNKIR6.2 channels [19], the
IC50�ATP� and Pomax values for the SUR1/vN10KIR6.2 chan-
nels were slightly increased, with about a 3-fold increase in the
steady-state IC50�ATP� (20.1 þ 2.8 WM, mean þ S.D. for n = 4
versus 5.9 þ 0.5 WM for wild-type channels) and approximately
a 10% increase in Pomax (by a direct estimate from three di¡er-
ent single channel records, see also a prediction from macro-
current analysis [31]). The decreased apparent ATP-sensitivity
of the SUR1/vNKIR6.2 channels could result from a de-
creased occupancy of interburst closed state(s) that bind
ATP [19]. Although a similar mechanism has been suggested
for the insensitivity of SUR1/KIR6.2C166S channels to 100 WM
tolbutamide [30], it is unlikely that a decreased occupancy of
the closed state(s) can explain the decreased fraction of the
high-a¤nity component of tolbutamide inhibition seen for the
SUR1/vN10KIR6.2 channels. Reducing the Po of SUR1/
vNKIR6.2 channels to the Pomax of wild-type channels by
V5^10 WM ATP in Mg2�-free conditions or by spontaneous
run-down did not increase the fraction of the high-a¤nity
component of tolbutamide inhibition (LV0.85). Similarly, in-
creasing the Pomax of KATP channels with an intact KIR6.2 did
not a¡ect the fraction of the high-a¤nity component. Chim
XVII (Fig. 2), like Chim II, contains the TMD1-5 segment of
SUR2A, which speci¢es higher Pomax values, and has a Pomax

value comparable to those of the SUR1/vN10KIR6.2 chan-
nels, which are greater than the Pomax values of SUR1/
KIR6.2 channels [23]. Irrespective of the lower occupancy of
the interburst closed state, the two chimeric channels were
inhibited by tolbutamide as e¤ciently as wild-type channels
(a somewhat lower L was observed for Chim XVII/KIR6.2
channels, as shown in Fig. 2B). The latter results are not
complicated by the presence of nucleotides, by the possibility
of altered interactions between subunits in run-down channels
or by possible e¡ects of the KIR6.2 modi¢cation. The obser-
vation is consistent with the idea that coupling of tolbuta-
mide-binding with SUR1 to closure of the gate is not a purely
kinetic phenomenon and suggests a speci¢c role for the N-
terminus in transduction of an inhibitory signal from SUR1 to
the pore.

3.4. Sulfonylurea-binding to SUR1 impairs the stimulatory
action of intracellular nucleotides

Fig. 4A shows that the degree of inhibition by 200 WM
tolbutamide is always higher in the presence of Mg2� and
nucleotides (either ATP, ADP or both at variable ratios
with a quasi-cytosolic concentration of Mg2�, V0.7 mM).
Inhibition of SUR1/KIR6.2 channels by glibenclamide (100
nM) is also enhanced by MgADP [17]. To test whether satu-
ration of the sulfonylurea-binding site on SUR1 could abolish
the stimulatory action of either, or both, ATP or ADP, we
compared the e¡ects of tolbutamide under stimulatory and
inhibitory conditions (presence of Mg-nucleotides versus pres-
ence of nucleotides without Mg2� plus 5 mM EDTA, respec-
tively). Each paired set of internal solutions was tested on a
membrane fragment selected for a high density of channels
and fast di¡usional access (comparable with that shown in
Fig. 4A) to increase the signi¢cance of current measurements
at millimolar concentrations of nucleotide(s) and to minimize
errors due to variable `fading' of Mg-nucleotide stimulation of
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Fig. 4. Tolbutamide-binding uncouples the Mg-nucleotide-dependent stimulatory action of SUR1 on KIR6.2. A: The degree of high-a¤nity in-
hibition of SUR1/KIR6.2 channel currents is greater in the presence of either MgATP, MgADP or both nucleotides as a result of their stimula-
tory action on SUR1 [27,46]. In a representative conventional inside-out patch containing V103 KATP channels, with fast di¡usional access,
200 WM tolbutamide inhibited the current 2.85, 5.32, 11.09 and 5.05-fold versus 1.95 þ 0.02-fold (mean þ S.D., two applications) in the presence
of 0.1 mM ATP, 0.2 mM ADP, 0.1 mM ATP plus 0.2 mM ADP, 1 mM ATP plus 0.4 mM ADP versus no nucleotides, respectively. The
measurements were done in Mg2�-containing internal solution. Interestingly, fast di¡usional access to these channels allows for resolution of a
rapid current transient upon application of ADP, which may be the result of more rapid inhibition than stimulation. B: The enhancement of
high-a¤nity tolbutamide inhibition of SUR1/KIR6.2 channels by MgATP and/or MgADP is the result of tolbutamide uncoupling the stimula-
tory action of Mg-nucleotides, thus accentuating their inhibitory action. Currents were recorded as described above. Note that the scales of rel-
ative NPo values change. The relative NPo values after tolbutamide inhibition in Mg2�-containing and Mg2�-free conditions were not signi¢-
cantly di¡erent. C: A plot of the tolbutamide-induced decrease in NPo in the presence of Mg-nucleotide(s) versus the Mg-nucleotide-stimulated
increase in NPo shows a correlation. The alphabetical symbols correspond to the individual experiments in (B). The solid line shows a linear
regression (RV1), the dashed lines give the 95% con¢dence limits. D: Tolbutamide inhibition of MgUDP-stimulated SUR1/KIR6.2 channel cur-
rents. MgUDP was applied before there was substantial run-down of SUR1/KIR6.2 channels. The strong stimulatory action of MgUDP seen at
this high, non-physiological concentration may be the result of a markedly reduced inhibitory action of UDP (estimated IC50�UDP�s 1 mM,
data not shown), rather than a unique stimulatory action (as was suggested originally for cardiac KATP channels [29]). Like MgADP, 10 mM
MgUDP produced a di¡usion-limited o¡set of the current followed by a rise to nearly the level of current seen after removal of 1 mM ATP
(in Mg2�) used to refresh the channels (upward arrow). Removing Mg2� by perfusion with 5 mM EDTA (downward arrow) caused a minor
increase in activity which was inhibited by application of 10 mM UDP.
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KATP channels following patch excision [32]. A summary of
the results from a number of such experiments (Fig. 4B) illus-
trates three points. (1) Nucleotides alone do not a¡ect the
action of tolbutamide. The V2-fold inhibition by 200 WM
tolbutamide in the absence of Mg2� was similar to the degree
of inhibition seen in nucleotide-free conditions irrespective of
Mg2� (an example of tolbutamide inhibition in the absence of
nucleotides with Mg2� present is illustrated in Fig. 4A). (2)
Stimulatory Mg-nucleotides do not a¡ect the ¢nal level of
inhibition, irrespective of the nucleotide composition tested,
200 WM tolbutamide decreased the NPo to nearly the same
level in the presence or absence of Mg2�. As a result, (3) the

degree of tolbutamide inhibition in the presence of Mg-nu-
cleotide(s) correlates with the degree of NPo increase stimu-
lated by Mg-nucleotides (Fig. 4C), arguing that saturation of
the sulfonylurea-binding site eliminates the stimulatory but
not the inhibitory action of Mg-nucleotides. This conclusion
is consistent with the observation that 100 WM tolbutamide
will `inhibit the channel activating e¡ect of MgGDP in a non-
competitive manner' [33]. Fig. 4D illustrates a similar result
for SUR1/KIR6.2 channels stimulated maximally by 10 mM
MgUDP. Two-hundred WM tolbutamide eliminates stimulated
KATP channel activity when applied prior to signi¢cant run-
down of the current. In agreement with previous studies, we

Fig. 5. The proposed interactions involved in modulation of nucleotide-dependent gating of KATP channels by sulfonylureas. Two pairs of
SUR/KIR6.2 subunits, a cardiac pair on the left and a L-cell pair on the right, are illustrated around a central pore. The SURs surround
KIR6.2 consistent with absence of data, suggesting that they contribute to the permeation pathway. The triplet of dots indicates the location of
ER retention signals, which ensure that only completely assembled channels reach the plasma membrane [47]. Our chimeric channel data were
used to position the TMD domains based on the ¢nding that TMD1-5 speci¢es the isoform di¡erences in kinetics [23], which presumably re-
quires its closer proximity to the KIR6.2 gate. The C-terminus of SUR is placed near the C-terminal cytoplasmic segment of KIR6.2 based on
the speci¢cation of the isoform di¡erences in IC50�ATP� by the last 42 amino acids of SUR. The KIR pore is modeled on the bacterial KcsA
channel [40] without implying an exact packing of M1 and M2, which may be di¡erent in KIRs [48]. The K� selectivity ¢lter is formed by the
backbone carbonyl groups ( = O) of the -GFG- motif. Two dehydrated K� ions (smaller spheres) occupy the ¢lter, a larger hydrated K� ion is
stabilized by pore helix dipoles in the central cavity [49]. The M2 internal helices line the aqueous canal within the transmembrane electrical
¢eld. `Gated access' [39] to the pore is controlled by translation rotational movements of `rigid bodies' composed of the K-helical M2 and possi-
bly the adjacent segment of the C-terminus [41]. A periodicity in cysteine accessibility to Cd2� in these segments [50] is consistent with the
model. Movement of the internal helices is indicated by their di¡erent positions in the two halves of the pore, the left pair is illustrated in an
open state with the M2 helix orientation allowing for `gated access' to the pore. No inhibitory nucleotide is shown in the proposed low-a¤nity
C-terminal ATP-binding site of KIR6.2 [51]. Both NBFs on SUR are occupied and are drawn to indicate cooperative interactions of Mg2�-in-
dependent high-a¤nity ATP-binding on NBF1 and low-a¤nity MgADP-binding on NBF2 [18]. The right pair illustrates a closed state induced
by glibenclamide. The glibenclamide-binding site consists of a benzamido (meglitinide)-binding site (dotted benzene ring) on TMD1-5 and a sul-
fonylurea (tolbutamide)-binding site on TMD12-17, consistent with earlier observations [3] and the data presented here and in [28]. The higher
a¤nity of the second generation sulfonylureas, like glibenclamide, for SUR presumably arises from binding at both sites. A molecule of tolbu-
tamide displaced by azido-iodoglibenclamide is shown. Cooperative interactions between NBF1 and NBF2 are disrupted by the conformational
change (shown here as a change in orientation of TMD1-5 and 12-17) induced by sulfonylurea-binding, consistent with the observations of
Ueda et al. [18]. This conformational switch repositions the M2 helix to form an interburst closed state. This requires an intact N-terminus on
KIR6.2. Thus, high-a¤nity sulfonylurea inhibition of (SUR1/KIR6.2)4 channels in vivo is determined by an integration of the inhibitory signals
from occupied sulfonylurea-binding site(s) and from ATP inhibitory site(s), both of which stabilize a long-lived closed state of the (KIR6.2)4
pore.
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saw no stimulation of SUR1/KIR6.2 channels by nucleotide
monophosphates, which weakly inhibited (IC50 s 1 mM, see
also [31]). We conclude that the increased e¤cacy of sulfonyl-
ureas for KATP channels in L-cells is due to elimination of the
stimulatory action of intracellular nucleotide di- and triphos-
phates, thus accentuating their inhibitory action.

4. Discussion

Initial insight into how sulfonylureas work came with the
identi¢cation of KATP channels in L-cells [34] and the ¢nding
that their activity was inhibited by tolbutamide and by gliben-
clamide [1]. Several studies reported on the di¡erential sensi-
tivity of L-cell versus cardiac KATP channels to sulfonylureas
([9] versus [10]) and noted the enhancing e¡ects of Mg-nucleo-
tides for their action on L-cell KATP channels [9,15]. In this
study, we used tolbutamide, a reversible inhibitor, rather than
glibenclamide. The latter is nearly irreversible and is pharma-
cologically more complex since it contains both a sulfonylurea
moiety and the benzamido moiety of meglitinide, a compound
that inhibits both L-cell and SUR2A/KIR6.2 channels [17,35]
and may thus bind to SURs at a separate site [12,13,17,36].
Glibenclamide photolabelling of the TMD1-5 segment of
SUR1 [3] is consistent with a complex-binding site in which
the sulfonylurea moiety binds to TMD12-17 and the benza-
mido group is in close proximity to the TMD1-5 segment (see
Fig. 5). The simultaneous binding of second generation sulfo-
nylureas at two sites would account for their lower KD values
[26].

Comparison of dose-response curves shows that tolbuta-
mide reduces the Po of L-cell KATP channels through high-
and low-a¤nity interactions, while low-a¤nity interactions
account for inhibition of sarcolemmal channels (Fig. 1 and
[17]). The high-a¤nity component requires SUR1 while the
low-a¤nity component appears to be a direct e¡ect on
KIR6.2 [17]. It is not clear whether direct binding to KIR6.2
can account completely for the inhibition of SUR2A/KIR6.2
channels. Dorschner et al. [26] have estimated a KDV0.3 mM
for binding of tolbutamide to SUR2A and simulation of in-
hibition through two low-a¤nity binding sites versus a single
site on KIR6.2 suggests that either model can account for the
available data. A binding site has not been localized on
KIR6.2, but 5 mM tolbutamide inhibits channels missing the
¢rst 44 and last 35 amino acids, indicating that they are not
critical. Similarly, the speci¢city of the low-a¤nity site has not
been established. Meglitinide will inhibit homomeric
KIR6.2vC channels with an IC50V103 times greater than
for heteromeric channels [17], although the IC50 values for
inhibition of the heteromeric channels are consistent with
the a¤nities of meglitinide for SUR1 and SUR2A [26]. It is
worth noting that inhibition of channel activity by supra-
pharmacological concentrations of sulfonylureas does not
mean that SUR/KIR type KATP channels are present and
should be used with caution to infer interactions between
SURs and KIRs.

We used chimeras between SUR1 and SUR2A to determine
the region of SUR1 important for the high-a¤nity inhibitory
e¡ects of tolbutamide. Inclusion of the TMD12-17 segment of
SUR1 was su¤cient to confer high-a¤nity inhibition, while
swapping a shorter TMD12-15 segment into SUR2A in-
creased the IC50h V8-fold without decreasing the apparent
e¤cacy of inhibition. Substitution of SUR1 TMD12-17 into

SUR2A did not a¡ect the occupancy of the interburst closed
state that is critical for interaction with inhibitory nucleotides
[19], implying that TMD12-17 speci¢es tolbutamide-binding
rather than coupling binding at a separate site, common to
SUR1 and SUR2, to KIR6.2. The speculation [17] that
SUR2A binds sulfonylureas as well as SUR1 (see for example
[37,38]) without closing the channel is eliminated by the ¢nd-
ing that [3H]P1075 is displaced from SUR2 by tolbutamide or
glibenclamide with estimated KD values of V0.3 mM or
V0.3 WM, respectively, values markedly higher than those
estimated for tolbutamide or glibenclamide displacement of
[3H]glibenclamide from SUR1 [26]. Furthermore, unpublished
data of Schwanstecher and colleagues suggest an essential
role for TMD12-17 from SUR1 for high-a¤nity [3H]gliben-
clamide-binding.

Our observations are consistent with tolbutamide-binding
with a micromolar a¤nity to TMD12-17 of SUR1, inducing
a conformational change with at least two consequences. (1)
The change is coupled directly to KIR6.2 through its N-termi-
nus, decreasing the Po by V60%. Deletions of 5^44 amino
acids from the N-terminus disrupt this high-a¤nity inhibition,
but do not a¡ect the kinetics, ATP and low-a¤nity tolbuta-
mide inhibition of homomeric KIR6.2vC channels. This direct
coupling does not require nucleotides or intact NBFs and
cannot be attributed to kinetic e¡ects, although a reduced
occupancy of the long-lived closed state has been suggested
to account for the insensitivity of SUR1/KIR6.2C166S channels
to tolbutamide [30]. Unlike the N-terminal deletions, this mu-
tation dramatically increases the Pomax and IC50�ATP� of ho-
momeric KIR6.2vC26 channels and appears to modify `gated
access' to the pore [39], based on its role in gating of KcsA
channels [40,41]. Tolbutamide inhibition of SUR1/vNKIR6.2
channels partially pre-inhibited with ATP and of chimeric
channels displaying an increased Pomax demonstrates that a
normal occupancy of the interburst closed state does not
guarantee normal coupling of sulfonylurea-binding to stabili-
zation of the KIR6.2 pore in a long-lived closed conformation.
We suggest that the N-terminus couples the sulfonylurea-in-
duced conformational changes in SUR1 to the gate of KIR6.2
through an interaction with a C-terminal segment adjacent to
the M2-helix. This is consistent with recent evidence for a
cytoplasmic bundle whose rearrangement might a¡ect the po-
sitioning of the pore lining helices of bacterial channels during
gating [41,42]. (2) The conformation changes disrupt stimula-
tion of SUR1/KIR6.2 channel activity by Mg-nucleotides. At
variable concentrations of ATP and/or ADP, 200 WM tolbu-
tamide decreases SUR1/KIR6.2 channel activity to nearly the
same level in the presence or absence of Mg2�. The ¢nal NPo
values depend on the nucleotide concentration and are close
to what is expected from adding the inhibitory e¡ects of nu-
cleotides to the V2-fold decrease in Po seen in the absence of
Mg-nucleotides described above. This two-part mechanism,
consisting of the action of tolbutamide plus the e¡ect of in-
hibitory nucleotides, predicts that the `apparent' IC50 for sul-
fonylureas will inversely correlate with the nucleotide concen-
tration. This would explain the variable IC50 values for
sulfonylurea inhibition of KATP channels seen in whole L-
cell experiments versus estimates from excised patches (see,
for example, [43]) and the variation in apparent IC50 values
for sulfonylurea inhibition of SUR1/KIR6.2 channels in in-
side-out patches with the nucleotide concentration. Whether
Mg-nucleotides a¡ect the KD for sulfonylurea-binding is ques-
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tionable, but at least two reports suggest that Mg-nucleotides
inhibit sulfonylurea-binding, i.e. attenuating rather than ac-
centuating the e¡ects of these compounds [38,44]. We have
been unable to demonstrate a systematic e¡ect of nucleotides
on the binding of [125I]iodoglibenclamide to recombinant
SUR1 (Bryan, unpublished data). Our ¢nding that the degree
of tolbutamide inhibition in the presence of 0.1 mM
MgATP+0.2 mM MgADP is higher than in the presence of
1 mM MgATP+0.4 mM MgADP suggests that enhancement
cannot be explained solely by a nucleotide-dependent increase
in the a¤nity of SUR1 for sulfonylureas.

How a tolbutamide-induced conformational change in
SUR1 disrupts the stimulation of SUR1/KIR6.2 channels by
Mg-nucleotides is unclear. Allosteric e¡ects that impair nu-
cleotide-binding at the NBFs and disruption of the coupling
between SUR1 and KIR6.2 are two possibilities. Although
disruption of coupling cannot be ruled out, allosteric e¡ects
are consistent with biochemical data indicating that glibencla-
mide a¡ects the stability of 8-azido ATP-binding on NBF1 of
SUR1 [18]. Ueda et al. [18] propose that KATP channels are
open when ATP is bound to NBF1 and MgADP occupies
NBF2 while binding of glibenclamide releases ATP from
NBF1, thus closing channels. The result is consistent with
tolbutamide-induced conformational changes being transmit-
ted through the N-terminus of KIR6.2 to the pore in the
absence of nucleotides, but are at variance with our observa-
tion that SUR1/KIR6.2 channels can be reversibly, and repeat-
edly, inhibited by tolbutamide in nucleotide-free solution (see
Figs. 1B and 4A). One way to reconcile these observations is
to propose (see Fig. 5) that both ATP-binding to NBF1 and
MgADP-binding to NBF2 (resulting from hydrolysis of
MgATP) are required for Mg-nucleotide stimulation of
KATP channels. In this case, loss of ATP from NBF1 would
eliminate stimulation by Mg-nucleotides, consistent with the
requirement that the NBFs are intact for stimulation to occur
[27,45].

We propose a two component mechanism for high-a¤nity
tolbutamide inhibition of SUR1/KIR6.2 channels that explains
the selective inhibition of pancreatic L-cell versus sarcolemmal
KATP channels (Fig. 5). Sulfonylurea-binding to TMD12-17
induces a conformational change in SUR1 irrespective of
whether Mg2� and/or nucleotides are present. This conforma-
tional switch uses the N-terminus of KIR6.2 to stabilize a
long-lived closed state in which gated access of potassium
ions to the pore is denied and also disrupts the Mg-nucleo-
tide-induced stimulatory action of SUR1 on KIR6.2. The
stimulatory signal does not require the N-terminus and
normally acts to antagonize the inhibitory action of intra-
cellular nucleotides on KIR6.2. Impairment of this signal
reveals the inhibitory action of nucleotides. Nucleotide-inde-
pendent stabilization of the closed state reduces the Po by
V60%, while disrupting stimulation by Mg-nucleotides causes
a further reduction whose extent depends upon the intracel-
lular nucleotide concentration. This model accounts for the
increased e¤cacy of sulfonylureas on SUR1/KIR6.2 channels
in vivo.
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Sulfonylurea receptors set the maximal open probability, ATP sensitivity
and plasma membrane density of KATP channels
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Abstract KATP channels are heteromultimers of SUR and
KIR6.2. C-terminal truncation of KIR6.2 allows surface expres-
sion of the pore. KIR6.2vvC35 channels display V7-fold lower
maximal open probability, V35-fold reduced ATP sensitivity,
reduced mean open time, a markedly increased transition rate
from a burst into a long-lived closed state, and have no
counterpart in vivo. SUR1 and SUR2A restore wild-type
bursting, ATP sensitivity and increase channel density in the
plasma membrane. The high IC50�ATP� of V4 mM for
KIR6.2vvCK185Q channels results from the additive effects of
SUR removal and KIR6.2 modification. The results demonstrate
allosteric interaction(s) are essential for normal intrinsic activity,
ATP inhibition, and trafficking of KATP channels.
z 1999 Federation of European Biochemical Societies.

Key words: Allosterism; ATP-sensitive potassium channel;
SUR1; SUR2A; Tra¤cking

1. Introduction

ATP-sensitive K� channels link changes in metabolism to
membrane excitability in a variety of cells. These channels are
heteromultimers of a K� inward recti¢er, KIR6.x, and a sul-
fonylurea receptor, SURx, an ATP binding cassette protein
[1^4] assembled with an octameric stoichiometry, (SURx/
KIR6.x)4 [2]. Both subunits are required to assemble native
channels, for example KIR6.2 and SUR1 form the KATP chan-
nels from pancreatic L-cells [5] while KIR6.2 and SUR2A com-
prise the cardiac sarcolemmal channels [6,7]. Recent reports
[2,8,9] have shown that KIR6.2 forms the pore of the channel
while SUR serves a regulatory role conferring sensitivity to
sulfonylureas, potassium channel openers and activation by
MgADP, the proposed physiologic regulator [10]. The failure
of mutations in the NBFs of SUR to a¡ect the nucleotide
inhibition of KATP channels and the observation that expres-
sion of KIR6.2 in the absence of SUR, either as C-terminally
truncated proteins [9] missing an endoplasmic reticulum (ER)
retention signal [11] or by strong over-expression [12], can
generate an ATP-sensitive K� conductance has led to the
idea that SUR may not play an important role in the ATP
inhibition of channel activity [9]. On the other hand, the ATP
sensitivity of the homomeric channels is markedly reduced,
being 20^40-fold lower for KIR6.2vC35 vs. SUR1/KIR6.2
channels [9,13,14], indicating that SUR modi¢es the apparent
sensitivity to inhibitory ATP. A comparison of the reported
ATP sensitivity of recombinant SUR2A/KIR6.2 channels [6]
with the IC50 of homomeric KIR6.2vC channels, V0.1 mM

[9], furthered speculation that SUR might not have a critical
role in channel inhibition by ATP. There is ample reason to
question this view: more recent work [7] comparing the
steady-state ATP inhibition of native human cardiac and re-
combinant human SUR2A/KIR6.2 channels has shown that
the reports of the apparent IC50�ATP� V0.1 mM for native
and recombinant cardiac KATP overestimated this value by
at least a factor of four for a variety of reasons. This implies,
as we show here, that SUR2A, like SUR1, will markedly
increase the sensitivity of KIR6.2 channels to ATP. Similarly,
while mutations in KIR6.2vC subunits can clearly attenuate
ATP inhibition by poorly understood mechanisms, larger ef-
fects observed in the homomeric channels, as shown in this
report, are the result of the additive e¡ects of the KIR6.2
mutation and the removal of SUR. The data imply that allo-
steric interactions between the receptor and KIR determine
spontaneous bursting and the apparent a¤nity of KATP chan-
nels for ATP.

Are homomeric KIR6.2 channels physiologically relevant?
This question is di¤cult to resolve for all pathological con-
ditions, but there are two cases where their presence should be
detectable, in the L-cells of patients with persistent hyperinsu-
linemic hypoglycemia of infancy (PHHI) and in SUR1 knock-
out mice. In both cases there is a lack of detectable ATP-
inhibited K� currents [15,16] consistent with the idea that
KIR6.2 is retained in the ER in the absence of a functional
SUR. We have used single channel recording to compare hu-
man KIR6.2vC35 channels with and without SURs and ¢nd
that the Pomax, the density in the plasma membrane, the mean
open time, the mean burst duration, and the apparent sensi-
tivity to inhibitory ATP for the homomeric KIRs are signi¢-
cantly lower than those of heteromeric channels. The currents
observed in cells expressing homomeric KIR6.2 channels have
no known counterpart in vivo. The results indicate that the
functions of SUR and KIR6.2 are tightly integrated and raise
the question of whether surface expression of KIR6.2 alone is
deleterious to cell function.

This work was presented originally at the 42nd annual
meeting of the Biophysical Society [14].

2. Materials and methods

2.1. Molecular biology
The last 35 amino acids of human KIR6.2 were deleted using PCR

primers designed to introduce a termination codon at the desired
position. The K185Q mutation was introduced into KIR6.2 or
KIR6.2vC35 using overlapping PCR primers. These were combined
with appropriate £anking forward and reverse primers including
unique restriction enzyme sites. Two ampli¢cations were carried out,
the ¢rst set of reactions matched the forward and reverse £anking
primers with the appropriate overlapping primer. The resulting PCR
products were puri¢ed by agarose gel electrophoresis, mixed and used
as the template for the second PCR reaction with the £anking
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primers. The product of the second reaction was cut with an appro-
priate pair of restriction enzymes and used to replace the correspond-
ing wild-type fragment. All the PCR products and restriction sites
were sequenced to verify the constructions.

2.2. Transfection and cultivation of cells for electrophysiological
experiments

Approximately 1.8U105 COSm6 cells per 35 mm dish were trans-
fected with 1 Wg of SUR plasmid and/or 1 Wg of the wild-type or
modi¢ed KIR6.2 plasmid, and 0.5 Wg of a GFP (pGreen Lantern-1,
Life Technologies, Baltimore, MD) plasmid. Transfections were done
using FuGene6 following the manufacturer's directions (Boehringer
Mannheim, Indianapolis, IN). Transfected cells were cultured over-
night, trypsinized and replated on glass cover slips. Cells expressing
GFP as a marker were selected for analysis.

2.3. Patch-clamp recording and single-channel kinetics analysis
The currents through reconstituted KATP channels were recorded in

inside-out con¢gurations of the patch-clamp technique at 23^24³C, as
described previously [7,17]. Pipettes ¢lled with the quasi-physiological
external solution containing (mM): NaCl 140, KCl 5, MgCl2 1, CaCl2
1, HEPES 10, pH 7.4 (NaOH), or the K�-rich external solution con-
taining: KCl 145, MgCl2 1, CaCl2 1, HEPES 10, pH 7.4 (KOH) had
resistance of 4^8 M6. Smaller pipettes were used in some experiments
to record single channel currents. The internal, nominally Mg2�-free,
solution containing: KCl 140, EDTA 5, HEPES 5, KOH 10, pH 7.2
(KOH) was used as control bath solutions. ATP disodium salt, glib-
enclamide, and other compounds were from Sigma (St. Louis, MO).

Bathing solutions were applied using a programmable RSC-200 rapid
solution changer (Biologic Inc, Claix, France), and quasi-steady-state
ATP inhibition was estimated as described previously [7]. Under ex-
perimental conditions used we observed stable sensitivity to inhibitory
ATP (s 30 min long recordings with the repetitively applied dose-
response protocol were performed for majority of patches). For single
channel kinetics analysis, we only accepted patch current records with
no superimposed openings where the cumulative Po increased linearly
for more than 30 s in a continuous recording activated immediately
after patch isolation. In the case of heteromeric channels displaying
Po s 0.5, these criteria were su¤cient to be con¢dent that we were
analyzing a single channel without signi¢cant run-down. In the case
of homomeric channels that display low activity, we applied an
additional statistical test to evaluate the probability of our observing
n number of openings, without superimposed events, if we had N (two
or more) independent equivalent channels with mean open time, tO,
that was signi¢cantly smaller than the mean closed time, tC.
This probability PWZn, where ZW[1+(tO(N31)/(tCN))]31 [18], was
6 10310 for all of the records accepted for kinetic analysis; thus the
probability of overestimating Po was negligible. Dwell time distribu-
tions were constructed and the burst analysis at di¡erent burst criteria
was performed as described previously [7,19^21].

2.4. Expression of data
Averaged data were expressed as means þ S.E.M. for nv 5 with

error bars equal to S.E.M. unless otherwise noted. Signi¢cance was
evaluated using the Student's t-test; di¡erences with values of
P6 0.05 were considered to be signi¢cant.
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Fig. 1. Homomeric KIR6.2vC35 channels display low activity and low ATP sensitivity that are restored to those of KATP channels by co-assem-
bly with SUR1. A, B, and C: Currents through single KIR6.2vC35, SUR1/KIR6.2, and SUR1/KIR6.2vC35 channels, respectively, along with
their corresponding all-points current amplitude histograms (shown on the right) and maximal Po values. Inside-out patches were isolated in
the control internal solution with the quasi-physiological external solution in the pipette and held at 0 mV. The maximal Po value was esti-
mated from a double-Gaussian ¢t to an all-points current amplitude histogram constructed from a continuous segment of record activated im-
mediately after patch excision (a V2 s long fragment of the segment is shown at an expanded time scale). Here and in the following ¢gures,
upward de£ection of the current trace corresponds to outward current, and the horizontal dotted lines show the level of current when all KATP

channels are closed. Glib, glibenclamide.
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3. Results and discussion

Fig. 1A shows a representative record of current through a
single human KIR6.2vC35 channel. The maximal open prob-
ability (Pomax) of the KIR6.2vC channels, immediately after
isolation of an inside-out patch into a nucleotide-free solution,
is markedly lower than that of the human SUR1/KIR6.2 KATP

channel (Fig. 1B), 0.09 þ 0.01 vs. 0.69 þ 0.01 (n = 4 for both
channels, with the last value close to that estimated indirectly
using macro-current noise analysis [8]). Co-assembly with
SUR1, which was veri¢ed by determining the sensitivity of
the channels to glibenclamide (Fig. 1C), nearly restores the
normal Pomax (0.49 þ 0.08; n = 3), bursting pattern, and sensi-
tivity to inhibitory ATP (see also Fig. 4). Kinetic analysis of
inward currents through single KIR6.2vC35 channels (Fig.
2A) shows that the reduced Pomax of the homomeric channels
is the result of a marked increase in the percentage of long-
lived closures. The mean lifetime of the short-lived gaps is not

signi¢cantly a¡ected (dCf = 0.25 þ 0.03 ms in Fig. 2B vs.
0.22 þ 0.02 ms for the wild-type channel at 340 mV); how-
ever, the mean open time of the pore is reduced V2.2-fold in
the absence of SUR (dO = 1.38 þ 0.09 ms in Fig. 2C vs.
3.01 þ 0.21 ms for the wild-type channel) indicating SUR af-
fects the ATP-independent intraburst kinetics [22] which are
dependent on the K� driving force [23,24]. Analysis of spon-
taneous bursting, a prominent feature of KATP channels,
shows a large reduction in the mean number of openings in
the burst suggesting the homomeric channels have a higher
rate of transition out of a burst (Table in Fig. 2D). Similar
`£ickery' currents, with dOV1 ms, have been observed in mul-
ti-channel patches from HEK293 cells over-expressing full-
length KIR6.2 [12]. The single channel kinetic analysis shows
a clearly distinct mode of gating in the homomeric vs. hetero-
meric KATP channels. On average the mean burst duration for
either L-cell or cardiac KATP channels [7,19,21] is 10^100
times longer than observed here for the homomeric channels.

FEBS 21574 22-2-99

Fig. 2. Single channel kinetics of homomeric KIR6.2vC channels. A: A record of inward current through a single KIR6.2vC35 channel with the
K�-rich external pipette solution at 340 mV. B: Closed time distribution ¢t with a sum of two exponent where dCf and dCs de¢ne the fast and
slow components respectively. The inset shows a plot of the relative total time the channel spent in a closed state vs. the duration of the state.
C: Open time histogram ¢t with a single-exponential function with time constant dO, and a plot of the relative total time the channel spent in
an open state vs. the duration of the state (inset). D: Results of burst analysis applying variable burst criteria.
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The results demonstrate that co-assembly with SUR increases
the stability of the open state V2.2-fold and markedly re-
duces the rate of transition to an interburst closed state.
The restoration of wild-type kinetics by SUR indicates there
are allosteric interactions between the regulatory subunit and
KIR6.2 that convert the poorly operational KIR into the nor-
mal high Pomax KATP channel.

The estimated Pomax values for homomeric, heteromeric
SUR1/KIR6.2vC and wild-type channels were used to examine
whether co-expression with SUR1 would a¡ect the density of
channels in the plasma membrane. NPo values were estimated
from ATP-inhibited currents (Fig. 3A) in inside-out patches
from identically transfected cells using conditions designed to
avoid outward currents through other channels [7]. The cur-
rents in patches from cells co-expressing SUR1 and
KIR6.2vC35 were equally inhibited by ATP and glibenclamide
showing that the observed currents were through heteromeric
channels. As shown in Fig. 3B, the relative NPo values, nor-
malized to the wild-type value, were 0.012 þ 0.001 and
0.4 þ 0.039 for the KIR6.2vC35 and SUR1/KIR6.2vC35 chan-
nels respectively. Thus co-expression with SUR1 increases the

relative N of KIR6.2vC35 based channels V7-fold to V60%
of the wild-type value. Together the reduced intrinsic activity
and the reduced density of the homomeric channels account
for the relatively low level of KIR6.2vC channel macro-cur-
rents we observe and reported by others [9]. The increased
channel density suggests SUR either facilitates transit to the
plasma membrane and/or slows their recycling to an interior
compartment thus increasing their steady-state density. The
data are consistent with our initial observations [2] that co-
expression of SUR1 with KIR6.x caused altered glycosylation
of the receptor and demonstrated that SUR1 tra¤cked poorly
to the cell surface in the absence of KIR6.x. The lack of K�

currents similar to homomeric KIR6.2 channels in PHHI L-
cells and in L-cell from SUR1 null mice [15,16] implies that
KIR6.2 tra¤cks poorly to the cell surface in the absence of a
functional SUR, in agreement with the recent discovery of an
ER retention signal on the C-terminus of KIR6.2 [11].

Fig. 4A provides examples of records showing the ATP
inhibition of KIR6.2vC, wild-type, and SUR1/kir6.2K185Q

channels. Fig. 4B shows that homomeric KIR6.2vC35 chan-
nels are inhibited by ATP with an IC50 of 221 þ 12.1 WM while
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Fig. 3. SUR1 increases the density of KIR6.2vC35 pores in the plasma membrane. A: Currents in inside-out patches from COSm6 cells trans-
fected with KIR6.2vC35 without SUR1, KIR6.2 with SUR1, or KIR6.2vC35 with SUR1, recorded under the same experimental conditions as in
Fig. 1A^C. In these experiments the ratio of SUR1 to KIR plasmids was 4:1. B: The relative NPo values for each type of channel. Twenty-sev-
en patches from nine triplets of cells from three independent transfections using three di¡erent combinations of plasmids were compared.

C
Fig. 4. E¡ects of SURs and the K185Q mutation on ATP-inhibition of KATP channels. A: Representative examples of the ATP dose responses
for di¡erent channels taken as described previously [7] using the experimental conditions as in Fig. 1A. B: Semi-logarithmic plots of normalized
channel activity vs. [ATP] for all channels examined. At least ¢ve di¡erent patches were examined for each channel type (error bars = S.E.M.)
The corresponding apparent IC50�ATP� þ error (in WM) with pseudo-Hill coe¤cients were estimated from ¢ts of a conventional pseudo-Hill func-
tion to the averaged relative NPo obtained from measurements of quasi-steady-state NPo at di¡erent [ATP] for each channel type as marked:
solid circle and thick solid line for SUR1/KIR6.2, 5.9 þ 0.5; solid square and thin solid line for SUR2A/KIR6.2, 23.4 þ 2.6; open up triangle and
thin dashed line for KIR6.2vC35, 221.1 þ 12.1; open square and thin dotted line for SUR2A/KIR6.2vC35, 42.7 þ 4.5; solid up triangle and thick
dashed line for SUR1/KIR6.2vC35, 29.8 þ 1.9; solid down triangle and thick dashed line for SUR1/KIR6.2K185Q, 262.7 þ 21.9; open diamonds
and thick dotted line for KIR6.2vC35K185Q, 4123.8 þ 570.3; solid diamonds and thin dash-dotted line for SUR1/KIR6.2vC35K185Q, 897.2 þ 113.1.
The pseudo-Hill coe¤cients for all of these channels were not signi¢cantly di¡erent from 1. C: A semi-logarithmic plot of the IC50�ATP� vs.
maximal Po for a number of di¡erent mutants summarizing the points discussed in the text. The open and solid symbols (consistent with their
designation in B) give the values for the homomeric and heteromeric channels respectively. The di¡erent line styles correspond to di¡erent mod-
i¢cations indicated. The alphabetical symbols mark similar channels characterized by others: a: KIR6.2 channel [12] ; b: KIR6.2vC26 and c:
KIR6.2vC26K185Q [25].
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the heteromeric channels assembled with KIR6.2 or KIR6.2vC
are all signi¢cantly more sensitive (e.g. the IC50�ATP� = 5.9 þ
0.5 WM for the SUR1/KIR6.2 channel). This includes the
SUR2A/KIR6.2 channels (23.4 þ 2.6 WM; see also [7]) and
SUR2A/KIR6.2vC35 channels (42.7 þ 4.5 WM). This result
eliminates the previous speculation that the SUR2 receptor
does not have a role in determining the ATP sensitivity of
the cardiac channel [9]. Note that while the K185Q mutation
in the KIR6.2vC channels increases their IC50�ATP� to s 4 mM
(see also [9]), co-assembly with SUR1 increases the apparent
ATP sensitivity giving an IC50�ATP� for the SUR1/KIR6.2K185Q

channels which is close to that of the unmutated homomeric
channels (262.7 þ 21.9 vs. 221.1 þ 12.1 WM). Thus modi¢cation
of KIR6.2 and SUR removal make additive contributions to
yield the markedly reduce ATP sensitivity of the mutant ho-
momeric channel. Fig. 4C summarizes our data in the form of
a map of maximal Po vs. IC50�ATP�. In all of the channels
tested, and in similar channels reported elsewhere, the remov-
al of SUR1 has two major e¡ects, reducing the maximal Po

and increasing the IC50�ATP�. The higher IC50 values observed
in the mutant homomeric channels are the result of the addi-
tive e¡ects of not having SUR present and of the mutations.
Note that the correlation of an increase in the Pomax with a
decrease in IC50�ATP� observed when KIR6.2 is assembled with
an SUR is the opposite of the trend reported ¢rst for the
N160D substitution [8] and seen for other mutations of
KIR6.2 that alter gating [13,25,26]. Since KIR6.2 in the absence
of SUR spends more time in a long-lived closed state which
others have argued binds inhibitory ATP [13,26], and SUR
increases the Pomax mainly by shortening the interburst inter-
val, this negative correlation between the Pomax and IC50�ATP�
implies SUR either increases the a¤nity of an ATP binding
site on KIR6.2 in the interburst closed state and/or improves
the linkage between the binding site and the gate thus ampli-
fying the e¡ect of ATP binding. An alternative to this allo-
steric mechanism is that SUR and KIR6.2 co-assemble a
shared ATP binding site and that this shared site has a slightly
higher a¤nity for ATP in the L-cell vs. the cardiac KATP

channel. Biochemical measurements of ATP binding will be
required to distinguish these possibilities.

In summary, SUR is required for e¤cient tra¤cking of
KIR6.2 to the plasma membrane and determination of the
maximal Po and apparent sensitivity of physiologically rele-
vant KATP channels. We are aware of no description of K�

currents that resemble those recorded from cells expressing
KIR6.2vC, or over-expressing KIR6.2 subunits. It appears
that cells have evolved a mechanism(s) that couples tra¤cking
with channel assembly whereby incompletely assembled chan-
nels to do reach the cell surface. This mechanism(s) appears to
insure that KIR6.2 subunits are not expressed in the plasma
membrane without SUR, and if they are, that the resulting
homomeric channels will be poorly operational. The reason
for this is unclear, but we have observed greater death of cells
transfected with KIR6.2vC vs heteromeric wild-type channels,
presumably the result of the increased energy consumption
associated with unregulated K� e¥ux.
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In beta cells from the pancreas, ATP-sensitive potas-
sium channels, or KATP channels, are composed of two
subunits, SUR1 and KIR6.2, assembled in a (SUR1/
KIR6.2)4 stoichiometry. The correct stoichiometry of
channels at the cell surface is tightly regulated by the
presence of novel endoplasmic reticulum (ER) retention
signals in SUR1 and KIR6.2; incompletely assembled
KATP channels fail to exit the ER/cis-Golgi compart-
ments. In addition to these retrograde signals, we show
that the C terminus of SUR1 has an anterograde signal,
composed in part of a dileucine motif and downstream
phenylalanine, which is required for KATP channels to
exit the ER/cis-Golgi compartments and transit to the
cell surface. Deletion of as few as seven amino acids,
including the phenylalanine, from SUR1 markedly re-
duces surface expression of KATP channels. Mutations
leading to truncation of the C terminus of SUR1 are one
cause of a severe, recessive form of persistent hyperin-
sulinemic hypoglycemia of infancy. We propose that the
complete loss of beta cell KATP channel activity seen in
this form of hyperinsulinism is a failure of KATP chan-
nels to traffic to the plasma membrane.

In pancreatic beta cells, the high affinity sulfonylurea recep-
tor, SUR11, and the potassium inward rectifier, KIR6.2, com-
bine to form octameric ATP-sensitive potassium channels,
KATP channels, that link glucose metabolism to membrane
potential (1–5). These channels play a key role in the regulation
of insulin secretion, and loss of KATP channel activity has been
shown to cause a severe, recessive form of congenital or neo-
natal hyperinsulinism, designated HI-SUR1 or HI-KIR6.2, de-
pending on which subunit harbors the mutation (5). KIR6.2
forms the channel pore that is regulated by SUR1, and both
subunits are required to form a fully functional channel sensi-
tive to ATP, MgADP, sulfonylureas, and potassium channel
openers (for reviews, see Refs. 4–7). C-terminal truncated
KIR6.2 subunits generate homomeric K1 channels, (KIR6.2DC)4,
in the absence of SUR1 that have the correct conductance and
are weakly inhibited by ATP but have altered kinetics and lack

the other properties of wild-type KATP channels (8–10). Zer-
angue et al. (11) have identified a novel endoplasmic reticulum
retention (ER) or retrograde signal in the C terminus of KIR6.1
and in KIR6.2. The same motif is found in SUR1 and SUR2 on
the N-terminal side of NBF1. Deletion or mutation of the KIR

signal permits surface expression of KIR subunits without
SUR1, whereas mutation of the SUR1 signal gives surface
expression without a KIR. These signals are proposed to serve
as a quality control mechanism that ensures only the surface
expression of properly assembled octameric channels (11). We
show here that there is an additional level of regulation of
trafficking; the C terminus of SUR1 has an anterograde signal
that is required for surface expression of KATP channels. The
deletion of this anterograde signal can account for the loss of
channel activity in some HI-SUR1 mutations.

EXPERIMENTAL PROCEDURES

The hamster SUR1 cDNA (1), encoding 1582 amino acids, in the
pECE vector (12) was truncated by introducing stop codons at positions
1581 (SUR1DC2), 1579 (SUR1DC4), 1576(SUR1DC7), 1570(SUR1DC13),
1561(SUR1DC22), and 1534(SUR1DC49) using conventional polymer-
ase chain reaction. The amino acid substitutions, V1578A, F1574A,
L1567A, L1566A, and D1561A, were introduced by double-overlap po-
lymerase chain reaction using overlapping mutagenic primers. PECE-
N-6X-hisSUR1 and pECE-N-6X-hisSUR1DC49 were generated as described
previously (3). Two copies of the myc-epitope were inserted in the first
extracellular loop after the first nucleotide binding fold using a unique
Bpu1102 site and the following phosphorylated oligonucleotides: for-
ward, 59-P TCA GCG GTG AGC AGA AAC TAA TTT CTG AGG AGG
ACT TAG GGC; and reverse, 59-P TGA GCC CTA AGT CCT CCT CAG
AAA TTA GTT TCT GCT CAC CGC. Multiple clones were picked and
sequenced to identify one containing two copies of the c-myc epitope.
Mouse KIR6.2 (2), the kind gift of Dr. Susumu Seino (Chiba University,
Chiba Japan), was subcloned into the pECE vector before use.
KIR6.2DC35 was generated as described (10). All constructs were se-
quenced to confirm the introduction of the desired mutation.

COSm6 cells were cultured and transfected as described previously
(1, 3). Rubidium efflux assays to measure specific glibenclamide-inhib-
ited efflux were done as described (3, 13).

Membranes were prepared from transfected COSm6 cells grown on
150-mm plates. Cells were washed twice with PBS, pH 7.4, and col-
lected by incubating at 4 °C with PBS supplemented with 2 mM EDTA.
The cells were pelleted, resuspended in 200–1000 ml of hypotonic buffer
(5 mM Tris-HCl, 2 mM EDTA, 0.1 M NaCl, pH 7.4) and allowed to swell
for 40 min on ice. Cells were homogenized, centrifuged at 1000 3 g for
10 min at 4 °C. For further purification, the supernatant was collected
and centrifuged at 40,000 3 g for 60 min. The pelleted membranes were
resuspended in 300 ml of membrane buffer supplemented with protease
inhibitors (CompleteTM, Roche Molecular Biochemicals) (50 mM Tris-
HCl, 5 mM EDTA; pH 7.4) and stored at 280 °C. The protein concen-
trations varied from 2–5 mg/ml. Membranes were photolabeled with
125I-iodoazidoglibenclamide, kindly provided by Professor Uwe Panten
(University of Braunschweig, Braunschweig, Germany), as described
(3, 14).

The appearance of SUR1 at the cell surface was quantified using a
luminometer-based assay to measure SUR1c-myc. Transfected COSm6
cells were gently washed in Kreb’s Ringer PBS and incubated for 1 h at
25 °C with the mouse monoclonal IgG1 c-myc antibody (9E10, Santa
Cruz Biotechnology) diluted in Dulbecco’s modified Eagles’ medium

* This work was supported by Juvenile Diabetes Foundation Inter-
national Grant 397003 (to A. P. B.), by National Institutes of Health
Grants DK44311 and DK52771 (to J. B.), and by grants from the Amer-
ican Diabetes Association and the Houston Endowment (to L. A.-B.).
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

¶ To whom correspondence should be addressed: Div. of Endocrinol-
ogy, 537E, Baylor College of Medicine, 1 Baylor Plaza, Houston, TX
77030. Tel.: 713-798-3462; E-mail: lbryan@bcm.tmc.edu.

1 The abbreviations used are: SUR1, high affinity sulfonylurea recep-
tor; ER, endoplasmic reticulum; KATP channel, ATP-sensitive potas-
sium channel; KIR, potassium inward rectifier; PBS, phosphate-buff-
ered saline; Endo H, endoglycosidase H; IC50(ATP), IC50 for ATP.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 274, No. 29, Issue of July 16, pp. 20628–20632, 1999
© 1999 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org20628

 by guest on O
ctober 27, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


plus 10% fetal bovine serum to a concentration of 0.3 mg/ml. After
incubation, the cells were washed 3–4 times with Tris-buffered saline
containing 1 mM CaCl2 and 1 mM MgCl2 and incubated with horserad-
ish peroxidase-conjugated goat anti-mouse IgG. The cells were detached
using calcium and magnesium-free Tris-buffered saline plus 2 mM

EDTA, pelleted, and resuspended in PBS containing 1 mM CaCl2 and 1
mM MgCl2. Chemiluminescence was quantified in aliquots of cells with
a Lumat 9507 (EG&G Berthold) using Luminol (Santa Cruz Biotech-
nology) as the horseradish peroxidase substrate.

Immunoprecipitation was done using membranes from transfected
COSm6 cells labeled with 125I-azidoglibenclamide and solubilized with
60 mM of N-dodecyl-b-D-maltoside and 500 mM NaCl for 1 h at 4 °C with
continuous rocking. Following centrifugation at 40,000 3 g for 30 min,
the supernatant was incubated overnight with an agarose-conjugated
His-probe (rabbit polyclonal IgG antibodies, H-15, Santa Cruz Biotech-

nology). The beads were pelleted at 10,000 3 g and washed 4–5 times
with membrane buffer, and proteins were released from the beads in 30
ml of SDS loading buffer and resolved on 7.5% SDS-polyacrylamide gels.

The currents through and surface density of reconstituted KATP

channels were measured in the inside-out configuration using the
patch-clamp technique at 23–24 °C as described previously (10, 15).

RESULTS

Deletion of the C terminus of SUR1 affects KATP channel
activity measured here by a 86Rb1 efflux assay. The SUR1DC2
and DC4/KIR6.2 channels show glibenclamide-inhibited 86Rb1

efflux attributable to KATP channels which is comparable with
wild-type channels (Fig. 1A); the SUR1DC7/KIR6.2 channels
show approximately a 50% decrease in activity, while a com-
plete loss of activity is observed for the SUR1DC13, DC22, and
DC49/KIR6.2 channels. The results suggest that the last 5 to 13
amino acids of the C terminus of SUR1 are essential for obtain-
ing channel activity. To determine whether the SUR1 C termi-
nus was masking the ER retention signal on KIR6.2 (11), we
co-expressed the SUR1DC constructs with KIR6.2DC35 missing
35 residues from its C terminus (10). There were no significant
differences in the rates of 86Rb1 efflux between the SUR1DC/
KIR6.2 versus SUR1DC/KIR6.2DC35 channels (Fig. 1A), indicat-
ing that the loss of channel activity resulting from deletion of
the C terminus of SUR1 does not depend on the presence of the
ER retention signal on KIR6.2.

SUR1 is differentially glycosylated, exhibiting a mature or
complex glycosylated form (150–170 kDa) and an immature or
core glycosylated form (140 kDa) (3, 16). Mature SUR1 is pres-
ent only when the receptor is co-expressed with KIR6.1 or
KIR6.2 and has been shown to assemble with KIR6.2 to form
active KATP channels in the plasma membrane (3). The mature
receptor is resistant to Endo H, whereas the immature, core
glycosylated species is deglycosylated to a 137-kDa species
(data not shown). Endo H removes high mannose oligosaccha-
ride chains that are added in the ER, thus the appearance of an
Endo H-resistant form indicates processing of the oligosaccha-
rides beyond the cis-Golgi. Co-expression of SUR1DC2 or DC4
with KIR6.2 yields both the immature and mature glycosylated
forms of SUR1 as shown in Fig. 1B using 125I-iodoazidogliben-
clamide to identify the receptors. SUR1DC7, DC13, DC22, and
DC49 show essentially a complete lack of complex glycosyla-
tion. The results are consistent with either a defect in the
processing of oligosaccharides on the C-terminal truncated re-
ceptors, with a failure of the receptors to traffic to the medial
Golgi apparatus and thus the cell surface, or with a failure of
subunits to co-assemble.

We used luminometry to quantify the appearance of
SUR1c-myc at the cell surface (Fig. 1C). The results confirm the
observation that co-expression of SUR1 and KIR6.2 markedly
increases their surface expression (11). Co-expression of KIR6.2

FIG. 1. Analysis of KATP channels assembled from KIR6.2 and
SUR1DC subunits. A, relative KATP channel activity determined by
measuring the glibenclamide-inhibited efflux of 86Rb1 from COSm6
cells transfected either with wild-type KIR6.2 (open bars) or KIR6.2DC35
(striped bars) and the indicated SUR1DC constructs. The data are
expressed as a percentage of the value obtained with full-length SUR1.
B, comparison of the relative amounts of mature and immature recep-
tors produced by expression of the SUR1DC constructs with KIR6.2. The
large and small arrows show the positions of the mature and immature
forms of the receptors, respectively. The receptors were identified, in
isolated membrane preparations, by specific photolabeling with 3 nM
125I-iodoazidoglibenclamide. The 1 and 2lanes are photolabeling reac-
tions done in the presence and absence of 1 mM unlabeled glibenclamide,
respectively. C, surface expression of SUR1c-myc in the presence (filled
bars) and absence (open bars) of wild-type KIR6.2. The dotted line is an
average value for the endogenous peroxidase activity in COSm6 cells
which have not been transfected. The measurements were done as
described under “Experimental Procedures”; the data are expressed as
relative light units (RLU) per mg of protein. The error bars are S.D.;
measurements were done in triplicate.

FIG. 2. SUR1DC subunits assemble with KIR6.2. Left panel, full-
length SUR1, SUR1DC49, and SUR1DC221 receptors and KIR6.2 were
co-photolabeled with 125I-iodoazidoglibenclamide in the presence (1) or
absence (2) of 1 mM glibenclamide, respectively. In the D49 1 6.2 lane
note the absence of mature receptor and the specific labeling of KIR6.2.
Right panel, co-immunoprecipitation, Co-IP, of N-hisSUR1DC49 and
KIR6.2 using anti-his tag antibodies. SUR 5 full-length SUR1; D49 5
SUR1DC49; D221 5 SUR1DC221; 6.2 5 KIR6.2; cont 5 SUR1 with no
his tag.
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with full-length SUR1c-myc produced the greatest differential.
The SUR1DC2c-myc and DC4c-myc constructs give ; 60% of this
increase, whereas further deletions reduced surface expression
to background values. The loss of surface expression observed
with C-terminal deletion parallels the loss of mature SUR1
(Fig. 1B) and KATP channel activity (Fig. 1A). The results are
consistent with a failure of the C-terminal deleted receptors to
traffic beyond the cis-Golgi to the plasma membrane.

To determine whether KIR6.2 and the SUR1DC subunits
were co-assembling, we tested whether the inward rectifier
would photolabel with 125I-azidoglibenclamide and co-immuno-
precipitate when expressed with the truncated receptors. Fig. 2
(left panel) shows that when SUR1DC49 or SUR1DC221 are
co-expressed with KIR6.2, both the receptor and inward recti-
fier are photolabeled consistent with their physical association
with SUR1. We have previously shown that the inward rectifier
alone does not label (3). Comparison with the wild-type control
indicates that the mature form of the receptor is absent in both
cases. The right panel in Fig. 2 demonstrates that the trun-

cated receptor and inward rectifier co-assemble. When
N-6X-hisSUR1DC49, tagged with six histidine residues at its
N terminus, is co-expressed with KIR6.2, the inward rectifier
labels with 125I-iodoazidoglibenclamide and can be co-immuno-
precipitated using anti-histidine tag antibodies (Fig. 2, Co-IP).
The results indicate the C-terminal truncated receptors can
assemble with KIR6.2 but then fail to traffic into the Golgi and
plasma membrane.

To determine which amino acids in the C terminus of SUR
are important, we compared the distal 25 amino acids of SUR1,
SUR2A, and SUR2B (Fig. 3A). The amino acids 24, 22, 17, 9,
and 5 residues from the C-terminal were conserved, whereas
amino acid 16 was one of a dileucine pair. We engineered
alanine substitutions at positions Val-1578, Phe-1574, Leu-
1567, Leu-1566, and Asp-1561 in SUR1c-myc, co-expressed them
with KIR6.2, and analyzed their channel activity and surface
expression. As shown in Fig. 3, B and C, substitution of alanine
at positions Phe-1574 and Leu-1566 gave parallel reductions in
KATP channel activity measured as glibenclamide-inhibited ef-
flux and in surface expression measured by the appearance of
the myc tag. Companion experiments indicate there is a par-
allel decrease in maturation of the receptor (data not shown).

Single channel recordings of the SUR1F1574A/Kir6.2 channels
(Fig. 4) shows that their ATP sensitivity is similar to wild-type
channels (IC50(ATP) 5 8.9 6 03 mM versus 6.9 6 03 mM for wild
type (WT)), but their surface density (N) is ;5–6 times lower
than that of the wild-type, consistent with the 86Rb1 efflux and
surface expression results. We conclude that amino acids Phe-
1574 and Leu-1566 are a part of an anterograde trafficking

FIG. 3. Alanine substitutions in the C terminus of SUR1 affect
the surface expression of KATP channels. A, alignment of the C-
terminal 25 amino acids of hamster and human SUR1 with mouse and
human SUR2A and -2B; the conserved residues and dileucine pair are
in bold face. B, relative KATP channel activity determined by measuring
the glibenclamide-inhibited efflux of 86Rb1 from COSm6 cells trans-
fected with wild-type KIR6.2 and the indicated myc-tagged SUR1 mu-
tant constructs. C, surface expression of the myc-tag in the presence
(filled bars) and absence (open bars) of wild-type KIR6.2 for the same
constructs. The data are expressed as relative light units (RLU) per mg
of protein. The error bars are S.D.; measurements were done in
triplicate.

FIG. 4. Analysis of currents through wild-type and SUR1F1574A/
KIR6.2 channels. Potassium currents through excised patches from
COSm6 cells transfected with KIR6.2 plus wild-type SUR1, top trace, or
SUR1F1574A, bottom trace, were recorded as described (15). The quasi-
steady state sensitivity to inhibitory ATP was estimated as described
(15). The relative NPo values versus [ATP] for the wild-type channels
(filled circles) and SUR1F1574A/KIR6.2 channels were fit to a pseudo-Hill
equation. The values obtained were: IC50(ATP) 5 6.9 6 0.3 (h 5 1.05)
versus 9.1 6 0.3 (h 5 1.1) for the wild-type versus SUR1F1574A/KIR6.2
channels, respectively.
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signal that is required for the surface expression of KATP

channels.

DISCUSSION

These results identify an export or anterograde signal on the
C terminus of the sulfonylurea receptor, SUR1, which is re-
quired for surface expression of ATP-sensitive potassium chan-
nels. The anterograde signal and the recently described
“2RKR2” endoplasmic reticulum retention, or retrograde, sig-
nal in SUR and in the C termini of KIR6.1 and KIR6.2 are
summarized schematically in Fig. 5. These signals act as a
quality control mechanism to ensure that only fully assembled,
octameric ATP-sensitive potassium channels reach the plasma
membrane.

The results are consistent with our previous observations on
glycosylation of the receptor. The mature, complex glycosylated
receptor is Endo H-resistant, whereas the immature, core-
glycosylated receptor is Endo H-sensitive. The Endo H resist-
ance of mature SUR1 indicates it has been transported from
the ER and cis-Golgi to the medial and trans-Golgi where
further processing takes place. The mature receptor has been
shown to be associated with KIR6.2 as a large octameric com-
plex consistent with its being in active KATP channels on the
cell surface (3). Their Endo H sensitivity indicates the imma-
ture, core glycosylated receptors are retained in the ER and
cis-Golgi and do not undergo further processing. Expression of
SUR1 without KIR6.1 or KIR6.2 produces the immature form of
the receptor (3). This is consistent with the observed lack of
surface expression of SUR1 in Xenopus oocytes (11) and in
COSm6 cells (Fig. 1C) unless KIR6.1 or KIR6.2 are present and
indicates the retrograde signals must be masked before the
assembled channels can exit the ER and cis-Golgi. Deletion of
as few as seven residues from the C terminus of SUR1 reduces
the amount of mature receptor, the level of surface expression,
and the density of KATP channels when the receptor is ex-
pressed with KIR6.2. Co-photolabeling of SUR1 and KIR6.2 with
125I-iodoazidoglibenclamide and co-immunoprecipitation of the
two subunits indicates they can assemble, which suggests the C
terminus of SUR is not required for subunit association. Anal-
ysis of the currents from SUR1F1574A/KIR6.2 channels indicates
they retain normal sensitivity to ATP, but the density of chan-
nels is reduced. Expression of KIR6.2DC subunits with
SUR1DC subunits does not lead to surface expression of chan-
nels, indicating that the C terminus of SUR does not mask the

–RKR2 signal in KIR, and our preliminary data indicate it does
not mask the –RKR2 signal in SUR1. Previous work indicates
that SUR1 increases the surface expression of KIR6.2DC sub-
units approximately 8-fold, consistent with the involvement of
the anterograde signal in a process that facilitates trafficking
to the cell surface (10).

Substitution of alanines at positions Phe-1574 and Leu-1566
indicate the importance of these residues for anterograde tran-
sit of KATP channels. Dileucine motifs have been shown to be
important in protein trafficking from the trans-Golgi to a late
endosomal/lysosomal compartment (17–20) and for internaliza-
tion of receptors following protein kinase activation and phos-
phorylation (21–23). An acidic residue 4–5 residues on the
N-terminal side of the dileucine motif can also be important for
sorting (24, 25), and a C-terminal glutamate/dileucine motif
has been shown to be important for surface expression of the
vasopressin V2 receptor (26). Interestingly, mutation of the
first leucine of the vasopressin V2 receptor has a much larger
inhibitory effect than substitution of the second, the same
pattern as we observe for SUR1. However, mutation of Asp-
1561, five residues upstream of the dileucine motif in SUR1
had no significant effect, whereas an E3 Q substitution in the
vasopressin V2 receptor largely eliminates surface expression.
The vasopressin V2 receptor has no downstream phenylalanine
corresponding to SUR1Phe-1574. The cellular receptors for these
signaling motifs have not been identified, and it is unclear
whether the C terminus of SUR interacts with COPI or COPII
proteins or with COP-associated adaptor proteins (for reviews,
see Refs. 27–32).

These observations give a molecular insight into the lack of
KATP channel activity observed in pancreatic beta cells from
patients with persistent hyperinsulinemic hypoglycemia of in-
fancy. Mutations in both SUR1, HI-SUR1, and KIR6.2, HI-KIR6.2,
are the cause of a recessive form of this disorder which is char-
acterized by an inappropriate secretion of insulin despite hypo-
glycemia (5, 6, 33). Nonsense and splice site mutations in SUR1
produce C-terminal deletions (5) that have been shown to result
in a complete loss of KATP channel activity (34). Although many
of the truncated receptors may be incapable of producing func-
tional channels for other reasons, our results indicate that even if
channels do assemble they will not reach the cell surface and that
the “primary” defect associated with mutations in SUR1 that
truncate the receptor will be a failure to traffic correctly as a

FIG. 5. Summary model for assem-
bly and maturation of KATP channels.
The scheme for masking of the retrograde
ER retention signals is taken from Zer-
angue et al. (11). The anterograde signal
is required for the channels to exit the
ER/cis-Golgi compartment as indicated by
surface expression and the appearance of
complex glycosylated SUR1. Deletion of
the C terminus of SUR1 inhibits transit
from the ER/cis-Golgi compartment.

The SUR1 C terminus Is Required for KATP Channel Trafficking 20631

 by guest on O
ctober 27, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


result of deleting the anterograde signal.
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Two Regions of Sulfonylurea Receptor Specify the Spontaneous
Bursting and ATP Inhibition of KATP Channel Isoforms*
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KATP channels are heteromultimers of KIR6.2 and a
sulfonylurea receptor, SUR, an ATP binding cassette
(ABC) protein with several isoforms. KIR6.2 forms a
channel pore whose spontaneous activity and ATP sen-
sitivity are modulated by the receptor via an unknown
interaction(s). Side by side comparison of single-chan-
nel kinetics and steady-state ATP inhibition of human
b-cell, SUR1/KIR6.2, versus cardiac, SUR2A/KIR6.2 chan-
nels demonstrate that the latter have a greater mean
burst duration and open probability in the absence of
nucleotides and ;4-fold higher IC50(ATP). We have used
matched chimeras of SUR1 and SUR2A to show that the
kinetics, which determine the maximal open probability
(Pomax), and the ATP sensitivity are functionally sepa-
rable and to identify the two segments of SUR responsi-
ble for these isoform differences. A region within the
first five transmembrane domains specifies the inter-
burst kinetics, whereas a C-terminal segment deter-
mines the sensitivity to inhibitory ATP. The separable
effects of SUR on ATP inhibition and channel kinetics
implies that the cytoplasmic C terminus of SUR either
directly modulates the affinity of a weak ATP binding
site on the inward rectifier or affects linkage between
the binding site and the gate. This is the first identifica-
tion of parts of an ABC protein that interact with an ion
channel subunit to modulate the spontaneous activity
and ATP sensitivity of the heteromeric channel.

KATP channels are heteromultimers of a sulfonylurea recep-
tor, SUR,1 a member of the ATP binding cassette (ABC) super-
family, and a potassium inward rectifier, KIR6.2 (1–4). Both
subunits are required to assemble channels with high sensitiv-
ity to ATP and the spontaneous bursting analyzed using single-
channel recording originally on pancreatic b-cells (5) and car-
diac myocytes (6). A minimal description of the gating kinetics
in the absence of nucleotides requires time constants, tO and
tCf, which specify the distributions of open and intraburst
closed states and are dependent on the K1 driving force and at
least one additional time constant, tCs to describe interburst
closures (6, 7). Although the structure, numbers of binding
site(s) for inhibitory ATP, and ATP-bound closed states have
not been determined, ATP shortens the mean burst duration

and reduces the open channel probability (Po) mainly by in-
creasing the fraction of time the channel spends in long inter-
burst intervals but does not block the open channel pore, alter
the unitary conductance, or have significant effects on the
intraburst kinetics (reviewed, for example in Ref. 8). Studies on
KATP channels in pancreatic b-cells and cardiac myocytes (re-
viewed, for example, in Refs. 3, 4, and 9), and limited analyses
of recombinant SUR1/KIR6.2 versus SUR2A/KIR6.2 channels (3,
10) indicate these two channels differ in their interburst kinet-
ics and ATP sensitivity in addition to their pharmacology (4,
10). The side by site comparison given here confirms these
preliminary observations (3, 10), demonstrating that the
SUR1/KIR6.2 b-cell and SUR2A/KIR6.2 cardiac KATP channels
have different interburst kinetics and steady-state IC50(ATP)

values of ;5 versus ;25 mM, respectively. Co-expression of
matched chimeras of human SUR1 and SUR2A with KIR6.2
delineates two segments of SUR within the first 5 transmem-
brane domains and in the C terminus that specify the pattern
of spontaneous bursting and sensitivity to inhibitory ATP, re-
spectively. This is the first identification of the molecular de-
terminants within SUR, an ABC protein, that interact with
KIR6.2 to specify the intrinsic activity and ATP sensitivity of
the heteromeric channel isoforms. The results suggest that
allosteric interactions play an important role in the unique
ATP inhibitory gating displayed by this channel family.

EXPERIMENTAL PROCEDURES

Molecular Biology—The human SUR1 and SUR2A cDNAs and their
genes have been described previously (3). Human KIR6.2 was obtained
from genomic DNA by PCR and was sequenced on both strands. The
matched SUR chimeras were engineered using naturally occurring
endonuclease restriction sites in the SUR1 and SUR2A cDNAs where
possible. When necessary, matching restriction sites were engineered
into the complementary cDNA using overlapping PCR primers. These
were combined with appropriate flanking forward and reverse primers
including unique restriction enzyme sites. Two amplifications were
carried out; the first set of reactions matched the forward and reverse
flanking primers with the appropriate overlapping primer. The result-
ing PCR products were purified by agarose gel electrophoresis, mixed,
and used as the template for the second PCR reaction with the flanking
primers. The product of the second reaction was cut with an appropriate
pair of restriction enzymes and used to replace the corresponding wild-
type fragment. The desired SUR fragments were then swapped using
standard subcloning methods. All the PCR products and restriction
sites were sequenced to verify the constructions. The restriction sites
used, the amino acids, and their positions in the SUR1 and SUR2A
proteins are shown in Table I and are illustrated schematically in Fig.
3. The swaps of the smaller segments at the C-terminal end of the
receptor were done using overlapping PCR primers as described above.

Transfection and Cultivation of Cells for Electrophysiological Exper-
iments—Approximately 1.83105 COSm6 cells/35-mm dish were trans-
fected with 1 mg of SUR plasmid and/or 1 mg of the wild-type or modified
KIR6.2 plasmid and 0.5 mg of a green fluorescent protein (pGreen
LanternTM-1, Life-Technologies, Inc.) plasmid. Transfections were done
using FuGene6 following the manufacturers directions (Roche Molecu-
lar Biochemicals). Transfected cells were cultured overnight,
trypsinized, and replated on glass coverslips. Cells expressing green
fluorescent protein as a marker were selected for analysis unless oth-
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erwise noted. COSm6 cells were used in these studies because previous
work has shown they have no endogenous SUR1 detectable with radio-
labeled glibenclamide binding assays (11), and expression of either
SUR1 or KIR6.2 alone produces no novel K1 currents detectable by
86Rb1 efflux assays or single-channel recording (9, 12).

Patch-clamp Recording and Single-channel Current Analysis—The
properties of the reconstituted channels were analyzed in inside-out
configurations using the patch-clamp technique as described previously
(9). All experiments were done at 23–24 °C. Pipettes were filled with the
quasi-physiological external solution containing 140 mM NaCl, 5 mM

KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, pH 7.4 (NaOH) or the
K1-rich external solution containing: 145 mM KCl, 1 mM MgCl2, 1 mM

CaCl2, 10 mM HEPES, pH 7.4 (KOH) and had a resistance of 4–8
megaohms. Smaller pipettes were used in some experiments to record
single-channel currents. An internal solution, nominally Mg21-free,

containing 140 mM KCl, 5 mM EDTA, 5 mM HEPES, 10 mM KOH, pH 7.2
(KOH) was used as the control bath solution. The disodium salt of ATP
and other compounds were from Sigma. Bathing solutions were applied
using a programmable rapid solution changer (RSC-200, Biologic Inc,
Claix, France). Quasi-steady-state sensitivity to inhibitory ATP was
estimated using experimental conditions and a protocol designed to
minimize variability in the apparent IC50(ATP) as described previously
(9). We were able to repeatedly apply the dose-response protocol and
observe stable sensitivity to inhibitory ATP for .30 min. The maximal
Po values were estimated from Gaussian fits to all-points current-
amplitude histograms constructed from continuous segments of records
activated immediately after patch excision. In all figures, upward de-
flection of the current trace corresponds to outwardly directed current,
and the horizontal dotted lines show the level of current when all KATP

channels are closed. For single- channel kinetics analysis using in-

FIG. 1. A comparison of single-channel kinetics and ATP inhibition of SUR1/KIR6.2 versus SUR2A/KIR6.2 channels. A, a represent-
ative example of currents through SUR1/KIR6.2 (left) and SUR2A/KIR6.2 (right) channels recorded at 240 mV with the K1-rich external pipette
and internal control solutions. The dwell time distributions are shown below the traces. The mean burst duration at a burst criterion of 2 ms, Tb2
ms, was ,30 ms for all 4 patches containing a single SUR1/KIR6.2 channel but was .298 ms for all 5 patches containing single SUR2A/KIR6.2
channels. B, the steady-state ATP inhibition of the SUR1/KIR6.2 (upper trace) and SUR2A/KIR6.2 (lower trace) channels was examined as described
under “Experimental Procedures.” The mean IC50(ATP) 6 error values and a slope factor (h) obtained from the best fit to a conventional pseudo-Hill
equation using Origin 5.0 Professional (Microcal Software, Inc., Northampton, MA) are shown. The IC50(ATP) values for the two channels are
significantly different and markedly lower than determined for human KIR6.2DC35 channels shown for comparison.
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wardly directed currents, only patch current records with no superim-
posed openings were used in which the cumulative Po increased lin-
early for more than a half-minute during continuous recording
immediately after patch isolation. For heteromeric SUR/KIR6.2 chan-
nels displaying Po . 0.5, these criteria were sufficient to be confident
that only single channels without significant run-down were being
analyzed. The kinetic analysis including the burst analysis at an opti-
mal burst criteria was performed using pClamp7 and BioQuest soft-
ware as described previously (9). Averaged data are expressed as means
6S.E. for n $ 5 with error bars equal to the S.E. unless otherwise noted.
Significance was evaluated using the Student’s t test; differences with
values of p , 0.05 were considered to be significant.

RESULTS

SUR Isoforms Specify the Kinetics and ATP Inhibition of
KATP Channels—A quantitative side by side comparison of the
kinetics and steady-state ATP-inhibition of human SUR1/
KIR6.2 and human SUR2A/KIR6.2 channels was carried out to
define the differences in gating and ATP sensitivity of b-cell
and cardiac KATP channels. As shown in Fig. 1, the SUR2A/
KIR6.2 channels display longer bursts and spend less time in
interburst gaps than the SUR1/KIR6.2 channels, whereas the
intraburst kinetics of the two channels are indistinguishable.
As a consequence, a hallmark of the SUR2A/KIR6.2 channels is
a higher Pomax (0.91 6 0.01 versus 0.64 6 0.03 at 240 mV,
respectively). The SUR1/KIR6.2 channels, on the other hand,
are ;4-fold more sensitive to ATP than the SUR2A/KIR6.2
channels (IC50(ATP) 5 5.9 6 0.5 versus 23.4 6 2.6 mM, see also
Ref. 9). Both channel isoforms are significantly more sensitive
to inhibitory ATP and both have severalfold higher Pomax val-
ues than homomeric KIR6.2 channels, 0.09 6 0.01 and 221.1 6
12.1 mM for the human KIR6.2DC35 channels, which were an-
alyzed in parallel ( Ref. 13, see also Refs. 9, 14–16).

Two Distinct Region of SUR Specify Spontaneous Bursting
and ATP Inhibition of KATP Channel Isoforms—Matched pairs
of human SUR1 and SUR2A chimeras were co-expressed with
KIR6.2 to delineate the regions of SUR that affect the inter-
burst kinetics and ATP inhibition of KATP channels. The chi-
meras were generated by “swapping” progressively longer seg-
ments, chosen to include the major structural features of SUR,
as presented in Table I and shown diagrammatically in Fig. 3.
Fig. 2 illustrates the analytical strategy using one pair of
chimeras in which the N-terminal segment of SUR1 (or
SUR2A) that included the first 29 amino acids and the first two
sets of transmembrane domains, TMDI-N and TMDI-C, were
swapped onto the reciprocal C-terminal segment of SUR2A (or
SUR1) including NBF1, TMDII, NBF2, and the C terminus.
The SUR1;SUR2A/KIR6.2 channels displayed all the kinetic
properties of the b-cell channel but required ;4-fold more ATP
for half-maximal inhibition. The matched partner,
SUR2A;SUR1/KIR6.2, displayed the closed time distribution,
high Pomax, and bursting pattern of a cardiac KATP channel but
was inhibited by ATP with an IC50(ATP) value appropriate for
the b-cell KATP channel. The intraburst kinetics of the two
chimeric channels illustrated in Fig. 2 are the same as they are
for the channels assembled from the other matched pairs. Anal-
ysis of the other pairs of chimeras (Fig. 3) demonstrated that
the TMDI-N segment determines the higher Pomax of the car-
diac channel, whereas the C-terminal region specifies the lower
IC50(ATP) of the b-cell channel. Swapping a 52-amino acid seg-
ment, C52, the last 42 of which actually differ, was sufficient to
completely specify the IC50(ATP) value associated with the donor
SUR isoform. Smaller swaps, 27- and 12-amino acids, respec-
tively, C27 and C12, produced a graded effect, and, therefore,
we have not attempted to localize the molecular determinant(s)
to a specific residue; rather, the results suggest the last 42
amino acids are important and may form a contact surface with
KIR6.2.

The results show there are two structural elements of SUR

critical for determining the isoform-dependent components of
gating and its modulation by inhibitory ATP and that these
elements are distinct from the two nucleotide binding folds.
This is consistent with observations that mutations in the
nucleotide binding folds (17–19), including those which elimi-
nate azido ATP labeling of SUR1 (20), do not affect inhibition
by ATP. In our hands, for example, the human SUR1K719R/
KIR6.2, SUR1K719R/K1385R/KIR6.2, and SUR1K1506A/KIR6.2
channels are all inhibited by ATP with IC50(ATP) values of 5–7
mM (data not shown).

DISCUSSION

This is the first identification of two segments of the sulfo-
nylurea receptor that specify the intrinsic activity and ATP
sensitivity of the inward rectifier subunit of KATP channels.
The results show that the modulation of channel kinetics and
apparent sensitivity to inhibitory ATP are separable. Recent
reports have focused on the behavior of the homomeric KIR6.2
channels that can be studied either by removing an endoplas-
mic reticulum retention signal(s) (as shown by B. Schwappach,
N. Zerangue, Y. N. Jan, and L. Y. Jan (21)) from the C terminus
of KIR6.2 (14, 15) or by strong overexpression (16). Although
the homomeric channels display the wild type unitary conduct-
ance and are weakly inhibited by ATP, they lack the hallmark
properties of native, heteromeric KATP channels including a
high open probability, correct bursting, high sensitivity to ATP,
and responsiveness to sulfonylureas, potassium channel open-
ers, and MgADP (14, 15). The properties of the homomeric

TABLE I
Construction of Chimeric SURs

SURa Restriction
enzyme site Amino acidsb Residue #c Segmentsd

1 PmaCIAatII D-V/D-A 29/27 N29

2A BsrGI L-S/M-Y 291/289 TMDI-N

1 PmaCI F-T/F-S 686/679 TMDI-C

1 XhoI S-S/Y-S 960/942 NBF1

1 NotI G-R/G-R 1378/1346 TMDII

2A RsrII R-T/R-T 1530/1498 NBF2

G-A/G-I 1555/1523 C52e

K-D/K-N 1570/1538 C27f

C12f

a Indicates human SUR isoform cDNA with a naturally occurring
restriction site.

b Amino acids in the restriction enzyme site or, in the case of C27 and
C12, at the junction (SUR1/SUR2A).

c Position of the first amino acid in the previous column (SUR1/
SUR2A). The numbering is based on a human SUR1 cDNA encoding a
receptor of 1581 amino acids and a human SUR2A cDNA encoding a
receptor with 1549 amino acids.

d The structural features of SUR flanking each restriction site are
given for reference. Swaps were done progressively exchanging the
sequences on either side of each restriction site. See Fig. 3 for a sche-
matic representation.

e This swap using the RsrII site exchanges 52 amino acids; however,
the first 10 residues are identical, and therefore swapping this segment
actually exchanges the last 42 amino acids.

f The C27 and C12 swaps were engineered using overlapping polym-
erase chain reaction primers as described under “Experimental Proce-
dures.”
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channels are unlike any known native K1 channels, indicating
their physiological relevance is questionable. Co-expression of
KIR6.2 with a SUR, on the other hand, generates a K1 conduct-
ance that accurately reflects those found in a variety of differ-
ent tissues with the isoform or tissue-specific properties being
specified by the SUR involved. This report provides evidence
for allosteric interactions between KIR6.2 and two regions of
SUR that are involved in two defining properties of KATP chan-
nels, their spontaneous bursting behavior and ATP sensitivity.

TMDI-N contains a critical determinant of bursting behavior,
whereas the last 42 amino acids of SUR specify the effect of
ATP on gating. These results do not contradict previous reports
that mutations in the nucleotide binding folds of SUR have
negligible effects on the ATP inhibition of KATP channels;
rather, together the two results indicate that whereas ATP
binding and possible hydrolysis on SUR is not required for ATP
inhibition, interaction of KIR6.2 with other regions of the re-
ceptor are critical for normal ATP inhibitory gating.

FIG. 2. A comparative analysis of one pair of matched chimeric SUR/KIR6.2 channels. A, a schematic representation of one of the
matched pairs of chimeric SURs, which were co-expressed with wild type KIR6.2. The swapped segments from SUR1 and SUR2A are shown in gray
and black, respectively. The chimeras are named, as illustrated, according to which isoform contributed the N terminus. B, an analysis of the closed
time distributions for the two chimeric channels used to evaluate differences in their kinetics, done as described in Fig. 1A. Note the greater Tb2 ms
and significantly smaller slow component of the closed time probability density function for the SUR2A;SUR1/KIR6.2 versus SUR1;SUR2A/
KIR6.2 channel that determines its higher Pomax (0.91 6 0.01 versus 0.64 6 0.03; n 5 4 for both channels). C, determination of the ATP inhibition
of SUR2A;SUR1/KIR6.2 (upper trace and open squares) and SUR1;SUR2A/KIR6.2 (lower trace and open circles) channels demonstrates that this
pair of chimeric channels has mixed properties. The SUR2A;SUR1/KIR6.2 channels show the kinetics of cardiac channels but are inhibited with
the IC50(ATP) of b-cell KATP channels, whereas the SUR1;SUR2A/KIR6.2 channels have b-cell kinetics and the IC50(ATP) of cardiac channels. ATP
inhibition was analyzed as in Fig. 1B.
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The chimeric channel experiments provide additional insight
into the mechanism of inhibition of KATP channels by ATP and
imply SUR either modulates the affinity of KIR6.2 for ATP or
alters a link between the nucleotide binding site and the gate.
We develop the following argument using a minimal linear
kinetic scheme for KATP channel gating based on a simple
model introduced originally by Gillis et al. (22).

As the intraburst transitions between C1 and O, specified by
tO and tCf, are the same for the two channels (Fig. 1), the higher
Pomax of the SUR2A/KIR6.2 channels implies the cardiac chan-
nel will spend less time in interburst closed states that bind
ATP. Therefore, the reduced apparent sensitivity of the
SUR2A/KIR6.2 channels versus the SUR1/KIR6.2 channels to
ATP could be attributed solely to a reduction in the fraction of
time the former channel spends in interburst closed states. If
this were correct, the SUR isoforms could modulate the appar-
ent ATP sensitivity of KIR6.2 solely through their effect on the
transition from the open state to long-lived closed states. Al-
though this would be consistent with the observation that the
TMDI-N segment is a critical determinant of bursting behav-
ior, it cannot explain the observation that SUR can modulate
the two properties independently with the C terminus of SUR,
determining the apparent ATP sensitivity of the chimeric chan-

nels without substantially altering their bursting. This argu-
ment is consistent with the observation that homomeric
KIR6.2DC channels have a reduced sensitivity to ATP (14, 15),
yet spend a greatly increased fraction of time in interburst
closed states proposed to bind ATP (13, 15, 23). Thus the
differences in ATP sensitivity of the KATP channel isoforms
that are attributable to SUR and the enhancement of ATP
sensitivity seen when KIR6.2 is co-expressed with a SUR can-
not be due solely to changes in channel kinetics that affect the
occupancy of interburst closed states that bind ATP, as has
been suggested from studies on several KIR6.2 mutations (15,
24–26) and N-terminal truncations of KIR6.2 (23) that produce
parallel increases in Pomax and IC50(ATP). These results imply
that SUR must either directly modulate the affinity of KIR6.2
for ATP in closed state or affect the linkage between the bind-
ing site(s) and the gate. We hypothesize that modulation of the
affinity of KIR6.2 for ATP by SUR could result either from
allosteric interactions or by formation of a shared ATP binding
site. Further studies including direct measurement of ATP
binding are needed to resolve these possibilities.
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