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Abstract

A multidisciplinary effort over twenty years has provided deep insight into the nature of KATP channels. First discovered in cardiomyocytes
and pancreatic b-cells, as ubiquitous sensors of the ADP/ATP ratio they are implicated in multiple disorders characterized by the uncoupling
of excitation from metabolism. Composed of two disparate subunits these large octameric channels present a formidable challenge to scien-
tists interested in understanding mechanism in physical, chemical, and structural terms. Post-cloning studies have defined the domains and
interactions, within and between the nucleotide-inhibited KIR pore and nucleotide-stimulated, drug-binding core of the ATP-Binding Cassette
(ABC) regulatory subunits, that control channel assembly and gating. Determination of the three-dimensional structures of the bacterial
prototypes of the channel subunits allowed homology modeling and has provided increasingly detailed mechanistic understanding. Here I
review the early electrophysiology and molecular biology of KATP channels, cover biophysical principles governing their single channel
kinetics, integrate this with current efforts to understand ligand-recognition and gating within the pore and SUR core, and propose a mecha-
nism of coupling based on recent identification of a SUR gatekeeper module and first composite models of (SUR/KIR 6.0)4 complexes. This
mechanism, based on interactions between inter-KIR subunit ATP-binding pockets and a unique bi-directional regulatory apparatus comprised
of elements from the gatekeeper and KIR amino terminus, provides a molecular perspective for understanding the biophysical basis underlying
the polar effects of pathogenic mutations in KATP channel subunits.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction to “vingt ans après”

The KATP channel field was born when the then novel
patch-clamp technique [1–4] was applied to cardiomyocytes
[5–7] and pancreatic b-cells [8] and weak inwardly rectify-
ing K+ selective channels of similar conductance were
recorded and observed to be inhibited by the application of
ATP at the cytoplasmic face of the patch. The discovery of
sarcolemmal KATP channels provided insight into the molecu-
lar mechanisms underlying early observations on action
potential shortening in metabolically impaired
cardiomyocytes/anoxia [9] and the glucose-induced decrease
in K+ permeability of pancreatic b-cells [10].

Although KATP channels were subsequently identified in a
wide variety of tissues, cardiomyocytes and b-cells are rich
sources and over the next 10 years electrophysiologists and

biophysicists, interested in control of cardiac function and
regulation of glucose homeostasis, defined their permeation
properties, and characterized ligand-independent “bursting”
and its modulation by inhibitory nucleotides and stimulatory
Mg-nucleotides. Within a year it was demonstrated that the
pancreatic b-cell channels were inhibited by the hypoglyce-
mic sulfonylurea drugs [11] thus implying a role in control of
insulin secretion and providing a connection with extensive
pharmacologic studies on hypoglycemic agents. Shortly there-
after several groups provided multiple lines of evidence that
diazoxide, a K+ channel opener (KCO), would activate KATP

channels in pancreatic b-cells [12] and vascular smooth
muscle [13,14]. Cromakalim, the prototypic cardiac KCO,
was demonstrated to activate KATP channels in cardiac myo-
cytes [15,16] followed by similar observations with pinacidil
[17], and nicorandil [18]. Functional and pharmacologic com-
parison of KATP channels in different tissues provided the first
evidence for the existence of isoforms differing mainly in their
MgADP/ATP-dependent activity and responsiveness to phar-
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macologic agents and thus presented questions regarding the
underlying molecular diversity. Subsequent recordings from
vascular smooth muscle cells revealed weak inwardly recti-
fying K+ channels with approximately a twofold lower con-
ductivity, which appeared initially to be insensitive to inhibi-
toryATP and require nucleotide diphosphates for activity [19].
Termed “KNDP” channels, these observations further diversi-
fied the KATP channel family.

The key role of KATP channels in coupling membrane excit-
ability to metabolism, and thus their obvious medical and
potential therapeutic importance, generated multiple efforts
to clone KATP channel subunits. The identification of the first
potassium inward rectifiers, ROMK (KIR1.1 [20]), IRK1
(KIR2.1 [21]), and GIRK1 (KIR3.1 [22]) provided reagents
for homology cloning of uKATP-1 (KIR6.1) [23] and BIR
(KIR6.2) [24] by the Seino group in Chiba, Japan. In Hous-
ton, Texas initial efforts in the Boyd lab [25] to characterize
the high-affinity sulfonylurea binding activity found in b-cell
membranes led to the synthesis of a novel iodinated deriva-
tive of glibenclamide [26]. Combined with the observation
that glibenclamide was a photoaffinity label for the high-
affinity sulfonylurea receptor [27], 125I-glibenclamide pro-
vided a route to the purification and cloning of the hamster
and rat SUR1 regulatory subunit of b-cell/neuroendocrine
KATP channels by Aguilar-Bryan et al. [28] and thus probes
for the subsequent homology cloning of the sarcolemmal,
SUR2A [29], and smooth muscle, SUR2B, isoforms [30,31]
as well as the human SUR genes (reviewed in [32]). SURs
proved to be members of the ATP-Binding Cassette (ABC)
superfamily with no intrinsic channel activity [28], however,
the finding that mutations in SUR1 led to familial hyperin-
sulinism [33] defined its importance for KATP channel func-
tion. Dan Cook served as a catalyst to alert the groups in Chiba
and Houston that their cloned subunits should be tested in
combination and subsequent co-expression of KIR6.2 with
SUR1 generated neuroendocrine-type KATP channels [24].
Sakura et al. [34] independently cloned KIR6.2 and repeated
the reconstitution of KATP channels using hamster SUR1.

The cloning and reconstitution work provided the means
to analyze the molecular composition and function of recom-
binant SUR/KIR6.0 channels and enabled their comparison
with native ATP-sensitive currents. The remarkably robust
interactions between KIR6.2 and SUR1 allowed determina-
tion of the octameric, (SUR/KIR)4, subunit stoichiometry of
KATP channels by multiple methods ( [35–37], reviewed in
[38]). The channel assembly scheme in vivo remains to be
established, but a recent study suggests that SUR1 rapidly
interacts with, and stabilizes KIR6.2 monomers in the endo-
plasmic reticulum and that the octameric channel may be pref-
erentially assembled from heterodimers [39]. Trafficking of
the octameric KATP channels to the cell surface has been
shown to require modulation of arginine-based ER retention
signals, –RK(R/Q)–, in both SUR and KIR6.0 [40] and
reported to interact with 14-3-3 protein dimers in vitro [41].
The heterodimeric assembly scheme [39] is consistent with
the idea that transient interactions between 14-3-3 and

SUR/KIR6.0 dimers may be a key factor underlying ER reten-
tion and quality control of native KATP channels.

SUR/KIR6.0 interactions are remarkably specific with little
evidence that the regulatory subunits either interact with or
control gating of other pores or conversely that other proteins
can gate KIR6.0 pores. In co-expression experiments, the inter-
actions between KIR6.0 and SUR subunits appear to be com-
pletely promiscuous in the sense that every SUR can associ-
ate with every KIR6.0. Hybrid KATP pores have been generated
by expression of KIR6.1 plus KIR6.2 monomers with SUR
[42] and the functional characteristics of all possible (KIR6.0)4

concatemers complexed with SUR1 have been described [43]
and provide insight into gating as reviewed below. Channels
with the properties of hybrid KATP pores have been identified
at low density in native cells, particularly developing non-
ventricular myocytes and other cells expressing both KIR

mRNAs [44–46,186]. On the other hand, KATP channels with
mixed SUR1 and SUR2 appear unable to assemble. A recent
study indicates that co-expression of SUR1 and SUR2A in
Xenopus oocytes does not lead to random assortment during
assembly with KIR6.2, rather only channels with homog-
enous receptor subtypes are generated [47]. The ability of
SUR2A and SUR2B to co-assemble mixed channels has not
been assessed. The results imply that cell-type specific expres-
sion is controlled primarily at the transcription level rather
than via restrictions on subunit assembly. We have stressed
previously that the inhibitory action of nucleotides on
KIR6.0 is conserved and that the differential stimulatory action
of MgATP/ADP on the different SUR/KIR6.0 channel vari-
ants underlies metabolism-excitation coupling in cells with
different rates of ATP catabolism [46]. The general physi-
ologic concept is that cell-type specific expression of particu-
lar combinations of SUR/KIR6.0 subunits ensures regulation
of basal K+ conductance and therefore the resting membrane
potential in high-input impedance cells with a low density of
strong inward rectifiers, e.g. SUR1/KIR6.2 in neuroendo-
crine cells and SUR2B/KIR6.1 in smooth muscle cells, or the
activation of KATP conductance during severe decreases in
the ATP/ADP ratio, e.g. ischemia, in striated myocytes whose
resting potential is normally stabilized by thousands of strong
inward rectifiers, e.g. IRK1.

The ability to manipulate cloned channels has allowed
identification of the major SUR/KIR6.0 interacting domains.
A series of experiments with chimeric ABCC proteins and
KIRs showed that TMD0-L0 (see Fig. 1 for topology) speci-
fied the differential effects of SUR isoforms on the ligand-
independent activity of the pore [48] while the outer [49]
M1 helix and/or proximal amino terminus of KIR6.0 con-
ferred co-assembly with SUR [50]. Based on affinity-
labeling of the amino terminal third of SUR1 [28] and
co-labeling of KIR6.2 [35] with derivatives of glibenclamide,
the reduction of KIR affinity-labeling by truncation of its
amino terminus, DN32KIR6.2 [51], and the finding that amino
terminal truncation and application of an exogenous syn-
thetic amino terminal peptide had similar SUR-dependent
effects on ligand-independent and inhibitory, but not stimu-
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latory, gating, we proposed a model for SUR/KIR6.0 cou-
pling [51]. In this model two different parts of TMD0-
L0 were proposed to interact with the outer and an adjacent
“submembrane” helix [52] to stimulate the pore, while inter-
action of the distal KIR amino terminus with the cytoplasmic
L0 ‘loop’ reduced the PO. This early model made the inter-
esting prediction that TMD0-L0 alone might associate with
the pore and modulate its activity. Subsequently, we [53] and
Chan et al. [54] used KIR6.0DC subunits, able to reach the
cell surface without an SUR and well characterized in Xeno-
pus oocytes and mammalian cells [55–57], and fragments of
SUR and MRP1 (ABCC1) to demonstrate, using co-
immunoprecipitation and electrophysiological assays, that
SUR TMD0 specifically associates with KIRs, markedly
increasing their maximal open channel probability in ligand-
free solutions, POmax. In agreement with the predictions of
this early model, we found that inclusion of the initial L0 seg-
ment immediately following TMD0 saturated the POmax (~1),
while inclusion of the central segment of L0 counterbalanced
this activation [53]. The TMD0 and TMD0-L0 containing
mini-KATP channels could not be stimulated by Mg-
nucleotides or modulated by specific concentrations of sul-
fonylureas or KCOs. Neither of the SUR “core” fragments
complementary to TMD0, or TMD0-L0, and able to bind glib-
enclamide with nanomolar affinity [58] or 8-azidoATP with
micromolar affinity [53], respectively, modulated
KIR6.2DC35 pores or abolished the ER retention of KIR6.2,
irrespective of whether the –RKR(Q)– signals were present
[53]. Co-transfections of KIR6.2 with SUR lacking L0, or with
both fragments of SUR split within L0, did not generate cur-
rents, although co-expression of KIR6.2 with SUR fragments
split between TM12 and 13 generated native-like KATP chan-
nel currents [53], indicating that L0 and its coordination by
TMD0 and the core is crucial for generation of KATP chan-
nels. Together the results show that TMD0-L0 couples the
nucleotide- and drug-binding core of SUR with the pore and
can bi-directionally control the KATP channel PO.

Using TMD0-L0 as the primary coupling module, the
BacKir1.1V69A-tetramer ( [59], ~3.2 Å resolution, ~30% iden-
tity with KIR6.0) and the long cytoplasmic pore of KIR3.1
( [60], ~1.8 Å resolution, ~50% identity with KIR6.0) as struc-
tural templates for the KATP pore, and the VC-MsbA-dimer, a
prokaryotic homologue of eukaryotic ABC exporters ( [61],
~3.6 Å resolution, ~21% identity with SUR), as a template
for the SUR core, we first constructed composite models of
KATP channels ( [53] and supplement). The following sec-
tions present the first effort to develop a mechanistic interpre-
tation of how KATP channels operate, based on these struc-
tural models and accumulating biophysical and biochemical
data. One of our central objectives is to catalyze understand-
ing of the inter-subunit interactions that couple ligand driven
re-conformations of the ABCC core with the KATP gating.

The juxtaposition (Fig. 1) of a structural model for a closed
human sarcolemmal (SUR2A/KIR6.2)4 channel with a sum-
mary of its functional features gives scope to the problem.
While topology schemes were informative, and have often

been reproduced, they failed to give a real sense of relative
subunit size and channel complexity and provided no help
predicting subunit-subunit contacts. The channels are large
~15 × 15 × 15-nm, million Dalton complexes with 76 trans-
membrane helices. The central pore-forming and peripheral
regulatory subunits have large cytoplasmic domains that
define the KIR and ABC families. The nucleotide binding
domains (NBDs) of SUR extend deeper into the cytoplasm
than KIR, establishing geographical separation between the
ABC-dependent Mg-nucleotide-stimulation and NBD2-
independent nucleotide-inhibition of the KATP pore [62] via
less well understood interactions of nucleotides with the chan-
nel which involve non-canonical, cytoplasmic ATP-sites
(shown in yellow/gold in Fig. 1B and in greater detail in
Fig. 2A).

The KcsA-like transmembrane permeation path is extended
by a b barrel-, or funnel-like cytoplasmic pore. The high-
resolution structure of the cytoplasmic pore of KIR3.1 [60]
provided the first insight into the structural basis for the “long
pore plugging by polyamines” mechanism of inward rectifi-
cation proposed by Lopatin et al. [63]. Historically, the first
mutation introduced into KIR6.0, N160D [35,64] strength-
ened the voltage-dependent block of KATP channels by poly-
valent cations, including Mg2+ as shown earlier for ROMK1
[65]. Addressing the biophysics of inward rectification and
K+-selective conductivity are beyond the scope of this mini-
review, which is focussed on understanding the structural
determinants and interactions controlling KATP channel gat-
ing.

The phenomenological principles underlying gating of
classic KATP channels were established by electrophysiolo-
gists in Europe, Japan, and the United States by the early
‘90s ( [7,12,66–75,183], see [76] for additional references)
and have been reconfirmed using recombinant channels
expressed in a variety of cell types.As summarized in Fig. 1C,
in nucleotide-free solutions classic KATP channels are spon-
taneously active and analyses of the inwardly directed single
channel currents, designed to eliminate possible fast block-
ade by contaminant non-permeant cations, reveal one
[K]i/[K]o- and Vm-dependent, ~75 pS (in 145 mM K+) con-
ducting state, one (Vm – EK)-dependent closed state, and one
(Vm – EK)-independent closed state. This spontaneous activ-
ity is termed ‘bursting’ and is characterized by a K+-driving
force-dependent open time, sO, a fast, short-lived, intraburst
closed time, sCf, and a slow, electromotive force-independent
inter-burst closed time, TIB. Additional longer-lived closed
state(s) are observed and reflect ‘run-down’ of channel activ-
ity due to degradation of membrane patches as a conse-
quence of PIP2 hydrolysis [77]. The essentially mono-
exponential distribution of burst lengths, before significant
run-down has occurred, gives TB, the K+ driving force-
independent mean time which characterizes the stability of
the active conformation of the “slow gating machinery”. Over
the physiologic range of (Vm – EK), sCf << sO and PO is essen-
tially determined by the TB/TIB ratio. KATP channels, like sev-
eral other KIRs, e.g. ROMK (KIR1.1)4 channels [20], are inhib-
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ited by a non-hydrolytic binding of intracellular ATP, which
shortens TB and elongates TIB. The rank order of potency for
nucleotide inhibition is: purines more potent than pyrim-
idines, adenine nucleotides more potent than guanine nucle-
otides, nucleotide triphosphates more potent than nucleotide
diphosphates, with nucleotide monophosphates being essen-
tially ineffective. In other words, the inhibitory nucleotide-

binding pocket is adenine- and b-phosphate-selective. The
inhibitory action of ATP and other nucleotides is essentially
independent of Mg2+, or, in Ian Findlay’s words, these chan-
nels are “total [ATP]i-inhibited” [68] (Fig. 1D). The addition
of Mg2+ and other divalent cations antagonizes the ATP inhi-
bition of b-cell channels due to a separate, apparently hydro-
lytic reaction, which is negligible for sarcolemmal channels.

Fig. 1. Structure-function of human cardiac KATP channels. The topologies of SUR2 and KIR6.2 are shown in the top left panel (A) above a structural model of
the (SUR2/KIR6.2)4 channel (B) based on the atomic coordinates of VC-MsbA- [61] and KirBac1.1 [59]. The homology models of the KATP pore and SUR cores
(peripheral gray masses) are linked by the SUR TMD0-L0 domain, which has been shown to interact with the KIR (modeling details and sequence alignments
are given in [53]). The folding of TMD0-L0 and the peripheral amino terminus of the KIR is arbitrary as no structural templates for these domains are available.
Protein segments proposed to interact and either increase or decrease the PO are shown in red or blue, respectively. Light vs. dark tones distinguish elements of
neighboring KIR subunits, including the amino terminal, submembrane slide- and outer helices in red, with side chains of TMS78 specifying the SUR/KIR

assembly [50], the phenylalanine of the selectivity filter in green, and the glycine hinges of the inner helices in magenta. The inhibitory ATP sites of KIR, in
yellow, lie at the approximate level of the ICDs of SUR. Drugs which bind to the SUR core are indicated: Dzx—diazoxide, Pin—pinacidil, Crm—cromakalim,
and Glb—glibenclamide. RKR(Q) indicates the positions of ER retention sequences [40]. The three black-and-white panels illustrate the ligand-independent
activity of recombinant sarcolemmal KATP channels (C) and its control by nucleotides (D) and drugs (E). These data, compiled from Refs. [163,178], demons-
trated that recombinant human (SUR2A/KIR6.2)4 channels are functionally indistinguishable from native human sarcolemmal KATP channels in mature ventri-
cular myocytes [179]. Records of inwardly directed single KATP channel currents from inside-out patches in ~150-mM symmetrical K+ illustrate fast vs. slow
kinetics in the absence of nucleotides. Changes in (Vm – EK) have opposite effects on sO and sCf, without affecting the slow component of the closed time
probability density function. ADP in the presence of a quasi-physiologic concentration of Mg2+ stimulates these channels, which are similarly inhibited by
MgATP or ATP4–. Sarcolemmal KATP channels have a distinctive pharmacology being stimulated selectively by cromakalim and pinacidil, while diazoxide,
which stimulates the SUR1-containing, neuroendocrine KATP channels has little effect. Sarcolemmal KATP channels are reversibly inhibited by micromolar
glibenclamide vs. the nanomolar sensitivity of SUR1-containing channels. Note that macrocurrents in D and E were recorded in quasi-physiologic extracellular
pipette and intracellular bath solutions, at 0 mV, zeroing the “background” currents.
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This stimulatory action can be seen on both channels if
nucleotide-diphosphates are used instead of ATP. In
nucleotide-free solutions, pharmacologic concentrations of
the first and second generation sulfonylureas, tolbutamide
(<100 µM) and glibenclamide (<1 µM), reduce the spontane-
ous PO of b-cells, but not sarcolemmal KATP channels, by up
to ~50%. Under physiologic conditions with Mg-nucleotides
present, essentially all of the basal activity of the b-cell chan-
nels is inhibited by similar concentrations of these hypogly-
cemic compounds. These ‘rules’ are consistent with Mg-
nucleotides having a greater stimulatory action on the non-
sarcolemmal channels, an effect abolished by sulfonylureas.
Alternatively, Mg-nucleotides could be viewed as enhancing
the inhibition of non-sarcolemmal KATP channels by sulfo-
nylureas. In the presence of MgATP, pharmacologic concen-
trations of diazoxide, an anti-hyperinsulinemic KATP channel
opener, stimulate non-sarcolemmal channels, whereas simi-
lar concentrations of the anti-hypertensive openers, pinacidil
and cromakalim, stimulate sarcolemmal KATP currents
(Fig. 1E) and similar currents in vascular smooth muscle cells.
In Mg-nucleotide-free solutions, supra-pharmacologic con-

centrations of KCOs can stimulate the corresponding chan-
nel isoforms minimally [15,78,79], but the nanomolar affin-
ity, slowly reversible effect of pinacidil analogue, e.g. P1075,
requires MgATP [80–82].

In the following sections I analyze how (SUR/KIR6.0)4

octets may play single-channel music in ligand-free and
ligand-containing media. I will explore the ligand-sensitive
machinery of (KIR6.0)4 pores and ABCC8(9) cores and then
how they may couple via SUR TMD0-L0.

2. The gating machinery of classic and non-classic
KATP pores

Although the rules of gating for classic KATP channels were
established before their cloning, observations on native KNDP

currents were limited and the results with recombinant KIR6.1-
based channels controversial. At first glance KIR6.1- vs.
KIR6.2-based channels, containing the same SUR, display
apparently distinct types of gating (Fig. 2B) and early reports
concluded that KNDP channels “absolutely required” stimu-

Fig. 1. (continued)
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Fig. 2. Structure vs. gating of KATP pores. The top left panel (A) illustrates a structural model of a chimeric KATP pore embedded into a 1-palmytoil-2-oleoyl-
sn-glycero-3-phosphatidylethanolamine (POPE) lipid bilayer, with four K+ sites of the selectivity filter indicated by green spheres. The front quarter of the
cytoplasmic pore, shown as a Coulomb potential surface (positive in blue), is from a high-resolution homology model of the cytoplasmic domain of KIR6.1 [53]
based on the coordinates of the cytoplasmic pore of KIR3.1 [60]; parts of the model which had to be built de novo, including the extracellular loops which
specify the greater unitary conductance of KIR6.2 vs. KIR6.1-based pores [180] and the intracellular loops connecting the inner helix with the C-domain are not
displayed. The color-coding of the labeled residues, drawn in licorice, follows Fig. 1B. The bA and bM strands from neighboring subunits interact to stabilize
the KIR-tetramer [60]. TNP-ATP (in yellow licorice) is shown docked in the carboxy terminal cavity, with the expected KD > 0.3 mM. ATP can be docked in the
binding site in several ways, but equally inhibitory TNP-ATP and ATP-cAA [46] ‘fit’ only if the rigid, bulky 2′-(or 3′)-O-(trinitrophenyl)- and azidoanilide-
groups lie outside of the cavity. The right top panel (B) compares (SUR1/KIR6.1)4 (in red) vs. (SUR1/KIR6.2)4 currents (in blue) recorded in cell-attached and
inside-out configurations (the arrow indicates patch isolation). The currents have been scaled to place their peaks (when the mean PO estimated from macros-
copic noise analysis was ≥0.73 for both channel types) at the same level below the zero-current line, thus differences in the scaled magnitudes reflect differences
in the average activity of KNDP vs. classic KATP. KIR6.1/SUR1 channels show substantial steady-state activity in cell-attached, but not inside-out patches in
nucleotide-free solution, while KIR6.2/SUR1 channels are largely inactive on-cell, but are spontaneously active in nucleotide-free conditions. Excision of
patches into nucleotide-free solutions, or rapid washout of millimolar MgATP from inside-out patches, induced transient KIR6.1/SUR1 currents. The result is
consistent with diffusion-limited rates of dissociation of inhibitory nucleotides from KNDP and KATP pores vs. slower dissociation of SUR1-bound stimulatory
nucleotide(s), a greater intrinsic stability of the unstimulated closed KNDP pore, and an increased efficiency of Mg-nucleotide-dependent stimulation of KIR6.1 by

84 A.P. Babenko / Journal of Molecular and Cellular Cardiology 39 (2005) 79–98



latory Mg-NDPs for activity, showed “ultra-fast inactivation
or run-down” upon patch isolation in nucleotide-free solu-
tions, and were “ATP-insensitive” [31,83], prompting the sug-
gestion that the nucleotide-sensitive gating machinery was
not conserved, despite ~72% amino acid identity between iso-
forms. We reexamined these ideas by analyzing the
SUR1/KIR6.1 current transient induced by the rapid wash-
out of submillimolar MgATP and by comparing steady-state
currents through 16 different concatemeric KIR6.0–6.0–6.0–
6.0/SUR14 ensembles, in nucleotide-free vs. inhibiting and
stimulating ligand-containing solutions [43,46]. These stud-
ies showed that while both channel types were similarly sen-
sitive to the inhibitory action of ATP, the apparently distinct
gating of KNDP vs. classic KATP channels was due to the more
efficient response of KIR6.1 to the Mg-nucleotide-dependent
stimulatory action of SUR and the greater ligand-independent
stability of KIR6.1 closed conformation (Fig. 2C,D). We were
able to demonstrate the conservation of the ATP-inhibitory
machinery in all possible (KIR6.0)4-based channels because
repositioning of the amino termini in the concatemers, like
deletion(s) of the peripheral amino terminus of KIR6.1 and
application of a synthetic amino terminal peptide, resulted in
measurable spontaneous activity in Mg-free solutions, thus,
allowing direct comparison of the net inhibitory effect of
nucleotides on all KATP variants. The macroscopic IC50 val-
ues for ATP (~15 µM, see Fig. 2E), and for a variety of ATP
derivatives, were similar for all of the concatemeric channels
[43,46]. These IC50(ATP) values which nearly overlap those of
the corresponding non-concatemeric channels are much lower
than the IC50(ATP) observed for homomeric (KIR6.2DC35)4

channels [55,57]. The conclusion that the unique ATP-
inhibitory machinery is conserved in all heteromeric KATP

channels is in agreement with the comparable ATP-inhibition
of channels reconstituted from SUR2A and different KIR6.0-
tandem constructs [84] and from SURs and KIR6.1–
KIR6.2 chimeras with swapped cytoplasmic domains [85,86].

To explore the conserved ATP-inhibitory machinery of
(KIR6.0)4 pores we generated homology models, including a
virtual chimeric pore (Fig. 2A) that incorporates a portion of
the KIR6.1 cytoplasmic pore in the KIR6.2 pore (see [53] and
supplement). The chimeric pore is more informative than the
model in Fig. 1 for several reasons: KIR6.1 is aligned with the
higher resolution KIR3.1-derived template [60] without a
single gap and the KIR3.1 template is truncated at N- and
C-terminal positions matching amino and carboxy terminal
deletions which do not disrupt co-assembly of KATP channels
[46,87]. The KATP pore based on KirBac1.1 alone is shorter
(Figs. 1 vs. 2); the last residues are before the level of DC
truncations, which disrupt functional expression of KIR6.2DC

pores [55]. The structural elements discussed below refer-
ence the model in Fig. 2A.

2.1. The nature and location of KIR “gate(s)”
is controversial

Numerous mutagenesis studies on KIRs, including KIR6.2,
have failed to unambiguously determine whether the pore-
lining domains in the lower or “southern” portion of the per-
meation path can appose each other closely enough to limit
penetration of hydrated K+ ions or whether movements of
“northern” residues, possibly destabilizing K+ in the center
of the cavity or in the selectivity filter, can produce the inter-
burst closures or higher rate transitions to the kinetically sepa-
rable, K+-driving force-dependent, intraburst non-conducting
state (i.e. the electrogenic transitions observed in single chan-
nel recordings). Thus questions on the number of indepen-
dent or functionally coupled “gates” and their location remain
open to debate. Functional changes induced by substitution
or cysteine modification(s) have traditionally been inter-
preted to be a consequence of local changes at the perturbed
site, but may reflect de novo created gating machinery hardly
comparable with the intact pore. A number of alternative
schemes, including those with “slow inner and an indepen-
dently operating fast outer gates”, “a cytoplasmic gate”, an
“actual gate nearby the selectivity filter”, and “two, possibly
coupled, extracellular and intracellular gates” have been put
forward in an effort to address the issue (see discussions in
[53,88–94]).

A significant obstacle limiting understanding of the gating
mechanism in potassium channels is the lack of crystal struc-
tures representing both the open and closed states of the same
channel. The most direct evidence for structural changes that
may switch ligand-gated K+ pores between burst and inter-
burst states comes from comparison of X-ray structures of
different channels crystallized under different conditions. In
MthK, a Ca2+-activated channel locked by millimolar Cai

2+

in a burst state [95], the inner helices are bent at a highly
conserved glycine (equivalent to G156 in KIR6.2, Fig. 2A)
and the pore helices stabilize a hydrated K+ ion in the central
cavity below the selectivity filter. In MthK, the selectivity
filter is in the “K+-repulsing”, apparently conducting configu-
ration identified in high-resolution structures of KcsA at
physiologic concentrations of K+ [96]. KirBac1.1, whose
single channel currents have not yet been recorded, has a sec-
ond, semi-conserved glycine in its inner helix (G165 in
KIR6.2), but the inner helix bundle remains in the ‘straight’
configuration seen in KcsA [49]. In the KirBac1.1 structure
semi-conserved phenylalanines (F168 in KIR6.2) clash and

SUR. The latter explains the greater on-cell activity of SUR1/KIR6.1 vs. SUR1/KIR6.2 channels when [ADP]/[ATP] is similarly altered by application of the
oxidative phosphorylation uncoupler, carbonyl cyanide p-(trifluoro-methoxy)phenylhydrazone (FCCP, 0.5 µM) or SUR1 is stimulated by diazoxide (Dzx) (the
right middle panel (C); each current trace was normalized to the mean current in MgATP to allow comparison of the Dzx-induced stimulation from the
magnitudes of the superimposed traces). The right bottom panel (D), taken from [46], illustrates an exponential dependence of the ligand-independent mean
POmax of hybrid KATP channels on the number and position of KIR6.2 subunits. The left bottom panel (E) illustrates the effect of modifications of the adenine
ring vs. the ribose or the c-phosphate on ATP inhibition of KIR6.1–6.1–6.1–6.1/SUR14 (red symbols) vs. KIR6.2–6.2–6.2–6.2/SUR14 channels (blue symbols).
The lines, colored like the corresponding nucleotides above, are fits of the Hill equation to the data. The error bars are ± S.D.
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re-suggested to form a ‘hydrophobic cytoplasmic valve’,
which can block permeation of K+ ions [59]. BacKir1.1V69A

was crystallized in 0.1 M Mg2+, and its cytoplasmic domains
form a ‘dimer-of-dimers’, the pore helices are misaligned and
the selectivity filter is in a presumably non-conducting con-
figuration, somewhat comparable to the partly collapsed con-
figuration observed in KcsA at low concentrations of K+ [96].
The KcsA structure was also argued to represent a stable,
long-lived, closed state as the diameter of the cytoplasmic
entry to its transmembrane pore was ~3–4 Å [49,97] close to
what is considered to be a barrier for hydrated K+ ions (see
recent theoretical arguments in [98]). Cysteine scanning
mutagenesis data on cyclic nucleotide-gated channels [99] is
consistent with a straight conformation of the inner helices
being required, but not sufficient, for closing eukaryotic cat-
ionic channels which have longer loops between the inner
helix and carboxy terminal domain than their bacterial coun-
terparts (for KIRs see [53,100] supplement). Similar cysteine
scanning analyses of the KATP pore indicated that accessibil-
ity to reagents larger than K+ ions is restricted during ATP-
stabilized, long-lived non-conducting states [90,92], but did
not resolve whether F168 or more northern residues impede
K+ ions. Loss of KIR2.1 channel currents [101] following sub-
stitutions of the upper glycine suggested bending at this posi-
tion might be important, but this glycine is also implicated in
the helical packing and oligomeric stability of KcsA and Kir-
Bac1.1 channels [59,102]. We have proposed that spreading
and bending of the inner helices at the lower glycine controls
the ligand- and SUR-dependent inter-burst reconformations
of KATP pores [53].

Analysis of the ligand-independent kinetics of a variety of
complete and mini-KATP channels with intact pores [53] estab-
lished a strong semi-logarithmic dependence of sO on TB

(Fig. 4D,E) revealing that stabilization of the burst conforma-
tion stabilizes the conducting (open) state. These two mean
times were not interchangeable responding vs. varied kinetic
parameters. This dependence, which is intrinsic to the chan-
nel structure, implies there is a one-way coupling between
the SUR-regulated re-conformations required to open the pore
and the higher frequency, (Vm – EK)-dependent re-
configurations of northern elements that lie within the trans-
membrane electrical field. The results imply a non-traditional
view; bending of the inner helices may stabilize a conducting
configuration of the pore helices or selectivity filter in KIRs, a
hypothesis in need of testing.

2.2. Four KATP pore-forming subunits undergo concerted
electrogenic re-conformations

Analysis of hybrid KIR6.1/KIR6.2 KATP channels, in which
the spontaneous burst state of the KIR6.2 subunits is more
stable than that of KIR6.1, revealed an exponential depen-
dence of the POmax on the number of KIR6.2 subunits present
([46] and Fig. 2D). The rate of burst termination, which essen-
tially controls the channel POmax, is related to the sum of the
energetic contributions from each pore-forming subunit. Thus

the exponential relation, obtained without mutating the pore-
forming subunits, is not consistent with models that assume
inter-burst transitions are the result of independent move-
ments of each pore-forming subunit, while the identical activ-
ity of channels with two KIR6.2 subunits in adjacent vs. diago-
nal positions does not support a dimer of dimers mode of
operation for KIR tetramers. The exponential dependence
appears to reflect a conserved mechanism in which bursts are
initiated and terminated by concerted re-conformation of all
four KIR subunits, consistent with the fourfold symmetry of
transmembrane pores seen in all structures of different K+

channels crystallized in different states. Importantly, this con-
certed mechanism predicts that one MgADP- or KCO-bound
regulatory SUR subunit may be sufficient to open a KNDP/ATP

channel.

2.3. Defining the conserved, adenine- and b-phosphate-
selective, inhibitory ATP-binding pockets of (KIR6.0)4

pores

Comparison of the inhibition of (KIR6.0/SUR1)4 channels
by nucleotides, including ATP analogues with modifications
on the nucleotide, sugar, and triphosphate groups [46]
(Fig. 2E) confirmed earlier arguments that nucleotide inhibi-
tion of KATP channels was adenine- and b-phosphate-selective
(see references in Introduction and [103]) and illustrated the
conservation of the ATP-sensing elements in all KIR6.0-
tetramer based channels. Site-directed mutagenesis of
KIR6.2DC and SUR1/KIR6.2 channels reduced the number
of residues directly implicated in nucleotide-binding, and/or
coupling of binding with gating, using the criterion that sub-
stitutions decreased the IC50(ATP) while not changing the
POmax. Based on this selection, K185 and G334 in the car-
boxy terminus and R50 in the amino terminus of KIR6.2
[55–57,104] were considered to contribute to a non-canonical
ATP-binding pocket. Other residues have been suggested, but
substitution of some amino acids at these positions were sub-
sequently found to increase the POmax, e.g. I182 [56,105].

The KIR6.2R50Q/K185Q double mutant [87] showed that the
contribution of these two residues to ATP-induced destabili-
zation of the burst and open state vs. stabilization of closed
states was additive in KATP channels, but not KIR6.2DC pores
(see also [106]) which are ~30-fold less sensitive to ATP [57].
The incorporation of the two large, uncharged side chains at
these positions increased the POmax of SUR1-containing chan-
nels [87] implying the basic amino acids, K185 and R50,
cooperate in a SUR-dependent coordination of separate nega-
tively charged phosphate groups of the inhibitory nucleotide.
Based on this notion and the fact that this trio of residues,
R51(50)–R195(K185)–G343(334) in KIR6.1 and (KIR6.2),
respectively, distinguish KIR6.0 from other ATP-sensitive
KIRs, we indicated their co-localization at the surface of
KIR6.0 cytoplasmic domains in an early model of the
SUR/KIR6.0 complex [51].

High-resolution homology models of the KIR6.1 N–C-
domain ([53] supplement) and the isolated carboxy terminal
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domain of KIR6.2 [107] supported the prediction that
R195(K185), and Gly343(334) of KIR6.1(2) contribute to a
carboxy terminal crevice, or cavity, which can accommodate
an ATP molecule. Our lower resolution homology model of
the whole KATP pore [53] revealed that the cavity may be
complemented by R50 from the neighboring, not the same,
KIR subunit (Fig. 1B). This is better shown in Fig. 2A, which
also illustrates the key point that the four inter-subunit inhibi-
tory pockets are essentially equivalent in all KIR6.04-based
channels, irrespective of whether bacterial “di-dimeric” [59]
or eukaryotic fourfold symmetric [60] templates are used. The
structural picture is therefore consistent with the similar inhi-
bition of hybrid and chimeric KATP channels by ATP dis-
cussed above.

Probing the inhibitory binding site with TNP-ATP and
ATP-cAA, where bulky trinitrophenyl and azidoanilide groups
are attached to the sugar and c-phosphate moieties, respec-
tively, revealed these compounds inhibited the activity of
KIR6.1 vs. KIR6.2-based KATP channels with IC50 ~ 10–5 M,
i.e. as potently as ATP [46]. By contrast, substitution of a
smaller azido group on the adenine ring (8-azido ATP) sig-
nificantly decreased the IC50 for ATP (Fig. 2E). The results
indicate the TNP and azidoanilide groups make little or no
energetic contribution to nucleotide binding and must lie out-
side the binding pocket while the adenine group appears to
be buried. This positioning modeled for TNP-ATP in Fig. 2A
predicts the c-phosphate is facing out of the cavity where it
would be accessible to R50 from the neighboring subunit.
This orientation is consistent with the observation that deriva-
tization of an R50C mutant of KIR6.2 with MTSEA prefer-
entially restores the ATP- vs. ADP-sensitivity [107]. The
model in Fig. 2A indicates further that in both KIR6.1 (and
KIR6.2), R195(K185) and R51(50), and two additional basic
residues R216(206) and K341(332), may contribute to the
positive charge of the binding cavity. Interestingly, K341(332)
precedes a –FG334NTV(I)K– sequence reminiscent of the
ATP-binding motif of ion-motive ATPases [108].

It is important to note that no single substitution in
KIR6.2 has been observed to increase the ATP-sensitivity of
the KATP pore, whereas association with SUR decreased the
IC50(ATP) by ~10–40-fold. This greater that ~0.19–1-fold gain
in efficacy upon hetero-multimerization, which increases the
stability of the burst and open states while decreasing the sta-
bility of the closed states may not be accounted for by changes
in the stoichiometry of ATP-induced closure [109] implying
a decrease in the KD must occur at least in the inter-burst
closed conformation. The structural basis for this unique phe-
nomenon is poorly understood; the homology models do not
include contributions from KIR/SUR interactions and there-
fore are unlikely to represent a high-affinity conformation of
the binding pocket. We have suggested that assembly with
SUR may reposition the KIR amino terminus and bring
R50 closer to the c-phosphate thus increasing nucleotide affin-
ity at least in the inter-burst state [51,53]. Others have pro-
posed that SUR increases the width of the phosphate-binding
site or groove [103]. A requirement for SUR-dependent repo-

sitioning of the KIR amino- and carboxy termini of KIRs in
octameric channels to decrease the KD for inhibitory ATP
could, in part, account for the observation that TNP-ATP binds
to monomeric carboxy terminal fragments from both
KIR6.0 and ROMK and is similarly displaced by ATP, in the
presence or absence of the corresponding amino terminal frag-
ments, although the IC50(ATP) value for KATP channels is ~100-
fold lower than for the kidney channels [110]. A full under-
standing of the ATP-inhibitory machinery will require
identifying the part(s) of SUR, which increases the apparent
affinity for ATP. We observed that the IC50(ATP) and the POmax

values for TMD0-L0/KIR6.2DC35 channels are ~2-fold higher
that those for KIR6.2DC35 pores, indicating that TMD0-
L0 is not sufficient to decrease the KD and that the core is
essential to sensitize the pore to inhibitory ATP [53].

3. The ABCC core

The known eukaryotic ABC transporters are exporters and
we modeled the core of SUR (Fig. 3A) on the X-ray structure
of the nucleotide-free homodimeric exporter, MsbA from
Vibrio cholerae. In the VC-MsbA dimer [61] the TMDs are
more closely opposed to each other than in the E. coli MsbA
structure [111] and the positioning of the NBDs better
approximates the dimer seen in crystals from Rad50 [112],
MJ0796 [113], MJ1267 [114], MalK [115] and nucleotide-
free BtuCD [116]. The latter prokaryotic vitamin B12 im-
porter has 10 helices per TMD and is therefore an inappro-
priate template upon which to model ABCC cores with
6 helices per TMD. It should be stressed here that the choice
of the structural template and alignment is determinant since
homology models are tightly constrained by the starting coor-
dinates whatever the energy minimization steps. The VC-
MsbA structure is well correlated with the low resolution
model [117] of form one of CFTR (ABCC7) grown in AMP-
PNP, a non-hydrolysable ATP analog (see Fig. 3B). Each half
of the SUR core can be divided into three layers (Fig. 3A):
the lipid-embedded transmembrane helical domain, TMD, the
submembrane intracellular coupling domain (ICD), com-
posed predominantly of helical extensions to the TM helices,
and the cytoplasmic NBD, which can be subdivided into an
a-helix rich a-domain that interacts with the ICD, and the
most cytosolic b-strand-rich b-domain. This dissection of the
core reflects the modular nature of ABC superfamily mem-
bers in which the NBDs and TMD/ICD domains can be sepa-
rate gene products or fused in various combinations. For
example, the archetypic Rad50 ATPase is formed from a and
b domains that are from two separate polypeptides that fold
independently and associate to form a hydrolytically active
ABC [113]; BtuC, the NBD associates with BtuD, the TMD-
ICD [116]; TAP1 and TAP2, TMD-ICD-NBD halves that
assemble the eukaryotic transporters of antigenic peptides
(reviewed in [118]), and ABCCs (see [119] for review) are
single polypeptides, which can re-assemble from engineered
fragments to function as ATPase transporters (MRP1; [120]),
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Fig. 3. Structure vs. mechanism in SUR cores. A homology model of a 1-palmytoil-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) embedded core of
human SUR2B based on the atomic coordinates of VC-MsbA [61] is shown on the left panel (A), with the carboxy terminal half in a darker shade of gray. The
VC-MsbA backbone fits well in the lower resolution map of form 1 of CFTR crystallized in 5 mM AMP-PNP [117], as shown on the right top panel (B). Colored
residues are in the a1 helix—Walker A (green), Walker B (magenta), and a5 helix—signature (red) motifs, the Q- (yellow), H- (blue) and D- (dark red) loops.
The pivot helix (cyan) in the ICD is predicted to interact with the NBD a-subdomain, particularly the helix containing the phenylalanine (F772 in NBD1, in dark
cyan) critical for TMD-ICD packing in other ABC transporters [181]. Trp681 and Tyr1321 predicted to interact differently with the adenine bases of ATP and
ADP in NBD1 and NBD2, respectively, are in dark green. The -KR1521- pair implicated in producing the greater Mg-nucleotide-dependent stimulatory action
of SUR2B and SUR1 vs. SUR2A [146] is in light magenta. T1257 in TM17, which specifies the selective responsiveness of SUR2-containing channels to
cromakalim [154], is in pink. CPK-colored structures of cromakalim (lower, in licorice) and pinacidil are shown entering the central chamber. The Y1209S
substitution in the segment between TM15-TM16, equivalent to S1237 in SUR1 [162], that specifies the increased responsiveness of SUR2B-containing
channels to sulfonylureas [164], is in khaki. Glibenclamide in a low energy extended conformation is positioned at the level of S1209. The dashed lines with
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chloride channels (CFTR; [121]), or sulfonylurea receptors
(SUR1; [53,122]).

The sequences of NBDs are more conserved than
TMD/ICD, and extensive comparison of NBD structures
reveals a ‘bi-lobed’ABC design first identified in hisP [123]
(see [114], reviewed in [124]): The b-sheet rich lobe 1 con-
tains the Walker A (–GXXGXGKS/T–), Walker B
(–XXXXD–; X being a hydrophobic amino acid), and addi-
tional consensus sequences recognizing Mg-nucleotides. The
WalkerA forms the ‘P-loop’, which binds the nucleotide phos-
phates, the Walker B primarily coordinates the Mg2+ ion, and
additional residues coordinate ribose and the adenine ring
(Fig. 3A, bottom part). The a-helix rich lobe 2 contains the
canonical signature motif (–LSGGQ– in most bacterial ABC
proteins), which is proposed, along with the Q- and several
other loops (Fig. 3A) to sense the ATP c-phosphate and move
upon nucleotide binding and hydrolysis [125,126].

With this structural picture in mind we briefly review the
basic principles of the ABC core functioning, including the
ATP-driven dimerization of NBDs, the ‘power stroke’ of
ABCs, and its coupling with reconformations of TMD/ICDs
involved in substrate translocation or channel activity, and
the functional asymmetry of heterodimeric cores in SURs vs.
other ABCCs.

3.1. ATP-driven dimerization of NBDs repositions
the TMD/ICDs

Comparison of nucleotide-bound vs. unbound structures
suggests that binding of ATP, particularly the c-phosphate to
the P-loop initiates the repositioning of the P- and other con-
served loops and the Walker A sequence against the signature
motif from the opposing NBD resulting in formation of an
NBD:NBD dimer with two ATP molecules in the interface
( [112,113,115,127–130], see [124] for review). In other
words, each ATP is ‘sandwiched’ between a P-loop of one
NBD and the signature motif of the opposing NBD. Move-
ment of the conserved glutamine of the Q-loop (Q90 in
MJ0796, equivalent to Q774(757) and Q1426(1394) in
NBD1 and NBD2 of SUR1(2), respectively) toward the
c-phosphate causes the a-subdomain, and its coupled TMD-
ICD (the cyan helix in Fig. 3A), to pivot during dimerization
bringing the signature motif into contact with the triphos-
phate ( [126,131,132], see also [133]). This rotational move-

ment of the a-subdomain is proposed to reconfigure the TMD-
ICD bundles consistent with different forms of low resolution
electron microscope images of MDR1 (ABCA1) with vs.
without nucleotides [134] thus ATP-driven dimerization has
been argued to be the power stroke for substrate transport
[112,113,127,135]. I argue similar movements of the TMD-
ICDs control gating of KATP pores via SUR gatekeeper mod-
ule.

3.2. Functional asymmetry of SUR

In contrast with their prokaryotic homodimericABC coun-
terparts SURs, and other ABCCs have asymmetric halves,
which may restrict their ATPase activity to one inter-NBD
site. Comparison of MJ0796 with other canonical ho-
modimeric ATPases suggest this should be the NBD1 signa-
ture- and NBD2 Walker-based site: Indeed, the signature
sequences, –FSQGQ– and –FSVGQ–, of NBD2 in SUR1 and
SUR2, respectively, differ from the canonical –LSGGQ–
motif in NBD1; this extends to all of theABCC proteins where
only the serine (S) and second glycine (G) are conserved.
Moreover, the highly conserved presumptive catalytic
glutamate (E) following the NBD1 Walker B is substituted
with an aspartate residue in SURs and MRPs (D854 and 837 in
human SUR1 and 2, respectively; Fig. 3A, bottom part), and
with a serine in CFTR. Finally, a conserved tyrosine which
stacks against the adenine base is substituted with tryptophan
in NBD1 of the ABCC proteins (for example, W401 in CFTR
[130] and W688/681 in SUR1/2, respectively), while remain-
ing a tyrosine in NBD2 (Y1219 in CFTR; Y1353/1321 in
SUR1/2, respectively (Fig. 3A, bottom part).

SUR1 was the first ABC protein reported to show asym-
metric interactions with ATP. SUR1 binds a- or c-[P32]-8-
azidoATP in the presence or absence of Mg2+; lowering the
temperature ‘traps’ the bound nucleotide in a stable confor-
mation consistent with the NBD dimerization observed in
other ABC proteins. Hydrolysis of this bound nucleotide is
either very low or non-existent and subsequent irradiation
labels NBD1 in the absence of vanadate ion, a transition-
state analog of phosphate, commonly needed to trap ADP
and enable substrate-dependent photolabeling of other ABC
proteins [136,137]. By contrast, the more canonical SUR
NBD2 has been argued to hydrolyze ATP, albeit without trap-
ping vanadate [137]. MRP1 exhibits a similar differential,

arrows indicate the proposed movements of the TMD-ICDs and rotations of the a-subdomains described in the text. Upon nucleotide binding these movements
bring the signature sequences and P-loops of opposing NBDs closer forming an NBD1-MgATP-NBD2-MgATP(ADP) complex. A close up below shows what
may happen upon splitting this complex, i.e. if monomeric NBD1 and 2 of SUR2 are crystallized in the presence of physiologic concentrations of MgATP and
MgADP, respectively. The coordination of MgATP and MgADP by NBD1 and NBD2, respectively, is based on the coordinates of NBD1 from CFTR, [130] and
the isolated NBD from TAP1, 1JJ7.pdb [129], respectively. Numbering is based on human SUR2. Mg2+ ions and nucleotides are shown in magenta- and
CPK-colored van der Waals spheres, respectively. Comparison of the two models suggests a highly conserved coordination of the triphosphates, but not
adenine, which carries the azido group in 8-azidoATP that labels NBD1 in ABCCs. The crossing dashed lines with arrows indicate the general direction of
movements bringing the signature and Walker A motifs of the opposing NBDs closer to each other during the “power stroke”, possibly followed by slow
hydrolysis at the NBD2 Walker A- and NBD1 signature-based site. SUR stimulated in vivo contains one MgATP and one MgADP consistent with the effect of
AlF4–, expected to lock the ABC in a post-hydrolytic state, on native sarcolemmal KATP channels [159], shown in the right bottom panel (C). Note, because of
early interpretations that AlF4– activates KATP channels through Gi,o protein(s), these experiments were performed on pertussis and cholera toxin-treated
ventricular myocytes, as described previously [182].
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Fig. 4. How does SUR TMD0-L0 bi-directionally control the PO of the KATP pore? The central left panel (B) shows a mechanistic model of one of the four
concerted gating units of a mini-KATP channel in the closed state. The structure is based on the full channel modeled in Fig. 1B. TMD0 is shown as a single
module. The L0-segment of ClustalX-aligned human SURs and full-length MRPs is shown above with a hydropathy plot of the SUR sequence (panel A). The
helical wheel plots of the proposed, interacting submembrane helices from SUR and KIR6.2 are shown below the structural model (panel C). Their matching
hydrophobic moments (vectors) point toward the lipophilic face. The current records, shown in D, illustrate the effects of increasing length segments (Nts) of
SUR1 TMD0-L0 on gating of the KATP pore. The graphs, shown in E, compare the effects of Nts on KIR6.2DC35 pores with perturbations of the amino terminal
coupling domains in full-length SUR/KIR6.2 channels. The upper graph in E illustrates a semi-logarithmic dependence of sO on TB discussed in the text, and the
lower graph shows best-fit, pseudo-Hill inhibition curves to averaged macroscopic ATP dose-responses multiplied by the mean POmax. The channel types are
identified by symbols at the mid-points of the curves. The gray square and pentagon show the response of Nt232- and Nt288-containing single channels,
respectively, to ATP concentrations equal to their macroscopic IC50(ATP) values. The results argue for a homogenous population of surface channels co-assembled
from SUR1 Nts and KIR6.2DC35, additional arguments are in Ref. [53]; the lack of evidence for partial mini-KATP complexes is consistent with the recently
proposed heterodimeric scheme for (SUR1/KIR6.2)4 channel assembly [39]. It is proposed that in the KIR6.2DC35 pore, without SUR, the straight conformation
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vanadate independent, 8-azidoATP photolabeling of
NBD1 and vanadate-induced trapping of 8-azidoADP in
NBD2 [138–140], while CFTR shows similar properties:
Mg2+- and vanadate-independent 8-azidoATP photolabeling
of NBD1 and vanadate trapping of 8-azidoADP in NBD2
[141–143]. CFTR also displays preferential labeling of
NBD1 with azidoAMP-PNP [117].

The contributions the structural asymmetries of the SUR
NBDs make to their observed biochemistry remain to be
worked out. Homology models for SUR2 NBD1 and
NBD2 with MgATP- and MgADP-bound, respectively, are
shown in Fig. 3A (bottom part). These models are based on
MgATP-NBD1 of CFTR [130] and MgADP-TAP1 [129].
TAP1 has greater homology to SUR NBD2 vs. NBD1, has
the conserved base stacking tyrosine and the canonical
–LSGGQ– motif, but does have an aspartate in place of the
presumptive catalytic glutamate. It is noteworthy that the
nucleotides adopt different conformations: the adenine ring
is opposed to tyrosine in NBD2, but turns away from the tryp-
tophan in NBD1.

Both of the NBD templates used for modeling are derived
from crystallized NBD1 fragments without their NBD2 part-
ner. In the absence of any heterodimeric template structure, I
have not attempted to generate a high-resolution, nucleotide-
bound NBD1/NBD2 dimer of SUR, and it is uncertain
whether the nucleotide conformations shown in Fig. 3A (bot-
tom part) or suggested previously [144] based on Na-ATP
bound to the catalytically impaired MJ0796 homo-dimer [113]
will exist in the native ABCC core. Nonetheless, the data
reviewed here are consistent with the NBD1 of ABCC pro-
teins having higher affinity for and not hydrolyzing ATP. Sev-
eral structural factors could contribute to the observed pref-
erential labeling of SUR1 NBD1 with 8-azidoATP: lack of
the catalytic glutamate, the E → D substitution, may elimi-
nate hydrolysis; the altered signature sequence could increase
binding affinity; or the adenine ring may stack against the
tryptophan and increase binding energy. An E → Q substitu-
tion of both NBDs of MDR3 (E552Q/E1197Q) did markedly
reduce ATP hydrolysis, while substrate-stimulated, Mg2+-
dependent, vanadate-enhanced photolabeling was retained
[145]. However, analysis of other dual substitutions (E → A,
Q, D or K) confirmed the requirement for Mg2+, but indi-
cated that E → D replacements poorly stabilized nucleotide
binding.

A structural basis for the differential stimulatory action of
MgADP on SUR2A vs. SUR2B has been suggested by Mat-

sushita et al. [146]. Based on the structure of the hisP NBD
[123], these authors suggest that a 7 amino acid segment, con-
taining –KR– (SUR2B) vs. –SE– (SUR2A), in the last alter-
natively spliced exon distinguishing SUR2A from SUR2B is
positioned near an arginine (R1347 in human SUR2) at the
beginning of the Walker A motif in NBD2 where it influ-
ences nucleotide binding and perhaps hydrolysis via electro-
static interactions. The observations imply that residues from
the carboxy terminus, not usually considered part of the nucle-
otide binding cassette, can affect coordination of MgATP or
ADP in NBD2, with the SUR2A carboxy terminus compro-
mising hydrolytic activity and/or reducing the affinity for
Mg-nucleotide(s). This idea is consistent with mutations in
the KR-containing C-terminus of SUR1 that compromise
stimulation of the b-cell channel [147–149].

3.3. Interactions of KATP openers and inhibitors with SUR
cores—is transport substrate binding analogous to drug
binding in SURs?

ABC transporters are commonly thought to sequester their
substrates in a micro-environment that favors export. In
VC-MsbA, the halves of the core form a central chamber
enabling lipid A to ‘flip’ from the inner to the outer leaflet
when the chamber is reconfigured during the substrate-
dependent ATPase cycle of the transporter [132]. The model
SUR core inherits this chamber which appears to be large
enough to accommodate drugs that target SURs (Fig. 3A; see
also [150]. We [151] drew the analogy between the interac-
tions of stimulatory substrates with ABC transporters and
KATP openers with SURs after showing that both halves of
SUR cores are required to accommodate a variety of KATP

openers, expected to bind, like MDR and MRP substrates and
drugs, to a multifaceted chamber formed mainly by TMs. This
and several other studies using chimeric and mutant SURs
[152–154] delineated segments and sites specifying the selec-
tive interaction of SUR2A with cromakalim and pinacidil vs.
diazoxide, including positions 1253 and 1257 (in human
SUR2) in TM17 (T1257 faces the chamber in the model in
Fig. 3A). The proposal that these sites may recognize the car-
diovascular KATP openers is consistent with biochemical stud-
ies, including labeling of ABCC1 (MRP1) with an azido
derivative of glutathione [155,156], that implicated the TMs,
particularly TM10-11 and 16–17 along with L0 and the linker
(L1) between NBD1 and TMD2 in substrate binding and
transport (see [157] for review of data for MRP1). Interest-
ingly, selective interactions with diazoxide [151], and a dia-

of the inner helix, required for the inter-burst closed state, is favored by positioning of the slide helix below G165, the lower glycine hinge. In Nt232 channels,
interaction of the amphipathic helix of L0 with the KIR slide helix ‘pulls’ the outer and inner helices, which are coupled above G165, away from the axis of the
pore. This repositioning facilitates bending of the inner helix at G165. The trans- and sub-membrane interactions between the red domains are proposed to act
synergistically to stabilize a wide open configuration of the cytoplasmic entrance to the pore in the burst state. In Nt288 channels, more distal parts of L0 ‘push’
the KIR amino terminus to counteract the activating helix–helix interaction and facilitate termination of a burst. The TB/TIB-ratio, which essentially determines
the mean PO, is thus determined by a balance between the “red” (activating) vs. “blue” (inhibiting) forces. The model provides a mechanistic interpretation of
a positive correlation between the POmax and IC50(ATP): Activating movements of the red domains move R50, the postulated c-phosphate sensor, away from
K185 and other residues within the ATP-binding pocket of the neighboring KIR subunit. This repositioning of elements of the inter-subunit ATP-binding pocket
is expected to open it thus increasing the off rate and KD of ATP in the burst state.
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zoxide analog [158], are specified by part of the amino ter-
minal half of the SUR1 core. It should be kept in mind that to
date no ABC transporter has been crystallized with a bound
substrate or drug.

SURs have no known endogenous substrate to stimulate
their ATPase activity, although we have considered the pos-
sibility that a segment of KIR could serve as an endogenous
substrate. It would be of interest actually to measure the spe-
cific ATPase activity of purified SUR isoforms with vs. with-
out KIR6.0 and with vs. without KATP openers. Consistent
with our earlier suggestion [51], previous evidence for the
G-protein-independent stimulatory action of GTP on native
KATP channels [159], and recent data on purified CFTR [117],
the basal hydrolytic activity of SURs, and particularly intact
SUR2A, is expected to be lower than the classic, symmetric
bacterial ABC transporters and to show minimal selectivity
for GTP vs. ATP. Consistent with this notion and the idea that
the C-terminus of SUR2A inhibits its basal ATPase activity, a
low hydrolytic activity of the C-terminally truncated NBD2 of
SUR2A was reported [184,185]. Following the idea that the
NBD a-subdomains are rotationally flexible and can pivot
upon substrate binding to modulate ATPase activity, the bind-
ing of drugs within the central cavity can be anticipated to
stimulate SUR ATPase activity similarly. Within this context,
KATP openers could function as ‘pseudo’ substrates binding
in the central chamber to reconfigure TMD/ICDs and thus
the NBD1/NBD2-dimer to increase the ATPase rate or KDs
for binding of MgATP/MgADP. This is consistent with the
requirement for Mg2+ or Mn2+ and a hydrolysable nucleotide
for binding of the pinacidil analog, P1075, with nanomolar
affinity to SUR2B [80–82], the vascular SUR variant we pro-
posed to have the higher basal stimulatory activity vs. SUR2A
(discussed above), and reported to have a reduced off-rate for
KATP channel openers in the presence of stimulatory Mg-
nucleotides [160,161]. This could be viewed as KCO-
‘trapping’ of a ‘constipated’, nucleotide-bound drug trans-
porter in a conformation, which stimulates the KATP pore.

We have recently reviewed the interactions of SUR with
KATP inhibitors [150]. Briefly, there is considerable classical
pharmacologic data in support of SURs having a bipartite
binding pocket able to bind KATP channel inhibitors, e.g. tolb-
utamide, glibenclamide, repaglinide, nateglinide, etc. The
“A”-site which interacts with a hydrophobic group (the butyl
group of tolbutamide or the cyclohexyl group of glibencla-
mide; see the latter structure in Fig. 3A) confers selectivity
for SUR1. Studies with SUR chimeras and mutants [162,163]
identified the importance of the C-terminal half of the
SUR1 core, and particularly a serine, S1237, in the ICD seg-
ment between TM15 and 16, for A-site selective interactions.
Substitution of the corresponding residue, a tyrosine, of
SUR2 with serine (Y1207S in Fig. 3A) resulted in a partial
gain of affinity for sulfonylureas [164]. The “B”-site, which
interacts with a distinct hydrophobic moiety, i.e. the benza-
mido group on the opposite side of glibenclamide, appears to
include a part of L0, which could lie at the level of the critical
ICD, close to the KIR N-terminus (see Figs. 3A vs. 1B).

While high-affinity binding of KATP channel openers
requires nucleotides, the binding of KATP inhibitors, e.g. glib-
enclamide, inhibits labeling of NBD1 by 8-azidoATP [137]
presumably by stabilizing a conformation of SUR with an
increased KD for nucleotide. Conversely, increasing the con-
centration of ATP in the presence of Mg2+ reduces glibencla-
mide binding to SUR1 [165] and glibenclamide binding has
a negative allosteric effect on binding of KATP openers [81].
These data complement the evidence for coupling between
conformational changes in the trans-, sub-membrane, and
cytoplasmic ‘layers’of the core, which binds both pore stimu-
lating and inhibiting ligands.

4. A novel polytopic gatekeeper, TMD0-L0, links
the SUR core with KIR6.0 bi-directionally controlling
the PO of the KATP pore

This section develops a speculative mechanistic model,
summarized in Fig. 4B, for control of KATP channel gating
by SURs. The model is heavily dependent on the recent find-
ing that the TMD0-L0 segment of SUR is the KATP pore ‘gate-
keeper’both containing the structural elements needed to sta-
bilize and destabilize the burst vs. inter-burst conformations
of the pore and serving as a link with the ABC core [53]. The
model presumes that two types of reconformations of
KIR6.0 helices, both affected by TMD0-L0 and cytoplasmic
ligands, directly control the slow component of single chan-
nel kinetics described above. The first reconformation is a
concerted movement of the outer M1 helices with the seg-
ments of M2 above the lower glycine, G165 in KIR6.2. In
mini-KATP channels, this re-conformation is enhanced by the
interaction of M1 with one or more of the TMs of TMD0,
produces the substantial stabilization of the burst and open
states observed in (Nt196/KIR6.2DC35)4 channels (Fig. 4D,E)
and results in their ligand-independent bursting which
resembles that observed in full (SUR1/KIR6.2)4 channels. The
second re-conformation is a hinging or bending motion of
M2 at the lower glycine. This motion effectively spreads the
cytoplasmic ends of the long inner helices further stabilizing
the burst state. Spatial constraints imposed by the proximity
of the cytoplasmic ends of the N-terminal helices and the
M1 and M2 in the straight conformation impede the hinging
motions thus spreading is promoted by sliding of the lipid-
submerged amphipathic helices [52] (Fig. 4B,C). These
“slide” [59] helices are below G165 and thus can control both
spreading motions away from the point where the M2 helices
converge. The two motions can act synergistically to maxi-
mally widen the cytoplasmic entry of the transmembrane pore
and lock the channel in a burst state. We have proposed [53]
that the KIR slide helix interacts with a predicted amphip-
athic helix in the submembrane segment of L0 between amino
acids 197 and 232 (that is the “sliding” helix in Fig. 4C) effec-
tively locking the channel in the burst state and maximally
stabilizing the open state. This results in the saturation of the
POmax seen in (Nt232/KIR6.2DC35)4 channels.A similar effect
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can be reproduced on full KATP channels by saturation of SUR
with stimulatory MgNDPs. The nucleotide binding site on
the KIR is adenine selective, thus MgUDP, for example, with
a low affinity for KIR6.0 subunits [46], exerts a negligible
inhibitory action at the KIR, while maximally stimulating via
a less selective stimulatory interaction with the SUR core
[46,163]. Thus (Nt232/KIR6.2DC35)4 channels are a reason-
able structural proxy for the central part of maximally stimu-
lated KATP channels.

Additional interactions between more distal parts of L0,
amino acids 233–288, and the initial hydrophilic N-terminus
of KIR6.0 attenuate the activating action of the preceding por-
tion of the gatekeeper (Fig. 4B vs. D). These interactions are
inferred from previous electrophysiological [87,166] and pho-
tolabeling data on SUR1/DNKIR6.0 channels [51], which
established a central role for the distal amino terminus of
KIR6.0 in burst termination and attenuation of the POmax in
KATP, but not homomeric KIR6.2DC channels. Consistent with
the effects of water-soluble synthetic amino terminal pep-
tides on inter-subunit inhibitory interactions [51] and mul-
tiple lines of evidence for the proximity of the KIR N-terminus
and L0, which apparently contributes to the “B”-site of the
high-affinity receptor for glibenclamide and its photoreactive
derivatives (reviewed in [150]), the results reinforced the idea
of an inhibitory linker of L0 interacting with the inhibitory
N-terminus of KIR6.0 [51]. The current model specifies that
the hydrophilic 233–288 segment of L0 need not partition
into the lipid bilayer (Fig. 4A) and is able to reach the distal,
hydrophilic, and presumably mobile, amino terminus of
KIR6.0 (Fig. 4B) missing in the currently available template
structures for K+ pores (Fig. 1B and Fig. 2A). These pro-
posed interactions were confirmed by the finding that the
inhibitory action of TMD0-L0 is saturated by inclusion of
the 233–288 segment of L0 which reduces the maximal PO

to ~30%. A similar effect is observed in full KATP channels
when SUR1 is saturated with ~200 µM tolbutamide or ~20 nM
glibenclamide in nucleotide-free solutions [162,163]. Thus
the (Nt288/KIR6.2DC35)4 channel may be the smallest com-
plex that represents the central part of a full SUR-inhibited
channel.

The color scheme of Fig. 4B summarizes the interactions
proposed to stabilize (red) vs. destabilize (blue) bursts. In
nucleotide-free solutions the TB/TIB ratio, and thus the frac-
tion of time channels spend in the conformation most sensi-
tive to inhibitory ATP, is defined by a balance of inter-subunit
interactions which, in mechanistic terms, either ‘pull’ the red
or ‘push’ the blue domains of the pore, respectively, away
from or toward the pore axis, as signified by the oppositely
directed red vs. blue vectors.

The above description takes no note of potential coupling
between fast and slow gating. As discussed earlier compari-
son of single channel kinetics from different mini-KATP chan-
nels in ligand-free solutions established a semi-logarithmic
dependence of the mean open time, sO, on the stability of the
burst state, TB, in channels with intact permeation pathways
[53], a gating principle that extends to complete KATP chan-

nels (Fig. 4E). It is tempting to speculate that a conducting
configuration of the northern part of the pore, including the
pore helices, the upper glycine hinges, and the selectivity fil-
ter itself, is stabilized when the southern helical domains are
spread. We interpret the strong response of sO to changes in
TB, as a one-way coupling between the slow and fast electro-
genic reconformations of KATP pores. We cannot find a simi-
lar analysis for other channels and the structural basis for such
coupling remains a puzzle for KIR6.0-based channels. Inter-
estingly, KIR6.0 have a phenylalanine (F133) in their selec-
tivity filters in place of the canonical tyrosine (Y) and we
[43] and others [167] considered that this substitution might
specify certain inter-subunit-interdomain interactions control-
ling filter dynamics. Further work is needed to determine
whether this feature contributes to the strong dependence of
the conducting on the burst state. The origin of the high-
frequency, intraburst transitions remains one of the less under-
stood aspects of KATP gating and defining the structural deter-
minants that couple the concerted bending/spreading the M
helices with the higher rate, K+ driving force-dependent
re-conformations of the northern elements of the pore is a
challenging, but essential step needed to understand K+ chan-
nel gating.

Comparison of the responses of mini- vs. full-KATP chan-
nels to a full spectrum of ligands underscored the need for
the SUR core for Mg-nucleotide-stimulation and sensitivity
to KATP channel drugs [53]. Analysis of the ATP-inhibition
of mini-KATP channels led to two key conclusions: First, part
of the SUR core is needed to decrease the KD and produce
channel inhibition with an IC50(ATP) ~ 0.01 mM (Fig. 4E);
association with TMD0-L0 is not sufficient to decrease the
apparent KD. Second, the positive correlation between the
IC50(ATP) and the POmax, reflecting the stability of the burst
vs. inter-burst states, is intrinsic to mini-KATP channels. While
the SUR/KIR interactions needed to increase the affinity of
KIR6.0 for ATP have not been identified, the model in Fig. 4B
provides a mechanistic explanation for the correlation between
the IC50(ATP) and the POmax. The arginine at position 50, (R50)
suggested to coordinate the c-phosphate, is positioned
between the bA–bM sheet involved in KIR tetramerization
[60] and the slide helix and therefore must move with the
latter during inter-burst transitions. The proposition is that
burst-initiating movements of the TM/M and the sliding/slide
helical pairs away from the pore axis will move R50 away
from the ATP binding cavity on the carboxy terminus of the
neighboring KIR subunit as described above. In the inter-
burst conformation R50 interacts with the c-phosphate help-
ing to ‘lock’ATP in the inter-subunit pocket, while its move-
ment away from the carboxy terminal cavity opens the pocket
thus increasing the off rate and apparent KD for the inhibitory
nucleotide in the burst state. We have argued that Nt232 maxi-
mally ‘pulls’ M1 and the slide helices away from the pore
axis, thus maximally moving R50 away from the c-phosphate
of ATP. These movements can account for the maximal right-
ward shift in theATP-inhibitory curve induced by Nt232 ( [53]
and Fig. 4E) comparable to that seen for full KATP channels
saturated with SUR stimulators.
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Without excluding additional interactions between SUR
and KIR and attempting to dock the ABCC cores explicitly to
the mini-KATP complex using some arbitrary architecture for
TMD0-L0, and realizing the KATP structure is likely to be
more compact than shown in Fig. 1B, the model features a
principal contact between the unique three-layer gatekeeper
and outer contour of the uniquely long K+ pore. A big chal-
lenge is understanding how the power stroke of an ABC core,
normally employed to reconfigure TMD/ICDs and effect
transport, can reposition the TMD0-L0 domains to regulate
KATP pore gating.

5. A molecular perspective on KATP channelopathies

The analysis of inter-subunit interactions that balance the
TB/TIB ratio is of distinct medical relevance as both under-
and over-activity of KATP channels is demonstrably deleteri-
ous in humans and mice [62,168–175]. There is a growing
list of mutations and polymorphisms, many in the coupling
domains of human SUR1 and KIR6.2, that are associated with
congenital hyperinsulinemia (HI) or with neonatal and type
2 diabetes [176,177]. These opposite, polar disorders of glu-
cose homeostasis reflect the two different modes of
metabolism-excitation uncoupling possible in a channel with
inherent bi-directional control of pore activity. The star in
Fig. 4B indicates a cluster of HI-causing mutations in
TM3 and TM5, speculatively docked with M1 in Fig. 1B,
while the asterisk indicates the type 2 diabetogenic E23K
polymorphism [169] in the inhibitory amino terminus of
KIR6.2, and the question marks indicate mutations in or adja-
cent to the slide helix, identified in children with neonatal
diabetes [177]. By extrapolation we expect pathogenic muta-
tions in SUR1 L0 can cause an imbalance in stimulatory vs.
inhibitory inter-subunit interactions and mutations in similar
domains of SUR2 and KIR6.1 will both inactivate and over-
activate cardiovascular KATP channels predisposing individu-
als to Prinzmetal angina and certain forms of vascular dysto-
nia and arrhythmias, respectively. Implicit in the model and
the cover figure is the idea that analyses of KATP channelopa-
thies, including generation of transgenic mice, can now be
guided by structural information on (SUR/KIR6)4 channels,
the complete elucidation of which surely be celebrated on
their next anniversary...dix ans plus tard.
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Advances in understanding the overall structural fea-
tures of inward rectifiers and ATP-binding cassette
(ABC) transporters are providing novel insight into the
architecture of ATP-sensitive K� channels (KATP chan-
nels) (KIR6.0/SUR)4. The structure of the KIR pore has
been modeled on bacterial K� channels, while the lipid-A
exporter, MsbA, provides a template for the MDR-like
core of sulfonylurea receptor (SUR)-1. TMD0, an NH2-
terminal bundle of five �-helices found in SURs, binds to
and activates KIR6.0. The adjacent cytoplasmic L0 linker
serves a dual function, acting as a tether to link the
MDR-like core to the KIR6.2/TMD0 complex and exerting
bidirectional control over channel gating via interactions
with the NH2-terminus of the KIR. Homology modeling of
the SUR1 core offers the possibility of defining the gliben-
clamide/sulfonylurea binding pocket. Consistent with 30-
year-old studies on the pharmacology of hypoglycemic
agents, the pocket is bipartite. Elements of the COOH-
terminal half of the core recognize a hydrophobic group in
glibenclamide, adjacent to the sulfonylurea moiety, to
provide selectivity for SUR1, while the benzamido group
appears to be in proximity to L0 and the KIR NH2-termi-
nus. Diabetes 53 (Suppl. 3):S104–S112, 2004

T
he regulation of insulin secretion from pancre-
atic �-cells in the islets of Langerhans is under
the orchestration of multiple conductors. While
glucose metabolism and changes in cellular en-

ergy status ultimately drive insulin output, a variety of
inputs converge to modify the rate of secretion and thus
maintain blood glucose levels within normal limits. Under-
standing the molecular basis of these inputs provides
multiple routes for therapeutic intervention to both aug-
ment and diminish insulin secretion in disorders of glu-
cose homeostasis. The ionic pathway, particularly ATP-

sensitive K� channels (KATP channels), has been an
effective target, based on the observations by Janbon and
colleagues that treatment with a sulfonamide, 2254 RP,
produced severe hypoglycemia, as well as subsequent
studies by Loubatières that the RP compound stimulated
insulin release (rev. in 1–3). In pancreatic �-cells, KATP
channels are part of the ionic triggering mechanism that
increases insulin secretion in response to increased glu-
cose metabolism. The activity of KATP channels is modu-
lated by changes in the ATP/ADP ratio. In the absence of
nucleotides, these channels are spontaneously active, but
binding of ATP to the KIR subunits (the half-maximal
inhibitory concentration [IC50] for ATP is �10 �mol/l)
inhibits activity. This inhibition can be antagonized by
MgADP acting through the sulfonylurea receptor (SUR).
The coupling of membrane potential with cellular metab-
olism provides a means to adjust the activity of voltage-
gated Ca2� channels and, thus, modulate Ca2�-dependent
insulin exocytosis. KATP channels are known targets for
hypoglycemic sulfonylureas like tolbutamide and gliben-
clamide and for nonsulfonylureas like nateglinide and
repaglinide, which increase insulin output by reducing K�

channel activity, thus modulating intracellular free Ca2�

([Ca2�]i) (4).
The physiologic importance of the ionic mechanism is

well illustrated by the dramatic changes in glucose ho-
meostasis that can result from genetic alterations, which
affect the PO—the probability that KATP channels are in the
open state. This is shown conceptually in Fig. 1, which
relates the PO to �-cell membrane potential and insulin
secretion. Depolarization activates voltage-gated Ca2�

channels, induces oscillation of cytosolic [Ca2�]i, and thus
pulsatile release of insulin (5,6). In humans, the loss of
SUR1/KIR6.2 KATP channel activity is the most common
cause of persistent hyperinsulinemic hypoglycemia when
�-cells are persistently depolarized and oversecrete insulin
(rev. in 7,8). A mild dominant form of hypoglycemia due to
a mutation in SUR1, Glu1507Lys, produces hyperinsulin-
ism at an early age and then progresses to decreased
insulin secretory capacity in early adulthood and diabetes
in middle age (9). At the other extreme, overexpression of
a mutant pore subunit, engineered to activate channels by
decreasing their sensitivity to inhibitory ATP, resulted in
transgenic mice with neonatal diabetes (10). These results
implied that “gain-of-activity” mutations were candidates
for producing neonatal diabetes, and a genetic screen of
patients identified mutations at two NH2-terminal and two
COOH-terminal positions (Q52, V59, R201, and I296) in
KIR6.2 associated with permanent neonatal diabetes (11).
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Interestingly, R201 had earlier been reported to be critical for
ATP-inhibitory gating (12), while V59 and Q52 are in, or near,
a helix argued to be critical for SUR/KIR stimulatory coupling
(13 and below). In addition, the E23K polymorphism, re-
ported to increase KATP channel activity at physiologic nu-
cleotide levels (14–16) and increase the channel sensitivity to
stimulation by acyl CoAs (17), appears to be a predisposing
factor for type 2 diabetes (18–23; see also 24,25).

This review is focused on recent structure-function
studies that give insight into the SUR/KIR coupling mech-
anism and emphasizes the contributions the sulfonylurea
receptor makes to KATP channel functionality. This distinc-
tion is somewhat artificial—neither subunit has been shown
to be important physiologically in the absence of its part-
ner—but it serves to highlight the tight integration of the
KIR6.2 pore and SUR1 regulatory subunits at multiple levels,
including assembly, trafficking, and control of gating. A
recent report (26) shows, for example, that rapid assembly of
SUR and KIR subunits in the endoplasmic reticulum (ER)
protects the pore subunit from degradation and implies that
SUR/KIR heterodimers assemble the octameric, (SUR1/
KIR6.2)4 KATP channels found in �-cells. Several studies have
emphasized that subunit coexpression and correct assembly
into the octameric channel is essential to pass quality-control
checkpoints and reach the cell surface (27–29). The effec-
tiveness of this control is supported by the failure of KIR6.2
subunits to contribute to membrane hyperpolarization in
knockout mice lacking SUR1 (30,31). In addition to assembly
and trafficking, other studies have emphasized the role of
SUR1 in “activating” the pore in the absence of ligands and
increasing its sensitivity to inhibitory ATP (32,33); in the
stimulatory action of MgADP (34,35); in the action of phar-
macologic agents (both openers and inhibitors) (36,37); and,
in the case of cardiac and �-cell KATP channels, which share
a common KIR6.2 pore, in determining the isoform differ-
ences in slow gating and its modulation by inhibitory and
stimulatory nucleotides (38,39).

KATP CHANNELS ARE COMPOSED OF A WEAK

INWARDLY RECTIFYING K� PORE AND A QUARTET OF

ATP-BINDING CASSETTE REGULATORY PROTEINS

�-Cell KATP channels are hetero-octamers composed of
two disparate subunits (Fig. 2): KIR6.2, a two transmem-

brane helix pore forming subunit, and its regulatory sub-
unit, the ATP-binding cassette (ABC) protein SUR1 (rev. in
40). KIR6.2 is a member of the potassium inward rectifier
family, channels that in physiological solutions conduct
K� better in the inward than outward direction (rev. in 41).
Work on the structure(s) of KIR6.0 pores necessary to
understand their weak inward rectification and ATP-inhib-
itory gating has been limited. Eukaryotic ion channels are
difficult to express and purify in the quantities needed for
structural work. Thus, insight has come mainly from X-ray
crystallographic studies on the cytoplasmic pore of mouse
Kir3.1 (42), on the truncated bacterial channels KcsA (43)
and KirBac1.1 (44), and on the use of these templates to
generate homology models for the KATP channel (13) or
various domains (45,46). KcsA provided the archetypal
tetrameric K� pore assembled from subunits with three
helical elements: the outer M1, pore, and inner M2 helices.
The selectivity filter, at the external face, is formed pri-
marily from the main chain carbonyls of the GYG (GlyTyr-
Gly) sequence between the M1 and pore helixes (47),
whereas the bundle of four M2 helices at the internal face
is thought to form the ligand-sensitive gate. An additional
amphipathic helix, termed the slide helix, precedes M1 and
appears to be lipid-anchored in KcsA (48). The slide helix
is positioned perpendicular to the pore axis in the Kir-
Bac1.1 structure (44). The KIR3.1 cytoplasmic pore and
KirBac1.1 pore have provided insight into the organization
of the long Mg2� and polyamine binding permeation path
that confers inward rectification.

The sulfonylurea receptors, SURs, are in the ABC trans-
porter family (49). They have a modular structure (Fig. 2)
with an MDR-like core consisting of two bundles of
transmembrane domains (TMDs) linked to cytoplasmic
nucleotide-binding folds (NBDs) by helical extensions of
the TMDs termed intracellular coupling domains (ICDs)
(50). Similar to eukaryotic channels, structural studies on
eukaryotic transporters are limited. Insight has come from
the structures of several bacterial ABC transporters in-
cluding EC- and VC-MsbA, which are lipid-A exporters
from E. coli (50) and Vibrio cholera (50), respectively, and
a vitamin B12 importer, BtuCD (51). The VC-MsbA dimer
(52) is currently the best structural template available for
homology modeling of the multidrug-resistance protein

FIG. 1. A conceptual view of the relation-
ship between the PO of KATP channels,
�-cell membrane potential, and insulin
secretion. A spectrum of mutations that
affect channel open probability producing
altered glucose homeostasis is illus-
trated. E23K, Glutamate23Lysine; GFG3
AAA, GlycinePhenylalanineGlycine in the
selectivity filter substituted with Ala-
nineAlanineAlanine; HI, hyperinsulinism.
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FIG. 2. Summary of structures and mini-KATP channel data. The top panel illustrates the topology of SUR1 and KIR6.2. The SUR NH2-terminal domains
that interact with and stabilize or destabilize the KIR open state are in red and blue, respectively. Glycosylation sites (trees), “�” exit, and RKR (Arg
Lys Arg) ER retention signals are important for surface expression. The positions where SUR1 was cut to generate Nt and complementary Ct
fragments are shown. The right middle panel summarizes the biphasic effect of progressively longer NH2-terminal segments on ligand-independent
channel activity. Macrocurrents and single-channel recordings are shown. The red segments, single-channel recordings on an expanded time scale,
illustrate differences in the open-state stability. See ref. 13 for details of the analysis. The left middle panel illustrates the interactions critical
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(MDR)-like core of SUR1 (13), based on sequence homol-
ogy, overall topology, and interacting NBDs. SURs, as well
as several other ABCC family members (49), differ from
the canonical MDR structure in having an additional
NH2-terminal helical bundle, TMD0, and a long cytoplas-
mic L0 linker connecting TMD0 with the core (Fig. 2).
Although TMD0 and L0 of MRPs are critical for apical-
basolateral routing and substrate transport (53–57), a
functional role for the TMD0-L0 module in SURs remained
unknown until recently (13,58).

SUR1 TMD0 “ACTIVATES” KIR6.2 AND ANCHORS IT TO

THE ABCC8 CORE

While the basic octameric stoichiometry of KATP channels
is well established (59–61), a basic structural problem has
been understanding what parts of the SUR and KIR sub-
units interact to activate a fully functional channel. In the
absence of inhibitory ligands, KATP channels exhibit spon-
taneous activity characterized by bursts of openings and
brief closings. Bursts are separated by interburst intervals,
so that channels conduct �65–70% of the time (POmax up
to �0.7). Expressed in the absence of SUR, homomeric
(KIR6.2�C)4 pores, lacking their ER retention signals,
display profoundly destabilized burst states—an �10-fold
reduction in their POmax and a �30-fold reduction in their
sensitivity to ATP. Therefore, we asked which domain(s)
of SUR1 could convert the spiky activity of the pore to
normal bursting inhibited with an IC50(ATP) �10 �mol/l.
Both the structure of the conserved K� pore (43,62) and
work using chimeras of KIR6.2 and KIR2.1, a subunit that
does not associate with SUR1, implied the outer M1 helix
was needed for coassembly (28). While there have been
conflicting models of SUR/KIR6.0 coupling (28,63,64), two
recent studies have shown that TMD0 is the principal SUR
coassembly domain (13,58). SUR1 TMD0 assembled stable
complexes, or “mini-KATP channels,” with the (KIR6.2�C)4
pores resulting in restoration of full KATP-like bursting
activity with about a fivefold increase in the POmax in
ligand-free solutions (13,58) (Fig. 2).

The sensitivity to inhibitory ATP was not increased by
TMD0 or TMD0-L0, implying that interaction with another
part of SUR will be required to account for the increased
affinity observed in the full channel. As expected, in the
absence of the drug-binding SUR core, mini-KATP channels
are not stimulated by ADP and their activity is not modu-
lated by sulfonylureas or KATP openers. The approach
demonstrated that TMD0 is a major SUR domain that
interacts with KIR6.2. The interaction activates the pore
and restores bursting, presumably via contacts of trans-
membrane helices. One expects that other parts of the
receptor might interact with cytoplasmic domains of

KIR6.2, but we have been unable to identify stable com-
plexes between KIR6.2 and the SUR1 core or to demon-
strate the core has a functional effect on the KIR. The
results imply that these additional interactions, presum-
ably regulatory in nature, are transient and that L0 serves
as a de facto “tether” linking the ABC core to the TMD0/KIR
complex. Additional work is necessary to define how the
core is “docked” to the KIR6.2/TMD0-L0 complex.

THE L0 LINKER BIDIRECTIONALLY CONTROLS PO

Analysis of channels assembled from KIR6.2 and chimeric
receptors SUR1�SUR2A demonstrated that TMD0-L0 was
a determinant of the isoform differences in slow gating
(38). The importance of L0 in the control of the slow
component of gating was strongly reinforced by the ob-
servation that including parts of L0 in mini-KATP channels
dramatically altered their interburst kinetics. Inclusion of
the initial third of L0 dramatically reduced the rate of the
burst termination, resulting in “hyperactivation” seen in
Nt232/KIR6.2�C35 channels (Fig. 2). At a mechanistic
level, this submembrane part of L0, predicted to contain a
helix, appears to interact with a submembrane part of the
pore to lock mini-KATP channels in the burst state. Inclu-
sion of additional sequence attenuated this activation,
implying L0 has a bidirectional effect and that the two
actions, saturating versus attenuating the POmax, require
structurally distinct segments of the linker. Existing data
provide insight into which parts of KIR6.2 are involved;
deletion of the distal KIR6.2 NH2-terminus similarly locks
�NKIR6.2/SUR1 channels in the burst state (65–67). The
results imply that an interaction of the peripheral KIR
NH2-terminus with a cytoplasmic segment of L0 attenuates
the POmax. This hypothesis is supported by the observation
that a synthetic, hydrophilic peptide, Ntp, based on the
first 33 KIR6.2 NH2-terminal residues, can compete with the
endogenous NH2-terminus for a putative inhibitory linker
in SUR1 and increase the POmax by reducing transitions
from the burst state (64). The proposed interactions
between TMD0-L0 and the pore are color-coded in Fig. 2:
inhibitory contacts (in blue) between the cytoplasmic
domains of the two subunits counterbalance the stimula-
tory interactions (in red) between the submembrane L0
helix and the KIR “slide” helix (44), which saturate the
POmax.

TOWARD UNDERSTANDING THE ATP-INHIBITORY

MACHINERY OF KATP CHANNELS

Site-directed mutagenesis reduced the candidate residues
involved in ATP binding, or its coupling to the ATP
inhibition gate, to Lys185 and Gly334 in the COOH-domain

for assembly and gating of (SUR/KIR6.0)4 channels. TMD1-NBD1 and TMD2-NBD2 of one SUR1 (gray parts on the left) were modeled using the
VC-MsbA structure (52) (see structural alignments in ref. 13). The KIR6.2 pore was modeled using the KirBac1.1 structure (44) (adjacent
subunits are colored using differential tones). Loops that had to be built de novo are not shown; these include the linker between the inner helix
and the COOH-terminal domain, which is longer in eukaryotic KIRs. Ile182, Lys185, and Gly334 are colocalized with Arg50 from the adjacent
subunit (shown in yellow and light yellow residues). Phe133 of the GlyPheGly-based selectivity filter is in green. The TMS important for KIR/SUR
recognition points outward from the M1 helix (red). The horizontal slide helix (red or light red), preceding M1, is accessible for interaction with
the submembrane L0 domain (red cylinder). The first 44 residues of the KIR (the blue NH2 terminus, missing in the template, is shown for one
KIR subunit) are not required for KATP assembly (65) and are at the periphery of the cytoplasmic pore accessible to parts of L0 (in blue). Residue
23 in KIR6.2 (*) and 116, an HI-SUR1 mutation in TMD0 (�) are indicated. The lower left panel provides an enlarged view, from the top, of one
of the predicted inhibitory ATP-binding pockets shown in the figure above. ATP, in an extended conformation, is shown for illustrative purposes
only. The exact coordination of ATP is unknown. The lower right panel shows a truncated view of the SUR1 core at the level of the ICDs. The NBDs
have been cut off. The cyan residue in the lower left is S1237 and is pointed to by the cyan arrow. The russet colored residues are T1286 and M1290
on TM17, and are pointed to by the russet arrow. For illustrative purposes, the potassium channel opener diazoxide is shown to the left;
glibenclamide in extended and compact low-energy configurations is at the right.
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and Arg50 in the NH2-terminus of KIR6.2. Substitutions at
these positions decreased the IC50(ATP) without affecting
the POmax of homomeric KIR pores and KATP channels in
ligand-free solutions (65,68,69). Substitutions at other res-
idues that affect ATP-binding, e.g., I182 (69,70), can alter
the POmax. The first double mutant, KIR6.2 Arg50Gln/
Lys185Gln (65), demonstrated the additive contribution of
NH2- and COOH-terminal residues to ATP-induced stabili-
zation of the closed state, consistent with the possibility
that these two residues cooperate in the coordination of
separate negatively charged phosphate groups of ATP in
SUR1-containing channels. The GIRK1-based homology
models of the KIR6.0 C-domain (13,71) support the idea
that Ile182, Lys185, and Gly334 are colocalized and that
Lys185 and Gly334 probably contribute to the surface of
the adenine- and �-phosphate-selective ATP-binding pocket
that we have argued is conserved in both KIR6.0 subunits
(39,72). Our modeling of the complete pore indicated an
additional key structural aspect of the ATP-inhibitory
machinery. Consistent with the data on the R50Q/K185Q
double-mutant channels (65), we proposed that the COOH-
terminal binding pocket on one KIR6.0 subunit is comple-
mented by Arg50 from the neighboring KIR6.0 subunit,
producing four intersubunit ATP-binding pockets (inset,
Fig. 2). The key feature of this structural model is that
Arg50 immediately precedes (by three residues) the slide
helix that we hypothesize contacts the submembrane helix
of L0 and moves with it during interburst transitions.
Repositioning of these elements thus has a dual effect:
Movement of the activating (red) domains away from the
pore axis opens the gate and will also move Arg50 away
from the nucleotide-binding cavities, effectively opening
the intersubunit pockets and thus increasing the rate of
dissociation (Kd) for inhibitory ATP. This mechanism can
explain the marked increase in the IC50(ATP) by Nt232,
which effectively mimics the action of full-length SUR
saturated with stimulatory ligands. Conversely, movement
of the inhibitory region (blue) of L0 is hypothesized to
push the KIR NH2-terminus, thus repositioning Arg50 and
increasing the affinity for nucleotides, while stabilizing a
straight, closed KcsA- and KirBac1.1-like conformation of
the M2 helical bundle, thereby reducing the mean PO. This
attenuation of the POmax by the inhibitory segments of L0
(see Nt288 in Fig. 2) mimics the effect of full-length SUR1
saturated with a hypoglycemic compound when tested in
nucleotide-free solutions (73).

SUR1 HAS A MULTIFACETED BINDING POCKET

The main action of oral hypoglycemic agents, both sulfo-
nylurea and nonsulfonylurea compounds, is to stimulate
insulin secretion by inhibiting KATP channels via their
binding to SUR1. Early studies on structure-activity rela-
tionships indicated, over 30 years ago, that an effective
pharmacophore consisted of three lipophilic or hydropho-
bic centers separated by a –CONH– group and a negative
charge, respectively (Fig. 3). Recognition was posited to
occur through interaction with a multifaceted bipartite
pocket with distinct “A” and “B” binding sites within a
“sulfonylurea receptor” (75–77,80; rev. in 81). More recent
work has made it clear that the sulfonylurea group is not
essential for hypoglycemic activity, but rather provides a
properly positioned anionic group (78,79). The importance

of this work is being rediscovered, and structure-function
studies on SUR1 and SUR2 have begun to provide struc-
tural information about the nature of the “A” and “B” sites
(rev. in 81). Chimeric receptors SUR1�SUR2A were used to
exploit the pharmacological differences between �-cell
and cardiomyocyte channels and identify the importance
of the TMD2 domain for high-affinity recognition of tolbu-
tamide (73,82). A detailed consideration of the available
structure-activity data suggests that TMD2 forms part of
the “A” site and that SUR1 is able to accommodate the
lipophilic center adjacent to the anionic group on the
sulfonylurea moiety (i.e., the butyl side chain in tolbut-
amide, cyclohexane substituted with a propyl group in
nateglinide, or the cyclohexyl ring in glibenclamide) while
SUR2A is not. The implication is that SUR1 has a hydro-
phobic cavity able to accommodate these side chains and
that this cavity is missing or occluded in SUR2. Substitu-
tion of Ser1237 with Tyr, the analogous residue in SUR2,
reduced the apparent affinity of SUR1 for tolbutamide and
glibenclamide (82). One possibility is that Ser1237 is in
close proximity to the lipophilic center and that Tyr1206
occludes binding in SUR2A; the reverse substitution,
Tyr1206Ser in SUR2B, does increase the affinity for gli-
benclamide several fold but not to the level of SUR1 (83).
The interpretational difficulty lies in not being able to
distinguish experimentally between a direct interaction of
Ser1237 with the drug versus an indirect effect of the
substitution at a more distant drug binding site. In the
homology model of the SUR1 core, Ser1237 is at the end of
one of the �-helices, which form the ICD (see Fig. 2). The
ICDs are proposed to play a critical role in coupling the
binding of stimulatory nucleotides to the NBD dimer with
conformational changes in the substrate binding cavity of
MsbA (52) or the maltose transporter (84). It is tempting to
speculate that the A site lies at the level of the ICDs and
that tolbutamide, or other insulin secretagogues, can “in-
sert” between the halves of the core and restrict movement.
This tentative structural picture provides a framework
with which to interpret the abolishment of the “basal,”
Mg-nucleotide–dependent stimulation of SUR1 by oral
hypoglycemic agents (73,85,86), which is their principal
mechanism of action in vivo.

Insight into the location of the B site comes from affinity
labeling studies and efforts to define the glibenclamide
binding site. Analysis of peptides affinity labeled by 125I-
iodoglibenclamide, presumably by photoactivation of the
carbonyl group in the benzamido moiety, placed the
labeling site in the TMD0-L0 segment (87). When SUR1 and
KIR6.2 are in KATP channels, both subunits are labeled by
125I-azidoglibenclamide, where the active group is a ni-
trene on the benzamido ring generated by photolysis and
thus positioned to react with residues in the B site
(59,88,89). Mikhailov et al. (90) showed that TMD0 is not
required for high-affinity glibenclamide binding to SUR1.
Similarly, TMD0 is not required, whereas L0 is necessary,
for affinity labeling (W.H.V.-C., unpublished data). Alanine
substitutions around Trp232, a conserved residue in L0,
identify a cluster of amino acids critical for affinity labeling
(Fig. 3). Substitution of Trp232 with alanine results in loss
of affinity labeling, whereas replacement with cysteine
retains labeling. The results are consistent with the nitrene
on the benzamido group being in close proximity to Trp232,
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but again conformational change with action at a more
distant site cannot be ruled out completely. A conservative
interpretation is that the benzamido group of gliben-
clamide lies near the Trp232 region of L0, which forms part
of the B site.

Deletion of the NH2-terminus of KIR6.2 reduced its
affinity labeling with 125I-azidoglibenclamide (64). Data in
Fig. 3 show that a fragment of KIR6.2 containing M1 but
lacking M2 and the COOH-terminal cytoplasmic domain
makes a stable complex with SUR1 and is affinity labeled.
Progressive deletion of residues from the NH2-terminus of
this M1 fragment abolished affinity labeling without affect-
ing its association with SUR1. Short NH2-terminal dele-
tions of KIR6.2 also impaired the coupling of tolbutamide
binding to SUR1 and consequent attenuation of the PO in

the absence of nucleotides (65). The results support the
idea that the outer helix of KIR6.0 subunits specifically
interact with SUR (28), as well as the conservative inter-
pretation that the principal affinity-labeling site is either in
the first half of the KIR6.2 NH2-terminus or that the
peripheral NH2-terminus is essential for positioning more
proximal residues near the nitrene (64).

LOCATION OF THE POTASSIUM CHANNEL OPENER

SITE

Chimeric receptors were also used to localize regions
important for recognition of several channel openers,
including diazoxide, cromakalim, and pinacidil. The action
of diazoxide required TMD1 and part of the first nucleotide

FIG. 3. Pharmacophores and affinity labels.
A: The simple pharmacophore model in the
upper panel is modified from Grell et al.
(74) and is based on early structure-activ-
ity relation studies (75–79). The dashed
line symbolizes the surrounding protein
pocket. The structures of glibenclamide
and tolbutamide are shown; the position of
the azido group in azidoglibenclamide is
given in parentheses. B: Alanine substitu-
tion of residues in L0 was used to identify
residues important for affinity labeling.
myc-tagged receptors were labeled with
125I-azidoglibenclamide, immunoprecipi-
tated with anti-myc antibodies, and visual-
ized by autoradiography. Results for the
wild-type (WT) control, the Tyr230Ala
(Y230A), and Trp231Ala (W232A) substitu-
tions are shown. The results are summa-
rized on a helical net for illustrative
purposes. C: A myc-tagged NH2-terminal
fragment of KIR6.2 containing M1 immuno-
precipitates SUR1 and is affinity labeled.
Progressive deletion of its NH2-terminus
diminishes affinity labeling of the KIR frag-
ment without significantly affecting label-
ing or coimmunoprecipitation of SUR1. D:
The equivalent deletions in full-length
�NKIR6.2/SUR1 channels compromise cou-
pling between binding of the inhibitory
sulfonylurea tolbutamide (Tlb) and atten-
uation of the PO in the nucleotide-free
solutions (73). The lower dashed line gives
the NPO value for the full-length SUR1/
KIR6.2 channel; the upper dashed line gives
the mean NPO (channel number times open
probability) for tolbutamide-insensitive
cardiac SUR2A/KIR6.2 channels. The dotted
lines are the standard deviations.
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binding domain, NBD1 (91), a localization supported by a
study on the novel opener NNC 55-9216 (92). A region of
TMD2 was shown to be critical for the action of cromaka-
lim and pinacidil (91,93,94), and Moreau et al. (94) identi-
fied two residues in the last transmembrane helix of
SUR—Leu1249 and Thr1253 in SUR2 and Thr1286 and
Met1290 in SUR1. Swapping these two residues conferred
sensitivity to cromakalim and pinacidil on SUR1 and
abolished sensitivity in SUR2A. In the homology model of
the SUR1 core (13,81), Met1290 is near the top of TMD2
facing the putative drug-binding cavity (see Fig. 2). The
results are consistent with the conclusion that both halves
of the SUR core are required for specific interaction with
KATP channel openers (91). The positioning of Met1290 in
central cavity, as well as earlier data indicating that the
action of the potassium channel openers depends on the
presence of hydrolysable MgATP (95–97; however, see 98),
suggests a parallel with transport mechanisms in which
site accessibility is dependent on nucleotide hydrolysis
and implies that binding of an opener in the central cavity
can trap a specific conformation of the core and thus
potentiate channel activity.

SUMMARY

Current research is providing an increasingly detailed
picture of �-cell KATP channel structure, including homol-
ogy models of the ion-conducting pore and the nucleotide-
and drug-binding SUR1 core. A role for TMD0-L0 in the
coupling of SUR1 to KIR6.2 has been demonstrated, and
the importance of these interactions for control of gating
has been emphasized. This structural picture provides an
increasingly sophisticated framework with which to inter-
pret mutations and polymorphisms that affect glucose
homeostasis by altering the normal coupling mechanism
to produce both inactive and hyperactive channels. The
spectrum of diseases linked with KATP channels, from
neonatal to adult diabetes through congenital hyperinsu-
linism, is broad and of considerable social, medical, and
economic importance. Increased understanding of the
structure and coupling mechanism(s) in KATP channels
will lead to improved pharmaceuticals directed at these
disorders.
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Aguilar-Bryan, Lydia, John P. Clement IV, Gabriela Gonzalez, Kumud Kunjilwar, Andrey Babenko, and

Joseph Bryan. Toward Understanding the Assembly and Structure of KATP Channels. Physiol. Rev. 78: 227–245,
1998.—Adenosine 5*-triphosphate-sensitive potassium (KATP) channels couple metabolic events to membrane electri-
cal activity in a variety of cell types. The cloning and reconstitution of the subunits of these channels demonstrate
they are heteromultimers of inwardly rectifying potassium channel subunits (KIR6.x) and sulfonylurea receptors
(SUR), members of the ATP-binding cassette (ABC) superfamily. Recent studies indicate that SUR and KIR6.x
associate with 1:1 stoichiometry to assemble a large tetrameric channel, (SUR/KIR6.x)4 . The KIR6.x subunits form
the channel pore, whereas SUR is required for activation and regulation. Two KIR6.x genes and two SUR genes
have been identified, and combinations of subunits give rise to KATP channel subtypes found in pancreatic b-cells,
neurons, and cardiac, skeletal, and smooth muscle. Mutations in both the SUR1 and KIR6.2 genes have been shown
to cause familial hyperinsulinism, indicating the importance of the pancreatic b-cell channel in the regulation of
insulin secretion. The availability of cloned KATP channel genes opens the way for characterization of this family
of ion channels and identification of additional genetic defects.

I. INTRODUCTION thus playing an important role in both normal and patho-
physiology. Opening of KATP channels will shift the mem-

Adenosine 5*-triphosphate-sensitive potassium (KATP) brane potential toward the equilibrium potential for potas-
channels are widely distributed in a variety of tissue and sium ions (near 080 mV for physiological asymmetric ex-
cell types where they couple intracellular metabolic tracellular K//intracellular K/). In pancreatic b-cells,

where their physiological role is best understood, thechanges to the electrical activity of the plasma membrane,
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opening of these channels sets the resting potential, and
their closure allows the activity of other channels to depo-
larize the plasma membrane. b-Cells are relatively small
cells with a high input impedance, and opening of a small
number of KATP channels will set their resting membrane
potential. Mutations in the channel subunits have been
shown to cause familial hyperinsulinism or persistent hy-
perinsulinemic hypoglycemia of infancy (PHHI). The phe-
notype of this disorder of newborns and infants, an inap-
propriately high rate of insulin secretion despite severe
hypoglycemia, is the result of a loss of KATP channel activ-
ity. This loss ‘‘resets’’ the resting membrane potential to
a higher value that is within the ‘‘voltage window’’ for
steady-state L-type Ca2/ channel currents. Loss of KATP

channels thus causes a persistent Ca2/ influx that main-
tains an increased intracellular Ca2/ concentration that
drives insulin secretion.

In cardiac and skeletal myocytes, and in vascular
smooth muscle and neurons, the question of whether KATP

channels are active under normal physiological conditions
remains controversial. However, it is accepted that KATP

channels can be opened, even in isolated, quiescent myo-
cytes, by hypoxic or ischemic conditions, and their out-
ward current is sufficient to reduce the duration of the
action potential (13, 17, 39). This reduction slows the in-
flux of Ca2/, decreasing the contractile force, which re-

FIG. 1. Computer-predicted topologies for sulfonylurea receptorduces the consumption of ATP, thus protecting the cell (SUR) and inwardly rectifying potassium (KIR) subunits. A: Aguilar-Bryan
during periods of metabolic impairment. In smooth mus- et al. (4) proposed a 9 transmembrane spanning domain model of SUR1

based on simple hydropathy analysis (38). A and B designate positionscle cells, which like b-cells have a high input resistance,
of Walker A and B consensus sites in 2 nucleotide binding folds (NBFs).a small number of KATP channels can influence vascular SUR1 has 2 glycosylation sites at Asn-10 and Asn-1050. Sulfonylurea

tone. In neurons, opening of KATP channels reduces the (SU) labeling region refers to the peptide fragment labeled by [125I]iodog-
libenclamide; region of negative charge is in same location as cysticfrequency of action potentials, again serving a protective
fibrosis transmembrane conductance regulator (CFTR) regulatory do-function. main, which must be phosphorylated for CFTR function. Open cones

Our cloning and reconstitution studies demonstrate are consensus protein kinase C phosphorylation sites; solid cones are
consensus protein kinase A phosphorylation sites. B: a 17 transmem-KATP channels are heteromultimers of two types of sub-
brane spanning domain model has been proposed based on multi-se-units (Fig. 1): a large subunit that binds sulfonylureas quence alignments of SUR and more recently cloned members of the

and ATP and belongs to the ATP-binding cassette (ABC) multidrug resistance-associated protein (MRP) subfamily (111). This
model encompasses topologies of the multidrug resistance protein,superfamily and a small subunit, which belongs to the
CFTR, and MRP protein families.inwardly rectifying potassium channel (KIR) superfamily.

Beauty is said to lie in the eye of the beholder; this seems
equally true for the subunits of KATP channels. Some work- cal for understanding the molecular physiology of these
ers consider the KIR subunits to be of paramount impor- channels. The story is incomplete, but we hope this review
tance, whereas others find the sulfonylurea receptors may serve as a pointer for further studies.
(SURs) more interesting and important. We stress that
both subunits are required to form an active KATP channel
and that full understanding of this family of channels must II. ADENOSINE 5*-TRIPHOSPHATE-SENSITIVE
include consideration of the important features of both POTASSIUM CHANNEL GENES
subunits and requires integration of ideas from the ABC
protein superfamily field, in addition to those from the

A. Sulfonylurea Receptor Genespotassium channel field. Various aspects of the physiology
and electrophysiology of KATP channel function have been
reviewed extensively (1, 8, 15, 28, 36, 37, 69, 77, 80, 90, Two SUR genes have been identified in rodents and

humans. The more completely characterized human genes92, 97, 103, 109). This review focuses on the assembly and
structure of KATP channels. This area, made possible by are discussed here (Figs. 2 and 3): SUR1 (OMIM 600509)

(4) which specifies the high-affinity SUR (1581 or 1582the cloning and reconstitution of channel subunits, is criti-
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amino acids) found in pancreatic a-, b-, and d-cells, brain, SUR2B, which result from differential usage of two
COOH-terminal exons as illustrated in Figures 2 and 3. Inand other neuroendocrine cells, and SUR2 (OMIM 601439)

(60, 63) which encodes two low-affinity receptors (1549 the human SUR2 gene, the two terminal exons are each
45 amino acids, and the exon order is A, B (Fig. 2). Theamino acids) that are thought to form KATP channels in

cardiac, skeletal, and vascular and nonvascular smooth two receptors are identical except for the terminal 45
residues (Fig. 3). The initial reports show that coexpres-muscle.

The human SUR1 gene, 39 exons spanning ú100 kb sion of SUR2A and SUR2B with mouse KIR6.2 generates
KATP channels with differing pharmacological propertiesof DNA, was localized to the short arm of chromosome

11, at 11p15.1 (107). This was informative, since the sus- (60, 63). On the basis of these distinctions, SUR2A/KIR6.2
is presumed to be the cardiac type channel, whereas theceptibility gene for familial hyperinsulinism, or PHHI

(OMIM 256450), had been localized to this region (50, 89, SUR2B/KIR6.2 channel is presumed to be the vascular
smooth muscle type.106). Persistent hyperinsulinemic hypoglycemia of in-

fancy is characterized by an excessive release of insulin Chutkow et al. (18) reported cloning two SUR2
cDNAs from rat and human libraries. The longer cDNAdespite severe hypoglycemia. Analysis of a small set of

PHHI families demonstrated that two mutations in SUR1 encodes a receptor (unfortunately designated ‘‘SUR2B’’)
that is nearly identical to the rat SUR2A sequence reportedsegregated with the disorder (105). Further studies have

confirmed this finding (see the section on PHHI on the by Inagaki et al. (60). In keeping with the chronological
order of expression and with the exon ordering in theOMIM home page at the National Center for Biotechnol-

ogy Information at http://www3.ncbi.nlm.nih.gov/Omim/ genome, we equate this with SUR2A. The second cDNA
described by these authors has the SUR2A COOH termi-for the most recent progress in this area). Dunne et al.

(32) have established that islet cells, taken from a patient nus, but has a deletion of exon 14 (marked as D14 in Fig.
2). This cDNA, which appears to be restricted to cardiacwith a known mutation in SUR1, lack active KATP channels.

The results establish clearly that SUR1 is a component of tissue, has not been expressed, and it is unknown whether
it will form a functional channel. We propose to renamethe b-cell KATP channel and that mutations in the receptor

cause PHHI. this splice variant SUR2AD14. Using reverse tran-
scriptase-polymerase chain reaction (PCR), we have iden-The human SUR2 gene, 38 exons spanning ú100 kb

of DNA, localizes to the short arm of chromosome 12 at tified two additional minor RNAs in heart and skeletal
muscle with deletions of exon 17 and exons 17 / 1812p11.12 (18). To date, no disease(s) has been associated

with this gene. The SUR2 gene specifies at least two main (marked as SUR2D17 and SUR2D17,18, respectively, in
Fig. 2). It is not clear if the proteins produced from thesetypes of low-affinity receptors, designated SUR2A and

FIG. 2. Schematic representation of human SUR1 and SUR2 genes. Intron-exon boundaries and exon sizes are
quite similar. SUR1 gene has 39 exons, whereas SUR2 gene has 38. The difference is the result of the apparent deletion
of the 18th exon of SUR1 from the SUR2 gene. As shown in Fig. 3, this is a region of sequence difference in NBF1.
Positions of skipped exons are indicated. SUR2D14 was identified by Chutkow et al. (18); 2 additional deletions, D17
and D17,18, have been identified by reverse transcriptase-polymerase chain reaction. SUR2A and SUR2B differ in their
last 45 amino acids as a result of differential usage of 2 terminal exons as illustrated.
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FIG. 3. Comparison of human SUR1 and SUR2
protein sequences. Positions of intron-exon bound-
aries are marked with solid bars. Eighteenth exon
of SUR1, deleted in SUR2, is lightly shaded. Dashed
positions are inserted gaps.
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RNAs form functional channels or are physiologically sig- has been shown to reconstitute KATP channels when coex-
pressed with SUR1 (59) and with SUR2A (60) and SUR2Bnificant. Similarly, full-length cDNAs have not been

cloned, and it is not clear if the deletions are in SUR2A, (63). The SUR1/KIR6.2 pairing has been confirmed (93).
The intronless human KIR6.2 gene was mapped to the sameSUR2B, or both RNAs. The combinatorial possibilities are

intriguing and would increase the diversity of KATP chan- region on chromosome 11 where SUR1 mapped. Addi-
tional PCR experiments showed that the KIR6.2 gene wasnel types, possibly providing tissue-specific channel sub-

types of physiological and therapeutic importance. Ç4,500 bp 3* of the SUR1 gene (1, 59). Recently, an 86-
kb fragment of human genomic DNA from chromosomeComparison of the intron-exon boundaries of the hu-

man SUR1 and SUR2 genes points to their evolutionary 11p14.3 has been put into the Genbank (Evans et al., ac-
cession no. U90583), which contains the entire sequencerelationship (Fig. 3). The exon sizes are nearly identical.

The apparent one exon difference, 39 for the SUR1 gene of human KIR6.2 and the 3*-end of SUR1. Mutations in
KIR6.2 have also been shown to segregate with PHHI (78,versus 38 for the SUR2 gene, results from the deletion of

a small 36-bp exon, exon 18 in SUR1, from the SUR2 gene 105). Coexpression of one mutation in the M2 segment of
KIR6.2, L147P, described by Thomas et al. (105) with wild-(Fig. 3). The terminal 45 amino acids of SUR2B more

closely resemble the COOH terminus of SUR1. Interest- type SUR1 failed to reconstitute active channels (Bryan
et al., unpublished data). The result establishes that KIR6.2ingly, both the SUR1/KIR6.2 and SUR2B/KIR6.2 channels

are activated by diazoxide, whereas the SUR2A/KIR6.2 is a component of the b-cell KATP channel and confirms
the reconstitution experiments, described in section IV,channel is not.
where SUR1 and KIR6.2 associate to form b-cell type KATP

channels. Both SUR2A and SUR2B have been reconstitu-
B. KIR6.x Genes ted with KIR6.2; the pharmacological differences between

the reconstituted channels suggest that the SUR2A/KIR6.2
pair forms the cardiac-like KATP channel (60), whereasTwo KIR genes have been identified that encode sub-

units that form KATP channels when coexpressed with the SUR2B/KIR6.2 pair is a vascular smooth muscle-like
channel (63). A major caveat to these conclusions is thatSURs. KIR6.1, also termed uKATP-1 since it was found to

be widely (ubiquitously) distributed, was reported origi- it has not been established that KIR6.2 is the second sub-
unit in these tissues.nally to be a KATP channel in its own right (62), but this

observation does not appear to be reproducible. Further These first members, SUR and KIR6.x, of the KATP

channel family have been available for only a short time.work has shown that KIR6.1 can be activated by SUR1
(7, 19) and SUR2B, but not SUR2A (Bryan, Clement, and Intensive efforts are underway to screen for other possi-

ble members of the family, both receptors and inward-Aguilar-Bryan, unpublished data). Interestingly, the SUR1/
KIR6.1 channel is detectable by whole cell recording or rectifier subunits. The proximity of the two pairs of SUR/

KIR genes strongly suggests the duplication of a gene pair86Rb/ efflux methods but appears to ‘‘rundown’’ too rap-
idly in inside-out patches to be characterized at the single- that then diverged during evolution. This has led us to

speculate on the existence of a primitive fused SUR-KIRchannel level (53). The native partner for KIR6.1 has not
been conclusively identified, although Yamada et al. (115) gene that split to form the original gene pair. As described

in section XI, artificially fused recombinant proteins canhave suggested the SUR2B/KIR6.1 channel may be the
ADP-sensitive conductance described originally (14, 64, form active channels. It will be interesting to discover

whether there are additional SUR/KIR gene pairs and77, 118) in vascular smooth muscle. The ubiquitous distri-
bution of this subunit suggests possible localization in whether there is a modern day fused SUR-KIR gene.
blood vessels, or the more speculative possibility that
KIR6.1 is part of the mitochondrial KATP channel described

III. HALLMARKS OF THE ADENOSINEby Garlid and colleagues (46–48, 88).
5*-TRIPHOSPHATE BINDING CASSETTEThe KIR6.1 cDNAs were cloned originally by homology
PROTEIN FAMILYscreening using a fragment of KIR3.4 [GIRK1/(66)]. The hu-

man gene encoding KIR6.1, designated KCNJ8, is Ç9.7 kb
in length with three exons. The encoded protein, 424 amino The SURs belong to a large family of proteins referred

to as the ATP binding cassette or ABC transporter super-acids, is 98% identical to rat KIR6.1 (uKATP-1). KCNJ8 was
mapped to chromosome 12p11.23 using fluorescence in family, which has a large number of member sequences

in the DNA database specifying ABC proteins from diversesitu hybridization (61). This is close to the SUR2 gene at
12p11.12, but the distance is too large for successful PCR organisms, bacteria through human. The yeast genome

project has identified 29 ABC proteins in this organismas was done for SUR1 and KIR6.2.
The KIR6.2 cDNAs (OMIM 600937) were cloned by alone (23, 67, 74). Mutations in various members of the

superfamily have been associated with human genetic dis-homology screening with KIR6.1 (59). The 390-amino acid
protein, also referred to as BIR (for b-cell inward rectifier) orders including cystic fibrosis, adrenoleukodystrophy,
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and familial hyperinsulinism to name only a few (22, 23). canonical MDR topology. The SUR1 linker region has a
highly acidic domain containing a stretch of glutamic acidThe SURs are most closely related, by amino acid se-

quence similarity, to the largest members of the superfam- residues. The topology of the MRP/SUR subfamily has not
been tested experimentally. More extensive predictionsily. Although they share sequence similarity with cystic

fibrosis transconductance regulators (CFTRs) and multi- based on multisequence alignments of new members of
the MRP subfamily have suggested an alternative modeldrug resistance proteins (MDRs), SURs have the greatest

similarity to members of the multidrug resistance-associ- that unifies the MDR, CFTR, and MRP/SUR topologies
(111). On the basis of the glycosylation pattern of SUR1ated protein (MRP) branch of the ABC superfamily (20).

In addition to MRPs and SURs, this subfamily includes and MRP, the NH2 terminus of the MRP/SUR subfamily is
predicted to be extracellular. Comparison of the hydropho-other important transporters, including the yeast cad-

mium transporter (101), the liver canicular multispecific bicity profiles of the NH2-terminal extension predicts five
additional transmembrane spanning domains for this sub-organic anion transporter (16, 104), and the epithelial ba-

solateral chloride conductance regulator (112). Several family (Fig. 1). We present both topologies in Figure 1 but
have retained our original model in subsequent figures withauthors have used multisequence alignments to illustrate

the similarities within the subfamily (74, 111). the understanding that the actual topology remains to be
determined experimentally.The greatest similarities between the SURs and other

ABC proteins are found within the nucleotide binding Adenosine 5*-triphosphatase activity is a hallmark of
the superfamily (see Refs. 6, 21, 26, 43, 45, 67, 91, 94, 98 forfolds (NBFs; Fig. 1). The receptor NBFs have all of the

hallmarks of the ABC family, including the Walker A reviews). Hydrolysis is usually coupled to the transport of
a substrate or, in the case of CFTR, to gating of the chlo-(-GlyXXGlyXGlyLysSer/Thr-, where X is any amino acid)

and B (-YYYYAsp-, where Y is a hydrophobic amino acid) ride channel and thus regulation of ion flux. Early studies
on KATP channels using nonhydrolyzable ATP analogsconsensus motifs (113) and a conserved -LeuSerGly-

GlyGln- sequence. Manavalan et al. (73) have pointed out showed inhibition of activity and led to the idea that nucle-
otide hydrolysis did not play a role in regulation of chan-the sequence similarities between CFTR and G proteins.

X-ray crystal structures for the three major classes of nel activity (for example, Refs. 9, 12, 29, 34, 70, 85). These
observations were based on starting with active channelsGTPases, the small p21ras-like proteins, the heterotri-

meric G proteins, and elongation factor-Tu, indicate that in freshly excised inside-out patches in ATP-free solu-
tions, then observing that nonhydrolyzable analogs effec-the residues of the Walker A motif interact with magne-

sium ion, and with the oxygen atoms of the a- and b- tively blocked channel activity. Several pieces of informa-
tion that could be interpreted as effects on ATP hydroly-phosphates (see Ref. 56 for a review). The Gln in the

-LeuSerGlyGlyGln- sequence has been proposed to act as sis, including stimulation of KATP channel activity by
vanadate and aluminum fluoride (30, 87) as well as ‘‘re-a general base during nucleotide hydrolysis, but this has

been difficult to prove (55). A major question is whether freshment’’ (31) or ‘‘reactivation’’ (35, 42) of rundown
channels, have been interpreted as evidence for involve-SURs will hydrolyze nucleotides and how this hydrolysis

might be coupled to the regulation of channel activity. ment of G proteins (87), a requirement for phosphoryla-
tion (68, 82; but see Refs. 24, 44, 58 for another view), forThe exact topology of the SURs has not been deter-

mined. Both MDR (52) and CFTR (91) are characterized by depolymerization of the actin cytoskeleton (44), or for
hydrolysis of phosphatidylinositol 4,5-bisphosphate (40).a core or module consisting of a set of six transmembrane

spanning domains preceding a NBF. Two cores are con- It remains unresolved which of these mechanisms is of
physiological importance. Recent work with mutations innected by a linker region to form the MDR prototype. The

linker region appears to be quite variable. In CFTR, for the NBFs of SUR1 suggests ATP hydrolysis will be in-
volved in understanding, for example, the activation of anexample, the linker forms a regulatory ‘‘R’’ domain between

the two cores (91). Phosphorylation of the R domain by ATP inhibited channel by ADP (54, 81). A direct demon-
stration of ATP hydrolysis by an SUR will be a criticaladenosine 3*,5*-cyclic monophosphate-dependent protein

kinase regulates the chloride channel activity of this pro- first step in understanding how this channel is regulated.
tein. Simple hydrophobicity analysis (38) suggested that
SUR1 had a similar general topology with added hydropho-

IV. HALLMARKS OF THE INWARDLYbic segments. The 13 transmembrane spanning domain to-
RECTIFYING POTASSIUMpology shown in Figure 1 was proposed based on such
CHANNEL FAMILYanalysis with two constraints: 1) that the glycosylated NH2

terminus was extracellular and 2) that the two NBFs were
intracellular (4). The predicted topology was similar (9 / Sequence similarities suggested KIR6.1 and KIR6.2

were weakly rectifying members of the KIR superfamily.4 vs. 8 / 4) to that proposed initially for MRP (20), which
had a highly hydrophobic NH2-terminal extension that Sequence analysis predicted two transmembrane span-

ning domains, M1 and M2, flanking a ‘‘P’’ or pore loopadded additional transmembrane spanning domains to the
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with a -GlyPheGly- sequence in place of the more common V. SULFONYLUREA RECEPTORS 1 AND 2

-GlyTyrGly- motif that contributes to the potassium selec- HAVE DIFFERING AFFINITIES

tivity of other potassium channels (27) (Fig. 1). Members FOR SULFONYLUREAS

of the inward rectifier family have been proposed to as-
The b-cell SUR is identified by its ability to bind hypo-semble into tetrameric channels (51, 117).

glycemic agents like glibenclamide (nM range) and tolbu-The KIR channels, as their name implies, are inwardly
tamide (mM range) with high affinity. This area has beenrectifying channels that pass potassium better in the in-
reviewed extensively (1, 10, 11, 86). There is consensusward than outward direction. A major component of the
that membranes isolated from pancreatic b-cells, variousinward rectification mechanism is due to blockade of the
b-cell lines, other neuroendocrine cell lines, and brainpermeation path by polyamines and/or magnesium at volt-
contain high-affinity receptors with dissociation constantages above the reversal potential, as illustrated schemati-
(KD) values in the low nanomolar range (0.5–10 nM) andcally in Figure 4 (41, 71, 102; see Ref. 27 for a review).
that the binding data are well fit by a single-site modelThe degree of rectification is dependent on the amino
(Hill coefficient of 1). Earlier measurements of bindingacids in the pore. Mutation of one residue in the M2 do-
constants and the half-maximal concentrations requiredmain converts the weakly rectifying ROMK1 channel, for
to block KATP channel activity and stimulate insulin re-example, to a strong rectifier (25, 72, 102). Similarly, IRK1,
lease from b-cells were in reasonable agreement for differ-a strong rectifier, can be changed to a weak one by making
ent sulfonylureas, indicating the receptor was a physiolog-the D172N mutation in M2 (100, 102, 116). The equivalent
ically important component of KATP channels (2, 84, 120).residue in KIR6.2 is N160, and the N160D mutant exhibits
This conclusion was confirmed with the discovery thatstrong rectification (Fig. 4), suggesting that M2 forms part
mutations in KATP channel subunits cause PHHI, as dis-of the permeation path of KIR6.2. A comparison of the

human KIR6.1 and KIR6.2 sequences is shown in Figure 5. cussed above (1, 32, 33, 89, 105, 107, 108).

FIG. 4. Polyamines and inward recti-
fication of ATP-sensitive potassium
(KATP) channels. A: a schematic represen-
tation of mechanism of inward rectifica-
tion based on ‘‘long-pore plugging’’ model
of Lopatin et al. (71). Polyamines, like
spermine, enter and bind in the pore, thus
blocking flow of potassium ions. Affinity
of polyamine binding depends on resi-
dues within pore. In KIR6.2, changing as-
paragine-160 to aspartic acid increases af-
finity and alters rectification properties
as indicated in B. Following Lopatin et
al. (71), 2 molecules of spermine are
shown in the pore. B: current (I)-voltage
(V) relationships for KATP channels recon-
stituted using hamster SUR1 and either
wild-type KIR6.2 or KIR6.2 with N160D mu-
tation. I-V data were obtained from ex-
cised patches by ramping holding poten-
tial from 0 to /180 mV, holding for 400
ms to allow spermine to enter pore, then
rapidly ramping, 0.68 mV/ms, to0100 mV.
Current was sampled every 0.2 ms during
ramp; 10 recordings were then averaged.
Comparison of I-V curves for SUR1/KIR6.2
versus SUR1/KIR6.2N160D shows N160D
mutation greatly reduces outward cur-
rent if spermine is present (solid line, no
spermine; dotted line, 10 mM spermine;
dashed line, 100 mM spermine). In addi-
tion, a ‘‘bump’’ is obvious in SUR1/
KIR6.2N160D curves in the 050 to 0 mV
range, which reflects longer time required
for spermine to exit N160D channel. EK,
potassium equilibrium potential.
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FIG. 5. Comparison of human KIR6.1 and
KIR6.2 protein sequences. Shaded segments are
the predicted transmembrane spanning domains
(M1 and M2) and H5 segment containing Gly-
PheGly motif similar to GlyTyrGly motif charac-
teristic of other potassium channels. Dashed po-
sitions are inserted gaps.

Expression of rodent SUR1 cDNAs in COSm6 cells VI. COEXPRESSION OF SULFONYLUREA

RECEPTOR 1 AND INWARDLY RECTIFYINGgenerated high-affinity binding with KD values of 2 and 10
nM for the rat and hamster receptors, respectively (4) POTASSIUM CHANNEL 6.2 GENERATES b-

CELL-TYPE ADENOSINE 5*-TRIPHOSPHATE-(see Fig. 6). The binding data for the recombinant recep-
tors are well fit by a single binding site model (Hill coeffi- SENSITIVE POTASSIUM CHANNELS

cient of 1), and there is no evidence at present that endog-
enous COS cell factors are required for reconstitution of Cloning and expression of the b-cell SUR in COSm6

cells demonstrated that SUR1 was sufficient to reconsti-high-affinity binding. The reasons for stressing that single
binding site models appear to account adequately for the tute high-affinity sulfonylurea binding, but not channel

activity (4). The coexpression of SUR1 with KIR6.2 gener-interactions of SUR1 with sulfonylureas will become ap-
parent below where the structure of KATP channels is pro- ated potassium-selective channels that could be activated

by metabolic poisoning or the potassium channel openerposed to be a tetramer of SUR/KIR . Figure 6 shows a
comparison of the binding activity for [125I]iodogliben- diazoxide, whereas expression of KIR6.2 alone generated

no channel activity (59). Whole cell channel activity forclamide in membranes isolated from either COSm6 cells
expressing the hamster SUR1 receptor or HIT T15 cells (3, the hamster SUR1 and mouse KIR6.2 channel was inhibited

half-maximally by sulfonylureas like glibenclamide (1.875). The KD values, 9 versus 7 nM, are indistinguishable. In
this example, the levels of expression differ by approxi- nM) and tolbutamide (32 mM) at concentrations expected

for the pancreatic b-cell channel. Adenosine 5*-triphos-mately a factor of 100, with a maximum binding value for
the COS cells of 140 pmol receptor/mg membrane protein phate inhibited channel activity in inside-out patches with

an apparent KD of Ç10 mM; ATP-inhibited channels could(4). [3H]glibenclamide (65), [125I]iodoglibenclamide (2),
and azido-[125I]iodoglibenclamide (95, 96) will photolabel be activated by MgADP. The original work was done using

rodent subunits. Figure 7 summarizes some of the datathe SUR1 receptor(s) when used at nanomolar concentra-
tions. This property has proven to be a useful means to for the b-cell channel reconstituted in COSm6 cells using

human SUR1 and mouse KIR6.2. Figure 7, top trace, illus-identify the high-affinity receptor (Fig. 6, inset).
Expression of rat SUR2A cDNA in COSm6 cells gen- trates inhibition of potassium channel activity by the sul-

fonylurea tolbutamide and activation by diazoxide in theerated a low-affinity SUR with an estimated KD of 10 mM
(59). Figure 6 gives a comparison of iodoglibenclamide presence of ATP (middle trace). Channel activity is half-

maximally inhibited by ATP at Ç47 mM, about fivefoldbinding activity for the SUR1 and SUR2A receptors. These
results are in agreement with the general observation that higher than the values reported for the reconstituted ham-

ster SUR1/mouse KIR6.2 channel (Fig. 7). The current-volt-higher concentrations of sulfonylureas are required to in-
hibit, for example, KATP channels in cardiac cells. Simi- age relationship shows weak rectification in the presence

of magnesium with a conductance ofÇ74 pS (Fig. 7). Thelarly, photolabeling of SUR2 is minimal using nanomolar
concentrations of the iodo- or azido-iodo derivatives of conductance values found in the literature for rodent and

human KATP channels range from 50 to 88 pS when mea-glibenclamide (Fig. 6, inset).
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through the SUR2A/KIR6.2 channel by glibenclamide was
350 nM versus õ10 nM for the b-cell channel. Similarly,
the response to potassium channel openers was differ-
ent. The SUR1/KIR6.2 and SUR2B/KIR6.2 channels were
activated by diazoxide, whereas the SUR2A/KIR6.2 chan-
nels were not, up to concentrations near the solubility
limit for the drug. The SUR2/KIR6.2 channels, on the
other hand, were activated by pinacidil and cromakalim,
whereas the b-cell channels were poorly responsive to
these compounds. The nucleotide sensitivities of the re-
constituted channels also differed. The reported IC50 val-
ues for inhibition by ATP were 100 mM (MgATP) for
the rat SUR2A/mouse KIR6.2 channel (60) and 300 mM
(MgATP) and 68 mM (ATP40) for the mouse SUR2B/
mouse KIR6.2 channel (63) versus Ç10 mM (MgATP) for
the hamster SUR1/mouse KIR6.2 channel (59). The sig-
nificance of these differences with respect to receptor
subtype is not completely clear because we measured
an IC50 of Ç50 mM for the human SUR1/mouse KIR6.2
channel (Fig. 7). Similarly, our unpublished estimate of

FIG. 6. Comparison of sulfonylurea binding to SUR1, SUR2, and
hamster insulinoma tumor (HIT) cell receptors. Displacement of [125I]io-
doglibenclamide by unlabeled iodoglibenclamide was compared for na-
tive receptors from HIT cells (dotted line), recombinant hamster SUR1
(circles), and recombinant rat SUR2A (squares) expressed in COSm6
cells. Inset compares photolabeling of receptors in rat insulinoma (RIN)
cells and COSm6 cells transfected with either hamster SUR1 or rat
SUR2A cDNA. HIT cell receptor binding data are an average from a
large number of experiments (see Refs. 2, 3, and 75 for details). Error
bars are {SD; dissociation constant (KD) values are given to nearest
integer value. [SUR1 data are from Aguilar-Bryan et al. (4); rat SUR2A
data are from Inagaki et al. (60).]

sured in quasi-symmetric high potassium (140 mM), with
an average of Ç65 pS. Taken together, the pharmacology,
channel characteristics, and correlation of subunit muta-
tions with PHHI indicate that SUR1 and KIR6.2 form the
b-cell-type ATP-sensitive potassium channel.

VII. COEXPRESSION OF SULFONYLUREA

RECEPTOR 2 AND INWARDLY RECTIFYING

POTASSIUM CHANNEL 6.2 GENERATES

CARDIAC- AND SMOOTH MUSCLE-TYPE

ADENOSINE 5*-TRIPHOSPHATE-SENSITIVE

POTASSIUM CHANNELS

The SUR2 receptors were cloned by homology with
SUR1, and their expression with KIR6.2 also generated
potassium-selective channels that were activated by

FIG. 7. Partial characterization of human SUR1/mouse KIR6.2 KATPmetabolic inhibition. Two reports (60, 63) indicate that
channels. Recordings are from excised membrane patches of COSm6

the pharmacology of the SUR2/KIR6.2 channels differs cells transfected with human SUR1 and mouse KIR6.2. ATP inhibition
curve is the average of 3 experiments, and bars are {SD. Activity in 1from that of the b-cell KATP channels. Consistent with
mM ATP was taken as 100%. Half-maximal inhibition concentration (IC50)the drug binding studies (see Fig. 6), the SUR2/KIR6.2
value isÇ5 times that measured for hamster SUR1/mouse KIR6.2 channel

channels were less sensitive to sulfonylureas. The half- under the same conditions. I-V relationship shows inward rectification
affected by magnesium and a single-channel conductance of 74.4 pS.maximal inhibitory concentration (IC50) for 86Rb/ efflux
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the steady-state IC50 for the rat SUR2A/KIR6.2 channel is mala et al. (7), who suggested that SUR1 conferred sensi-
tivity to sulfonylureas on KIR1.1 (ROMK1) (57) and other30 mM (MgATP) and Ç100 mM for magnesium 5*-

adenylylimidodiphosphate. The general conclusion has channels of unknown type in HEK 293 cells. Although this
idea is interesting in that it may expand the diversity ofbeen that the receptor subtype plays a dominant role in

controlling both the pharmacology and nucleotide sensi- metabolically sensitive potassium channels, it has not
been possible to repeat the observations with KIR1.1 intivity of reconstituted KATP channels, although the spec-

trum of drugs and nucleotides analyzed at this time is oocytes (53) or in COS cells (19). In addition, neither
KIR2.1 (53) nor KIR4.3 (19) is activated or made sensitivesmall. We also point out that only the three major recep-

tor subtypes have been used in these preliminary stud- to sulfonylureas by coexpression with SUR1. Possible in-
teractions with strong inward rectifiers in coronary arte-ies. It is unclear, for example, whether the SUR2 dele-

tions (D14, D17, and D17,18) will alter channel pharma- rial myocytes have been looked for by Wellman et al. (114)
but have not been observed. We conclude that, for thecology in useful ways. The D17 and D17,18 deletions are

in NBF1 and would be expected to alter the nucleotide moment, only KIR6.x are able to associate with SURs to
generate KATP channels. This raises the obvious possibilitybinding properties of these receptors.

A prominent feature of the activity of KATP channels that there are other members of the KIR6.x subfamily that
remain to be discovered.is their bursting behavior. Work on native KATP channels

indicated lower rate constants for interburst transitions
for cardiac (119) versus b-cell (49) KATP channels. The

IX. COEXPRESSION OF SULFONYLUREAreconstituted channels display a similar behavior, with
RECEPTOR 1 AND INWARDLY RECTIFYINGthe transition frequency between a burst and an in-
POTASSIUM CHANNEL 6.2 ALTERSterburst interval being dependent on the receptor sub-
THE GLYCOSYLATION STATE OFtype used (Fig. 8A). Inspection of the records on a
THE RECEPTORshorter time scale suggests that the fast, flickering transi-

tions within a burst are quite similar. In line with these
qualitative observations, the quantitative analysis shown The reconstitution experiments clearly showed that

formation of KATP channels required coexpression of bothin Figure 8B demonstrates identical single exponential
open-time distributions with to equal to the mean open subunits. The simplest interpretation of these results im-

plied association of the two subunits into a complex withtime as expected for a model with a single open state
(to Å 3.14 { 0.17 vs. 3.30 { 0.08 ms for SUR1/KIR6.2 vs. fixed stoichiometry. Other interpretations have been sug-

gested based on reports that CFTR may transport ATP,SUR2A/KIR6.2, respectively; values are means { SD; n Å
3 for all). (Note that these are the average values from which in turn could serve as a diffusible regulator of other

channels via action through purinergic receptors (5). We3 experiments, whereas the values in Fig. 8 are for a
single experiment.) Two exponentials were needed to have examined the simpler interpretation, which better

explains the available data (19).describe the closed time distributions. The fast closed
components within a burst were statistically equivalent Glibenclamide and several derivatives mentioned

above (Fig. 9) have been key reagents in the cloning of(tc fast Å 0.32 { 0.03 vs. 0.30 { 0.08 ms for SUR1/KIR6.2
vs. SUR2A/KIR6.2, respectively). The interburst intervals the high-affinity SUR and the subsequent characterization

of the interactions between SUR1 and KIR6.2. Kramer etwere significantly different for the two channel types
(tc slow Å 11.51 { 1.30 vs. 62.70 { 15.95 ms for SUR1/ al. (65) were the first to show that [3H]glibenclamide pho-

tolabeled the 140-kDa receptor in rat b-cell tumor mem-KIR6.2 vs. SUR2A/KIR6.2, respectively). Therefore, the b-
cell and SUR2A/KIR6.2 cardiac KATP channels can reach branes. We showed that an iodinated derivative of gliben-

clamide, iodoglibenclamide, had the same property (2).the same open probability, mean open probability, with
quite different temporal patterns of channel activity, the Schwanstecher et al. (95) synthesized a 4-azido-5-iodosali-

cyloyl analog of glibenclamide, azido-iodoglibenclamide,b-cell channel through short frequent bursts and the car-
diac-like channel by longer, less frequent bursts. The re- and demonstrated that in addition to identifying SUR1, it

specifically labeled another protein at 38–40 kDa. It issults suggest that KIR6.2, the common subunit, deter-
mines the rapid intraburst kinetics, whereas the receptor now clear that the 38- to 40-kDa protein is KIR6.2 (19) (see

Fig. 11, for example).regulates the transition from a silent to a bursting state.
Several lines of evidence indicate that at least three

differentially glycosylated forms of SUR1 are identified by
VIII. ARE SULFONYLUREA photolabeling (Fig. 10) and can be separated using lectin

RECEPTORS PROMISCUOUS? chromatography (76). Site-directed mutagenesis work has
shown that there are two glycosylation sites at Asn-10 and
Asn-1050 (Clement and Bryan, unpublished data). Frac-The question of the range of inward rectifiers that

sulfonylureas might partner with has been raised by Am- tionation studies indicate that the complex glycosylated,
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FIG. 8. Effects of receptor subtype on KATP

single-channel kinetics. A: segments of re-
cordings of current from single human SUR1/
mouse KIR6.2 or rat SUR2/mouse KIR6.2 channels
are shown over 2 time scales as indicated by
double time bar. Inside-out patches were held
in quasi-symmetrical potassium (150 mM) nucle-
otide-free solutions at 040 mV; downward de-
flections from zero current level, indicated by
dashed lines, represent inward currents. B:
dwell-time distribution analysis of records
shown above. Open- and closed-time histograms
were constructed from records obtained from
patches containing a single channel. To mini-
mize distortion of closed-time distributions due
to channel rundown, only segments with high
quasi-steady-state activity were analyzed. Begin-
ning with excision of a patch, open-state proba-
bility (Po) of a 10-s segment was calculated. If
this value was ú0.8 { 0.1, the segment was ex-
tended until mean Po fell to 0.5 { 0.1. Under
these conditions, two exponents were required
to fit the closed-time histograms. The relative
area under third component in a 3-exponent fit,
t ú Çe4, was õ0.01 in all cases. Only a single
exponent was required to fit open-time histo-
grams. Continuous lines represent theoretical
curves through experimental data points. Note
that closed time plots are semilogarithmic. Val-
ues for t given are for 1 experiment; average
values from 3 experiments are presented in text.

150- to 170-kDa species is localized to the plasma and are consistent with the idea that transit of SUR1 to the
cell surface requires association with KIR6.1, KIR6.2, orgranule membranes, whereas the core glycosylated 140-

kDa species is found only on internal membranes (83). other undiscovered inward rectifier subunits in the KIR6.x
subfamily.The complex glycosylated receptor is thus expected to be

in functional channels.
Expression of SUR1 alone produced only the 140-kDa

X. SULFONYLUREA RECEPTOR 1 ANDspecies (Figs. 10 and 11 and Ref. 4), whereas coexpression
INWARDLY RECTIFYING POTASSIUMwith KIR6.2 restored the normal glycosylation pattern (Fig.
CHANNEL 6.2 SUBUNITS ARE11). After coexpression, both subunits could be cophoto-
PHYSICALLY ASSOCIATEDlabeled with 125I-azidoglibenclamide, implying they are in

close proximity. The 125I-azidoglibenclamide is expected
to be a potential cross-linker, and an additional band was The association of SUR1 and KIR6.2 has now been

confirmed in multiple ways (19). In cells coexpressingobserved in these photolabeling experiments at the posi-
tion expected from cross-linking of SUR1 with KIR6.2 (des- SUR1 and KIR6.2, most of the KIR6.2 appears to be associ-

ated with the complex glycosylated form of receptor (Fig.ignated as ‘‘linked’’ in Fig. 11). The colabeling correlates
with channel formation; KIR6.1, but not KIR1.1 (ROMK1) 12). The multimer formed by the associated subunits is

presumed to be in the plasma membrane, but this has notor KIR3.4 (CIR, rcKATP-1), was labeled (19). The results
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such fusions, illustrated in Figures 13 and 14, have been
informative (19).

The SUR1ÇKIR6.2 fusion (Fig. 13) was engineered
to determine if a 1:1 stoichiometry was sufficient for
formation of active KATP channels. The NH2 terminus of
KIR6.2 was fused to the COOH terminus of SUR1 through
a linker of 6 glycine residues. Expression of
SUR1ÇKIR6.2 in COSm6 cells produced a glibenclamide-
inhibitable potassium channel that was activated by met-
abolic inhibition and diazoxide, indicating that the pre-
sumed 1:1 stoichiometry was sufficient to form active
channels (Fig. 13). The current-voltage relationship of
the SUR1ÇKIR6.2 channels is the same as that seen for
unfused channels, indicating that constraining the re-
spective NH2 and COOH termini does not alter the con-
ductance properties of the pore (Fig. 15). These fusion
channels show a decreased sensitivity to both gliben-
clamide and ATP. The decrease in sensitivity to ATP is
small,Ç50 versusÇ10 mM for wild type, which is similar
to the difference between hamster and human SUR1/
mouse KIR6.2 channels (see Fig. 15). The reason(s) for
the decreased sensitivities remains to be explored, but
constraining the respective NH2 and COOH termini pre-
sumably interferes with the transduction of nucleotide-
induced conformational changes in SUR1 to KIR6.2.

The SUR1Ç(KIR6.2)2 fusion (Fig. 14) was engineered
to determine if a 1:1 stoichiometry was required for the
formation of active KATP channels. If a 1:1 stoichiometry
was required, active channels should not form from
SUR1Ç(KIR6.2)2 alone. Efflux of 86Rb/ and excised patchFIG. 9. Chemical structures of glibenclamide derivatives used to

clone and characterize KATP channels. experiments showed only background levels of flux and

been demonstrated directly. An estimate of the mass of
the multimer formed by the 150- to 170-kDa receptor and
KIR6.2, using sucrose density gradient centrifugation, gives
a value of 950 kDa, which is compatible with a tetramer
of SUR1/KIR6.2 (4 1 176,000 / 4 1 45,000Å 880,000), with
additional mass attributed to glycosylation.

XI. FUSIONS OF INWARDLY RECTIFYING

POTASSIUM CHANNEL 6.2 AND

SULFONYLUREA RECEPTOR 1 FORM

FUNCTIONAL CHANNELS

Fusions of KATP channel subunits offered the possibil-
ity of studying novel channels whose stoichiometries were
defined at the subunit level. The head-to-tail organization
of the SUR1 and KIR6.2 genes on chromosome 11 sug-
gested that the two subunits might have been fused at an FIG. 10. SUR1 is differentially glycosylated. Tunicamycin treatment

of RIN cells simplifies the labeling pattern of SUR1 seen by photolabelingearlier time in evolution (1). The gene organization, plus
with [125I]iodoglibenclamide. Experiments with endoglycosidases, lectinthe predicted topology of the receptor, with the NH2 termi-
chromatography, expression of SUR1 alone, and expression of mutants

nus of SUR1 on the extracellular side of the plasma mem- lacking one or both glycosylation sites are consistent with the picture
shown here.brane, dictated the orientation of fusion constructs. Two
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Functional monomers of SUR1 are required to res-
cue SUR1Ç(KIR6.2)2 . Coexpression of SUR1Ç(KIR6.2)2

with either a truncated receptor missing 184 amino acids
from the COOH-terminal end, G1398P(23X) (32), or
DF1388 (79) failed to generate active channels that
could be identified by either 86Rb/ efflux or single-chan-
nel records (Fig. 14). Both of these mutant receptors are
expressed and have been shown to retain high-affinity
glibenclamide binding activity. The results show that
two functional receptors are not sufficient to activate
channel activity and imply that four functional receptors
are required. The experiments leave open the question

FIG. 11. Coexpression of SUR1 and KIR6.2 affects receptor glycosyl-
ation and labeling of inward rectifier subunit. An autoradiogram of
[125I]iodoglibenclamide labeled proteins identified when SUR1 and KIR6.2
cDNAs were transfected alone or together into COSm6 cells. Untrans-
fected COS cells and COS cells transfected with b-galactosidase (b-gal)
serve as controls. Albumin in the growth medium binds drug with low
affinity and is labeled. Three higher-molecular-mass bands can be seen
in cells cotransfected with both cDNAs, core and complex glycosylated
receptors, and a species with molecular mass expected from cross-
linked SUR1ÇKIR6.2. Inward rectifier subunit cophotolabels only when
expressed with receptor. Labeling of both SUR1 and KIR6.2 with
[125I]iodoglibenclamide can be competed by nanomolar concentrations
of unlabeled drug (96).

no KATP channels when SUR1Ç(KIR6.2)2 was expressed
alone (Fig. 14). The critical issue was whether a correct
stoichiometry could be restored if monomeric SUR1 was
added. Coexpression of SUR1Ç(KIR6.2)2 / SUR1 pro-

FIG. 12. SUR1 and KIR6.2 are associated. To demonstrate physicalduced potassium channels that had the general properties association of SUR1 and KIR6.2, membranes were isolated from COS cells
of KATP channels. Efflux of 86Rb/ and excised patch experi- coexpressing SUR1 and KIR6.2. After labeling with [125I]iodoglibenclamide,

KATP channel subunits were solubilized with detergent and fractionatedments showed these triple fusion channels were activated
on wheat germ agglutinin, a lectin which binds selectively to sialic acidby metabolic inhibition and were inhibited by glibenclam- residues found in complex glycosylated proteins (76). Core glycosylated

ide and ATP (Fig. 15). The results demonstrated that mo- receptor is not absorbed to the lectin and flows through the column.
Complex glycosylated receptor and KIR6.2 are retained and can be selec-nomeric SUR1 could associate with SUR1Ç(KIR6.2)2 , res-
tively eluted with N-acetylglucosamine. KIR6.2 is not glycosylated and is

cuing channel activity. These results implied that a 1:1 not retained on the column in the absence of SUR1. Estimated molecular
mass of eluted SUR1/KIR6.2 multimers is 950 kDa (19).stoichiometry is required for channel activity.
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mer. Tucker et al. (110) have shown that expression of
KIR6.2 subunits truncated at the COOH terminus (õ41
amino acids removed) produces potassium channels,
which retain some sensitivity to ATP, but are insensitive
to sulfonylureas, potassium channel openers, and activa-
tion by Mg-ADP. The results indicate that KIR6.2 is suffi-
cient to form a potassium-selective pore with the con-
ductance of a KATP channel, but without the regulatory
properties.

As pointed out in section IIB, there is evidence that
the M2 segments of KIR subunits form part of the channel
pore. The change of Asn-160 to Asp (N160D) in the puta-
tive M2 segment of KIR6.2 changes KATP channels from
weak to a strong rectifiers, consistent with their forming
part of the pore (see Fig. 4). The rectification requires
that polyamines and/or magnesium are present at the in-
tracellular mouth of the channel (see Fig. 4). The forma-
tion of heterologous channels by coexpression of mix-
tures of weak and strongly rectifying subunits has been
used to estimate the stoichiometry of the pore of other
KIR channels (51). Shyng et al. (99) used a modified ap-
proach with KATP channels composed of unfused subunits

FIG. 13. A 1-to-1 fusion of SUR1 and KIR6.2 forms a KATP channel.
A head-to-tail fusion of KIR6.2 with SUR1, SUR1ÇKIR6.2, was engi-
neered to determine if a 1:1 stoichiometry was sufficient to generate
KATP channels. COOH terminus of SUR1 was fused with NH2 terminus
of KIR6.2 through a linker consisting of 6 glycine residues as illustrated.
Expression of this construct in COS cells generated channels that
could be activated by metabolic inhibition with 2-deoxyglucose and
oligomycin. Bars represent KATP channel activity defined as difference
between 86Rb/ efflux activated by metabolic inhibition (circles) and
efflux when metabolically inhibited cells were simultaneously incu-
bated with 1 mM glibenclamide (triangles). Squares show basal efflux
in absence of inhibitors. [From Clement et al. (19) . Copyright is held
by Cell Press. ]

of whether incorporation of a single mutant receptor (or
KIR subunit) into the multimer would destroy channel
activity. Overall, the experiments with fusions of KATP

channel subunits show that a 1:1 SUR1ÇKIR6.2 stoichi-
ometry is both sufficient and necessary for the formation
of an active channel.

FIG. 14. A fusion of SUR1 and 2 KIR6.2 subunits can be rescued by
monomeric SUR1. To test whether a 1:1 stoichiometry was essential for
channel activity, we engineered a 1-to-2 ‘‘triple’’ fusion protein,XII. INWARDLY RECTIFYING POTASSIUM
SUR1Ç(KIR6.2)2, by linking a second KIR6.2 subunit to 1-to-1 fusionCHANNEL 6.2 FORMS THE b-CELL
through a linker of 8 glycine residues. Expression of this construct only

ADENOSINE 5*-TRIPHOSPHATE-SENSITIVE produced efflux (gray bars) comparable to that of untransfected COS
cells (hatched bars). Triple fusion protein could be rescued by coexpres-POTASSIUM CHANNEL PORE
sion with monomeric SUR1 (open bars) but was not rescued by a trun-
cated receptor missing second nucleotide binding fold (solid bars). Gli-

Several lines of evidence indicate that KIR6.2 is the benclamide (Glib)-inhibited efflux is equivalent to that defined in
Fig. 13. [From Clement et al. (19). Copyright is held by Cell Press.]pore-forming subunit and that it assembles as a tetra-
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January 1998 ASSEMBLY AND STRUCTURE OF KATP CHANNELS 241

FIG. 16. Triple fusion proteins can make heterologous KATP chan-
nels. A plot of relative conductance (GREL) as a function of voltage
shows that expression of triple fusion proteins carrying the N160D KIR6.2
mutation (heavily shaded construct) exhibit strong rectification
(squares). Expression of triple fusion proteins constructed with wild-
type KIR6.2 (lightly shaded construct), on the other hand, shows weak
rectification characteristic of wild-type KATP channels. Coexpression of
a mixture of weak and strongly rectifying triple fusion proteins yields
a complex conductance versus voltage curve that can be well fit with
3 Boltzmann equations. Results indicate that a heterologous channel

FIG. 15. Comparison of current-voltage relationships and ATP inhi- (depicted as containing both shaded constructs) with intermediate recti-
bition of fused and unfused KATP channels. Current-voltage relationships fication properties is formed in addition to the expected weak and
for fused and unfused channels are indistinguishable in presence of strongly rectifying species. Data support the idea that KIR6.2 is part of
magnesium as shown here. A least-squares fit to data below the potas- the permeation pathway, whereas SUR1 is required to put the channel
sium equilibrium potential gave a value of 69 { 1 pS (straight line). in an operational state. [From Clement et al. (19). Copyright is held by
Fusion channels are less sensitive to ATP, with IC50 values of 8.5, 35, Cell Press.]
and 114 mM. For these experiments, 100% activity is taken as that deter-
mined in presence of 1 mM ATP. [From Clement et al. (19). Copyright

XIII. IS THE COMPLEX GLYCOSYLATEDis held by Cell Press.]

950-KILODALTON COMPLEX THE

ADENOSINE 5*-TRIPHOSPHATE-SENSITIVEand have shown that coexpression of SUR1 with a 1:1
POTASSIUM CHANNEL?mixture of wild-type KIR6.2 and KIR6.2N160D produces five

channel types distinguishable by their rectification prop-
The available evidence argues that the 950-kDaerties. This is the result expected for a channel with a

multimer is the KATP channel accessible on the plasmatetrameric pore.
membrane. 1) All of the available data (19), outlinedExpression of SUR1Ç(KIR6.2)2 and SUR1Ç
above, indicate the active channel is a tetramer of SUR1/(KIR6.2N160D)2 with monomeric SUR1 generated weakly
KIR6.2, i.e., (SUR1/KIR6.2)4 . 2) There is a strong correla-and strongly rectifying channels (19). Expression of a
tion between KATP channel activity, cophotolabeling, andmixture of the fusion proteins with monomeric SUR1
the appearance of the 150- to 170-kDa glycosylated spe-generated three channel subtypes, the two parental spe-
cies of SUR1. Two inward rectifiers, KIR1.1 and KIR3.4,cies plus the heterologous channel, which could be dis-
which do not affect glycosylation or cophotolabeling, docriminated based on their conductance-voltage relation-
not form KATP channels with SUR1. 3) Complex glycosyl-ships. The current-voltage response of the mixture dif-
ation occurs in the medial Golgi after core glycosylationfered from either parental type, and the calculated
has taken place in the endoplasmic reticulum; thus therelative conductance-voltage plots could be fit with
150- to 170-kDa receptors, not the 140-kDa species, arethree Boltzmann functions more adequately than with
expected to be at the plasma membrane, and fraction-either two or four. The result implies that the perme-
ation studies place the 150- to 170-kDa species in theation pathway must be formed from two SUR1Ç

(KIR6.2)2 proteins (Fig. 16). plasma membrane (83).
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FIG. 17. Highly schematized models of
constructions described in this review are
shown. Two subunits are identified. KIR6.2
forms the pore; SUR1 is shown surrounding
the pore. Glycine links in fusion constructs
are indicated by solid bars. Monomeric re-
ceptors required to rescue triple fusion con-
struct are shown unshaded. We emphasize
that these illustrations are meant to depict
stoichiometric relationships between chan-
nel subunits and should not be taken to imply
3-dimensional structures.

XIV. A MODEL AND CONCLUSIONS type. This possibility could lead to KATP channels with
different pharmacological properties and should be testa-
ble experimentally.The cloning of the high-affinity SUR and members of

Stoichiometry questions now need to be raised con-the KIR6.x family provided the reagents needed to begin
cerning inhibition of channel activity by nucleotides andmolecular studies on KATP channels. The data are consis-
activation by MgADP and potassium channel openers liketent with the tetrameric model shown in Figure 17, which
diazoxide and pinacidil. However, the major question ofschematically illustrates the overall architecture and pro-
whether one or both NBFs on SURs can hydrolyze nucleo-posed stoichiometries of the KATP channel constructs dis-
tides, as implied by their family heritage, must be resolvedcussed in this review. The model focuses attention on
before these questions can be framed in a meaningful way.the assembly pathway and raises the question of whether

either SURs or KIR6.x can assemble tetramers indepen-
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304, 1988. mic hypoglycaemia in humans involves a defect in pancreatic b-
cell K-channels. J. Physiol. (Lond.) 489: 7–8, 1995.13. BABENKO, A. P., V. O. SAMOILOV, AND S. T. KAZANTSEVA. Potas-

sium channels in the cardiomyocyte sarcolemma: initial opening 34. DUNNE, M. J., AND O. H. PETERSEN. GTP and GDP activation of
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ers Arch. 411: 584–589, 1988.107. THOMAS, P. M., G. J. COTE, N. WOHLIK, B. HADDAD, P. M. MA-
THEW, W. RABL, L. AGUILAR-BRYAN, R. F. GAGEL, AND J. 120. ZUNKLER, B. J., S. LENZEN, K. MANNER, U. PANTEN, AND G.

TRUBE. Concentration-dependent effects of tolbutamide, megliti-BRYAN. Mutations in the sulfonylurea receptor gene in familial
hyperinsulinemic hypoglycemia of infancy. Science 268: 426–429, nide, glipizide, glibenclamide and diazoxide on ATP-regulated K/

currents in pancreatic b-cells. Naunyn-Schmiedebergs Arch. Phar-1995.
108. THOMAS, P. M., N. WOHLLK, E. HUANG, U. KUHNLE, W. RABL, macol. 337: 225–230, 1988.

P19-7/ 9j07$$ja08 12-23-97 08:30:21 pra APS-Phys Rev

on O
ctober 27, 2014

D
ow

nloaded from
 












































	Babenko_JMCC2005.pdf
	KATP channels “vingt ans après”: ATG to PDB to Mechanism
	Introduction to “vingt ans après”
	The gating machinery of classic and non-classic KATP pores
	The nature and location of KIR “gate(s)” is controversial
	Four KATP pore-forming subunits undergo concerted electrogenic re-conformations
	Defining the conserved, adenine- and -phosphate-selective, inhibitory ATP-binding pockets of (KIR6.0)4 pores

	The ABCC core
	ATP-driven dimerization of NBDs repositions the TMD/ICDs
	Functional asymmetry of SUR
	Interactions of KATP openers and inhibitors with SUR cores—is transport substrate binding analogous to drug binding in SURs?

	A novel polytopic gatekeeper, TMD0-L0, links the SUR core with KIR6.0 bi-directionally controlling the PO of the KATP pore
	A molecular perspective on KATP channelopathies

	Acknowledgements
	References


