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Structure-function analyses of K� channels identify a
common pore architecture whose gating depends on di-
verse signal sensing elements. The “gatekeepers” of the
long, ATP-inhibited KIR6.0 pores of KATP channels are
ABC proteins, SURs, receptors for channel opening and
closing drugs. Several competing models for SUR/KIR
coupling exist. We show that SUR TMD0, the N-terminal
bundle of five transmembrane helices, specifically asso-
ciates with KIR6.2, forcing nearly silent pores to burst
like native KATP channels and enhancing surface ex-
pression. Inclusion of adjacent submembrane residues
of L0, the linker between TMD0 and the stimulatory
nucleotide- and drug-binding ABC core, generates con-
stitutively active channels, whereas additional cytoplas-
mic residues counterbalance this activation establish-
ing a relationship between the mean open and burst
times of intact pores. SUR fragments, lacking TMD0, fail
to modulate KIR. TMD0 is thus the domain that anchors
SUR to the KIR pore. Consistent with data on chimeric
ABCC/KIRs and a modeled channel structure, we pro-
pose that interactions of TMD0-L0 with the outer helix
and N terminus of KIR bidirectionally modulate gating.
The results explain and predict pathologies associated
with alteration of the 5� ends of clustered ABCC8 (9)/
KCNJ11 (8) genes.

ADP/ATP-dependent (SUR/KIR6.0)4, KATP channels encoded
by the ABCC8(SUR1)/KCNJ11(KIR6.2) and ABCC9(SUR2)/
KCNJ8(KIR6.1) gene clusters (1–3) present the puzzle of how
disparate subunits, from two large superfamilies of membrane
transport proteins, are coupled. KIR6.2 pores, normally re-
tained in the ER1 (4), display a low maximal open probability in
ligand-free solutions (PO(max)), when forced to the cell surface
by deleting the C-terminal RKR retention signal (5). Assembly

with SURs increases surface expression, the PO(max), and sen-
sitivity to inhibitory ATP, and induces responsiveness to stim-
ulatory MgADP, KATP openers, inhibitory sulfonylureas, and
other insulin secretagogues (6). ATP acts through the KIR cy-
toplasmic domains to close the pore, while MgADP acts
through the nucleotide-binding domains (NBDs) in the ABC
core to stimulate the channel (5, 7). In vivo, SUR/KIR6.0 cou-
pling machinery can overcome the power of saturating concen-
trations of inhibitory ATP (8), indicating a novel “gatekeeper”
(9) that exerts activating forces at multiple points on the long
(10, 11) KATP pore. The recent structure of a related ABC
transporter shows the SUR core (gray in Fig. 1A) consists of
two bundles of six transmembrane helices (TMDs) fused to
NBDs (12). SURs, and certain ABCC proteins (13), have an
additional TMD0-L0 module, for which there is no three-di-
mensional template. Several competing models for SUR/KIR

coupling have been suggested (14–17), but attempts, using
chimeric subunits, to discover which domains of SUR interact
with KIR have been unsuccessful. Here we used SUR fragments
to generate “mini-KATP” that validate our original model (17)
and reveal the mechanism of SUR/KIR coupling.

EXPERIMENTAL PROCEDURES

Molecular Biology—The N-terminal HA-tagged and C-terminal myc-
tagged SUR1 constructs were generated starting with hamster SUR1
(1) using standard subcloning methods. Two copies of the myc epitope
were inserted in the extracellular segment between SUR1 transmem-
brane helices 12 and 13 using a unique Bpu1102 site as described
previously (18). The constructs were co-expressed with human
KIR6.2�C35, and green fluorescent protein as a transfection marker, in
COSm6 cells as described previously (17). Human MRP1 was a kind gift
from Susan Cole and Roger Deeley.

Immunoprecipitation—COSm6 cells were transfected by electropora-
tion with HA-TMD0, KIR6.2-myc, or both plasmids. After 24 h cells were
starved for 1.5 h in methionine-free medium then grown in medium
containing 200 �Ci/ml [35S]methionine for 3 h before lysis in 1% digi-
tonin in phosphate-buffered saline plus protease inhibitors. Clarified
lysates were prepared by centrifugation at 10,000 � g for 15 min then
immunoprecipitated with either anti-HA or anti-myc antibodies using
protein A-agarose. Following electrophoresis gels were treated with
AmplifyTM fluorographic reagent (Amersham Bioscience) for 30 min,
stained, dried, and visualized using autoradiography. Membranes were
isolated from COSm6 cells transfected with SUR1, Ct196, or Ct288,
incubated with [�-32P]8-azido-ATP (1 �Ci/ml), plus or minus 100 �M

ATP, then irradiated at 254 nm. Labeled membranes were solubilized
with 1% digitonin and immunoprecipitated using an anti-myc mouse
monoclonal antibody. The immunoprecipitates were separated by elec-
trophoresis, and blotted using an anti-myc mouse monoclonal antibody
visualized by chemiluminescence using a peroxidase-labeled secondary
antibody. The 32P label was visualized by autoradiography.

Electrophysiology—Non-tagged subunits were used for the electro-
physiological experiments. Patch clamp recordings, single channel ki-
netics, and macro-currents noise analysis were done as described pre-
viously (17). The pipette solution contained (in mM): KCl, 145; MgCl2, 1;
CaCl2, 1; HEPES, 10; pH 7.4 (KOH). The bath, “intracellular” solution
contained (in mM): KCl, 140; MgCl2, 1; EGTA, 5; HEPES, 5; KOH, 10;
pH 7.2 (KOH). The [Mg2�]i was kept at a quasi-cytosolic level of �0.7
mM by adding MgCl2. The Mg2�-free internal solution contained (in
mM): KCl, 140; EDTA, 5; HEPES, 5; KOH, 10; pH 7.2 (KOH). The
holding potential was �40 mV. Burst analysis was done using a burst
delimiter of 1 ms. ATP dose responses were taken at eight concentra-
tions. In Figs. 1B and 3C, the arrowhead marks isolation of an inside-
out patch; the horizontal dotted line shows the level where all KIR6.2-
based channels are closed. The differences in averaged values (mean �
S.D.) with p � 0.05 were considered significant.

Molecular Modeling—Homology models of the KIR6.1 and KIR6.2
pore, and the SUR core, were generated using KIR3.1 (1N9PA (10)) and
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KirBac1.1 (1P7BA/B (11)), and VC-MsbA (1PF4A/B (12)) structures,
respectively (for details, see Supplement Material). Models giving min-
imal C� root mean square deviation values from the three-dimensinal
templates were selected. Their quality was evaluated using ProCheck
and WhatCheck available via www.expasy.org. Energy minimization
did not lower the scores of the selected models.

RESULTS AND DISCUSSION

Fig. 1B shows that N-terminal fragments (Nt) of SUR1,
including TMD0 and increasing lengths of the L0 linker, have
dramatic effects on the gating of KATP pores lacking the C-
terminal ER retention signal. TMD0 (Nt196) markedly stabi-
lized the burst and conducting states of the poorly active KIR

raising its PO(max) 5-fold, suggesting interactions of transmem-
brane helices are able to force KIR openings in novel mini-KATP

channels. Nt232, including an amphipathic helix (19) within L0
made the pore constitutively active. In the Nt232-gated chan-
nels, when (Vm � EK)3 0 the mean open time of the KIR,
�O3 �, the intraburst closed time, �Cf3 0 (20), and PO3
�O/(�O � �Cf)3 1. The result argues that both trans- and sub-
membrane contacts contribute additively to the opening of long
K� pores and suggest that Nt232 can lock pores in a conducting
state under biochemical conditions (i.e. no K� electrochemical
gradient) without resorting to mutation. KATP channels display
similar saturation of their PO when stimulated with nucleotide
diphosphates (8), implying the locked state resembles the na-
tive open state. The inclusion of additional L0 residues, i.e.
Nt256, Nt288, and Nt297, attenuated the PO(max) by destabi-
lizing burst and open states in ATP-free solution. The results
reveal that TMD0-L0 possesses separable stimulatory and in-
hibitory structures, consistent with the original observation
that SUR1 TMD0-L0 specifies the �-cell channel-like (lower)
spontaneous activity of chimeric SUR1–2/KIR6.2 channels (21).
While the inhibitory effect saturates with Nt288, all of the
mini-KATP are more active than KIR alone, and the PO(max) of
the fully attenuated channel is equivalent to the �35% inhibi-
tion of �-cell KATP channels, in nucleotide-free conditions, upon
saturation of SUR1 with inhibitory sulfonylureas (22).

Single-channel kinetics data from �700 mini-KATP patches
revealed a positive correlation between the mean burst (	B)
and open (�O) times of KIR pores in ATP-free solution with data
for full SUR-containing channels, without pore mutations, fall-
ing on the same curve (Fig. 2A). This relationship is intrinsic to
KIR structure, reflecting the increased stability of the K� driv-
ing force-dependent conducting state when pores are in the
longer lived active (burst) conformation. The relationship is
consistent with the possibility that the dynamics of the KIR

selectivity filter are particularly susceptible to the “bending” of
the inner helices associated with activation (23). The KIR inner
helix has two conserved glycines versus one upper glycine in
Ca2�-activated MthK channel (23). We speculate that bending
at the lower, or both “hinges” (Gly156 and Gly165) is required for
KATP opening and that bending stabilizes a “centered” position
of the pore helices or a conducting conformation of the selec-
tivity filter, seen in KcsA (24) at quasi-physiologic [K�]. A
possibility that the lower glycine specifies gating of KIRs has
been recently discussed in a report on closed KirBac1.1, crys-
tallized in 0.1 M Mg2� (11). Our data and interpretation are
consistent with this structure, where the long inner helices are
in a straight configuration, clashing at their cytoplasmic ends,
the pore helices are misaligned, and the conformation of the
selectivity filter is altered.

Stabilization of the open state in mini-KATP, as in full chan-
nels, increases the IC50(ATP) (IC50 value for inhibitory ATP)
(Fig. 2B). The Nt196 mini channels lack the NBDs and other
cytoplasmic domains illustrating that transmembrane helical
interactions are sufficient to antagonize ATP inhibition. The
SUR core is needed to restore the low KD for ATP seen in the

presence of SUR1. The macroscopic inhibitory curves are all
well fit by single component Hill functions consistent with
there being essentially homogenous populations of mini-KATP

at the cell surface. In support of this assertion IC50(ATP), deter-
mined for the most (Nt288) and least (Nt232) inhibited macro-
currents, reduced the PO of equivalent single mini KATP by
�50%, indicating the lower IC50(ATP) seen in cells expressing
the larger Nts does not reflect an increased fraction of
KIR6.2�C channels.

Normally, only tetradimeric KATP complexes reach the cell
surface (4, 18). We observed no ATP-inhibited K� channels in

100 macro-patches from 10 independent co-transfections of

FIG. 1. Generation of mini-KATP channels. A, topology of SUR1
(left) and KIR6.2. The SUR N-terminal domains hypothesized to interact
with and stabilize or destabilize the open KIR (17) are in red and blue,
respectively. Glycosylation sites (trees), “�” exit, and RKR ER retention
signals are important for surface expression. The positions where SUR1
was cut to generate Nt, and complementary Ct, fragments are defined.
B, progressively longer Nts display a biphasic effect on the ligand-
independent activity of mini-KATP. The red segments, on an expanded
time scale, illustrate differences in the open state stability. Blind,
off-line analysis of multiple single-channel records verified that all of
the records from co-transfected cells were distinguishable from
KIR6.2�C35 traces and that all of the records from Nt232/KIR6.2�C35
transfected cells were distinct from all other Nt/KIR6.2�C35 traces. The
mean PO(max) values determined from macro- versus single ATP-inhib-
ited channel currents for each channel type (n 
 5) were similar. None
of the currents were stimulated by 0.2 mM MgADP, or the KATP opener
diazoxide (0.3 mM), or inhibited by sulfonylureas including a saturating
concentration of glibenclamide (20 nM; Glb).
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Nts with KIR6.2 showing TMD0-L0 cannot abolish the KIR

retention. On the other hand, Fig. 2C shows that the same Nts
enhance surface expression of RKR-free channels, albeit less
effectively than SUR1 (6). The gating properties of mini-chan-
nels, determined from macro and single channel currents, were
similar for molar transfections ratios (Nt:KIR) of 2:1 versus 1:2
again indicating essentially homogenous populations of surface
channels. The data, consistent with the predominant intracel-
lular distribution of KIR6.2�C in mammalian cells (25), show
that partially assembled heteromeric channels traffick less
effectively to the cell surface.

Mini-KATP assemble under physiologic conditions and are
stable that TMD0 will co-immunoprecipitate with KIR6.2 (Fig.
3A). We were unable to show a comparable stable association of
SUR cores with KIR by co-immunoprecipitation, suggesting
that TMD0-L0 is necessary for Cts to decrease the KD for
inhibitory ATP (21). Nt233 and Nt248 from MRP1, a closely
related ABCC protein, had no effect on KATP pores (80 macro-
patches showed no trapping of KIR6.2�C35 inside the cell in
eight independent co-transfections). Ct196, Ct232, Ct256,
Ct288, and Ct297 cores, and an the core half fragment, Ct1046
(see Fig. 1A), failed to modulate KIR6.2�C gating, even after
substitution of the SUR RKR retention signal (4) with AAA to
force surface expression (
200 macro-patches from six series of
independent co-transfections). Fig. 3B confirms that Ct196 and
Ct288 are expressed and are able to bind and photolabel with
[�-32P]8-azidoATP. A three-plasmid experiment provides a pos-
itive control for the Ct1046 fragment, whose misfolding cannot
be tested using nucleotide binding; while Ct1046 has no effect
on KIR6.2 pores, co-expression with Nt1046 rescues generation
of “fragmented” KATP indistinguishable from wild type (Fig.
3C). The results reveal strong interdomain interactions within
the SUR core and show that TMD0-L0 is indispensable for
assembly of KATP channels. TMD0-L0 is a combination of
unique gatekeeper and coupling module anchoring the SUR
core to KIR6.0 and modulating their trafficking and activity.

The identification of TMD0-L0 as the principal coupling
module positions it in contact with KIR in a composite model
(Fig. 4). Contact is through the outer helix and involves T76MS
critical for assembly of chimeric KIRs with SUR (15), illustrated
here in a homology model of the closed channel built using
recent crystal structures (10, 11, 12) (for details, see Supple-
ment Material). Although the lack of a structural template for
TMD0-L0 prohibits its explicit docking with KIR and the VC-
MsbA dimer-like ABC core of SUR, activation of KIR by TMD0
argues that intramembrane intersubunit interactions are suf-
ficient to reposition the KIR outer helices. Consistent with
coupled movement of the inner and outer helices during acti-

vation of other K� channels (26, 27), repositioning would give
the KIR inner helices freedom to bend and initiate ligand-
independent bursting. Nt232 mimics the effect of SUR satu-
rated with nucleotide diphosphates, revealing intersubunit in-
teractions involving a submembrane part of L0 (red), which
open KATP channels in the presence of inhibitory concentra-
tions of intracellular ATP. Consistent with the MsbA model
(12) ATP-driven dimerization of the SUR NBDs is expected to
reposition TMD1 and 2, in a manner sensitive to MgADP and
drug binding to SUR core, and by inference move L0. We
propose that the submembrane amphipathic helix of L0 (19)
interacts with the KIR �-helix (17), named “slide helix” in
KirBac1.1 (11), which is anchored at the membrane-water in-
terface in KcsA (28). Activation of chimeric channels containing
the KcsA pore (29) required the proximal N-domain preceding
the outer helix of KIR2.1 or the S4-S5 linker preceding S5
(analogous to the outer helix) from the Shaker KV channel. Part
of S4 and the S4-S5 linker appear to be submembranous in the
closed KvAP and their movement is proposed to pull the outer
helix and the coupled inner helix away from the central pore
axis during opening (27). KATP channels are a novel variation
on this theme.

The model provides a structural interpretation for the de-
crease in sensitivity of the KIR to inhibitory ATP upon stimu-

FIG. 3. Association of SUR fragments with KIR6.2. A, co-immu-
noprecipitation (middle lane) of HA-tagged TMD0 with myc-tagged
KIR6.2. B, Ct196 and Ct288 have no effect on KATP pores but are
expressed (top panel) and will bind and photolabel specifically with
[�-32P]8-azido ATP (bottom panel). 100 �M ATP (�) displaces 8-azido-
ATP. C, rescue of native-like KATP channel activity by co-expression of
KIR6.2 and Ct1046 with Nt1046. Dzx, diazoxide; Glb, glibenclamide.

FIG. 2. Effects of SUR Nts on KATP pores. A, correlation of the �O with TB in mini- and full KATP. The intraburst closed times of the hetero-
and homomeric channels (6) were similar. Ntp is a synthetic peptide (17) based on the first 32 residues of KIR6.2. G6 is a linker of six glycines
concatenating KIR6.2 subunits. B, ATP inhibition of channels shown in A. The identifying symbols are at the midpoints of Hill inhibition curves,
which are best fits to averaged macroscopic ATP dose-responses, multiplied by the mean PO(max) for the corresponding channel type. The gray
square and pentagon show the responses of Nt232- and Nt288-containing single channels, respectively, to [ATP] equal to the corresponding
IC50(ATP) value. C, estimation of channel surface expression by determination of the number of channels (N) in macro-patches. Data from five
transfections (identified alphabetically) are summarized for each channel type (identified by symbols like in A). N was calculated for the
heteromeric channels using mean PO values equal to the highest individual PO(max) value determined, whereas the lowest individual PO(max) value
was used to calculate N for KIR6.2�C channels. The averaged N/NKir6.2�C35 ratios (given by the bars), normalized for each transfection, are thus
minimal conservative estimates for the positive effect of heteromerization on the surface expression of ATP-inhibited channels.
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lation by SUR. Models of the KIR6.2 and KIR6.1 cytoplasmic
pores (see Supplement Material) suggest that C-terminal res-
idues critical for ATP inhibition (e.g. Ile182, Lys185, and Gly334,
predicted to be co-localized (17)) lie in proximity (within the
dimensions of an ATP molecule) to Arg50 adjacent to the slide
helix of the neighboring KIR6.2 subunit. A R50Q/K185Q double
mutation disrupts the ATP inhibitory machinery (20). We hy-
pothesize that ATP binding at intersubunit N-/C-terminal in-
terfaces constrict the ring of KIR cytoplasmic domains reposi-
tioning the slide helices to lock channels in the interburst state
with the lowest KD for ATP (8). Conversely, pulling the slide
helices away from the KIR pore, via their interactions with L0
helices, moves Arg50 and opens the ATP-binding pocket, thus
increasing the KD. This mechanism can explain the marked
increase in IC50(ATP) for Nt232-containing channels (�0.7 mM;
Fig. 2B).

Based on the data from longer Nts, we propose that L0 parts,
separable from the amphipathic helix, partner with the periph-
eral N terminus of KIR6.2 (17) to attenuate the PO(max). This
idea is supported by the finding that deletion of the peripheral
KIR N terminus (8, 20), or application of a hydrophilic N-
terminal synthetic peptide competing with the endogenous N
terminus (17), locks heteromeric, but not homomeric, channels
in the burst state. Similarly, perturbing the mobility or posi-
tioning of the KIR N terminus by concatemerization increases
the PO(max) (Fig. 2A). Deletion of the mobile peripheral N ter-
minus has been needed to crystallize KIR pores (10, 11), and
beyond the amphipathic helix, L0 is predicted to be flexible.

Transient interactions between these domains, rather than
tight binding, is expected to increase the frequency of burst
termination but not close the channel permanently.

The model suggests how SUR1 mutations in the 5� portion of
human ABCC8, e.g. A116P, cause familial hyperinsulinemia
(30) and how a polymorphism, E23K, in the distal N terminus
of KIR6.2 can increase the PO of KATP channels in insulin
secreting �-cells of pancreatic islets, increasing the risk of type
2 diabetes (31). The Pro should kink TM3 of TMD0 that can
cause misfolding and prevent normal SUR/KIR coupling or traf-
ficking. Indeed, co-expression of SUR1A116P with KIR6.2 re-
sulted in no ATP-inhibited K� currents in 
100 macro-patches
(eight independent transfections). Lys23 could reduce the fre-
quency of collisions between the KIR N terminus and L0. Sim-
ilar alterations of SUR2 and KIR6.1 are predicted to contribute
to certain forms of angina and vascular distonia, respectively.
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FIG. 4. Interactions critical for assembly and gating of (SUR/
KIR6.0)4 channels. TMD1-NBD1 and TMD2-NBD2 of one SUR1 (gray
parts on the left) are modeled using the VC-MsbA structure (12). The
KIR6.2 pore is modeled using the KIRBac1.1 structure (11) (adjacent
subunits are colored using differential tones). Loops built de novo are
not shown, including the linker between the C-terminal domain and the
inner helix (this linker is longer in eukaryotic KIRs versus the template).
Gly156 and Gly165 are in magenta or light magenta. Ile182, Lys185, and
Gly334 are co-localized with Arg50 from the adjacent subunit (yellow and
light yellow residues). Phe133 of the GFG-based selectivity filter is in
green. T76MS of the outer helix is in red. The slide helix (red or light red)
is accessible for interaction with the submembrane L0 domain (red
cylinder). The first 44 residues of the KIR (this blue N-tail, missing in
the template, is shown for one KIR subunit) are not required for KATP
assembly (20) and are at the periphery of the cytoplasmic pore acces-
sible for cytoplasmic parts of L0 (in blue). Residue 23 in KIR6.2 (asterisk)
and 116 in SUR1 (star) are indicated.
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1

SUPPLEMENTARY DATA

Fig. S1. Clustal alignments used to build 3D models of the KIR6.1 (A) and KIR6.2 pores (B) from

the atomic coordinates for GIRK1 (1N9P) (1) and KirBac1.1 (1P7B) (2) and models for SUR1

TMD1-NBD1 (C) and TMD2-NBD2 (D) from the coordinates for VC-MsbA (1PF4) (3).  The

GIRK1 template used for (A) is a fusion of N-terminal residues 43-63 and C-terminal residues

190-370; unresolved residues at positions 58-62 are shown as a gap.

Fig. S2. 3D model of the KIR6.1 cytoplasmic domain based on the high resolution (1.8Å) GIRK1

(1N9P) template and alignment shown in Fig. S1A with ~32% identity, better than the

alignments of KIR6.2 with either GIRK1 (1N9P) or KirBac1.1 (1P7B).  The N-terminal portion is

in blue.  Residues 33-44 lie at the periphery of the cytoplasmic pore.  The de novo built loop

between residues 47 and 191 is not shown.  The model illustrates the co-localization of the C-

terminal residues I192, R195, and G343 (in yellow), critical for formation of the non-canonical,

inhibitory ATP-binding site of KATP channels (4).
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A
Kir6.1 33 KARFIAKSGACNLAHKNIREQ
1n9p 43 RQRFVDKNGRCNVQH-----E

Kir6.1 187 RAETLIFSRHAVIAVRNGKLCFMFRVGDLRKSMIISASVRIQVVKKTTTPEGEVVPIHQL
1n9p 190 RAETLMFSEHAVISMRDGKLTLMFRVGNLRNSHMVSAQIRCKLLKSRQTPEGEFLPLDQL

Kir6.1 247 DIPVDNPIESNNIFLVAPLIICHVIDKRSPLYDISATDLANQDLEVIVILEGVVETTGIT
1n9p 250 ELDVGFSTGADQLFLVSPLTICHVIDAKSPFYDLSQRSMQTEQFEVVVILEGIVETTGMT

Kir6.1 307 TQARTSYIAEEIQWGHRFVSIVTEEEGVYSVDYSKFGNTVKVAAPRCSARELDEKPSILI
1n9p 310 CQARTSYTEDEVLWGHRFFPVISLEEGFFKVDYSQFHATFEVPTPPYSVKEQEEMLLMSS

Kir6.1 367 Q
1n9p 370 P

B
Kir6.2 45 AHKNIREQGRFLQDVFTTLVDLKWPHTLLIFTMSFLCSWLLFAMAWWLIAFAHG-DL
1p7b 36 R--EVIAYGMPASVWRDLYYWALKVSWPVFFASLAALFVVNNTLFALLYQLGDAPIAN--

Kir6.2 101 APSEGTAEPCVTSIHSFSSAFLFSIEVQVTIGFGGRMVTEECPLAILSLIVQNIVGLMIN
1p7b 92 -----------QSPPGFVGAFFFSVETLATVGYGDMHP--QTVYAHAIATLEIFVGMSGI

Kir6.2 161 AIMLGCIFMKTAQAHRRAETLIFSKHAVIALRHGRLCFMLRVGDLRKSMIISATIHMQVV
1p7b 139 ALSTGLVFARFARPRAK---IMFARHAIVRPFNGRMTLMVRAANARQNVIAEARAKMRLM

Kir6.2 221 RKTTSPEGEVVPLHQVDIPMENGVGGNSIFLVAPLIIYHVIDANSPLYDLAPSDLHHHQD
1p7b 206 --------------LMKIHDLKLVRNEHPIFLLGWNMMHVIDESSPLFGETPESLAE-GR

Kir6.2 281 LEIIVILEGVVETTGITTQARTSYLADEILWGQRFVPIVAEEDGRYSVDYSKFGNTIKV
1p7b 251 AMLLVMIEGSDETTAQVMQARHAWEHDDIRWHHRYVDLM------THIDYTRFNDTEPV

C
SUR1 281 TQGARAIWQALSHAFGRRLVLSSTFRILADLLGFAGPLCIFGIVDHLGKENDVFQPKT
1pf4 10 WQTFKRLWTYIR-LYKAGLVVS----TIALVINAAADTYMISLLKPLLDEG-------

SUR1 339 QFLGVYFVSSQEFLANAYVLAVLLFLALLLQRTFLQASYYVAIETGINLRGAIQTKIYNK
1pf4 56 -----FGNAESNFLR---ILPFMILGLMFVRGLSGFASSYCLSWVSGNVVMQMRRRLFNH

SUR1 399 IMHLSTSNLSMGEMTAGQICNLVAIDTNQLMWFFFLCPNLWAMPVQIIVGVILLYYILGV
1pf4 108 FMHMPVRFFDQ-ESTGGLLSRITYDSEQVAGATSRALVSIVREGASIIGLLTLMFWNSWQ

SUR1 459 SALIGAAVIILLAPVQYFVATKLSQAQRSTLEYSNERLKQTNEMLRGIKLLKLYAWENIF
1pf4 167 LSLVLIVVAPVVAFAISFVSKRFRKISRNMQTAMGH------------------------

SUR1 519 RTRVETTRRKEMTSLRAFAIYTSISIFMNTAIPIAAVLITFVGHVSFFKEADFSPSVAFA
1pf4 238 -----------RQQTMKLVSAQSIADPVIQMIASLALFAVLFLASVDSIRAELTPGTFTV

SUR1 579 SLSLFHILVTPLFLLSSVVRSTVKALVSVQKLSEFLSSAEIREEQCAPHEPTPQGPASKY
1pf4 287 VFSAMFGLMRPLKALTSVTSEFQRGMAACQTLFGLMDLETERDN----------------

SUR1 639 QAVPLRVVNRKRPAREDCRGLTGPLQSLVPSADGDADNCCVQIMGGYFTWTPDGIPTLSN
1pf4 331 -----------------------------GKYEAERVNGEVDVKDVTFTYQGKEKPALSH



SUR1 699 ITIRIPRGQLTMIVGQVGCGKSSLLLAALGEMQKVSGAVFWSSLPDSEIGEDPSPERETA
1pf4 362 VSFSIPQGKTVALVGRSGSGKS-------------TIANLFTRFYDVDSGSICLDGHDVR

SUR1 759 TDLDIRKRGPVAYASQKPWLLNATVEENIIFESP--FNKQRYKMVIEACSLQPDIDILPH
1pf4 409 DYKLTNLRRHFALVSQNVHLFNDTIANNIAYAAEGEYTREQIEQAARQAHAMEFIENMPQ

SUR1 817 GDQTQIGERGINLSGGQRQRISVARALYQHANVVFLDDPFSALDIHLSDHLMQAGILELL
1pf4 469 GLDTVIGENGTSLSGGQRQRVAIARALLRDAPVLILDEATSALDTE-SERAIQAALDELQ

SUR1 877 RDDKRTVVLVTHKLQYLPHADWIIAMKDGTIQREGTLKD
1pf4 528 KN--KTVLVIAHRLSTIEQADEILVVDEGEIIERGRHAD

D
SUR1 997 WRACAKYLSSAGILLLSLLVFSQLLKHMVLVAIDYWLAKWTDSALTLTPAARNCSLSQ
1pf4 10 WQTFKRLWTYIRLYKAGLVVSTIALVINAAADTYMISLLKPLL--------DEGFGNA

SUR1 1055 ECTLDQTVYAMVFTVLCSLGIVLCLVTSVTVEWTGLKVAKRLHRSLLNRIILAPMRFFET
1pf4 60 ESNFLRILPFMILGLMFVRGLSG-FASSYCLSWVSGNVVMQMRRRLFNHFMHMPVRFFDQ

SUR1 1115 TPLGSILNRFSSDCNTIDQHIPSTLECLSRSTLLCVSALAVISYVTPVFLVALLPLAVVC
1pf4 119 ESTGGLLSRITYDSEQVAGATSRALVSIVREGASIIGLLTLMFWNSWQLSLVLIVVAPVV

SUR1 1175 YFIQKYFRVASRDLQQLDDTTQLPLLSHFAETVEGLTTIRAFRYEARFQQKLLEYTDSNN
1pf4 179 AFAISFVSKRFRKISRNMQTAMGH-----------------------------------R

SUR1 1235 IASLFLTAANRWLEVRMEYIGACVVLIAAVTSISNSLHRELSAGLVGLGLTYALMVSNYL
1pf4 239 QQTMKLVSAQSIADPVIQMIASLALFAVLFLASVDSIRAELTPGTFTVVFSAMFGLMRPL

SUR1 1295 NWMVRNLADMELQLGAVKRIHGLLKTEAESYEGLLAPSLIPKNWPDQGKIQIQNLSVRYD
1pf4 299 KALTSVTSEFQRGMAACQTLFGLMDLETERDNGKYEAERVN------GEVDVKDVTFTYQ

SUR1 1355 SSLKPVLKHVNALISPGQKIGICGRTGSGKSSFSLAFFRMVDTFEGHIIIDGIDIRKLPL
1pf4 353 GKEKPALSHVSFSIPQGKTVALVGRSGSGKSTIANLFTRFYDVDSGSICLDGHDVRDYKL

SUR1 1415 HTLPSRLSIILQDPVLFSGTIRFNLD--PERKCSDSTLWEALEIAQLKLVVKALPGGLDA
1pf4 413 TNLRRHFALVSQNVHLFNDTIANNIAYAAEGEYTREQIEQAARQAHAMEFIENMPQGLDT

SUR1 1473 IITEGGENFSQGQRQLFCLARAFVRKTSIFIMDEATASIDMATENILQKVVMTAFADRTV
1pf4 473 VIGENGTSLSGGQRQRVAIARALLRDAPVLILDEATSALDTESERAIQAALDELQKNKTV

SUR1 1533 VTIAHRVHTILSADLVIVLKRGAILEFDKPEK
1pf4 533 LVIAHRLSTIEQADEILVVDEGEIIERGRHAD

Figure S1



Figure S2
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SUR-dependent Modulation of KATP Channels by an N-terminal
KIR6.2 Peptide
DEFINING INTERSUBUNIT GATING INTERACTIONS*
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Published, JBC Papers in Press, September 3, 2002, DOI 10.1074/jbc.M208085200

Andrey P. Babenko‡ and Joseph Bryan

From the Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, Texas 77030

Ntp and Ctp, synthetic peptides based on the N- and
C-terminal sequences of KIR6.0, respectively, were used
to probe gating of KIR6.0/SUR KATP channels. Micromo-
lar Ntp dose-dependently increased the mean open
channel probability in ligand-free solution (PO(max)) and
attenuated the ATP inhibition of KIR6.2/SUR1, but had
no effect on homomeric KIR6.2 channels. Ntp (up to
�10�4 M) did not affect significantly the mean open or
“fast,” K� driving force-dependent, intraburst closed
times, verifying that Ntp selectively modulates the ratio
of mean burst to interburst times. Ctp and Rnp, a ran-
domized Ntp, had no effect, indicating that the effects of
Ntp are structure specific. Ntp opened KIR6.1/SUR1
channels normally silent in the absence of stimulatory
Mg� nucleotide(s) and attenuated the coupling of high-
affinity sulfonylurea binding with KATP pore closure.
These effects resemble those seen with N-terminal dele-
tions (�N) of KIR6.0, and application of Ntp to �NKATP
channels decreased their PO(max) and apparent IC50 for
ATP in the absence of Mg2�. The results are consistent
with a competition between Ntp and the endogenous N
terminus for a site of interaction on the cytoplasmic face
of the channel or with partial replacement of the deleted
N terminus by Ntp, respectively. The KIR N terminus and
the TMD0-L0 segment of SUR1 are known to control the
PO(max). The L0 linker has been reported to be required
for glibenclamide binding, and �NKIR6.2/SUR1 channels
exhibit reduced labeling of KIR with 125I-azidogliben-
clamide, implying that the KIR N terminus and L0 of
SUR1 are in proximity. We hypothesize that L0 interacts
with the KIR N terminus in ligand-inhibited KATP chan-
nels and put forward a model, based on the architecture
of BtuCD, MsbA, and the KcsA channel, in which
TMD0-L0 links the MDR-like core of SUR with the KIR
pore.

A basic question in ion channel biology is how regulatory
subunits modulate pore gating. Multiple solutions have
evolved; for example, KV channels associate with and are reg-
ulated by small soluble cytoplasmic �-subunits (see, for exam-
ple, Ref. 1) acting at the cytoplasmic face of the channel. ATP-

sensitive potassium channels present a more complex picture
in which the regulatory sulfonylurea-binding subunits, SURs,1

are large, multitransmembrane helix, ATP-binding cassette
proteins usually illustrated surrounding a tetrameric pore com-
posed of KIR6.1 and/or KIR6.2 subunits (2, 3). This architecture
implies that multiple intersubunit contacts between SUR and
KIR6.0 control the inhibitory and stimulatory ligand gating of
KATP channels and presents the experimental problem of how
to delimit the regions of contact modulating channel activity.

Inhibitory gating is a hallmark of KATP channels that burst
in ligand-free solution. At half-maximally inhibiting concentra-
tions (IC50), ATP and sulfonylureas shorten bursts of K� driv-
ing force-dependent openings and lengthen voltage-indepen-
dent interburst intervals (4–6). Concentrations of ATP ��
IC50(ATP) (the IC50 for ATP in the absence of Mg2�) � 10�5 M

also reduce the mean open time (�o), without changing signifi-
cantly the mean closed time of the Vm-dependent intraburst
gaps (�Cf) (e.g. Ref. 7). SUR-dependent channel stimulators,
including Mg-ADP/ATP, other magnesium nucleotide diphos-
phates, and KATP channel openers like diazoxide, induce oppo-
site changes in burst/interburst times (e.g. Ref. 6). Different
single channel transition schemes with ATP binding to closed,
open, or both states have been proposed to account for KATP

channel gating. Recent observations question models with in-
terburst closed state-delimited binding of ATP (e.g. Refs. 7, 8,
and 19). The structural determinants of ligand recognition and
molecular gating in KATP channels, including the KIR6.0/SUR
contacts that modulate the mean open channel probability in
ligand-free solution (PO(max)), have not been identified.

The effects of KIR/SUR interactions on KATP channel gating
were established by a side-by-side comparison of homomeric
KIR6.2�C35 2 pores with KIR6.2�C35/SUR1 and KIR6.2�C35/
SUR2A channels (9, 10). These studies showed that KIR/SUR
interactions 1) increase the �o, the K� driving force-dependent
mean open time, by �2.5-fold; 2) dramatically increase the
PO(max) as a consequence of the reduced occupancy of the volt-
age-independent interburst closed state(s), an effect that is
more marked for the SUR2 isoform; and 3) markedly decrease
the apparent IC50(ATP), an effect that is more pronounced for
SUR1. The results imply that association of KIR with SUR,
presumably through an interaction involving its transmem-
brane M1 domain (11), increases the Vm-dependent �o, which is
relatively insensitive to perturbations of the cytoplasmic parts
of KATP channel subunits (10, 12, 13). This suggests that inter-

* This work was supported by a scientist development award from the
American Heart Association (to A. P. B.) and by NIDDK Grant 44311
from the National Institutes of Health (to J. B.). Part of this work has
been presented in abstract form (40). 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: Dept. of Molecular
and Cellular Biology, Baylor College of Medicine, One Baylor Plaza,
112C, Houston, TX 77030. Tel.: 713-798-4996; Fax: 713-790-0545; E-
mail: ababenko@bcm.tmc.edu.

1 The abbreviations used are: SURs, sulfonylurea receptors; TMD,
transmembrane domain; GST, glutathione S-transferase; HPLC, high-
performance liquid chromatography; NBD, nucleotide-binding domain;
PO(max), mean open channel probability in ligand-free solution; N,
number of channels.

2 C-terminal truncation (41) removes the KIR retention signal (42)
without altering the gating properties of KIR.
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actions within the transmembrane electrical field can stabilize
a conducting conformation of the pore, whereas separable cy-
toplasmic contacts between SUR and KIR6.2 can favor a long-
lived closed conformation of the KIR

3 and decrease the appar-
ent KD for inhibitory ATP.

Comparison of chimeric KIR6.2/SUR1�SUR2A channels (10)
first showed that an SUR1 segment including TMD0 and the
cytoplasmic L0 linker (based on the topology in Refs. 14 and 15)
specifies the lower PO(max) of �-cell channels (KIR6.2/SUR1),
implying its participation in a regulatory contact. Additionally,
the L0 linker has been reported to be necessary for the binding
of the sulfonylurea glibenclamide (16), which inhibits KATP

channels. The necessity of the L0 linker for the transport
functions of the multidrug resistance protein MRP1, an ATP-
binding cassette protein closely related to SUR, has been ele-
gantly demonstrated by Bakos et al. (17).

N-terminal truncations (�N) of KIR6.2 provided the first
evidence for involvement of the initial, “distal” half of the
cytoplasmic N terminus of KIR in SUR-dependent interactions
that control the ligand-sensitive kinetics of KATP channels (12,
18). �N32KIR6.2, like �N44KIR6.2, produces �NKIR6.2/SUR1
channels with dramatically elongated bursts and apparently
destabilized interburst closed state(s), but normal values of �o

and intraburst �Cf (12). The �N32 deletion increases the
IC50(ATP) of �NKIR6.2/SUR1 channels from �6 to �90 �M,
without affecting the higher IC50(ATP) (�0.2 mM) and much
lower PO(max) values of homomeric inward rectifiers (see also
Ref. 18). These findings suggest three things. First, the N
terminus of KIR reduces the mean open channel probability
(PO), the maximum of which is limited to �o/(�o � �Cf), a value
that must be set by contacts between a conserved domain(s) in
SUR and a region(s) of KIR distinct from the first half of the N
terminus. Second, deletion of up to 44 amino acids from the N
terminus does not disrupt the ATP-binding site of KIR, which,
in the KIR/SUR complex, is able to bind inhibitory ATP in both
the open and closed states. Third, the N terminus facilitates
transitions to interburst conformation(s), which may have the
highest microaffinity for ATP, although contacts between the
KIR N terminus and SUR are not sufficient to account com-
pletely for the enhanced apparent affinity for inhibitory ATP of
KATP channels versus homomeric KIR6.2�C35 pores. The con-
served distal N terminus also participates in contacts that
stabilize the ligand-sensitive closed state of KIR6.1-based chan-
nels. These “KNDP” channels normally require a stimulatory
magnesium nucleotide diphosphate or hydrolyzable triphos-
phate and Mg2� for their opening; however, truncation of the N
terminus of KIR6.1 induces bursting of �NKIR6.1/SUR1 chan-
nels in nucleotide-free solutions (19). The PO(max) of �NKIR6.1/
SUR1 and �NKIR6.2/SUR1 channels is similarly reduced by
ATP, indicating that both are ATP-sensitive (19). These studies
do not provide an explanation for the activity of the N terminus
(i.e. whether a specific peptide sequence is needed, or whether
a simple charge is sufficient), nor do they suggest which do-
mains the N terminus might interact with during KATP channel
gating.

A functional role for the proximal half of the KIR N terminus
has not been clarified by truncation mainly because deletions
greater than �N44 fail to produce channels when coexpressed
with SUR (12, 19). The SUR-dependent increase in PO(max), due
to an increased occupancy of interburst closed state(s), ob-
served in KIR6.2(R50Q/K185Q)/SUR1 channels with mutations
in both submembrane segments (12) implies interactions be-

tween the proximal N- and C-terminal domains of KIR.4 The
results are consistent with the proposed involvement of both
the N and C termini in controlling what has been termed a
“slow, cytoplasmic gate” in chimeric KIR6.1�KIR6.2/SUR chan-
nels independently of whether the transmembrane core is from
KIR6.1 or KIR6.2 (20, 21). Isolated proximal N-terminal frag-
ments of KIR6.2 fused with GST will pull-down C-terminal
peptides (22). The tight binding of these domains is consistent
with a role in channel assembly. Binding of the proximal C-
terminal domain of KIR6.2 to SUR1 has also been proposed to
determine their co-assembly (23), although others (11), using a
different biochemical assay, have concluded that the M1 helix
of KIR and/or its N-terminal extension co-associates with SUR.
It is unclear whether these stable intra- and intersubunit con-
tacts specify channel dynamics versus assembly.

To search for interactions that control gating and that are
presumably dependent on open versus closed states of the chan-
nel, we examined the effect of synthetic peptides on the PO(max)

of KIR6.0/SUR1 channels and their inhibition by ATP and sul-
fonylureas and correlated these with the effect of �NKIR6.2
deletion on co-photolabeling of KIR by 125I-azidoglibenclamide
bound to SUR1. Our findings suggest a model in which se-
quence-specific interactions between the first half of the N
terminus of KIR6.0 and a cytoplasmic loop of SUR1 increase the
occupancy of the Vm-independent, interburst closed state(s) of
KATP channels. Similar functional assays could be used to
identify intersubunit interactions that control gating of other
ion channels and electrogenic transporters.

EXPERIMENTAL PROCEDURES

Molecular Biology—The generation of cDNA constructs and their
expression in COSm6 cells have been described (12, 19).

Protein Secondary Structure Prediction—This was done by both
PHDsec (24) and Hidden Markov HHM (25) modeling using bioinfor-
matics resources and alignment engines.5

Peptide Preparation—The biotinylated (Biot) peptide Ntp, containing
a segment of human KIR6.2 from Leu2 through Ala33 (Biot-Cys-Gly-Leu-
Ser-Arg-Lys-Gly-Ile-Ile-Pro-Glu-Glu-Tyr-Val-Leu-Thr-Arg-Leu-Ala-
Glu-Asp-Pro-Ala-Glu-Pro-Arg-Tyr-Arg-Ala-Arg-Gln-Arg-Arg-Ala-NH2);
the corresponding random peptide Rnp, with the same amino acid
composition; and the peptide Ctp, containing a C-terminal segment of
KIR6.2 from Lys170 through Lys207 (Biot-Cys-Lys-Thr-Ala-Gln-Ala-His-
Arg-Arg-Ala-Glu-Thr-Leu-Ile-Phe-Ser-Lys-His-Ala-Val-Ile-Ala-Leu-
Arg-His-Gly-Arg-Leu-Cys-Phe-Met-Leu-Arg-Val-Gly-Asp-Leu-Arg-Lys-
NH2) were made by conventional solid-phase synthesis and purified by
HPLC in the Baylor Protein Chemistry Core Laboratory. Masses were
confirmed by mass spectrometry, and purities were verified by analyt-
ical HPLC and amino acid analysis. All three peptides are hydrophilic
and readily soluble in intracellular solution (see below) and were stored
at �2 mM in aqueous solution at �20 °C.

High-affinity Photolabeling of SUR1 and Co-photolabeling of the KIR

with 125I-Azidoglibenclamide—COSm6 cells cotransfected with SUR1
plus KIR6.2 or �N32KIR6.2 were labeled in vivo with 125I-azidogliben-
clamide (1 nM), subjected to electrophoresis, and prepared for autora-
diography as described previously (2, 26). The incorporation of 125I into
the SUR1 and KIR bands was estimated by densitometry of the
autoradiographs.

Patch-Clamp Recordings and Single Channel Kinetic Analysis—
These were done as described previously (9, 12, 19). The pipette solution
contained 145 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM HEPES,
pH 7.4 adjusted with KOH, unless otherwise noted. The intracellular
bath solution contained 140 mM KCl, 1 mM MgCl2, 5 mM EGTA, 5 mM

HEPES, and 10 mM KOH, pH 7.2 adjusted with KOH. Nucleotides,
tolbutamide, and glibenclamide were from Sigma. [Mg2�]i was kept at
a quasi-cytosolic level of �0.7 mM by adding MgCl2. The Mg2�-free
internal solution contained 140 mM KCl, 5 mM EDTA, 5 mM HEPES,
and 10 mM KOH, pH 7.2 adjusted with KOH. The holding potential was

3 This general formulation is independent of arguments about the
degree of coupling between multiple “gates.”

4 This is consistent with the notion that size, rather than charge or
hydrophobicity of the side chain of residue 50, is critical for the ATP
inhibitory gating (43).

5 Available at www.rcsb.org, www.expacy.ch, and www.cse.ucsc.edu.
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�40 mV. In the figures, the horizontal dashed lines give the level at
which all KIR6.0-containing channels were closed. Solutions were ex-
changed within 2 ms. Patch currents recorded at 2–10 kHz (digitized at
20–100 kHz) were used to determine the unitary conductance (g), single
channel kinetics, and ATP dose responses. The PO was estimated from
all-points single channel current amplitude histograms or from macro-
currents by fitting to the following equation: PO � 1 � �2�I�1�i�1, where
�2, I, and i are the KATP current variance, the mean, and the single
channel current amplitude, respectively. Determination of the intra-
burst (but not interburst) kinetics from multiple channel current traces
showing a single level opening is valid. The differences in averaged
values (expressed as means � S.D.) with p � 0.05 determined by a
series of tests, including independent t tests (OriginPro Version 7,
Microcal Inc., Northampton, MA), were considered significant.

RESULTS

Effects of Ntp on the PO(max) of KATP and �NKATP Channels—
Ntp (but not Rnp or Ctp) dose-dependently increased the
PO(max) of KIR6.2/SUR1 channels in the absence of nucleotides
(Fig. 1A). The �o and �Cf values are not significantly affected by
30 �M Ntp (3.04 � 0.49 versus 2.96 � 0.47 ms and 0.24 � 0.04
versus 0.25 � 0.03 ms in the presence and absence of Ntp,
respectively, at a K� driving force of �40 mV (12)). The result-
ing PO(max) at saturating concentrations of Ntp was close to the
limiting value, �o/(�o � �Cf) � 0.925. This theoretical maximum
is determined for a channel that has zero probability to be in a

voltage-independent, interburst closed state, and is not par-
tially inactivated or “rundown.” Single channel recording be-
fore significant rundown had occurred (Fig. 1B) verified that
KIR6.2/SUR1 channels were open �91% of the time in the
presence of 30 �M Ntp versus �74% of time with no Ntp (see a
comparable control value in a previous report (9)). Ntp had no
effect on the PO(max) of homomeric KIR6.2�C35 channels lack-
ing SUR (0.089 � 0.009 determined in 30 �M Ntp is similar to
the previously determined control values of 0.09 � 0.01 (9)).
The increased PO(max) with Ntp reflects a decrease in the occu-
pancy of interburst closed states comparable with that pro-
duced by N-terminal deletions (�N) of KIR6.2 (12). Therefore,
we tested the ability of Ntp to reduce the PO(max) of �NKATP

channels. Ntp (but not Rnp or Ctp) decreased the PO(max) of
�N32KIR6.2/SUR1 channels, the activity of which was near-
maximal as a consequence of N-terminal truncation (Fig. 1C).
The effects of Ntp on the PO(max) of both intact and N-termi-
nally truncated channels were dose-dependent, with half-max-
imal concentrations of �10–15 �M (Fig. 1D). Ntp was not as
effective in reducing the PO(max) as the endogenous N terminus
and only partially restored wild-type gating.

Effects of Ntp on ATP Inhibition of KATP and �NKATP Chan-
nels—Ntp (but not Rnp or Ctp) attenuated the ATP inhibition

FIG. 1. Ntp modulates the PO(max) of
KATP and �NKATP channels in inside-
out patches. A, response of KIR6.2/SUR1
channel macrocurrents to application of
Ntp. Application of Rnp or Ctp was with-
out significant effect. B, Ntp modulates
the interburst kinetics of a single KIR6.2/
SUR1 channel, resulting in an increase in
its spontaneous PO. This recording was
done at 0 mV, with the pipette solution
containing 140 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 1 mM CaCl2, and 10 mM HEPES,
pH 7.4 adjusted with NaOH, to prevent
currents through nonselective channels.
These experimental conditions were used
previously to quantify comparable effects
on the interburst kinetics of �N32KIR6.2/
SUR1 channels (12). The �22% increase
in the PO(max) determined from the ampli-
tude histograms (shown on the right) is
consistent with the increase in KATP mac-
rocurrents in A. We obtained another sin-
gle KATP channel displaying PO(max) � 0.6
for �1 min under similar conditions. Ntp
shortened the voltage-independent gaps
by �40% in both experiments, but the
data are insufficient to report statistically
representative mean interburst time(s)
with versus without Ntp. C, Ntp (but not
Rnp or Ctp) decreases the spontaneous
activity of �N32KIR6.2 channels. D, Ntp
dose responses for intact and truncated
channels. The individual NPO(max) values
in the presence of different concentrations
of Ntp were normalized to those in the
absence Ntp (three and three different
patches, respectively).
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of KIR6.2/SUR1 channels in a dose-dependent manner (Fig.
2A). This phenomenon also resembles the effect of N-terminal
deletions that reduce the ATP inhibition of �NKIR/SUR1 chan-
nels without affecting homomeric �NKIR channels (18, 27). Ntp
could partially restore wild-type ATP inhibition to �N32KIR6.2/
SUR1 channels. ATP (100 �M), with or without Ntp (up to 100
�M), was equally effective in inhibiting homomeric KIR�C35
channels, used as sensors for low-affinity ATP binding (9),
indicating that the N-terminal peptide does not bind ATP. Fig.
2B shows that Ntp shifted the IC50(ATP) for intact channels to
the right, whereas it had the opposite effect on �N32KIR6.2/
SUR1 channels, partially reversing the effect of N-terminal
truncations. The results substantiate our original conclusion,
based on �N32KIR6.2/SUR1 and �N44KIR6.2/SUR1 channels
(12), that the first half of the N terminus of KIR6.2 does not
form a low-affinity ATP-binding pocket, although it does ap-
pear to stabilize the ATP-locked pore through contact with
SUR1.

Effects of Ntp on KNTP and �NKNTP Channels—The N-ter-
minal sequences of KIR6.1 and KIR6.2 are similar, differing by
2 amino acids in the first 14 residues, with 55% identity over
the 33 residues included in Ntp. We therefore tested whether
Ntp would reduce the intrinsic stability of KIR6.1/SUR1 KNDP

channels, opening them in the absence of stimulatory Mg�

nucleotides. Application of Ntp (30 �M) elicited a low-PO activ-
ity in these channels, which was reduced by 100 �M ATP (Fig.
3A). A similar “activation” was achieved by concatenation of the
N and C termini of KIR6.1 through -GGGSGGGA- linkers or by
short deletions of the N terminus (19), consistent with the N
terminus playing a dynamic role in stabilization of the inter-
burst closed state. The Po(max) of �N33KIR6.1/SUR1 channels
was attenuated by Ntp, which also enhanced ATP inhibition

(Fig. 3B, left panel). N-terminal deletion did not compromise
the Mg� nucleotide-dependent stimulatory action of SUR on
KIR6.1; the Po of �N33KIR6.1/SUR1 channels was increased to
�0.7 by 10 mM Mg-UDP in the presence of 30 �M Ntp (four
independent experiments; see an example in Fig. 3B (right
panel) and similar experiments without Ntp in Ref. 19). Similar
perturbations of KIR6.2 did not alter its stimulation by SUR1
(27). Application of Ctp was ineffective on all of the tested
channels.

Effects of Ntp on the Coupling of High-affinity Sulfonylurea
Binding to Closure of KIR6.2—We have shown previously that
200 �M tolbutamide saturates the high-affinity (but not low-
affinity) binding sites on intact KATP channels, reducing the
PO(max) by �60% (27). Progressive truncation of the N terminus
of KIR6.2 uncouples the effect of high-affinity sulfonylurea
binding to SUR1 from channel closure, resulting in an �2-fold
higher relative NPO(max) for �N32KATP versus KATP channels in
the presence of 200 �M tolbutamide (�85 versus �42%; see Ref.
27). Therefore, we tested the ability of Ntp to uncouple SUR1
from KIR6.2 and to reduce the inhibitory effect of tolbutamide.
Ntp (30 �M) increased the fraction of NPO(max) of KIR6.2/SUR1
channels in the presence of 200 �M tolbutamide from �0.43 to
�0.64 (Fig. 4A). This 1.49 � 0.05-fold increase exceeded the
1.2 � 0.04-fold increase by Ntp in the absence of drug (Fig. 1D),
consistent with partial uncoupling. Similar experiments with
the more potent sulfonylurea glibenclamide were complicated
by its slower dissociation rate, but we estimated �1.33- and
1.42-fold increases (two patches) in KATP currents over 20 s
following addition of 30 �M Ntp to 30 nM glibenclamide, which
is sufficient to saturate the nanomolar (but not micromolar)
affinity sulfonylurea-binding sites on KIR6.2/SUR1 channels
(27). To determine whether Ntp interacts with glibenclamide,

FIG. 2. Ntp modulates the ATP inhibition of KATP and �NKATP channels. A, an illustration of the opposite response of KATP and �NKATP
to application of Ntp in the presence of 0.1 mM ATP. Application of 0.1 mM Rnp to two other patches resulted in a small decrease or in no detectable
change in the NPO in the presence of 0.1 mM ATP; the averaged “response” to this high concentration of Rnp was not significantly different from
that with application of buffer without Rnp (three patches). Application of Ctp was also without significant effect. Note that the differences in KATP
currents at different [ATP]/[Ntp] are inconsistent with Ntp binding ATP at a fixed stoichiometry. B, Ntp shifts the inhibitory ATP dose-response
curves for the wild-type and truncated channels, as shown by the arrows. The IC50(ATP) values derived from pseudo-Hill fits are 6.1 versus 44.7 �M

and 87.6 versus 28.7 �M in the absence versus presence of 100 �M Ntp for the intact and truncated channels, respectively (three and three patches,
respectively).
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we used homomeric KIR6.2�C35 channels as low-affinity sen-
sors of sulfonylureas (27). Glibenclamide (3 �M) similarly re-
duced their activity in the presence or absence of 30 �M Ntp,
consistent with no reduction in the effective concentration of
the drug. To test the ability of Ntp to recouple �NKIR to SUR
and to restore sensitivity to sulfonylureas, Ntp was applied to
�N32KIR6.2/SUR1 channels in the presence of tolbutamide
(200 �M). Application of Ntp decreased rather than increased
channel activity, consistent with partial recoupling; but the
effect was small, thus limiting the significance of a comparison
with the effect of Ntp alone.

Evidence for the Proximity of the KIR6.2 N Terminus to the L0
Loop of SUR1—125I-glibenclamide photolabels the N-terminal
portion of SUR1 (28) that contains the �100-residue intracel-
lular L0 linker (14, 15) reported to be required for high-affinity
glibenclamide binding (16). At nanomolar concentrations, 125I-
azidoglibenclamide photolabels KIR6.2 only in the presence of
SUR1 (2). Although �N32KIR6.2 and SUR1 assemble func-
tional channels, which are stimulated by KATP openers and/or
magnesium nucleotides (27), the �N32 deletion strongly com-
promised co-labeling of KIR (Fig. 4B). The data imply that
N-terminal deletions either remove or alter the positioning of

one or more residues close to the short-lived nitrene group
generated upon photolysis of azidoglibenclamide. As only SUR1
fragments containing L0 can be photolabeled (28, 40), the re-
sults are consistent with the idea that L0 and the N terminus
of KIR are in close proximity.

DISCUSSION

We have shown that application of Ntp, a short peptide
equivalent to the initial N terminus of KIR6.2, to the cytoplas-
mic face of intact KIR6.0/SUR1 channels increased their open
probability. Application of Ntp to �NKIR6.0/SUR1 channels,
the open probability of which is already at a maximal value as
a consequence of truncating the N terminus, slightly reduced
their PO(max). Thus, the initial N terminus of KIR6.2, homolo-
gous in both KIR6.0 isoforms, can alter the stability of burst
versus interburst conformation(s) of KIR6.0-based channels.
The effects were SUR-dependent, as the N-terminal peptide did
not alter the gating of homomeric KIR channels. The effects
were selective, as Ntp did not significantly affect �Cf or �o,
characterizing the fast intraburst kinetics of heteromultimeric
channels, or alter their responsiveness to the Mg� nucleotide-
dependent stimulatory action of SUR. The effects of Ntp were

FIG. 3. Ntp modulates KNTP and �NKNTP channels. A, Ntp can open KNDP channels inhibited by submillimolar ATP. The vertical arrow
shows isolation of the inside-out patch. B, Ntp attenuates the spontaneous activity of �NKNDP channels and potentiates their inhibition by ATP
(left trace) without altering their stimulation by Mg� nucleotides (right trace). The low inhibitory potency of Mg-UDP (19, 27) is advantageous for
testing the stimulatory action.

FIG. 4. Ntp attenuates the coupling between sulfonylurea binding to SUR1 and closure of the KIR6.2 pore, and deletion of the
N-terminal linker reduces KIR co-photolabeling with 125I-azidoglibenclamide. A, Ntp (30 �M) reduces inhibition of KIR6.2/SUR1 channels
by 200 �M tolbutamide (Tlb). The individual Po values were determined from KATP macrocurrents (three patches) and normalized to the mean of
Po values before and after application of Ntp. The dashed and dotted lines show the means � S.D. � 84.8 � 4.3% (n � 3) for �N32KIR6.2/SUR1
channels with disrupted coupling of high-affinity tolbutamide binding to KIR closure (the small inhibition is due to nonspecific effects of
tolbutamide) (27); 63.8 � 5.1% (n � 3) is significantly different from both 84.8 � 4.3% and 43.1 � 4% (n � 3). B, ratio (KIR/SUR1) of
125I-azidoglibenclamide incorporated (in) into �N32KIR6.2/SUR1 versus KIR6.2/SUR1 subunits. The data for �NKATP are normalized to those for
KATP in similarly prepared samples (mean � S.D., n � 3 for each channel). Co-labeling was reduced (p � 0.001) by the truncation; the bar for
�NKATP is 3.2 � 1.9% of the control.
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relatively low-affinity, in agreement with the notion that hy-
drophilic peptides may adopt many conformations in solution,
resulting in a lower effective concentration; with the observa-
tion that a synthetic peptide based on the hydrophilic N termi-
nus of KV�1.1, which shows only transient formation of local
structures in solution, inactivates KV channels with micromo-
lar affinity (29); and with the low secondary structure of the
initial N terminus of KIR6.2 predicted previously (Fig. 5) (30).
The results imply that the endogenous N terminus of KIR6.0
must participate in a dynamic binding/unbinding reaction that
allows Ntp to compete for a contact site(s).

The action of Ntp was rapidly reversible, apparently diffu-
sion-limited, and sequence-specific. A randomized peptide of

equivalent amino acid composition, solubility, and charge had
no effect. There was no binding of ATP or sulfonylureas to Ntp,
which could explain its effects on the ligand inhibition of KATP

channels. Ntp increases the PO(max) under conditions (i.e. the
absence of ATP) in which only a decrease in membrane phos-
phatidylinositol bisphosphate content is possible and could con-
tribute to a slow rundown of channel activity (31). Thus, al-
though Ntp has multiple positively charged residues, it does
not appear to act by neutralizing or screening negatively
charged membrane phospholipids postulated to stabilize an
ATP-insensitive open state of the inner gate of KIR6.2 inde-
pendently of SUR (32).6 Therefore, modulation of KATP chan-
nels by Ntp appears to reflect competition for a cytoplasmic site
on the KIR6.0/SUR1 complex.

Several pieces of evidence suggest that the initial N terminus
and a segment more proximal to M1 may interact with distinct
cytoplasmic parts of the KIR6.2/SUR1 complex. The gain of
PO(max) determined for KATP channels with double versus single
R50Q and K185Q mutations first suggested that the proximal
N- and C-terminal domains are close to each other (12).4 A
fusion protein consisting of the first 53 residues from the N
terminus of KIR6.2 linked to GST pulled down a C-terminal
KIR6.2 fragment (residues 170–391) (22). Based on the pat-
terns of interaction of a series of shorter overlapping N termi-
nus-GST fusion proteins with the C-terminal fragment, this
approach suggested that amino acid segment 30–46 was nec-
essary for stable interaction (note, however, that �N32KIR6.2
and �N44KIR6.2 readily co-assemble with SUR1 functional
channels (12, 18)). A similar approach delineated several seg-
ments of the C terminus (33) as candidates for interaction with
the proximal N terminus (including Arg50), and one of these
segments (residues 170–204) includes Lys185. An earlier anal-
ysis (20) of chimeric KIR6.1�KIR6.2/SUR1 channels carrying
overlapping segments of KIR N and C termini implicated amino
acids 37–45 in controlling “spontaneous bursting” and impli-
cated a single segment in the C terminus distinct from that
delineated by the GST fusion protein method. Although these
approaches imply the participation of a common proximal N-
terminal segment in stable N/C-terminal associations, they
have uncovered no specific interactions between the distal N
terminus and the C terminus of either KIR6.1 or KIR6.2. We
hypothesize that the SUR-dependent modulation of KATP chan-
nels by Ntp reflects a competition of Ntp with the initial N
terminus of a closed KIR for a cytoplasmic site on a relaxed,
non-stimulatory conformation of SUR1. Deletion of the N-ter-
minal segment of KIR6.1 equivalent to Ntp destabilizes a per-
manently closed state of the KIR6.1/SUR complex. This implies
that the initial KIR N terminus serves as an inhibitory linker
between SUR and the cytoplasmic gate in both KNDP and KATP

channels (19). Shorter N-terminal truncations or concatenation
of KIR subunits, which could change the position or mobility of
the N terminus, produce partial effects (19). We propose that by
displacing the linker from SUR, Ntp interferes with its action
in intact channels while partially mimicking it and thus
slightly inhibiting �NKIR channels.7

What cytoplasmic domain(s) of SUR1 is in proximity to the
distal KIR N terminus? As illustrated in Fig. 5, the potential
candidates are nucleotide-binding domains NBD1 and NBD2;
the C terminus; and several loops, including the �100-residue-

6 In this reference, partially purified preparations of the full-length C
terminus of KIR6.2 fused with GST were reported to facilitate the decay
of KATP currents. We have not seen such an effect of our synthetic
peptides, including Ctp, which contains residues postulated to bind
phosphatidylinositol bisphosphate.

7 The smaller reverse effect on the �NKATP versus intact channels
would be consistent with the lower coupling efficiency of the isolated
peptide versus the endogenous N terminus.

FIG. 5. Cytoplasmic view of one of four functional units of a
closed KATP channel. The arrangement of the TMD1-NBD1-TMD2-
NBD2 core of SUR1 (in light gray) and the M1-H5-M2 portion of KIR6.0
is based on the architecture of “relaxed” BtuCD (39), the MsbA dimer,
a homolog of MDR ATP-binding cassette transporters (38), and the
KcsA channel (45) in a “straight” conformation (49), respectively. The
overall shape of SUR is consistent with electron microscopic projection
maps of relaxed MRP1 (46). The �-helical extensions of M1 and M2 are
based on secondary structure predictions (see “Experimental Proce-
dures”); an extended inner helix of KIR6.2 is consistent with experimen-
tal data (47). The white circle and square indicate Arg51 (Arg50) and
Arg195 (Lys185), respectively (numbers for KIR6.2 are in parentheses).
The white triangle indicates Ile192 (Ile182) (48). The white star is Gly343

(Gly334) in the -Phe-Gly-Asn-Thr-(Val/Ile)-Lys- motif recognizing ATP
in ion-motive ATPases, and G334D is the most potent in increasing the
IC50(ATP) without affecting the PO(max) (Ref. 13; and A. P. Babenko and
J. Bryan, unpublished data). The putative ATP inhibitory site(s) is
conserved in KIR6.1- and KIR6.2-based channels (19). Although the
reported effects of Ntp and the �N32 deletion could be explained by
indirect functional interactions involving L0 of SUR and the initial N
terminus of KIR6.0, we favor the idea that the two domains contact each
other to destabilize burst and to stabilize interburst conformation(s).
Deletion of the first half of the N terminus eliminates the effects of L0
on the slow, cytoplasmic gating machinery of KIR6.0. To accommodate
the results with Ntp, we propose that the initial part of the KIR N
terminus is somewhat flexible and that its association with L0 is dy-
namic. 125I-azidoglibenclamide (125I-N3Glb), which photolabels both
subunits, defines a zone of proximity between L0 and the KIR N termi-
nus. We recognize that loss of labeling of �NKIR does not prove that the
distal N terminus is the labeling site; truncation could reposition part of
KIR6.0 normally in proximity to L0 and the benzoido moiety of 125I-
azidoglibenclamide. The placement of the elements of the model sug-
gests that binding of glibenclamide could alter the positioning of L0 and
consequently lock KIR in a closed state by repositioning its N terminus.
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long L0 linker (14, 15, 34). Mutations in the nucleotide-binding
folds do not alter the spontaneous bursting of KATP channels or
their inhibition by nucleotides or sulfonylureas in the absence
of Mg2�, suggesting that they are unlikely to affect gating
through contacts with the KIR N terminus. Similarly, muta-
tions and truncations of the C terminus of SUR1 (26, 35) do not
markedly alter the Po(max) (�0.6) of KIR6.2/SUR1�C channels,
indicating that this region is also an unlikely candidate. On the
other hand, there is growing evidence for intersubunit interac-
tions involving the L0 linker of SUR and the KIR N terminus
that attenuate the Po. Analysis of SUR1 and SUR2 chimeras
identified the TMD0-L0 segment as a critical determinant of
the interburst kinetics (10) affected by deletion of the KIR N
terminus (12, 19). The L0 sequences of SUR1 and SUR2 are not
identical, and their differential interaction with the KIR N
terminus is consistent with these results. Several lines of evi-
dence suggest that the L0 linker and the distal KIR N terminus
may be in close proximity. An �50-kDa fragment spanning the
TMD0-L0 segment is the site of photolabeling of SUR1 with
125I-glibenclamide (28), and the L0 linker (16) has been impli-
cated, along with segment(s) of TMD2 (27, 36, 37), in the
high-affinity binding of glibenclamide. 125I-azidoglibenclamide
has been shown to co-photolabel KIR6.0 subunits when they are
co-assembled with SUR1 (2). Deletion of the distal N terminus
of KIR6.2 uncouples sulfonylurea binding to SUR1 from atten-
uation of the PO(max) (27), concomitantly reducing co-photola-
beling of �NKIR6.2 subunits by 125I-azidoglibenclamide (Fig.
4). The results imply that the L0 linker and the distal N
terminus of KIR6.0 are in proximity.

Our working model is illustrated in Fig. 5. KIR/SUR contacts
must exist that stabilize the transmembrane voltage-sensitive
open state of KIR6.0 (9). Vm-independent interactions at the
cytoplasmic face of a KIR/SUR complex destabilize the burst
state and stabilize interburst state(s) that can be “locked”
closed by inhibitory ligands. Based on the proposed interac-
tions between the KIR N terminus and the SUR1 L0 linker, we
hypothesize that a domain(s) of TMD0, preceding L0, is in
contact with the M1 helix and/or its submembrane extension
(consistent with Ref. 11). Work on MRP1 (17) has shown that
L0 interacts with the TMD1-NBD1-TMD2-NBD2 core and is
critical for transport function. However, no role for TMD0 has
been proposed; the addition of TMD0 or TMD0-L0 from MRP1
to MDR1, the multidrug resistance transporter P-glycoprotein,
produced functional MDR1-like chimeras. On the other hand,
SUR1/MRP1 chimeras containing any of the TMDs of MRP1
failed to stimulate the surface expression of KIR6.2 (11). We
hypothesize that TMD0 may play a role in the specific associ-
ation of SUR with KIR6.0. In contrast to previous schemes in
which TMD0 is excluded from direct contact with the KIR core
(11, 16), our model argues that this domain can interact with
KIR6.0 independently of the MDR-like core, which is structur-
ally related to the MsbA dimer (38) and BtuCD (39). This idea,
which we are currently testing, does not exclude additional
KIR/SUR contacts and is predicated based on the finding that
the stability of the open pore is markedly increased by associ-
ation with SURs through their transmembrane domain(s). We
placed the L0 linker and the KIR N terminus in contact. This
positioning is consistent with the specification of the PO(max) of
KIR6.2/SUR isoforms by the TMD0-L0 segment (10), with the
attenuation of the maximal Po by the initial KIR N terminus,
with competition by Ntp for a site on SUR, and with labeling of
these segments by 125I-azidoglibenclamide. This model makes
the interesting prediction that the TMD0-L0 segment alone
may be able to associate with and modulate the PO(max) of
KIR6.0 pores. The model implies that TMD0 and L0 couple
conformational changes in the SUR core, which senses the

stimulatory Mg-ADP/ATP ratio and binds KATP openers and
SUR inhibitors (30), to changes in the PO of the pore.8 Previous
work has shown that deletion of the N-terminal linker does not
alter Mg� nucleotide-dependent stimulation of KATP channels;
thus, we have argued that stimulatory and inhibitory signals
converge via separable structural paths on KATP pores (19, 27,
30). The postulated contacts differentially colored in Fig. 5
provide plausible structural pathways for these convergent
signals.
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The mechanism by which ubiquitous adenine nucle-
otide-gated KIR6.04/SUR4 channels link membrane excit-
ability with cellular metabolism is controversial. Is a
decreased sensitivity to inhibitory ATP required, or is
the Mg-ADP/ATP-dependent stimulatory action of the
ATPase, sulfonylurea receptor (SUR), on KIR sufficient
to elicit a physiologically significant open channel prob-
ability? To evaluate the roles of nucleotide inhibition
versus stimulation, we compared KIR6.1-based KNDP
channels with KIR6.2-based KATP channels and all possi-
ble KIR6.1/6.2 hybrids. Although KNDP channels are
thought to be poorly sensitive to inhibitory ATP and to
require Mg-nucleotide diphosphates for activity, we
demonstrate that, like KATP, and hybrid channels, they
are inhibited with an IC50(ATP) 100-fold lower than
[ATP]i. KIR6.1 is, however, more efficiently stimulated
by SUR than KIR6.2, thus providing a mechanism for
differential nucleotide regulation, in addition to the
known differential interactions of Mg-nucleotides with
SUR isoforms. The on-cell and spontaneous activities of
KNDP, KATP, and hybrid channels identified in native
cells, are different; thus, their similar IC50(ATP) values
argue the regulatory “�” SUR subunits play a preemi-
nent role in coupling excitation to metabolism and pose
questions about the physiologic significance of models,
which assume the ATP insensitivity of open KIRs.

KATP channel isoforms, KIR6.04/SUR4 (1), expressed in a
variety of different cell types, are unique complexes in which
channel gating is controlled by ATP-binding cassette (ABC)1

proteins, SURs. The KIR6.0 subunits are thought to form KcsA-
like pores (2) surrounded by a quartet of SURs, which interact
with nucleotides, inhibitory sulfonylureas, and selective KATP

channel openers to modulate channel activity (see Ref. 3 for a
discussion of the functional topology of SURs). These channels
are abundant and metabolically driven changes in the [Mg-
ATP]7 [MgADP] equilibrium can regulate their low PO activ-
ity stabilizing the resting potential of high input impedance
cells, e.g. neurons, smooth muscle, and endocrine cells, and

shortening the action potentials of cardiac and skeletal myo-
cytes with lower membrane resistance.

The primary signaling mechanism that attunes the PO to the
cellular metabolic status remains controversial. Observations
that KATP channels burst spontaneously in inside-out patches
and show reversible inhibition by submillimolar ATP (4–6)
suggested that opening these KIRs in vivo, in the face of milli-
molar nucleotide, would necessitate a significant decrease in
their sensitivity to ATP. The reduction in the ATP sensitivity of
isolated KATP channels upon treatment with numerous sub-
stances has been interpreted as evidence for the plasticity of
ATP-inhibitory gating in vivo. Following the report (7) that
ATP weakly inhibits KIR6.2-based channels in the absence of
SUR (IC50(ATP) � �0.2 mM versus �5–20 �M with SURs; Refs. 8
and 9), KIR-based plasticity of ATP inhibition has been consid-
ered a possible cause of the variable activity observed for KATP

channel isoforms in situ.
An alternative idea is that SURs, obligatory regulatory sub-

units of KATP channels and members of the ABC superfamily
(10, 11), act as nucleotide sensors and, in vivo, SURs would
exert a Mg-ADP/ATP-dependent stimulatory action sufficient
to overcome the saturated inhibitory effect of nucleotides at
noncanonical nucleotide binding site(s) on the KIR (1). This
hypothesis is consistent with only a small fraction, �1%, of the
maximal NPO for KATP channel population participating in the
regulation of insulin secretion from pancreatic �-cells (12) or
shortening of action potentials of metabolically inhibited ven-
tricular cardiomyocytes (13, 14). The hypothesis is consistent
with the marginal effect of a decreased submembrane concen-
tration of ATP on KATP channel activity in situ, e.g. the en-
hancement of KATP currents observed when adenylyl cyclases
are maximally stimulated, thus reducing ATP without produc-
ing stimulatory MgADP, in cardiomyocytes dialyzed with sub-
millimolar ATP, but not in the perforated patch or conventional
whole-cell configuration with millimolar [ATP]i (15). The phys-
iologic significance of the Mg-nucleotide-dependent stimulation
of KIR6.2 has been established by the identification of SUR1
mutations that compromise the stimulatory, but not the inhib-
itory action of Mg-nucleotides on pancreatic �-cell KATP chan-
nels (16), thus eliminating their short burst activity in situ and
causing persistent hyperinsulinemic hypoglycemia of infancy
(17).

The lower unitary conductance (g) KIR6.1-based “KNDP”
channels are reported to require Mg-nucleotide diphosphates
for activity and show poor sensitivity to ATP (18), suggesting
their nucleotide-sensing mechanism might be distinct from
that of KIR6.2-based channels (19, 20). This fostered the idea
that the basal activity of KNDP channels in intact cells was a
result of their poor interaction with inhibitory ATP and that
heteromultimerization of KIR6.0 tetramers might generate
novel ATP-inhibitory machinery. However, mutations that pro-
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duce the largest increase in IC50(ATP) without affecting the
spontaneous PO of KIR6.2-based channels (21–23) are at con-
served residues, thus arguing for a similar inhibitory mecha-
nism (24). In addition, spontaneously active hybrid channels
containing KIR6.1 and at least one KIR6.2 show KATP channel-
like inhibition by ATP (24), indicating both KIRs sense inhibi-
tory nucleotides via a common mechanism, but respond differ-
entially to the Mg-nucleotide-dependent stimulatory action of
SUR. These results are consistent with dual, separable, stim-
ulatory, and inhibitory effects of Mg-nucleotides on both chan-
nels (see also Ref. 25). An unambiguous analysis of ATP inhi-
bition of KIR6.1-based channels requires measurable activity in
the absence of stimulatory Mg-nucleotides and openers, ideally
on a pore that has not been mutated.

Here we describe first, the use of complimentary approaches
to obtain spontaneously bursting KIR6.1-based channels, with-
out pore mutations, and determine their steady-state, Mg-in-
dependent sensitivity to inhibitory ATP. Analyses of KNDP

transients induced by rapid wash-out of Mg-ATP were used to
verify that nucleotide-inhibitory and stimulatory gating are
separable in KIR6.1/SUR1 channels. Second, SUR-containing
channels, the same channels in cell-attached and inside-out
configurations, were used to compare the efficiency of the Mg-
ATP(ADP)-dependent stimulation of KIR6.1 versus KIR6.2-
based channels in situ. Third, KIR6.1/6.2 concatemers were
used to establish the basic properties of all possible hybrid
KATP channels. Finally, we examined single-channel patches of
native cells to determine whether hybrid KIR6.0-based chan-
nels are physiologically relevant.

EXPERIMENTAL PROCEDURES

Molecular Biology—The generation of cDNA constructs and their
expression in COSm6 cells have been described (23, 24).

Cardiomyocyte Preparation—Human cardiac myocytes were isolated
from specimens of myocardium taken from six patients, aged 6–44
years, during cardiac surgery involving atrial appendage, as described
previously for isolation of human ventricular cells (26), except a 2-fold
lower concentration of Pronase E was used. Neonatal rat cardiomyo-
cytes were isolated and cultured as described previously (27).

Electrophysiology and Single-channel Kinetic Analysis—Patch-
clamp recordings were done as described previously (23, 24, 28). The
pipette solution contained (in mM): KCl, 145; MgCl2, 1; CaCl2, 1;
HEPES, 10; pH 7.4 (KOH). The bath, “intracellular” solution contained
(in mM): KCl, 140; MgCl2, 1; EGTA, 5; HEPES, 5; KOH, 10; pH 7.2
(KOH). The [Mg2�]i was kept at a quasi-cytosolic level of �0.7 mM by
adding MgCl2. The Mg2�-free internal solution contained (in mM): KCl,
140; EDTA, 5; HEPES, 5; KOH, 10; pH 7.2 (KOH). The holding poten-
tial was �40 mV unless otherwise noted. In all figures, the vertical
arrow indicates isolation of an inside-out patch, and the horizontal
dotted line gives the level where all KIR6.0-containing channels are
closed. 2�-(or 3�)-O-(Trinitrophenyl)-ATP (TNP-ATP), ATP-[�]4-azidoa-
nilide (ATP-�AA) were from Molecular Probes, Inc. (Eugene, OR) and
ALT, Inc. (Lexington, KY), respectively. Other nucleotides, diazoxide,
and glibenclamide were from Sigma-Aldrich, Inc. Solutions were ex-
changed within 2 ms, and the patch currents were recorded at 2–10 kHz
(digitized at 20–100 kHz) to determine the unitary conductance, g,
single-channel kinetics, and nucleotide dose responses. The mean PO

was estimated from all-points single-channel current amplitude histo-
grams and/or calculated from macrocurrents by fitting the equation: PO

� 1 � �2*I�1*i�1, where �2, I, and i are the KATP current variance, their
mean, and the single-channel current amplitude, respectively. Estima-
tion of the intraburst, but not interburst, kinetics from multiple-chan-
nel current traces showing a single level openings is valid and allowed
comparative analysis of the �O and �Cf for KATP versus KNDP in the
presence of �0.1 versus 1 mM Mg-ATP. The differences in averaged
values (expressed/plotted as mean � S.D.) with p � 0.05 were consid-
ered significant.

Metabolic Inhibition of Patch-clamped Cells—COSm6 cells express-
ing KIR6.1/SUR1 or KIR6.2/SUR1 channels were perifused with the
oxidative phosphorylation uncoupler, carbonyl cyanide p-(trifluoro-me-
thoxy)phenylhydrazone (FCCP, 0.5 �M) in substrate-free, K�-rich bath
solution to zero the resting potential, as described previously (28). This
method induces a less steep rise in the activity of KATP channels com-

pared with using millimolar azide, cyanide plus rotenone or 2-deoxy-
glucose, thus allowing measurements of the mean NPO under condi-
tions of quasi-steady-state [Mg-ADP]/[ATP].

RESULTS

KNDP Versus KATP: Analysis of Gating Components—KIR6.1/
SUR1, unlike KIR6.2/SUR1 channels, displayed substantial
steady-state activity in cell-attached, but not excised patches,
in nucleotide-free solution (Fig. 1). KIR6.1-containing channels
could be maximally activated by 10 mM MgUDP and displayed
substantial activity in the presence of a quasi-cytosolic concen-
tration of MgATP (1 mM). This activity was strongly increased
by addition of 0.2 mM Mg-ADP, conditions that simulate severe
metabolic inhibition. Similar observations have been inter-
preted as poor sensitivity to inhibitory ATP (19, 20). However,
physiologic concentrations of Mg-ATP reduced the KNDP cur-
rents activated by Mg-UDP (Fig. 1, bottom trace), which ex-
erted only a weak inhibitory action on KIR6.2/SUR1 channels
(29) (Fig. 1, upper trace). Rapid wash-out of millimolar MgATP
from inside-out patches with “fast” diffusion access induced
KIR6.1/SUR1 current transients (24) not resolved in patches
with “slow” access (Fig. 1, middle versus bottom trace). The fast
deactivation of KNDP channels was not the result of a KIR6.1-
specific “ultrarapid run-down” (19), as completely deactivated
KIR6.1/SUR1 channels are reopened by MgUDP (24) which,
unlike MgATP, is not a substrate for kinases and does not
“refresh” spontaneously inactivated KATP channels (30). The
rapid decay of the transient reflects a requirement for stimu-
latory Mg-nucleotide(s) to overcome the greater stability of the
long-lived closed state(s) of KNDP versus KATP channels, both of
which spontaneously inactivate in inside-out patches with a
time constant of �102 s. The transients could be accounted for
by a difference in the off-rate constants for inhibitory versus

FIG. 1. Nucleotide responses of KATP versus KNDP. Inward cur-
rents through patches containing KIR6.24/SUR14 (top trace) and
KIR6.14/SUR14 (two other traces) channels; traces are broken during
silent recording. Experimental conditions and labels are as described
under “Experimental Procedures.”
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stimulatory Mg-nucleotides. The unbinding of inhibitory nucle-
otide from the KIR was rapid and the rise of the transient, like
the instantaneous KIR6.2 currents induced by wash-out of ATP,
appeared to be “diffusion-limited,” whereas release of stimula-
tory nucleotide(s) from SUR1 was slower. In support of this
explanation, the fastest rates of rise were seen in transients
whose peak currents, upon removal of saturating Mg-ATP (10
mM), approached the maximal currents seen in 10 mM MgUDP
(in eight different patches). The additional observations that
the steady-state NPO values before removal of 1 mM MgATP
were �10% of the peak transient NPO values (see, for example,
Fig. 1, middle trace) and that removal of submillimolar (0.1 or
0.3 mM) Mg-ATP from two fast patches induced approximately
a 10-fold transient increase in the NPO, further argue that,
rather than KNDP channels being poorly sensitive to ATP, their
IC50 for inhibition by Mg-ATP is below 10�4 M.

Analyses of the single-channel transients (Fig. 2) confirmed
that KNDP channels were sensitive to submillimolar ATP and
demonstrated that their nucleotide- and (Vm-EK)-sensitive gat-
ing kinetics were separable, as shown previously for KATP

channels (23). In 0.3 mM MgATP, the PO of a single KIR6.1/
SUR1 channel was very low and rapid wash-out of nucleotide
induced a burst of openings (Fig. 2A). The integral current
constructed from a number of sweeps resembled a macrocur-
rent transient. The results imply that the off-rate constants for
release of the inhibitory nucleotides were greater than those for
stimulatory Mg-nucleotides; thus, the unbinding of ATP from
the inhibitory sites was faster. The stimulatory nucleotide(s)
and Mg2� that remain bound to SUR in the absence of inhibi-
tory ATP promoted the gating transitions that initiate bursts.
The eventual nucleotide release from SURs prevented re-entry
into a burst, leaving the channel in a nonconducting conforma-
tion. We determined, for the first time, the “intrinsic” mean
open (�O) and intraburst closed (�Cf) times of KIR6.1-based
channels in nucleotide-free solution from these single-channel
recordings during a transient (Fig. 2C). The Vm-dependent
intraburst dwell times were negligibly affected by varying mix-
tures and concentrations of nucleotides, which specified mark-
edly different PO values by modulating the Vm-independent
interburst kinetics (Fig. 2B). These results show that inhibition
of native KIR6.1-based channels, in the presence of a physio-
logic concentration of Mg2�, occurred via nucleotide binding to
a site with a submillimolar KD, which controls gating transi-
tions that are independent of the K� driving force. Similar
conclusions have been presented for KIR6.2-based channels
(23), thus arguing the ligand-gating mechanism of these KIRs is
the same even though the intrinsic stability of their closed
tetramers is different. To demonstrate unambiguously the
KATP-like ATP inhibition of KNDP channels in the absence of
Mg2�, we developed two complementary approaches to induce
spontaneous bursting of KIR6.1-based channels.

�NKNDP Versus �NKATP Channels: Different Spontaneous
PO, Similar Inhibition by ATP—The first approach utilized our
finding that short deletions from the N termini of KIR6.2 tet-
ramers does not affect their functional properties and will
decrease the occupancy of the interburst closed state of KIR6.2/
SUR1 channels in the absence of nucleotides (23). Deletion of
the 2nd through the 5th residues of KIR6.1 produced low activ-
ity, PO � 10�2, �NKIR6.1/SUR1 channels after wash-out of
nucleotides. �N8KIR6.1/SUR1 channels exhibited greater spon-
taneous activity (Fig. 3A) and displayed current transients
upon rapid isolation of an inside-out patch or upon MgATP
wash-out. The NPO values, of the same channels, determined
in the “on-cell” configuration and after excision in 1 mM

MgATP, or 0.1 mM ATP without Mg2�, were comparable. To-
gether the results, demonstrate that truncation of KIR6.1, like

KIR6.2 (29), does not compromise the response to Mg-nucleotide-
dependent stimulation by SUR1. Stimulation was more effi-
cient for �NKIR6.1- versus �NKIR6.2-containing channels, sat-
urating at �10 mM (as seen for intact KNDP in Fig. 1, bottom
trace). The observation that 1 mM MgATP decreased steady-
state currents following the increase induced by 10 mM MgATP
indicates that the inhibitory action of MgATP is saturated at
physiological concentrations, whereas its stimulatory action is
not. After wash-out of Mg2�, the spontaneous activity of
�N8KIR6.1/SUR1 channels was markedly reduced by 0.1 mM

ATP, consistent with an apparent KD for inhibitory ATP of
�10�4 M. Progressively larger deletions, �N13, �N21, and
�N33, increased the PO(max) with an apparent saturation of the
effect by �N33. Although spontaneously active, the �NKIR6.1/
SUR1 channel PO(max) values are low in comparison with

FIG. 2. KATP-like, separable nucleotide-sensitive, and Vm-de-
pendent single-channel kinetics of KNDP. A, response of a KIR6.14/
SUR14 channel to the rapid wash-out of MgATP, superimposed on the
sum of similarly induced sweeps collected over �2 min. The transient
can be accounted for by unbinding of ATP from inhibitory sites on
KIR6.1, occurring simultaneously with and independently of nucleotide
release from the NBFs of SUR1. The latter process is slower, and, thus,
the decay of the transients is not limited by diffusional access to the
inner side of a patch. B, the activity of the same channel in different
Mg-nucleotides. The equivalent pattern-coded bars are labeled once. C,
the �O and �Cf determined from records as in A and B (3 different
patches). The (Vm-EK)-dependent dwell times, determined from either
the first or second halves of transients in the nucleotide-free solution,
were similar; the latter are labeled “Mg2�.”
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�NKIR6.2/SUR1 channels. Determination of the inhibitory
ATP dose-response curves for a series of �NKIR6.1 versus
�NKIR6.2-containing channels in the absence of Mg2� demon-
strates that the “longer” channels exhibit lower IC50(ATP) val-

ues and that comparable length �NKIR6.1- and �NKIR6.2-
containing channels have indistinguishable IC50(ATP) values
despite as much as a 50-fold difference in occupation of their
interburst closed states. The results are presented as logarith-
mic plots of the PO values from individual patches versus [ATP]
fit with pseudo-Hill curves (Fig. 3B). The IC50(ATP) for
�N5KIR6.1/SUR1 is �10�5 M; using this approach, an extrap-
olated value for full-length KIR6.1/SUR1 channels is �5–10 �M.

KIR6.0 Tetramers: Conserved Noncanonical, Adenine-selec-
tive Nucleotide Binding Sites—A second approach to obtain
measurable spontaneous activity from KIR6.14/SUR14 channels
comes from our recent observation that concatenated KIR6.2-
2-2-2/SUR14 channels exhibit an increased PO(max) (24). From a
survey of a large number of patches, we obtained inside-out
membrane fragments that contained 	102 concatenated
KIR6.1-1-1-1/SUR14 channels and had negligible background
currents. These patches were used to characterize the low
PO(max) activity of concatemeric channels in Mg-free internal
solution (Fig. 4A) and demonstrate they are reversibly inhib-
ited by ATP with an IC50(ATP) value of �10�5 M, consistent with

FIG. 3. ATP sensitivity of �NKIR6.1- versus �NKIR6.2-contain-
ing channels. A, �NKIR6.14/SUR14 channels exhibit a substantial
steady-state activity in Mg-nucleotide-free solution with �O and �Cf
similar to those in the presence and absence of ATP in Fig. 2. B,
KIR6.24/SUR14-containing patches (gray crosses fit with pseudo-Hill
functions) were tested before and after recording from three �NKIR6.14/
SUR14- (in black) versus three comparable �NKIR6.24/SUR14-contain-
ing patches (in gray) derived from the same transfection. The KIR type
and time after transfection are given by the symbol/line type and size
code, respectively. No time-dependent shifts were observed, validating
the IC50(ATP) estimates from averaged ATP dose responses (23,29).
Consistent with these reports, the pseudo-Hill coefficients (h) were
somewhat higher for the �N versus wild-type channels. This may reflect
modified interactions between the cytoplasmic domains of �NKIR6.0,
but differences in h are an ambiguous reporter of changes in the
cooperativity or stoichiometry of ligand binding or KIR inhibition and we
do not interpret them further. The averaged IC50(ATP) for �N5, �N8,
�N13, �N21, and �N33KIR6.1 were 10.3 � 0.7, 20.5 � 2.9, 44.8 � 3.3,
62.9 � 10.5, and 83.6 � 9.1 �M, respectively, and for �N5, �N10, �N20,
�N32, and �N44KIR6.2 were 11.1 � 1, 21.1 � 3.7, 57.7 � 1.7, 90.5 � 2.9,
and 92.7 � 4.8 �M, respectively.

FIG. 4. The spontaneous activity of KIR6.1-1-1-1/SUR14 and
KIR6.2-2-2-2/SUR14 channels is comparably inhibited by nucleo-
tides. A, the KIR6.1-1-1-1/SUR14 current trace is broken during
changes in signal pre-amplification (note the two different current
scales). The spontaneous activity was �1% of the maximal activity in 10
mM MgUDP. B, the IC50 values for ATP, TNP-ATP, ATP-�AA, and
8N3-ATP were 14.7 � 2.3, 13.3 � 1.1, 17.9 � 1.8, and 121.2 � 7.4 �M for
KIR6.1-1-1-1-based (gray) versus 14.2 � 0.4, 12.8 � 1.3, 15 � 1.4, and
110.3 � 7.9 �M for KIR6.2-2-2-2-based (black) channels, respectively. C,
inhibition of KIR6.1- versus KIR6.2-based channels by 0.2 mM ATP, GTP,
or UTP sequentially applied to the same inside-out patch.
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the IC50(ATP) values estimated above and indistinguishable
from those of similarly concatenated, although more active,
KIR6.24/SUR14 channels (24). The availability of spontaneously
active KIRs allowed a direct, unambiguous comparison of the
inhibition of KNDP versus KATP channels by different nucleotide
triphosphates. Inhibition of native KATP channels gave a rank
order of effectiveness of ATP � ATP�S 	 GTP (30, 31), sug-
gesting the importance of the adenine ring. We observed that
8-azido-ATP, with its bulky substitution on the adenine ring,
was �10-fold less effective than ATP as an inhibitor of KIR6.2/
SUR1 channels, although it has a similar affinity for SUR
(32–34). ATP-�AA is poorly recognized by SUR, but inhibits
homomeric KIR6.2 channels as effectively as ATP (35). We
compared the dose-response curves of these ATP analogs, and
TNP-ATP, from spontaneously active KIR6.1-1-1-1/SUR14 and
KIR6.2-2-2-2/SUR14 channels (Fig. 4B). The 8-azido-group on
the adenine ring reduced the inhibitory effectiveness of ATP on
both channel types, whereas neither the bulkier azidoanilide
group on the �-phosphate nor the TNP group on the ribose ring
significantly affected the IC50 values. In addition, single con-
centration tests on the same patch suggest a similar rank order
of effectiveness, ATP 	 GTP 	 UTP, for KIR6.1-1-1-1/SUR14

and KIR6.2-2-2-2/SUR14 channels (three independent experi-
ments each; Fig. 4C). The results show that the gating machin-
ery of KIR6.1 and KIR6.2 is controlled by similar noncanonical,
adenine-selective, inhibitory nucleotide-binding sites.

Enhanced Adenine Nucleotide-dependent Stimulation of
KIR6.1 by SUR—The KIR6.2-like ATP-sensitivity of KIR6.1
channels can be reconciled with their higher activity in situ
(compare currents before patch excision in Fig. 1, top versus
middle traces) if KIR6.1 is more responsive to the Mg-nucleotide-
dependent stimulatory action of SUR. The activity of KNDP

channels in intact cells was comparable with that observed in
inside-out patches in a quasi-cytosolic concentration of Mg-
ATP, or in a 10-fold lower concentration of ATP without Mg2�

(Fig. 1, middle trace, and Fig. 3A), revealing a substantial
stimulation of KIR6.1/SUR1 channels by Mg-ATP. The nucleo-
tide stimulatory action saturates at a much higher concentra-
tion of ATP than inhibition, and was more efficient for
�NKIR6.1- versus �NKIR6.2 channels as shown in Fig. 3 (this
comparison is valid, as N-terminal truncation did not alter the
stimulatory action of nucleotides). Moreover, 0.2 mM MgADP
added to 1 mM MgATP stimulated KIR6.1/SUR1 channels 	7-
fold, whereas the same concentration of MgADP, applied to
KATP channels whose PO was preset to a value close to that of
KNDP channels by varying the concentration of MgATP, stim-
ulated KIR6.2/SUR1 channels �3 times (5 versus 5 patches; see
an example in Fig. 1). The �O and �Cf values of KNDP versus
KATP channels were comparable irrespective of a 10-fold differ-
ence in the concentration of Mg-ATP (1.69 � 0.27 versus 2.16 �
0.38 ms, and �Cf 0.21 � 0.03 versus 0.25 � 0.03 ms, filtered at
5 kHz, respectively; 3 versus 3 patches).

Further evidence for more efficient stimulation of KIR6.1-
based channels by adenine nucleotides in nondisrupted cells,
where the concentrations of ATP and ADP (and thus their
ratio) are expected to be comparable, was obtained by meas-
uring the activity of KNDP versus KATP channels in on-cell
patches upon poisoning with the metabolic inhibitor, FCCP
(see “Experimental Procedures”). The normalized increases in
NPO, for similar duration of FCCP perifusion, were larger for
KIR6.1-based channels (Fig. 5A).

The KATP opener, diazoxide, strongly stimulated KNDP cur-
rents even in the presence of 10 mM Mg-ATP (the highest
accurately testable concentration) where KATP currents were
practically immeasurable. In patches with a high density of
KATP channels, which is required to obtain accurately measur-

able currents at a physiologic concentration of MgATP, diazox-
ide (300 �M) induced a greater than 3-fold increase in the
activity of KIR6.1/SUR1 versus KIR6.2/SUR1 channels in 3 mM

MgATP (Fig. 5B). This test, using subsaturating concentra-
tions of either stimulatory ligand, provides an additional line of
evidence that SUR more efficiently stimulates KIR6.1 consist-
ent with the hypothesis that a differential response to the
Mg-nucleotide-dependent stimulatory action of the regulatory
subunit can explain the observed differences in KIR6.1/SUR1
versus KIR6.2/SUR1 activity in situ.

Hybrid KATP Channels: Differential Nucleotide Stimulation
Sets the PO in Situ Irrespective of the KIR6.1/KIR6.2 Ratio-de-
pendent Stability of Closed KIRs—We examined the nucleotide
gating of all possible hybrid KIR6.0-0-0-0 concatemers, ex-
pressed with SUR1, in which the number and positions of
KIR6.1 and KIR6.2 were systematically varied (Fig. 6A, left
column). For each hybrid we determined that there were no
subconductance states resolvable from single-channel current
fluctuations within a 10-kHz bandwidth (Fig. 6B illustrates
one test for KIR6.2-2-1-1). These results complement our data
for KIR6.2-2-2-2 and KIR6.1-0-0-2 (24), where no subconducting
states were found in the presence ATP, indicating that re-
orientations of the pore-lining domains of these KIRs during
gating must be highly coordinated, as has been argued for
pHi-gated KcsA channels (36, 37). The single peak i-distribu-
tions allow calculation of the mean PO from currents through
representative macropopulations of hybrid channels (see “Ex-
perimental Procedures”). Fig. 6C gives a side-by-side compari-
son of the macrocurrents through a subset of hybrid channels
(KIR6.2-0-0-1/SUR14) with identical KIR6.2 heads, KIR6.1 tails,
and -GGGSGGGA- linkers (24). An increase in the number of
KIR6.1 subunits, irrespective of their position, is positively
correlated with channel activity in the cell-attached configura-
tion and negatively correlated with steady-state activity in
excised patches in nucleotide-free solution. The spontaneous
activity of all hybrid channels was similarly reduced by 0.1 mM

ATP. The mean PO values calculated from segments of macro-

FIG. 5. Enhanced stimulation of KIR6.1 by SUR1. A, increases in
on-cell activity of KNDP versus KATP channels in COSm6 cells during
metabolic inhibition. For each cell-attached patch, the mean NPO, es-
timated over a 10-s interval (symbol length), was normalized to that
before application of FCCP. Data points for 4 cells overexpressing
KIR6.1/SUR1 (gray) versus 4 cells overexpressing KIR6.2/SUR1 (black)
are plotted individually. B, diazoxide (Dzx) stimulation of KIR6.1/SUR1
(gray) versus KIR6.2/SUR1 (black) channel currents in the presence of
physiologic [Mg-ATP]. Each current trace was normalized to the mean
current in the presence of Mg-ATP, allowing superimposition of all
traces to illustrate the larger increase in KNDP channel activity induced
by diazoxide. The KNDP current transient and the instantaneous in-
crease in KATP currents upon rapid wash-out illustrate the normal
inhibitory action of ATP.
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FIG. 6. Concatemers of KIR6.0 with
all possible KIR6.1 (red):KIR6.2 (blue)
ratio and subunit order co-assemble
with SUR (gray) spontaneously
bursting channels. A, the g (normalized
as in Ref. 24) and IC50(ATP) values for dif-
ferent KIR6.0-0-0-0/SUR14. Individual
patches were tested without knowing the
type of expressed concatemer. B, a single
KIR6.2–2-1–1/SUR14 channel current at
�90 mV, and its i-histogram; some long-
lived interburst intervals were deleted
from the trace before construction of the
histogram to obtain comparable areas un-
der the peaks and increase the signifi-
cance of the multi-Gaussian fit. C, macro-
currents through all KIR6.2-0-0-1/SUR14.
The density of KIR6.1-containing chan-
nels was usually lower than that of
KIR6.2-based channels (24); thus, hybrids
were tested in macropatches without re-
solving current transients. Segments of
records in which the amplification was
changed to obtain maximal signal resolu-
tion upon transition from cell-attached
(c-a) to inside-out (i-o) configuration have
been deleted. The equivalent time and
pattern-coded bars are labeled once. S.D.
values of the idealized PO responses,
shown on the right, are given by the dot-
ted lines.
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currents (see “Experimental Procedures”) were used to con-
struct averaged PO responses (3 patches for each channel type;
plots are to the right of each macrocurrent trace in Fig. 6C).
These plots show that the PO, in situ, from similar cells is
significantly higher for channels containing more KIR6.1 sub-
units, although the spontaneous PO(max) of the hybrid channels,
determined in inside-out patches, is progressively reduced with
increasing KIR6.1/KIR6.2 ratio. The maximal PO at 10 mM

MgUDP, which saturates stimulation, was 	0.5 in all experi-
ments. Figs. 7A and 6A summarize the values of g and IC50(ATP)

for all of the possible hetero- versus homoconcatemers. Six
populations of channels can be distinguished, two with wild-
type and four with intermediate conductivity, verifying that
the channel pore structure is determined by concatemer com-
position (24). All of the hybrid channels are inhibited with an
IC50(ATP) of �10�5 M, equivalent to that of KIR6.2-2-2-2/SUR14

channels.
Identification of Native Hybrid KATP Channel Activity in

Intact Cells—Overexpressed KIR6.1 and KIR6.2 co-immunopre-
cipitate and co-assemble with SUR2B channels (38), which
conduct like our hybrid KATP channels (24). The present results
with heteroconcatemeric KIRs demonstrate that all of the pos-
sible heteromultimeric KATP channels are functional and de-
fine their basic properties. Confirmation of the existence of
native hybrid KATP currents requires a demonstration that the
same channel that bursts in an intact cell displays intermedi-
ate g openings (g values of 50–65 picosiemens between �80
and �20 mV with [K�]o � [K�]i � 150 mM) in the inside-out
configuration, which are inhibited 	50% by 30 �M ATP in the
absence of Mg2�. The presence of both KIR6.0 messages in
mammalian cardiomyocytes, and the existence of “novel ATP-
sensitive K� channels” has been documented in rabbit nonven-
tricular and neonatal rat cardiomyocytes (39–41). To identify
native hybrid KATP channels, we searched for glibenclamide-
sensitive weak inward rectifiers in intact human atrial and
cultured neonatal rat cardiomyocytes. The latter cells were
advantageous for single KATP recording, as their KIR density is
lower than in adult ventricular cells. Records with a single
level of channel openings over �2 min of continuous recording
were selected for off-line analysis from a large number of patch-
clamp records, obtained in different laboratories (see “Acknowl-
edgments”) under the same experimental conditions used to
analyze the recombinant hybrids. A dozen channels were ob-
tained, which satisfied all the conservative criteria listed above
for identification of a native hybrid KATP channels (Fig. 7B).
The distinctive g levels of these channels match those of recom-
binant hybrids (compare with Fig. 6A). The PO(max) values of
the native hybrids were lower than those of KIR6.2-based chan-
nels despite their comparable inhibition by ATP (8, 9, 28),
ruling out the interpretation that the on-cell activity of the
native channels was the result of stabilization of an ATP-
insensitive open state by locally altered membrane phospholip-
ids (42–44).

DISCUSSION

The results demonstrate the following points. 1) KNDP chan-
nels have KATP-like sensitivity to inhibitory ATP. 2) Mg-nu-
cleotide-dependent stimulation, by the same SUR, is more ef-
ficient for KIR6.1 than for KIR6.2. 3) Hybrid channels are uni-
formly sensitive to inhibitory ATP, irrespective of their KIR6.1
content, and irrespective of the dissimilar intrinsic stabilities of
their closed state(s), which are specified by the KIR6.1/KIR6.2
ratio. On the other hand, the efficiency of Mg-ADP/ATP-de-
pendent stimulation of these same hybrid channels, deter-
mined in on-cell patches, correlates positively with KIR6.1 con-
tent. 4) We have identified native channels in intact cardiac
cells that are glibenclamide-sensitive, have the intermediate

conductivity and basal activity expected for hybrid KATP chan-
nels, and are inhibited 	50% by 30 �M ATP after removal of
Mg2�

i. Together, these findings strongly favor a regulatory
mechanism in which the inhibitory action of adenine nucleo-
tides on KIR6.0 pores is always saturated and channel openings
are stimulated by SUR in response to changes in Mg-ADP/ATP.

The demonstration that all of the possible KIR6.1- and
KIR6.2-containing channels are similarly sensitive to inhibitory
ATP is consistent with earlier arguments that the two SUR-KIR

gene complexes evolved from a common pair of ancestral genes
and strongly implies their ligand-gating machinery has been
conserved. The results rule out suggestions that KNDP channels
are poorly sensitive to inhibitory ATP and that heteromultim-
erization might have increased hybrid KATP conductance either
by elevating the apparent KD for ATP or by reducing the
cooperativity of Mg-independent ATP inhibition. The demon-
stration that the ATP-inhibitory curves, over a physiologic
range of concentrations (up to 3 mM), are essentially identical
for KIRs that have a nearly 50-fold difference in their PO(max)

values reinforces arguments (8) against the validity of linear
kinetic schemes, which require interburst closed-state delim-
ited ATP binding. The data imply an ATP-binding site, which is
accessible before the KIR transitions to a nonconducting “inter-
burst” conformation. Defining this noncanonical inhibitory nu-
cleotide-binding pocket will require structural analysis of the C
terminus and the proximal N-terminal domain (from the 45th
residue; Ref. 23) of KIR6.0.

The finding that the Mg-nucleotide-dependent stimulation of
KIR6.1 by SUR is more efficient than for KIR6.2 complements
the evidence that “classic” KATP channel subtypes are differen-
tially stimulated by SUR isoforms with SUR1/KIR6.2 �
SUR2B/KIR6.2 	 SUR2A/KIR6.2 (compare the MgATP versus
ATP responses in Refs. 28, 29, and 45). Differential stimulation
can account for the higher apparent IC50 for ATP inhibition of
native and recombinant �-cell KIR6.24/SUR14 versus KIR6.24/
SUR24 channels of myocytes in the presence of Mg2�, despite
their having a 4-fold lower steady-state IC50(ATP), �5 versus
�20 �M (compare Ref. 46 with Ref. 31, and with Refs. 8 and 28).
The origin of this differential stimulation could be differences
in the cooperative interactions of Mg-nucleotides with the
NBFs of SUR isoforms in which at least NBF2 may hydrolyze
ATP (47). Comparison of KATP channel subtypes (above), would
predict that the hydrolytic activity of SUR1 and SUR2B is
higher than the basal ATPase activity of SUR2A. We propose
that two additive mechanisms specify the differential re-
sponses of SUR/KIR6.0 channel variants to [ATP]/[ADP] in
physiologic Mg2�, variations in the binding and/or rate of hy-
drolysis of ATP by SUR isoforms, and differences in the effi-
ciency of response of KIR6.1 versus KIR6.2 to stimulation by
SURs liganded with ATP/ADP. This could account for the ob-
servations that KIR6.1/SUR2B channels in smooth muscle cells
and KIR6.2/SUR1 channels in �-cells and neurons display a
basal activity, whereas KIR6.2/SUR2A channels in intact stri-
ated myocytes are virtually silent (reviewed in Ref. 1).

The analysis of hybrid KATP channels shows there is no
barrier to co-assembly of KIR6.1 and KIR6.2 and indicates that
hybridization can provide a mechanism for diversification of
KIR6.0/SUR channel currents in situ. It is unclear whether the
biogenesis and trafficking of KIR6.1-based channels is equiva-
lent to their KIR6.2-based counterparts (see for example Ref. 48
versus Ref. 38). Heteromultimerization did not increase chan-
nel density (Ref. 24 and Fig. 6C); thus, the principal mecha-
nism by which hybridization may up-regulate KATP conduct-
ance is through enhancement of the stimulatory action of Mg-
nucleotides. Interestingly, sporadic observations of native KATP

channel openings in millimolar ATP solutions containing low
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Mg2� have been reported, but were interpreted as evidence for
“hyposensitization” of KIR6.2 to ATP by a local increase in the
concentration of membrane PIP2 (Ref. 49 versus Ref. 44). These
rare currents, mostly from cardiac cells, have not been well

characterized at the single-channel level, and it is possible they
are caused by rare hybrid KIR6.1-containing KATP channels.
We identified native currents with the characteristics expected
for hybrid KATP channels, based on the properties of the KIR6.0

FIG. 7. Properties of heteroconcate-
meric and native hybrid KATP chan-
nels. A, summary plot of data from an
analysis of records done without knowing
the concatemer type. Subunits are color-
coded as in Fig. 6. Spheres identify indi-
vidual data points. The g values were de-
termined as in Ref. 24. The normalized g
values are pseudocolored from g � 0.515
(red) through g � 1 (blue). White lines
connect data points from each KIR6.0-0-
0-0 subtype; the gray lines are their pro-
jections. The white squares and bars on
the back wall give the means � S.D. for
the distinguishable g values. The
IC50(ATP) values, yellow drop lines, are
nearly normally distributed; the yellow
squares and bars on the floor give their
means � S.D. All of these IC50(ATP) values
are slightly higher than those determined
for nonconcatenated SUR1-containing
KATP channels (24). We presume this mi-
nor effect reflects the restricted position/
mobility of the KIR cytoplasmic domains,
as we have verified the wild-type proper-
ties of channels co-assembled from SUR1
and KIR6.0 with the attached “half”-linker
(24), and a similar shift was observed for
channels assembled from SUR1-KIR6.2
fusion proteins (56). B, characteristics of
individual native KATP-like channels from
adult atrial (a) and neonatal (n) cardio-
myocytes sorted by their g values after
normalization to that of classic KATP
channels (i.e. 	70 picosiemens, silent in
the cell-attached configuration, but active
in the inside-out configuration in the ab-
sence of nucleotide) from adult human
and rat ventricular cells, respectively,
tested in parallel.
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concatemers. In intact atrial and developing cardiomyocytes,
these channels display a basal activity, providing additional
evidence for the physiologic relevance of differential stimula-
tion of SUR/KIR6.0 variants by Mg-nucleotides. Further studies
are required to explain the negligible surface expression of
KIR6.1-containing channels in mature ventricular cardiomyo-
cytes documented in our previous analysis (28) and the lack of
significant KATP macrocurrents in ventricular myocytes from
KIR6.2�/� mice (50).

The present results strongly support the idea that nucleo-
tides exert a dual action on KATP channel gating (reviewed in
Ref. 1) and extend this concept to all possible KIR6.0/SUR
channels. The essential idea, which resolves the longstanding
paradox of how KATP channels with an IC50(ATP) �100-fold
lower than the estimated cytosolic concentration of ATP can
couple membrane excitation with metabolism, is that nucleo-
tides, acting through separate binding sites on KIRs and SURs,
exert both Mg-independent inhibitory and Mg-dependent stim-
ulatory actions, respectively. The demonstration that C-termi-
nally truncated KIR6.2 was inhibited by ATP in the absence of
SUR provided the first evidence for an inhibitory nucleotide
binding site on KIR6.2 (7), a result consistent with the low
affinity photolabeling of KIR6.2 with azido-analogs of ATP (35,
51). Our data with ATP and other nucleotides argue this non-
canonical (see also Ref. 32), purine ring-selective inhibitory site
is conserved in both KIR6.1 and KIR6.2. SUR plays two roles in
nucleotide-dependent gating: 1) assembly of KIR6.2 with SUR1
potentiates the inhibitory effect of ATP, as shown by steady-
state IC50(ATP) values of �200 �M for KIR6.2 alone versus �5 �M

for KIR6.2/SUR1 channels (8, 9); and 2) SUR is required for
Mg-nucleotide-dependent stimulation of KATP channel activity.
Numerous mutations in the NBFs that abolish the stimulatory
action of SUR do not alter the inhibitory action (for example the
G1479R mutation in NBF2 of SUR1; Ref. 16). In vivo the
inhibitory effect of nucleotides is nearly saturated with KATP

channels operating at the extreme of their inhibitory curve.
This includes normal, hypoxic, ischemic, or low blood sugar
conditions, at submembrane concentrations of Mg-ADP up to
�0.1–0.2 mM at Mg-ATP concentrations of �1–2 mM. These
concentrations of MgADP/ATP are near the middle of the stim-
ulatory dose-response curves, thus allowing optimal sensing of
the metabolic ratio by the regulatory subunit. This is consistent
with evidence that physiologic concentrations of adenine nucle-
otides do not saturate the stimulatory action of SUR. A variable
Mg-nucleotide stimulation, when the inhibitory action is satu-
rated, means that KIR6.0/SUR channels monitor the metabolic
index, i.e. the ADP/ATP ratio, rather than [ATP]i itself. This is
a critical point as variation in inhibitory [ATP]i continues to be
cited as the basis for physiologic regulation of KATP channels.
[ATP]i “depletion” in vivo, even under severe ischemic condi-
tions, does not fall to the submillimolar levels achieved during
conventional whole-cell or inside-out patch recording, and even
severe metabolic poisoning fails to activate KIR6.2/SUR1 chan-
nels with disabled NBFs (16).

From a signaling viewpoint, KATP channels would be poor
sensors and noisy effectors unsuited for precise coordination of
changes in Vm with metabolic index, if they were regulated by
ATP-binding with an IC50(ATP) closer to cytoplasmic [ATP], i.e.
�0.2 mM, as determined for KIR6.2 tetramers. The increased
sensitivity of KIR6.0/SUR complexes to inhibitory ATP may
have evolved as a safeguard against expression of “leaky” KIRs
at the cell surface where their overactivity is deleterious (9, 23,
52). KIR6.2 tetramers are retained in the endoplasmic reticu-
lum when expressed alone in Xenopus oocytes (53) and fail to
reach the cell surface in SUR1 knock-out mice (54). Whether
antagonism of the action of inhibitory ATP, e.g. by high [PIP2],

represents a physiologically significant mechanism with which
to facilitate excitation-metabolism coupling remains to be es-
tablished. It is unclear, for example, how impaired metabolism
could increase endogenous [PIP2]. Moreover, experiments de-
signed to strongly increase phosphatidylinositol-4-phosphate
5-kinase activity resulted in approximately a 5-fold decrease in
ATP sensitivity of KIR6.2/SUR1 channels, which is a marginal
effect in comparison with the �500-fold increase in IC50(ATP) for
these channels in similar patches treated by exogenous PIP2

micelles (Ref. 55 versus Ref. 44). We argue that the dual action
of nucleotides on the entire KIR/SUR channel family, rather
than hyposensitization of KIRs to inhibitory ATP, is essential
for the high fidelity coupling of metabolism to excitation.
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KIR6.1 and KIR6.2 are the pore-forming subunits of
KNDP, the nucleotide-diphosphate-activated KATP chan-
nels, and classical KATP channels, respectively. “Hybrid”
channels, in which the structure is predetermined by
concatemerizing KIR6.1 and KIR6.2, exhibit distinct con-
ductivities specified by subunit number and position.
Inclusion of one KIR6.2 is sufficient to open KIR6.X-X-X-
X/SUR14 in the absence of nucleotide stimulation
through sulfonylurea receptor-1 (SUR1). ATP inhibited
the spontaneous bursting of hybrid channels with an
IC50(ATP) ;1025 M, similar to that of KIR6.24-containing
channels. These findings and a transient increase in
KNDP channel activity following rapid wash-out of
MgATP suggested that KIR6.1 is not ATP-insensitive as
previously believed. We propose that SUR-dependent,
inhibitory ATP-enhanced interactions of the cytoplas-
mic domains of both KIR6.1 and KIR6.2 stabilize a closed
form of the M2 bundle in the gating apparatus.

Combinations of KIR6.1 or KIR6.2 with SUR1,1 SUR2A, or
SUR2B determine the classic subtypes of (KIR6.X/SUR)4 chan-
nels (1). The association of the KIR tetramer with four SURs
masks endoplasmic reticulum retention signals on both sub-
units, permitting surface expression of tetradimeric KATP chan-
nels (2).

Current evidence indicates the extracellular loops of KIR6.X
specify an ;2-fold difference in the unitary conductance, g, of
KIR6.1 versus KIR6.2-based channels, whereas the KIR cyto-
plasmic domains determine the nucleotide and Mg21 require-
ments for channel opening (3–5). KIR6.1-based channels are
closed in the absence of nucleotides, but are strongly activated
by Mg21-nucleotide-diphosphates (maximally by ;10 mM

MgUDP) and have been termed KNDP channels (6). The sub-
stantial activity of KNDP channels in millimolar MgATP sug-
gested that KIR6.1, in contrast to KIR6.2, does not interact with

inhibitory ATP (7, 8), although the analysis of inhibition of
these channels by ATP is complicated by a requirement for
stimulatory Mg21-nucleotides. Unlike KNDP, KIR6.2-based
channels burst continuously in nucleotide-free solutions, and
homomeric KIR6.2 channels (9), lacking the RKR retention
sequence, reach the surface in the absence of SUR exhibiting
an open channel probability (Po) , 0.1 (10) that is inhibited by
low affinity Mg21-independent ATP binding to an unidentified
site(s) (9). SUR increases the Po of KIR6.2 channels in the
absence of nucleotides and decreases the apparent KD for in-
hibitory ATP through separable interactions with the KIR (10,
11). The activity of homomeric KIR6.1 channels has not been
demonstrated, and SUR is apparently required to stimulate
channel activity.

The possible functional significance and even existence of
hybrid (KIR6.1/KIR6.2)/SUR complexes is controversial. Al-
though over-expression of KIR6.1 in Xenopus oocytes reduced
surface expression of KIR6.2 lacking the RKR motif (2) indicat-
ing co-assembly, expression of a dominant negative KIR6.1
construct with KIR6.2 and SURs in A549 cells or in ventricular
cardiomyocytes failed to provide evidence for heteromultimer-
ization (12).

To determine the properties of hybrid channels, we gener-
ated KIR6.X-X-X-X concatemers that assemble functional chan-
nels with SUR1. Analysis of these channels shows their con-
ductivity is specified both by the ratio of KIR6.1 to KIR6.2 and
by the subunit order. Unexpectedly, inclusion of one KIR6.2
subunit was sufficient to produce spontaneous bursting in the
absence of ATP, and all of the possible hybrid channels exhib-
ited a uniform sensitivity to inhibitory ATP that was indistin-
guishable from KIR6.2-2-2-2-based channels.

EXPERIMENTAL PROCEDURES

Molecular Biology—Using oligonucleotide primers and standard
PCR methods, we engineered two parental plasmids encoding human
KIR6.1 and human KIR6.2 (in pECE) (13). A BglII site followed by an
SGGGA linker was inserted before the ATG start codon, and a BamHI
site followed by a GGGS linker was inserted at the 39-end. The 59-KIR6.2
primer was 59-GAGAAGATCTGGTGGAGGTGCCATGCTGTCCCGCA-
AGGGCATC-39. The 39-KIR6.2 primer was 59-TCTCGGATCCTCCACC-
GGACAGGGAATCTGGAGAGA-39. The 59-KIR6.1 primer was 59-GAG-
AAGATCTGGAGGCGGTGCCATGTTGGCCAGAAAGAGTAT-39. The
39-KIR6.1 primer was 59-TCTGGATCCTCCACCTGATTCCGATGTGTT-
TTGAT-39. These parental cDNAs were used to construct a series of
plasmids expressing concatenated KIR6.X subunits. For example, a
KIR6.2-KIR6.1 dimer was constructed by opening the KIR6.2 parental
plasmid with BamHI, treating the restricted DNA with calf intestinal
alkaline phosphatase (Roche Molecular Biochemicals), and then sub-
cloning in the BglII-BamHI fragment encoding KIR6.1. The BglII (AG-
ATCT) and BamHI (GGATCC) sites are compatible, producing two
orientations; the correct orientation eliminates the restriction site and
was established by restriction digests and/or by sequencing. Using
these parental plasmids, it was possible to concatenate any combination
of KIR6.X subunits. In all cases, the resulting concatemeric protein
begins with the correct methionine, has an eight-amino acid linker,
GGGSGGGA, between each subunit and has additional four amino
acids, GGGS, at the C terminus. Monomeric or concatenated KIR were
transfected with human SUR1 (13) and a green fluorescent protein
marker into COSm6 cells.

Electrophysiology—Cell culture, patch clamp recording, single-chan-
nel kinetics, and steady-state ATP inhibition analysis were done as
described previously (14). The pipette solution contained (in mM): KCl,
145; MgCl2, 1; CaCl2, 1; HEPES, 10; pH 7.4 (KOH). The “intracellular”
bath solution contained: KCl, 140; MgCl2, 1; EGTA, 5; HEPES, 5; KOH,
10, pH 7.2. The [Mg21]i was kept at a quasi-cytosolic level of ;0.7 mM

by adding MgCl2 to account for the Mg21 binding to nucleotides. The
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Mg21-free internal solution contained (in mM): KCl, 140; EDTA, 5;
HEPES, 5; KOH, 10, pH 7.2. Intracellular nucleotides and possible open
channel blockers such as Na1 did not significantly affect the amplitude
of the inwardly directed unitary KIR current, i. A moderate density of
reconstituted channels allowed measurement of i in the cell-attached
configuration and determination of the mean NPo, which was normal-
ized to the maximal NPo in the in-out configuration to provide an
accurate measure of the relative activity of channels in the cell. The i
value was determined from the difference between peaks of a multi-
Gaussian fit to the all-points single-channel current amplitude histo-
gram. In those cases in which channels spend either a very low or very
high fraction of their time in long-lived intervals, intervals were added
to obtain all-points i-histograms with comparable areas under the two
peaks. The lack of subconductance state(s) resolvable at 2–5 kHz and
500 mV*pA21 simplified the determination of i. The conductance, g, for
each construct was determined by linear regression analysis of aver-
aged I -Vm data points between 280 and 220 mV using the standard
deviation as the statistical weight. The precision of the g values is ;0.1
picosiemens and is not limited by the digital resolution of i or the
accuracy of the voltage Vm clamp (the junction potential was ,1 mV). To
correct g values for the effects of possible slow solution and/or temper-
ature changes we normalized g for each construct to the g value of
KIR6.2-2-2-2/SUR4 channels tested in parallel. Differences in averaged
values (mean 6 S.D.) with p , 0.05 (unpaired Student’s t test) were
considered significant. In Fig. 7, the horizontal dotted lines show the
zero-KATP channel current level; downward deflections correspond to
the inward current direction, isolation of inside-out patches is marked
by i-o at the vertical arrows, and error bars show 6S.D.

RESULTS

Co-expression of the parental KIR6.1GGGS and KIR6.2GGGS

constructs with SUR1 produced channels that were indistin-
guishable from native, and recombinant KNDP and KATP chan-
nels in terms of their nucleotide responsiveness and an ;2-fold
difference in their g values (Fig. 1A). KNDP channels were
active in cell-attached patches, and the transition to a nucle-
otide-free intracellular solution in the inside-out configuration
resulted in a transient increase in their activity before they
closed. These KNDP channels remained in an operational state
and could be activated by MgUDP, known to be an effective
stimulator but a poor inhibitor of KIR6.2/SUR1 channels (15),
which does not reactivate run-down channels like MgATP (16)).
The rapid wash-out of ATP applied in the presence of Mg21

resulted in a transient increase in KNDP channel activity sim-
ilar to that observed upon transition to the inside-out configu-
ration. By contrast, the spontaneous steady-state activity of
KIR6.2/SUR1 channels in an inside-out patch was dramatically
reduced by sub-millimolar MgATP and inhibited by ATP in
Mg21-free internal solution with an IC50(ATP) of 6.1 6 0.4 mM

(n 5 5, not shown). This value was indistinguishable from that
of wild type b-cell KATP channels determined under similar
conditions (10, 11), verifying that there is no effect of the GGGS
tail on ATP-inhibitory gating.

On the basis of the different characteristics of the parental
channels, we expected hybrid channels to have intermediate
properties, and we determined g, ability to burst spontane-
ously, and ATP sensitivity of KIR6.X-X-X-X concatemers co-
expressed with SUR1. Co-expression of KIR6.2-2-2-2 with
SUR1, but not the concatemer alone, generated spontaneously
active channels, which were inhibited by ATP with an IC50(ATP)

;1025 M (Fig. 1B), verifying that linking the pore forming
subunits did not compromise inhibitory nucleotide binding.
Co-expression of KIR6.1-1-1-1 with SUR1 generated channels
with negligible activity in nucleotide- and/or Mg21-free inter-
nal solutions that were maximally activated by 10 mM MgUDP.
Finally, co-expression of each KIR6.1-X-X-2 with SUR1 gener-
ated nucleotide-sensitive K1 channels. As illustrated in Fig.
1B, KIR6.1-1-1-2/SUR1 channels produced currents after wash-
out of UDP and Mg21, which were half-maximally inhibited by
;1025 M ATP. To support the assertion that these currents
were through hybrid pores and not through KIR6.24 pores as-

FIG. 1. Properties of “classical” versus hybrid-6.X4/SUR14-
channels. A, a, responses of KIR6.1GGGS/SUR1 (upper trace) and
KIR6.2GGGS/SUR1 (lower trace) channels to rapid changes in nucleotides
at the inner face of a membrane patch held at 240 mV. The break in the
upper trace is ;1 min. b, comparison of g of KIR6.1 (upper trace and I-Vm
relationship)-containing versus KIR6.2 (lower trace and I-Vm relation-
ship)-containing channels in the solutions used in a. The best fit to a
linear function (dashed line) gives a g value of 34.2 and 68.1 picosi-
emens for KIR6.1- and KIR6.2-based channels, respectively. The 95%
confidence limits are given by the dotted lines (n 5 4 for each channel).
B, a, KIR6.2-2-2-2/SUR1 (top) and KIR6.1-1-1-2/SUR1 (bottom) channel
currents recorded at 260 mV under the conditions used in A except for
the Mg21-free internal solution with ATP. b, ATP dose responses with
fitted pseudo-Hill inhibitory curves (IC50(ATP) 5 17.9 mM and h 5 1.25
for the dotted line versus IC50(ATP) 5 14.4 mM and h 5 1.49 for the solid
line) and the i histograms for the KIR6.2-2-2-2/SUR1 and KIR6.1-1-1-2/
SUR1 channels observed in a. Here and in C, KIR6.1, KIR6.2, and SUR1
are shown as white, black, and gray circles, respectively. C, summary of
the relative g and IC50(ATP) determinations for different hybrid chan-
nels. The relative g values are different (p , 0.05), whereas the IC50(ATP)
values are not (even at p 5 0.1). The h values for the best-fit ATP-
inhibitory curves varied between 1.23 and 1.49; n 5 3–5. The IC50(ATP)
for KIR6.2-2-2-2/SUR1 channels was 14.2 6 2.4 mM (h 5 1.3; n 5 19).
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sembled from multiple concatemers, we collected first-level
openings from records of multi-channel currents partially in-
hibited by ATP over a time interval sufficient to accumulate a
statistically significant number of single-channel openings.
Segments of the resulting traces for KIR6.1-1-1-2 versus KIR6.2-
2-2-2-containing channels are shown to the right in Fig. 1Ba.
The all-points current amplitude histograms constructed from
these traces (Fig. 1Bb, right) revealed a single i peak corre-
sponding to a g intermediate between that of KIR6.14 and
KIR6.24 pores. The uniform intermediate, g, was derived from a
similar test with millimolar MgATP, which will maintain low
Po openings of channels with any KIR composition. The results
illustrate the homogeneity of these hybrid channels and dem-
onstrate that one KIR6.2/tetrameric pore is sufficient to ensure
spontaneous bursting and confer classical KATP channel-like
sensitivity to inhibitory ATP. Similar measurements on all of
the other channels generated by co-expression of KIR6.1-2-1-2,
KIR6.1-1-2-2, or KIR6.1-2-2-2 with SUR1 (3–5 independent
transfections for each combination with .103 channels ob-
served) led to the conclusion that each concatemer specified one
hybrid channel type in which characteristics were determined
uniquely by concatemer composition. This finding permitted
determination of statistically representative values of relative
g versus IC50(ATP) for all possible types of spontaneously burst-
ing hybrid KATP channels in Mg21-free internal solution (Fig.
1C). The results show four types of channels with distinguish-
able intermediate g values, consistent with the concatemers
specifying subunit composition and order in tetrameric pores.
Two KIR6.1 subunits reduce the conductivity more when they
are “across the pore” than when they are adjacent to each other,
consistent with observations in KV channels (17). In contrast to
the differences in g, the IC50(ATP) values are statistically indis-
tinguishable, and we conclude that all of the hybrid KIR6.X-X-
X-X/SUR4 channels are as highly sensitive to inhibitory ATP as
KIR6.2-2-2-2/SUR4 channels.

DISCUSSION

Although the existence of true hybrid KIR6.1/KIR6.2 channels
is problematic (see (Refs. 2 and 12), our results show that
concatemerized subunits form functional, regulated, hybrid
KATP channels when co-expressed with SUR1, demonstrating
that the interactions involved in gating are preserved. The
characteristics of these hybrid channels are determined by the
KIR6.1/KIR6.2 ratio and subunit position in the concatemers
consistent with a single concatemer forming a pore. The results
imply that a search for hybrid KATP channels in native cells is
reasonable and that measurements of i and IC50(ATP) from the
same single channel patch will allow verification of the KIR

composition of these presumably rare KIR/SUR channels in
mammalian cells.

The different hybrid channels exhibit distinguishable inter-
mediate g values, although the H5 regions of KIR6.1 and KIR6.2
are identical. Our results are in agreement with the report by
Repunte et al. (5) that amino acids in the M1-H5 loop or
“turret” (positions 123–125 and 113–115 for KIR6.1 and KIR6.2,
respectively) and in the H5-M2 loop (position 148 and 138 for
KIR6.1 and KIR6.2, respectively) specify the difference in g
between KIR6.1- and KIR6.2-based channels. Hybrid pores con-
taining greater numbers of KIR6.2 extracellular loops have
higher g values. The result is consistent with the smaller vol-
ume of the amino acid side chain of Val138 versus Met148 in
KIR6.2 versus KIR6.1. We see a positional effect of adjacent
versus diagonal extracellular loops on g, which could be the
result of limiting diffusion of K1 through the outer vestibule of
the pore and/or from nonequivalent interactions between the
different KIR6.X subunits affecting the molecular dynamics of
the K1 selectivity filter. The first possibility is supported by a

prediction from a KIR6.2 tetramer model (5) based on the KcsA
crystal structure (18) that two Met148 side chains of KIR6.1 will
restrict the diffusion of K1 through the external vestibule more
than the less bulky Val138 side chain of KIR6.2 when they are
across the pore rather than adjacent to each other. A similar
idea, based on the hydrodynamic theory of Dwyer et al. (19),
has been used to explain a qualitatively similar effect of sub-
unit order on g of heteromeric cyclic nucleotide-gated channels
(20). With regard to possible effects on the dynamics of the
selectivity filter, we note that the potential intersubunit salt
bridges between the conserved R and E following the K1 chan-
nel signature G(Y/F)G sequence are unlikely as pKA calcula-
tions, based on a homology model of the KIR6.2 tetramer em-
bedded into a lipid bilayer (21), indicate that these E are
protonated. Intersubunit H-bonds equivalent to those between
Trp68 in the pore helix and Tyr78 in the signature motif of
adjacent subunits in KcsA (22) are also unlikely because phe-
nylalanines occupy the corresponding positions in KIR6.X. We
note, however, that Glu104 and Glu108, at the extracellular
mouth of the KIR6.2 tetramer (21), are in the variable M1-H5
turret region of KIR6.X. Repunte et al. (5) have suggested that
this region does not contribute to the g difference, but possible
differential interactions between adjacent residues in KIR6.1
and KIR6.2 might result from the longer extracellular linker in
KIR6.1 and contribute to the effects of subunit order on g.
Molecular dynamics simulations of hybrid KATP channels may
aid our understanding of the possible biophysical mechanisms
behind the observed conductivity differences in KIR6.X4 hy-
brids that result from the asymmetrical contributions of sub-
units to the permeation properties of heteromultimeric KIR

(23).
The substitution of one KIR6.2 into a KIR6.1-6.1-6.1-6.1 con-

catemer was sufficient to destabilize the permanently closed
state of KNDP channels seen in the absence of Mg21- and
nucleotide-dependent stimulation by SUR1. This gain-of-func-
tion, spontaneous opening of KIR6.1-containing channels al-
lowed determination of the ATP sensitivity of hybrid KIR in the
absence of the magnesium nucleotides required to open KIR6.1/
SUR channels. The IC50(ATP) values for hybrid channels were
indistinguishable from the ;1025 M value for KIR6.2-2-2-2/
SUR14 channels. One interpretation of these results is consist-
ent with the idea that KIR6.1 does not interact with inhibitory
nucleotides (7), in which case occupation of the cytoplasmic
domain(s) of one KIR6.2 stabilizes the closed pore as strongly as
occupation of four domains. However, this interpretation is in
poor agreement with the differences in the ATP dose response
observed for KATP channels with different numbers of KIR6.2
subunits with C-terminal mutations (our preliminary data2

and the preliminary report of Li et al. (31)). An alternative
interpretation, that KIR6.1 has a low affinity inhibitory ATP
binding site(s) similar to KIR6.2, is consistent with the fact that
the C-terminal residues of KIR6.2 in which mutation produces
the most dramatic increases in the IC50(ATP) for KATP channels,
i.e. the double mutant Arg50/Lys185 (24), Ile182, and Gly334 (25)
are conserved in KIR6.1. Moreover, the transient increases in
KNDP channel currents induced by rapid wash-out of MgATP in
conventional patches with “fast” diffusion access (Fig. 1Aa)
provide semiquantitative evidence that the KIR6.1 tetramer is
as sensitive to inhibitory ATP as the KIR6.2 tetramer assem-
bled with the same SUR. We interpret this transient response
as follows. During its application, millimolar MgATP binds to
both SUR1 and KIR6.X. Nucleotide-bound SUR1 stimulates
KIR6.1/SUR1 more efficiently than KIR6.2/SUR1 channels, thus
better masking the inhibitory action of ATP on the KNDP chan-

2 A. P. Babenko, unpublished data.
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nels (Fig. 1Aa). Upon nucleotide removal, unbinding of nucle-
otide(s) from the low affinity inhibitory ATP site(s) on the KIR

produces a quasi-sigmoidal rise in current, which can be resolved
if nucleotide unbinding is not limited by its “desorption” (26)
(departure) from the cytoplasmic surface of the patch. This ki-
netic phenomenon can be resolved best in conventional “flat”
patches by rapid solution exchange but not in “invaginated” mac-
ro-patches with solution exchange times of .10 ms. In parallel,
but independently, a slower relaxation of the magnesium-nucle-
otide-activated KIR/SUR complex, due to nucleotide unbinding
from SUR (upon or independently of ATP-hydrolysis), results in
decay of channel activity. The observed ,1022 ratio of the mean
NPo of KNDP channels at quasi-cytosolic [Mg-ATP] to the NPo

during the transient peak after wash-out suggests a submillimo-
lar IC50(ATP) for KNDP channels. If we assume there is a common
mechanism coupling inhibitory ligand binding to closure of the
M2 bundle, the postulated “inner gate” of KIR (15, 27, 28) based
on the proposed function of this bundle in KcsA channels (18, 29,
30), then the uniform IC50(ATP) hybrid channel values are a
reflection of similar low affinity ATP binding loci in both KIR6.1
and KIR6.2 in which the KD for inhibitory ATP binding is de-
creased by SUR (10, 11). Validation of this hypothesis will re-
quire direct comparison of ATP binding to purified KIR6.1 and
KIR6.2 in the presence of versus absence of SUR and determina-
tion of ATP dose responses of KIR6.14-based channels.

Acknowledgments—We thank Li-Zhen Song for excellent technical
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The differential responsiveness of (SUR1/KIR6.2)4 pan-
creatic b-cell versus (SUR2A/KIR6.2)4 sarcolemmal or
(SUR2B/KIR6.0)4 smooth muscle cell KATP channels to K1

channel openers (KCOs) is the basis for the selective
prevention of hyperinsulinemia, myocardial infarction,
and acute hypertension. KCO-stimulation of KATP chan-
nels is a unique example of functional coupling between
a transport ATPase and a K1 inward rectifier. KCO bind-
ing to SUR is Mg-ATP-dependent and antagonizes the
inhibition of (KIR6.0)4 pore opening by nucleotides.
Patch-clamping of matched chimeric human SUR1-
SUR2A/KIR6.2 channels was used to identify the SUR
regions that specify the selective response of sarcolem-
mal versus b-cell channels to cromakalim or pinacidil
versus diazoxide. The SUR2 segment containing the 12th
through 17th predicted transmembrane domains,
TMD12–17, confers sensitivity to the benzopyran, cro-
makalim, and the pyridine, pinacidil, whereas an SUR1
segment which includes TMD6–11 and the first nucleoti-
de-binding fold, NBF1, controls responsiveness to the
benzothiadiazine, diazoxide. These data are incorpo-
rated into a functional topology model for the regula-
tory SUR subunits of KATP channels.

K1 channel openers, KCOs,1 are a structurally diverse group
of compounds with no obvious common pharmacophore linking
their ability to antagonize the inhibition of ATP-sensitive K1

(KATP) channels by intracellular nucleotides (1). After the iden-
tification of KATP channels in cardiomyocytes and pancreatic
b-cells using the patch-clamp technique (2, 3), Trube et al. (4)
showed the benzothiadiazine KCO, diazoxide, stimulates b-cell
KATP channels, and Escande et al. (5) reported the benzopyran
KCO, cromakalim, increased the activity of sarcolemmal chan-

nels in inside-out membrane patches indicating a direct inter-
action with these channels. Cloning of b-cell and sarcolemmal
KATP channel subunits led to the understanding that they are
(SUR1/KIR6.2)4 and (SUR2A/KIR6.2)4 complexes, respectively,
and that their differential responses to KCOs and to sulfonyl-
ureas are determined by the SUR isoform (Refs. 6–8, and
reviewed in Ref. 9). Recent studies have shown that pharma-
cologically significant binding of the pyridine KCO, [3H]P1075,
an analog of the potent “cardiovascular” KCO, pinacidil (10), to
SURs requires hydrolyzable nucleotide triphosphates, Mg21 or
Mn21, and intact nucleotide-binding folds (both NBF1 and
NBF2) (11–13). Diazoxide does not stimulate homomeric
KIR6.2 channels (14) and [3H]P1075 does not interact with
KIR6.0 (13). The effect of diazoxide on native and reconstituted
sarcolemmal channels in the presence of quasi-cytosolic [Mg-
ATP] is negligible in comparison with stimulation by both
cromakalim and pinacidil (1, 9, 15). SUR2A/KIR6.2 channels
can be stimulated by diazoxide at supra-physiologic [ADP]i and
submillimolar [ATP]i in the presence of Mg21 (16). This sug-
gests diazoxide can bind to SUR2s in agreement with the
stimulation of SUR2B/KIR6.2 channels (17) and with the dis-
placement of [3H]P1075 from both SUR2 isoforms, differing in
their final 42 amino acids, by diazoxide (13). By exchanging
segments between SUR1 and SUR2A, D’Hahan et al. (18) have
shown the importance of the C-terminal set of transmembrane
domains of SUR2 for stimulation of KATP channels by SR47063,
a cromakalim analog. Uhde et al. (19) were able to identify two
smaller sequences within this region critical for [3H]P1075
binding and stimulation.

We have used matched human SUR1-SUR2A chimeras, pre-
viously employed to define the segments critical for SUR iso-
form-specific ATP-inhibitory gating (20) and high-affinity tol-
butamide inhibition (21), to validate the requirement of
TMD12–17 of SUR2 for stimulation by cromakalim or pinacidil
and to demonstrate that TMD6–11 and NBF1 control the re-
sponsiveness to diazoxide in the presence of Mg-ATP.

EXPERIMENTAL PROCEDURES

The human SUR1, SUR2A, and KIR6.2 cDNAs have been described
previously (22), as have the cDNAs encoding chimeric SUR I through
VI, IX through XIV (20), and XVII (21) (see Fig. 1, left panel). These
chimeras were constructed initially to allow swapping of seven major
domains of SUR using existing restriction sites in human SUR1 and
SUR2A and, when missing, by engineering matching restriction sites.
The new chimeras, XIX through XXIV, were constructed by swapping
the indicated segments (Fig. 1). The co-transfection with SUR and
KIR6.2 and the cultivation of COSm6 cells was done as described (15).
Recording of currents from inside-out patches was done at 22–24 °C as
described previously (15) using an Axopatch 200B amplifier (Axon
Instruments, Inc., Foster City, CA) at a holding potential of 240 mV.
Pipettes were filled up with the K1-rich external solution containing (in
mM) 145 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, pH 7.4 (KOH). The Mg21-
free internal solution was (in mM) 140 KCl, 5 EDTA, 5 HEPES, 10 KOH,
pH 7.2 (KOH), whereas the Mg21-containing “intracellular” solution
was (in mM) 140 KCl, 1 MgCl2, 5 EGTA, 5 HEPES, 10 KOH, pH 7.2
(KOH). Pinacidil was from Lilly Research Laboratories, and ATP (ultra-
pure, di-sodium salt) and other compounds were from Sigma. The free
Mg21 concentration in all Mg21-containing internal solutions was
maintained at a quasi-cytosolic level of ;0.7 mM, as described previ-
ously (15). Tolbutamide (200 mM stock solution in 0.1 N KOH) was
added to the nucleotide-free internal solution to a final concentration of
200 mM. Diazoxide, cromakalim, or pinacidil (100 mM stock solutions in
dimethyl sulfoxide, Me2SO) were added to the 0.1 mM ATP- and Mg21-
containing internal solution. The final concentrations were 300 mM

diazoxide (0.3 volume % Me2SO), 200 mM cromakalim, or 100 mM pinaci-
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brane domain.
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dil. Bathing solutions were applied using a programmable rapid solu-
tion changer (RSC-200, Biologic Inc, Claix, France). The relative NPo,
used as a measure of channel activity in the presence of a test com-
pound, was estimated as described previously (15) after applying cor-
rections for run-down and for reactivation by Mg-ATP. Addition of 0.3
volume % Me2SO to the ;0.1 mM Mg-ATP containing internal solution
induced a small, 1.25 6 0.26- and 1.27 6 0.28-fold, increase in the NPo
values of b-cell and cardiac KATP channels, respectively (mean 6 S.D.).
The latter estimate was used to define the lower limit for a significant
increase in the averaged NPo values, expressed as mean 6 S.D., in the
presence of either KCO (see Fig. 1). The differences in NPo values with
p , 0.05 (unpaired Student’s t test) were considered significant.

RESULTS

In agreement with our original demonstration (8), the SUR1/
KIR6.2 and SUR2A/KIR6.2 channels display differences in sul-
fonylurea sensitivity and in responsiveness to diazoxide and
cromakalim (Fig. 1). The SUR1/KIR6.2 channel currents, acti-
vated upon excision of an inside-out patch into nucleotide-free
internal solution, are inhibited by ;60% by 200 mM tolbuta-
mide, a concentration which saturates the high-affinity binding

site (21), whereas the SUR2A/KIR6.2 channels are inhibited by
;15% (15) as a result of low-affinity interaction(s) (21). With
;0.1 mM Mg-ATP in the internal solution to ensure maximal
binding of KCOs (11–13) and pre-inhibit channel activity, a
supra-pharmacological concentration of diazoxide, 300 mM, suf-
ficient to half-maximally saturate SUR1 and SUR2 (13), sig-
nificantly attenuated nucleotide-inhibition of SUR1/KIR6.2, but
not SUR2A/KIR6.2, channels. A concentration of cromakalim,
sufficient to saturate SUR2A, almost completely antagonized
the inhibition of SUR2A/KIR6.2 channels by 0.1 mM ATP but
did not stimulate SUR1/KIR6.2 channels. In the absence of
either, or both, nucleotides and Mg21 (;1029 M free Mg21 in
the Mg21-free internal solution), stimulation by diazoxide was
undetectable and stimulation by cromakalim or pinacidil was
reduced ;10-fold (not shown). The remaining nonphysiologic
effect of cromakalim in the absence of Mg-ATP was not exam-
ined further.

Comparison of the stimulation of chimeric SUR/KIR6.2 chan-
nels by diazoxide and cromakalim demonstrated all four pos-

FIG. 1. Delineation of SUR seg-
ments that specify differences in the
pharmacologic profiles of SUR1/
KIR6.2 versus SUR2A/KIR6.2 channels.
The left panel illustrates the SUR chime-
ras used (see Refs. 20 and 21 for descrip-
tions) with the topology of SUR (29) at the
top and numbering of amino acids at the
bottom. Segments from SUR1 and SUR2A
are shown in white and gray, respectively.
The middle panel shows records of cur-
rent through SUR/KIR6.2 channels. The
thin horizontal line shows the level of cur-
rents when KATP channels are closed;
downward deflections correspond to in-
ward currents. A 15 s bar is shown near
each trace. The current bars are (in pA):
10, chimera XIX, and XXI through XXIII;
20, SUR2A, chimeras II through VI, IX
through XI, and XX; 50, chimeras I, XIV,
XVII, and XXIV; 100, SUR1, and chimera
XIII; and 500, chimera XII. The different
horizontal bars indicate applications of
ATP or drugs, as indicated. The record of
macrocurrent through chimera XII/KIR6.2
channels shows the slower wash-out for
the cromakalim versus diazoxide stimula-
tion; the vertical arrow above the trace
indicates the application of 1 mM ATP. All
of the chimeric channels were more inhib-
ited by 0.1 mM ATP in the presence than
absence of Mg21 (20), and all were more
inhibited than homomeric KIRs (14, 27,
28), implying that interactions mediating
the SUR-induced increase in apparent
ATP-sensitivity of KIR and Mg-ATP stim-
ulation were preserved in all of the chi-
meras. The right panel gives a compari-
son of tolbutamide inhibition and
stimulation by KCOs. For each patch, the
NPo value in the presence of tolbutamide
was normalized to that in nucleotide-free
internal solution, and the NPo value in
the presence of the KCO was normalized
to that at 0.1 mM ATP with Mg21. The
relative NPo values #1 are plotted on an
expanded scale. The two thin vertical
lines indicate the interval where NPo
changes were insignificant (see “Experi-
mental Procedures”). All data points with
a mean value (6 S.D.) outside this inter-
val represent significant effects (p , 0.05)
with the exception of diazoxide stimula-
tion of chimeras XI/KIR6.2 and XXII/
KIR6.2 channels where p , 0.1.
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sible types of channels including those differentially responsive
to the two compounds, those that failed to respond to either
drug and those that responded to both drugs. Analysis of six
pairs of matched chimeric SURs (Fig. 1, underlined) suggested
that stimulation by cromakalim was determined by the pres-
ence of TMD12–17 from SUR2 in the chimeric receptor (chime-
ras V through XII), whereas matched channels lacking this
segment were not stimulated by cromakalim. Stimulation by
diazoxide was correlated with the presence of either NBF1 and
TMD6–11 from SUR1 (chimeras I through III and XII through
XIV, and XI, respectively). Chimeras II and XII, containing
both NBF1 and TMD6–11 of SUR1 conferred the maximal
response to diazoxide, whereas chimera XI, containing
TMD6–11 of SUR1 and NBF1 of SUR2, specified a lower effi-
cacy response. Analysis of three additional pairs of chimeras
with reciprocally exchanged single segments reinforces the con-
clusion that TMD12–17 of SUR2 confers a selective interaction
with either cromakalim or pinacidil, whereas TMD6–11 and
NBF1 of SUR1 contribute additively to diazoxide responsive-
ness. Substitution of TMD6–11 and NBF1 of SUR1 into
SUR2A (chimera XXIV) was essential for maximal response to
diazoxide.

The separable nature of the segments that specify the selec-
tive responses of KATP channel isoforms to the two KCOs is
demonstrated by the generation of channels that are stimu-
lated by both the “b-cell specific” and “cardiovascular” KCOs
(chimeras XII, XIX through XXI, and XXIV) versus those that
are not stimulated by either KCO (chimera IV and chimera
XVII). The inhibition (;60%) of these KCO-insensitive cur-
rents by 200 mM tolbutamide ensured that TMD12–17 was
functionally coupled to KIR6.2 (21). A direct comparison of
currents through the channels responding to both types KCOs
suggests a slower off-rate for the benzothiadiazine or pyridine
versus benzopyran KCOs.

DISCUSSION

The results show that two separate regions in SURs are
necessary to determine the selective effects of diazoxide versus
cromakalim or pinacidil. We propose that segment(s) of SUR2,
from the glutamate-rich motif following NBF1 through the
intracellular segment preceding NBF2 (red tones in Fig. 2),
confer sensitivity to the benzopyran and pyridine derivatives,
whereas TMD6–11 and NBF1 of SUR1 specify a b-cell channel-
like response to the pyrimidine KCO, diazoxide. Our demon-
stration that TMD12–17 of SUR2 is required for cromakalim
stimulation of human KATP channels complements the obser-
vation of D’Hahan et al. (18) that transfer of TMD12–17 from
rat SUR2A into hamster SUR1 is sufficient for SR47063-re-
sponsiveness of chimeric SUR/KIR6.2 channels and comple-
ments the report by Uhde et al. (19) that smaller segments,
Thr1059-Leu1087 and Arg1218-Asn1320, of rat SUR2 confer spe-
cific binding of [3H]P1075, displaceable by pinacidil and levcro-
makalim, when placed in a hamster SUR1 background. These
results imply, but do not prove, that TMD12–17 is essential to
form a KCO binding pocket. D’Hahan et al. (18) used a limited
number of chimeras and were unable to delineate a region
critical for the selective action of diazoxide, while Uhde et al.
(19) assumed TMD12–17 was sufficient to determine the re-
sponse to different KCOs and did not examine the effects of
diazoxide. Using a matched set of SUR chimeras, we show the
action of diazoxide requires more than TMD12–17. The dem-
onstration that stimulation by diazoxide involves domains of
SUR1 other than TMD12–17 suggests these domains either
couple diazoxide binding at TMD12–17, or at another segment,
to the KIR6.2 gating mechanism or form an additional KCO-
binding site. Consistent with a coupling mechanism, diazoxide
can displace [3H]P1075 from SUR2B, and [3H]glibenclamide

from SUR1, yielding similar apparent KD values for both SUR1
and SUR2 isoforms (13) and can stimulate both KATP channel
isoforms (16, 17). The results are compatible with a minimal
model in which different classes of KCOs, including diazoxide,
occupy the same site in TMD12–17 and that this site, in SUR1,
is in close proximity to sulfonylurea binding pocket (19, 21, 23).
The proximity of these sites implies the potential for negative
allosteric interactions. We infer that multiple regions of SUR
contribute to coupling KCO-occupied site(s) with the KIR gating
machinery. In SUR1/KIR6.2 channels, efficient coupling of dia-

FIG. 2. A summary schematic showing the determinants and
interactions which specify differential modulation of (SURx/
KIR6.0)4 channels by nucleotides, KCOs, and sulfonylureas. Two
SURx/KIR6.0 pairs are shown with SUR1 and SUR2A surrounding a
central KIR6.2 pore. The a-helix, beginning at Arg50, and b-strands in
the KIR N terminus are based on secondary structure predictions (30).
Truncation of .44 N-terminal amino acids from KIR6.2 inhibits func-
tional expression of KATP channels, indicating possible involvement of
this region in co-assembly, while substitution of a Gln at Arg50 affects
gating of SUR1/KIR6.2K185Q channels, implying there are interactions
between the cytoplasmic sequences adjacent to M1 and M2 (31). We
speculate that nucleotide-sensitive conformational changes in the cyto-
plasmic domains of KIR modulate nucleotide-independent motions of
M2 helices that control gated access to the pore. The swapped segments
of SURs are colored differently. TMD1–5 is placed near the N terminus
of KIR6.2 because the N-terminal segments of SUR, including the long
intracellular loop between TMD5 and 6 (32) and the N terminus of
KIR6.2, are involved in controlling spontaneous bursting of KATP chan-
nels (20, 31). The C terminus of SUR is near the segment of KIR6.2 from
Glu179 through Leu355 which has been assumed to contain a low-affinity
nucleotide-binding site (14, 27, 28) and “linker domain” (33) since the
last 42 amino acids of SUR1 specify, independently of the Po(max), a
lower steady-state IC50(ATP) in b-cell versus sarcolemmal KATP channels
(20). The separable effects of SUR on the occupancy of the K1 driving
force-independent closed state and on the IC50(ATP) suggest that ATP
may bind to KIR6.2 in both closed and open conformations. Tolbutamide
(Tlb), whose sulfonylurea moiety is identical to that in glibenclamide, is
positioned near cytoplasmic loops of TMD12–17 of SUR1 based on
identification of the segment(s) required for high-affinity tolbutamide
inhibition and [3H]glibenclamide binding (19, 21, 23). The SUR seg-
ments which specify stimulation by diazoxide versus cromakalim or
pinacidil are color-coded (blue versus red tones). The two darker seg-
ments in TMD12–17 of SUR2 are the predicted cytoplasmic regions
which may form a KCO binding pocket based on [3H]P1075 binding (19)
and thus match the color of pinacidil (Pin). Cromakalim (Crm), a less
potent KCO, is shown displaced from the pocket. The equivalent seg-
ments in SUR1 are unavailable when the intervening sulfonylurea
pocket is occupied (19); this provides a mechanistic explanation for the
apparent negative allosterism between sulfonylurea- and diazoxide-
(Dzx) binding. The “trees” identify the glycosylation sites (note differ-
ences between SUR isoforms). The glutamate-rich motif is indicated by
EEE. The ER retention (34) and putative anterograde (35) signals,
controlling surface expression of (SURx/KIR6.0)4 channels, are indi-
cated by rrr and aaa, respectively. Interestingly, the rrr of SUR2 con-
tains RKQ versus RKR in SUR1, and the numbers of channels with the
regulatory subunits containing the rrr region of SUR1 appear to be
higher in comparable patches (note different current scales for repre-
sentative records in Fig. 1).
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zoxide binding requires TMD6–11 and NBF1, whereas the C
terminus is important in SUR2B/KIR6.2 channels. The involve-
ment of NBF1 in stimulation by diazoxide suggests nucleotide
binding and/or hydrolysis could contribute to the efficacy of this
compound. This would be consistent with diazoxide stimulation
of SUR2A/KIR6.2 channels under conditions which may satu-
rate ADP binding (16) and with isoform differences in the
sequences of NBF1. NBF1 and NBF2 are known to serve dif-
ferent functions (24), and we have observed more efficient
stimulation of b-cell versus cardiac KATP channels by increas-
ing the [ADP]/[ATP] ratio.2 Based on four lines of evidence that
1) the analogous TMD12–17 segment of MRP, a structurally
related transport ATPase, is important for conferring drug-
resistance (25), 2) substrates are known to activate the ATPase
activity of transport ATPases, 3) hydrolyzable Mg-ATP is re-
quired for KCO action, and 4) KATP channel stimulation is
regulated by changes in the [ATP]/[ADP] ratio, we hypothesize
that KCOs increase an ATPase activity of SUR and/or stabilize
Mg-ADP on NBF2 of SUR (24). Within this framework, the
requirement of Mg-ATP for KCO binding could reflect an or-
dered ATP hydrolytic mechanism and suggests KCOs may be
transported. This suggests that drug binding to TMD12–17 and
cooperative binding (24) of ATP and Mg-ADP to NBF1 and
NBF2, respectively, may influence each other allosterically.
This would explain the requirement for Mg-ATP and intact
NBFs for KCO binding (13), modulation of this binding by
Mg-ADP (26), and sulfonylurea-inhibition of the stimulatory
action of nucleotides (21), and the release of pre-bound
8-N3ATP from SUR1 by sulfonylureas (24) (as illustrated in
Fig. 2).

Fig. 2 presents a summary model integrating currently avail-
able data on the functional topology of SURs. In addition to
sequences in TMD1–5 and the C terminus that specify differ-
ences in Po(max) and IC50(ATP) of KATP channel isoforms (20),
results from four groups (18, 19, 21, 23) demonstrate that
TMD12–17 is critical for the action of both sulfonylureas and
KCOs, suggesting this region forms the binding pockets for
these compounds. Subdivision of TMD12–17 of SUR1 impli-
cates intracellular loops in high-affinity sulfonylurea binding
(19, 21, 23). The corresponding regions in SUR2 separates
sequences required for high-affinity binding of [3H]P1075. Con-
tribution of separate domains to coupling the energy of binding
to re-configurations of the channel gate show the molecular
mechanism of action of these drugs cannot be understood sim-
ply in terms of drug binding sites. Recent studies (13, 14) have
largely eliminated early models based on direct competition for
a nucleotide binding site. The relative currents in the presence
of ;0.1 mM Mg-ATP and 200 mM cromakalim (see also Ref. 18)
are higher than expected if KCOs “uncouple” SUR from KIR6.2
and thus eliminate the ability of SUR to increase the sensitivity
of KIR6.0 to ATP, judged by comparing the IC50(ATP) of hetero-
meric versus homomeric channels (14, 27, 28). The data argue
that KCOs have a net stimulatory effect, beyond the ;9-fold
and ;33-fold decrease in IC50(ATP) induced by SUR2A and
SUR1, respectively (20, 27). We propose that there is no re-
quirement for a decrease in the affinity of the putative ATP-

inhibitory site on KIR6.0 or need for dissociation of ATP for
KCOs to open KATP channels. Our finding that the first half of
the N terminus of KIR6.2 “couples” high-affinity sulfonylurea-
but not diazoxide-binding to SUR1 with KIR gate (21) implies
there are at least two parallel pathways through which SURs
can converse with the KIR6.0 pore gate.
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