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Background: SUR1mutations generate hyperactive KATP channels that cause neonatal diabetes. The conformations under-
lying hyperactivity are not understood.
Results: Mutations outside the NBDs increase the affinity for nucleotides determined under non-hydrolytic equilibrium
conditions.
Conclusion: An increased affinity for nucleotides at NBD2 of SUR1 can cause neonatal diabetes.
Significance: Nucleotide binding, without hydrolysis, appears sufficient to switch SUR1 to stimulatory conformations.

KATP channels, (SUR1/Kir6.2)4 (sulfonylurea receptor type
1/potassium inward rectifier type 6.2) respond to the metabolic
state of pancreatic�-cells, modulatingmembrane potential and
insulin exocytosis. Mutations in both subunits cause neonatal
diabetes by overactivating the pore. Hyperactive channels fail to
close appropriately with increased glucose metabolism; thus,
�-cell hyperpolarization limits insulin release. KATP channels
are inhibited by ATP binding to the Kir6.2 pore and stimulated,
via an uncertain mechanism, by magnesium nucleotides at
SUR1. Glibenclamide (GBC), a sulfonylurea, was used as a con-
formational probe to compare nucleotide action on wild type
versus Q1178R and R1182Q SUR1 mutants. GBC binds with
high affinity to aporeceptors, presumably in the inward facing
ATP-binding cassette configuration; MgATP reduces binding
affinity via a shift to the outward facing conformation. To deter-
mine nucleotide affinities under equilibrium, non-hydrolytic
conditions, Mg2� was eliminated. A four-state equilibrium
model describes the allosteric linkage. The KD for ATP4� is �1
versus 12 mM, Q1178R versus wild type, respectively. The link-
age constant is �10, implying that outward facing conforma-
tions bindGBCwith a lower affinity, 9–10nM forQ1178R.Thus,
nucleotides cannot completely inhibit GBC binding. Binding of
channel openers is reported to require ATP hydrolysis, but
diazoxide, a SUR1-selective agonist, concentration-depen-
dently augments ATP4� action. An eight-state model describes
linkage between diazoxide andATP4� binding; diazoxidemark-
edly increases the affinity of Q1178R for ATP4� and ATP4�

augments diazoxide binding. NBD2, but not NBD1, has a higher
affinity for ATP (and ADP) in mutant versus wild type (with or
without Mg2�). Thus, the mutants spend more time in nucle-

otide-bound conformations, with reduced affinity for GBC, that
activate the pore.

Neuroendocrine ATP-sensitive K� channels, (SUR1/
Kir6.2)4, couple membrane electrical activity with cell metab-
olism in neurons and many endocrine cells, including pancre-
atic islet �- and �-cells (see Ref. 1 for a review). Loss of channel
activity due to mutations in ABCC8 (gene encoding SUR1) or
KCNJ11 (gene encoding Kir6.2) results in the excessive insulin
release characteristic of hyperinsulinemic hypoglycemia,
whereas gain-of-activity mutations that impair nucleotide reg-
ulation are a cause of neonatal diabetes (see Ref. 2 for a review).
Neonatal diabetes mutations altering SUR1 “hyperactivate” the
pore, thus increasing channel open probability (Po) which leads
to membrane hyperpolarization, reduced activity of voltage-
gated calcium channels, and hence less exocytosis of insulin (3).
Patients with neonatal diabetes due to mutations in SUR1 are
treatable with glibenclamide (GBC),2 a sulfonylurea commonly
prescribed for type 2 diabetes; however, higher doses are typi-
cally needed to maintain glycemic control (4).
SUR1 has a canonical ABC transport protein “core” consist-

ing of two nucleotide-binding domains (NBDs) and two six-
helix bundles or transmembrane domains (TMDs). The SURs
have an additional amino-terminal, five-helix bundle, TMD0,
which interacts with Kir6.2 (5). The binding of ATP to ABC
proteins results in the head-to-tail dimerization of the NBDs to
produce two nucleotide-binding sites within the dimer inter-
face. NBD dimerization reconfigures the TMDs from inward to
outward facing conformations (6–11) (see Ref. 12 for a review).
The binding ofATP,NBDdimerization, subsequent hydrolysis,
and release of ADP�Pi produce the cyclic conformational
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changes that affect substrate transport across the cell mem-
brane (see Refs. 12 and 13 for a review). SUR1 most closely
resembles ABC exporters in which substrate binding is
switched from high to low affinity upon binding of ATP. SUR1,
like several other ABC proteins, has asymmetric NBDs (14–16)
(see 17 for a review). The catalytic glutamate of NBD1 is sub-
stituted by an aspartate; affinity-labeling studies indicate that
nucleotide dissociation constants for NBD1 are in the low
micromolar range in the absence of Mg2� (18). Mg2� potenti-
ates lower affinity nucleotide binding to NBD2 (19), where
hydrolysis is reported to occur (19). Mg2� is essential for ATP
hydrolysis by SUR1 (20).
The transport properties, if any, of SURs are not known, but

nucleotides do affect the binding of channel modulators,
including sulfonylurea antagonists and agonist/openers, such
as diazoxide, in a reciprocal manner. MgATP has a negative
allosteric action on the binding of GBC to SUR1 (21–23),
whereas the high affinity action of channel agonists is potenti-
ated strongly by MgATP (24, 25). The data are consistent with
the nucleotide dependence of transport substrate binding in
ABC exporters and indicate that channel modulators interact
differently with the enzymatic intermediates of SUR1.
The mechanism(s) underlying opening of the Kir pore by

SUR1 are poorly understood; thus, the neonatal diabetes
mutations may provide mechanistic insight into which confor-
mations prompt channel openings.Herewe focus on twomuta-
tions, Q1178R and R1182Q, located in the 15th helix (trans-
membrane helix) of the second transmembrane domain
(TMD2). These substitutions are in a cluster of mutations that
cause either neonatal diabetes (Q1178R, R1182Q, and A1184E)
or hyperinsulinism (C1174F and S1185A). This cluster is spa-
tially distinct from the NBDs, but Kir6.2/SUR1Q1178R channels
display a strongly enhanced stimulation by MgATP (26). The
results imply that MgATP shifts the distribution of SUR con-
formations or enzymatic intermediates toward those that stim-
ulate openings of Kir6.2. The conventional view is that posthy-
drolytic, ADP-bound intermediates of SUR1 stimulate channel
openings (i.e. that hydrolysis is essential for stimulation of KATP
channel openings by SUR1) (27).
Using GBC as a reporter to probe nucleotide-driven changes

in hyperactivating SUR1 mutants provides a means to better
delineate the stimulatory conformation(s) and determine the
molecular basis for channel overstimulation. ATP effectively
reduced GBC binding in both wild and mutant receptors, pre-
sumably by switching from high affinity, inward facing to lower
affinity, outward facing conformations. Eliminating Mg2�, a
required enzymatic cofactor (20), showed that hydrolysis is not
required; ATP4� concentration-dependently reduces the affin-
ity for GBC. The elimination ofMg2� allowed evaluation of the
changes in nucleotide affinity due to the mutations.
In support of the hypothesis that ATP4� does switch SUR1

into a stimulatory conformation, we find that an agonist,
diazoxide, stabilizes receptor intermediates with a reduced
affinity for GBC in the presence but not the absence of ATP4�.
The switching action of ATP4� requires that NBD2 be intact
and functional; amino acid substitutions that affect nucleotide
binding at NBD2 strongly diminish the allosteric action of
ATP4� on SUR1Q1178R. The results imply that outward facing

conformations with dimerized NBDs bind GBC and diazoxide
with low and high affinity, respectively, and that the enhanced
stimulatory action of Q1178R and R1182Q is due to their
increased affinity for ATP and ADP. The data suggest that
nucleotide-bound, outward facing conformations of SUR1
stimulate the channel, regardless of hydrolysis.

EXPERIMENTAL PROCEDURES

Cloning and Expression of WT and Mutant SUR1—The
Abcc8/SUR1 hamster cDNA was subcloned under the control
of the strong, methanol-inducible promoter AOX1 into the
pSGP18 vector (28), a derivative of pPICZ (Invitrogen), by the
ligation-independent method (29). Mutations and an amino-
terminal His8 tag were introduced using standard site-directed
mutagenesis methods and were confirmed by sequencing. The
plasmids were transformed into Pichia pastoris strain KM71H
by electroporation following standard procedures (Invitrogen).
Transformants were selected on yeast peptone dextrose plates
containing 1 mg/ml Zeocin. Transformants were cultured for
24 h in 10 ml of buffered minimal glycerol and then resus-
pended and cultured in bufferedminimalmethanol for an addi-
tional 24 h to induce protein expression. Membranes were iso-
lated as described previously (30, 31) and then photolabeled
with 1–3 nM [125I]azidoglibenclamide (32) and analyzed by
SDS-PAGE and autoradiography to verify the presence of func-
tional SUR1.
Large Scale P. pastoris Culture and Preparation of

Microsomes—Overnight starter cultures (25 ml) were used to
inoculate 1 liter of buffered minimal glycerol and grown to
A600 � 20–30 (�24 h) using the recommended conditions
(Invitrogen). The cells were resuspended in buffered minimal
methanol and cultured for 24 h, yielding, on average, 10–12 g of
wet cells/liter. Cells were harvested and lysed, and microsomes
were prepared as described previously (33).
GBC Saturation Experiments—Membranes containing WT

or mutant SUR1 (�150 pM) were suspended in a Mg2�-free
physiological salt solution (139 mM NaCl, 5 mM KCl, 1 mM

EDTA, 50 mM HEPES, pH 7.4) with increasing concentrations
of 3H-labeled GBC for 30 min at 37 °C and then analyzed by
rapid filtration, as described previously (21) to determine total
binding. Nonspecific binding was determined in the presence
of 1 �M unlabeled GBC (typically 10–15% of total binding).
Specific GBC binding is defined as follows,

Total bound �
Bmax � G

KG � G
� nonspecific (Eq. 1)

where Bmax is the total amount of receptor,G is the concentra-
tion of free 3H-labeled GBC in the reaction, KG is the equilib-
rium dissociation constant of GBC, and “nonspecific” is the
amount of nonspecific binding.
[3H]GBC Binding Inhibition Experiments—Reaction condi-

tions were similar to saturation experiments, except that 3H-la-
beledGBCwas held fixed at 1 nM, and the reaction included the
indicated concentrations of nucleotide and/or diazoxide.
Experiments with MgATP included a creatine phosphokinase-
based ATP-regenerating system to maintain a constant con-
centration of ATP over the 30-min incubation (34). The stabil-
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ity of ATP levels was verified using luciferase assays (Sigma; see
supplemental material). MgADP-containing experiments
included 10 mM AMP to inhibit endogenous adenylate kinases
to reduce ATP production. Mg2�-containing experiments did
not include EDTA. Nonspecific binding was determined in the
presence of 1 �M unlabeled GBC and was typically 10–15% of
total binding. The results are plotted as follows,

Specific bound [3H]GBC �
total bound (�X)

total bound (�X)
(Eq. 2)

where X represents the reagent whose effect is being assayed
(e.g. with or without ATP4�).
Homologous Competition Experiments—To quantify the

allosteric relationship between GBC and ATP (at NBD2) on
SUR1, a series of homologous competition experiments were
performed at differentATP concentrations to yield an observed
equilibrium dissociation constant for GBC, Kobs, for each given
[ATP]. Binding assays were done in triplicate at two or three
fixed concentrations of 3H-labeled GBC with increasing con-
centrations, 0.03 nM to 3 �M, of unlabeled GBC. The displace-
ment data at a given concentration of ATP were fit globally in
GraphPad (GraphPad Software, Inc.) using the equation,

Total bound �
Bmax � hot ligand

hot ligand � cold ligand � Kobs
� hot ligand

� nonspecific (Eq. 3)

where “total bound” is the total amount of receptor occupied by
3H-labeled GBC (in dpm), Bmax is the total amount of receptors
in the reaction, “hot ligand” is the concentration of 3H-labeled
GBC, and “cold ligand” is the concentration of unlabeled GBC.
Kobs is the observed equilibrium dissociation constant for GBC
at a given [ATP], and “nonspecific” is the amount of nonspecific
binding (in dpm). Reaction conditions were as described for the
GBC binding reactions above.
Allosteric Analysis—The details of the analysis using four-

and eight-state models are given in the supplemental material.
Photolabeling—�20 �g of membrane protein was resus-

pended in 10�l of TEE buffer (40mMTris, 100�MEGTA, 1mM

EDTA) and 1�M 8-N3-[�-32P]ATP (Affinity Photoprobes, Lex-
ington, KY) along with the indicated amounts of unlabeled
nucleotide, incubated for 15 min on ice, and then irradiated on
ice for 2 min at 254 nm and a distance of �7 cm (similar results
obtained at 312 nm; data not shown). The samples were rapidly
diluted in 800�l of ice-cold TEE and pelleted at 200,000� g for
30 min to remove free nucleotide. The membrane pellets were
resuspended in Laemmli sample buffer and analyzed by SDS-
PAGE and autoradiography. Autoradiograms were scanned
and then analyzed using ImageJ software.
Statistics—Themeans � S.E. are plotted; the number of rep-

licate experiments varies, but n � 3 in all cases. The t statistics
and p values for fitting parameters to nonlinear models was
done usingMathematica (Wolfram Research Inc., Champaign,
IL).

RESULTS

GBC binding was used as a probe to compare nucleotide
induced conformational changes in WT SUR1 versus two

hyperactivating SUR1mutants that produce neonatal diabetes.
SUR1 is an ABC protein with ATPase activity (20). Fig. 1 gives a
schematic diagram, aminimalmodel, representing the changes
from inward to outward facing conformations of the ABC
“core” of SUR1 during a nucleotide binding and hydrolysis
cycle. This figure is based onworkwith several ABCproteins (6,
7, 35). The TMD0 domain, which couples SUR1 to the Kir6.2
pore is shown (5). ATP binds to both NBD1 and NBD2, but the
SUR1 NBDs are not symmetric, and hydrolysis, in the intact
receptor, is assumed to occur predominantly at NBD2 (19, 36).
The sulfonylurea binding pocket is complex (37, 38), but resi-
dues in TMD2, spatially separate from theNBDs, affect binding
(39, 40) (see Ref. 38 for a review). The addition of nucleotides
reduces the apparent affinity for GBC, but the distinction
between binding and hydrolysis is unresolved (21–23). We
hypothesize that the inward facing, nucleotide-free conforma-
tion(s) of SUR1 has the highest affinity for sulfonylureas,
whereas dimerization of the NBDs with switching to the out-
ward facing configuration lowers the affinity. Although there
aremultiple estimates of the affinity of various sulfonylureas for
apo-SUR1 and for mixtures of nucleotide-liganded states of
SUR1 under steady-state conditions, there are none for the fully
liganded receptor. Table 1 and Table S1 compare the dissocia-
tion constants, determined from saturation binding data, for
the WT, Q1178R, and R1182Q aporeceptors (i.e. without
nucleotides).
Several channel agonists, including P1075 (N-cyano-N�-(1,1-

dimethylpropyl)-N�-3-pyridylguanidine), which have a higher
affinity for the closely related SUR2 receptors, bind at a more
distal site(s) in TMD2 (41–44) (see Ref. 38 for a review), and
their binding is potentiated by MgATP (24, 25, 42). Studies
using chimeras of SUR1 and SUR2 (43) imply that diazoxide
binds at a distinct site, which includesTMD1andNBD1. Fig. 1E
locates the cluster of hyperinsulinemia and neonatal diabetes
mutations, referenced above, within a homology model of the
carboxyl-terminal half of the SUR1ABC core based on the bac-
terial ABC exporter, SAV1866 (7).
Q1178R and R1182Q Neonatal Diabetes Mutations Potenti-

ate Negative Allosteric Action of MgATP on GBC Binding to
SUR1—To assess quantitatively the effect of MgATP on GBC
binding, membranes were incubated with increasing ATP con-
centrations maintained constant by a regenerating system (34);
the level of ATP was constant over the 30-min time period of
the incubation, as determined using luciferase assays (supple-
mental Fig. S1). Fig. 2A shows that under steady-state hydroly-
sis conditions, GBC binding to SUR1Q1178R and SUR1R1182Q is
more sensitive to MgATP than WT SUR1. The IC50 values for
MgATP are �850, 37, and 19 �M for the WT, R1182Q, and
Q1178R receptors, respectively, an increase in the apparent
affinity of SUR1Q1178R for ATP of �45-fold. In terms of an
enzyme-substrate model, these differences could reflect
changes in ATP binding and/or rates of hydrolysis but clearly
show that the two mutant receptors spend more time in nucleo-
tide-bound, outward facing conformations with a reduced
affinity for GBC that can stimulate openings of Kir6.2 (26).
Q1178R and R1182Q Receptors Have Higher Affinity for

ATP4� thanWT—All ABC proteins haveWalker-type nucleo-
tide binding sites whose physiologic substrate is MgATP.
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Mg2� binds to the �-phosphate of ATP and is a cofactor
required for hydrolysis of ATP by SUR1 (20). To assess ATP
binding without hydrolysis (i.e. under equilibrium rather than
steady-state conditions), the changes in GBC binding induced
by ATP without Mg2� in the presence of 1 mM EDTA were
determined). At pH 7.4, there is a mixture of ATP3� and
ATP4�, but ATP4� is the predominant species, 	90% calcu-
lated following Alberty (45).We use ATP4� as a descriptor and
shorten HADP3� to ADP3�. Fig. 2B shows that ATP4� can
reduce GBC binding in both WT and mutant receptors, pre-
sumably by switching SUR1 to lower affinity conformations. In
terms of an enzyme-substrate model where hydrolysis is
blocked, the results show that the mutant receptors have at
least a 10-fold greater affinity for ATP4�, withQ1178R having a
somewhat higher affinity than R1182Q (Tables 2 and S2). Com-
parison of Fig. 2A versus Fig. 2B implies that depleting Mg2�

increases the IC50 values of both WT and mutant receptors by
at least 100-fold.
Simplified Allosteric Model—Previous studies using affinity

labeling with 8-N3-[32P]ATP show that NBD1 has a dissocia-
tion constant for NBD1 in the low micromolar range in the
absence of Mg2� (18), confirmed below for WT and Q1178R
receptors. We hypothesize that the binding of a second ATP4�

at NBD2 induces NBD dimerization and switches SUR1,
mutant orWT, to conformations with a lower affinity for GBC.
The four-state allosteric equilibriummodel (inset in Fig. 2B and
supplemental material) describes the linkage between occupa-
tion of the GBC binding site and ATP4� binding at NBD2. The
derivation of the binding equations andmethods for estimation
of the binding parameters are given in the supplemental mate-
rial. The curves through the SUR1Q1178R data points in Fig. 2B
were calculated using the four-state model and KD values of 1
nM and 1000 �M for GBC and ATP4�, respectively, with an
allosteric constant, � � 9.3. At saturating concentrations of
ATP4�, the estimated affinity of the outward facing conforma-
tion for GBC, �9.3 nM, is given by �KG. This places a “floor”
under the binding equilibrium. Thus, neither ATP4� nor
MgATP will completely displace GBC from the receptor. Sim-
ilarly, GBC binding reduces the apparent affinity of the recep-
tors for ATP4�. The parameters forWT and R1182Q receptors
are given inTable 2. The results show that themutant receptors
have at least a 10-fold greater affinity for nucleotide.
A second approach was used tomeasure the linkage between

GBC and ATP4� binding to SUR1Q1178R and to estimate the
ATP4�dissociation constant and� independently. The binding

FIGURE 1. A–D, a simplified enzymatic scheme correlating the binding of glib-
enclamide to distinct intermediates in the SUR1 hydrolysis cycle. GBC binds
with nanomolar affinity to inward facing states (A and B). The binding of
MgATP at NBD2 dimerizes the NBDs and reorients the TMDs to an outward
facing conformation. C and D, hydrolysis at NBD2 and product release com-
pletes the cycle. MgATP has a negative allosteric coupling to GBC binding.
This implies that the binding and/or hydrolysis of nucleotide at NBD2 is cou-
pled to conformational changes that lower the affinity for GBC. The MgADP-
bound posthydrolytic intermediate (D) is argued to be the conformation that
activates the KIR pore, and hydrolysis has been reported to be necessary for
the binding of diazoxide (Dz), a channel agonist. As shown here, we hypoth-
esize that nucleotide binding is sufficient to bring about a conformational
change that reciprocally affects the interactions with GBC and diazoxide. The
TMD0 domain, which serves to couple SUR1 to Kir6.2, is added for complete-
ness. E, neonatal diabetes (Q1178R in red and R1182Q in green) and hyperin-
sulinemia (C1174F in blue) causing mutations are clustered on transmem-
brane helix 15 (yellow), which feeds into NBD1 (light gray). Ser-1237 (purple)
on the adjacent TM16 and Thr-1286/Met-1290 (orange) on TM17 have been
shown to be important for the binding of sulfonylureas and openers (benzo-

pyran and cyanoguanidine type), respectively (39 – 44) (see Ref. 38 for
review). Panel E was prepared using DeepView and PovRay software.

TABLE 1
KG of GBC for WT and neonatal diabetes SUR1
The dissociation constant, KG, of GBC for WT and neonatal diabetes SUR1 was
determined in nucleotide-free conditions with 1 mM EDTA. Values are means �
S.E.

SUR1 KG

nM
WT 0.25 � 0.02
Q1178R 1.0 � 0.1
R1182Q 0.50 � .15
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equation for the four-state model can be expressed as a simple
binding isotherm (see supplemental material),

G �

G�


G� � Kobs
(Eq. 4)

where Kobs, the apparent dissociation constant at a specified
concentration of ATP4�, is given by the following:

Kobs � �KG

�
T� � KT


�
T� � �KT

(Eq. 5)

Kobs values at increasing concentrations of ATP4� were deter-
mined by homologous competition experiments (Fig. 3, A–D)
and used to estimate KT and �. The results, � � 10.5 and KT �
846 �M (Table 2), agree with the values determined above.
SUR1Q1178R Retains High Affinity ATP4� Binding at NBD1—

The four-state model assumes that NBD1 is occupied and that
binding of ATP4� at NBD2 causes dimerization and a shift to a
lower affinity conformation. To determine if theQ1178Rmuta-
tion affects binding at NBD1, WT and SUR1Q1178R receptors
were labeled with 8-N3-[�-32P]ATP plus increasing unlabeled
ATP4�. Fig. 4 shows that both receptors are labeled;
SUR1Q1178R has a 4-fold higher IC50 versusWT (�40 versus 10
�M). The results indicate the Q1178R mutation somewhat
reduces the apparent affinity of NBD1 for ATP4�, but NBD1
will be nearly saturated in both WT and SUR1Q1178R before
there is a significant effect of ATP4� onGBC binding (compare
Figs. 2B and 4).
Diazoxide, KATP Channel Agonist, Stabilizes Low Affinity

Conformation—To investigate further the idea that ATP4�

binding is switching SUR1Q1178R to a conformation that stim-
ulates channel activity, we testedwhether diazoxide, a common
KATP channel opener assumed to act by stabilizing a stimula-
tory state, can interact with SUR1Q1178R-ATP4� complexes.
Diazoxide has been reported to require MgATP to stimulate
KATP channels effectively (24, 46) and to interact with WT
SUR1 with moderate affinity (24). Our previous interpreta-
tion has been that hydrolysis of MgATP is necessary for
diazoxide binding (24) (i.e. that channel openers interact
mainly with posthydrolytic conformations of SUR). Fig. 5
shows there is a clear linkage between ATP4� binding and
the action of diazoxide in the absence of Mg2� (i.e. under
non-hydrolysis conditions).

FIGURE 2. Mutations in TMD2 increase the negative allosteric action of
MgATP on GBC binding and increase the affinity for ATP4�. A, the curves
through the data are logistic equations with IC50 values of 849 � 195, 37 � 13,
and 19 � 7 �M for WT, R1182Q, and Q1178R, respectively. The Hill coefficients
(amplitudes in parentheses) are 0.78 � 0.08 (0.8), 0.67 � 0.08 (0.86), and
0.53 � 0.04 (0.89). MgATP levels were kept constant using a regenerating
system. B, the curves through the ATP4� data were calculated using a four-
state allosteric model (inset and supplemental material). The model specifies
the interactions of the SUR1 receptor (R) with GBC (G) and ATP4� (T) with

dissociation constants KG and KT, respectively. � is an allosteric constant. The
model assumes that NBD1 is occupied and that ATP binding to NBD2 induces
a conformational change in the receptor, which reduces the affinity for GBC.
The allosteric and ATP4� dissociation constants (�/KD) (�M) are 14/12,200,
6.8/1250, and 9.3/1000 for the WT, R1182Q, and Q1178R receptors, respec-
tively. The dissociation constants for GBC are given in Table 1. Values are
means � S.E. (error bars); n � 4 – 6.

TABLE 2
KT and � values for WT and neonatal diabetes SUR1 are shown � S.E.
(p values in parentheses)

SUR1 � KT

�M

WT 14 � 10 (0.2) 12,200 � 4030 (0.02)
R1182Q 6.8 � 0.9 (�0.001) 1250 � 258 (0.003)
Q1178R 9.3 � 1.8 (�0.001) 1000 � 179 (�0.001)
Q1178R (Kobs method) 10.5 � 0.8 (0.005) 846 � 142 (0.03)
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An eight-state model that describes the linkage between the
diazoxide, GBC, and nucleotide binding sites under equilib-
rium, non-hydrolysis conditions is given in Fig. 5. A derivation
of the binding isotherm for this model is given in the supple-
mental material. Fig. 5A shows that diazoxide concentration-
dependently reduces GBC binding to SUR1Q1178R in the pres-
ence of constant ATP4� (2 mM) but has no measurable effect
without nucleotide. The final diazoxide concentration is lim-
ited by the solubility of the compound. Fig. 5B shows that add-
ing diazoxide (100 �M) produces a left shift consistent with
potentiation of the negative allosteric action of ATP4� on GBC
binding to SUR1Q1178R. Overall, the data imply that ATP4�

binds to both NBD1 and NBD2 in SUR1Q1178R, stabilizing a
state with low affinity for glibenclamide and high affinity for
diazoxide.

The parameters for the eight-state model were estimated
as described in the supplemental material. Briefly, values of
� � 0.0082, � � 1.3, and KZ � 6.6 mM were obtained by
fitting the eight-state binding isotherm to the combined
data in Fig. 5, A and B, as described in the supplemental
material.
The eight-state model provides semiquantitative insight

into the linkage between the ATP, sulfonylurea, and diazox-
ide binding sites in SUR1Q1178R. Diazoxide binds very weakly
to apo-SUR1, with a dissociation constant (KZ) of �6.6 mM,
but more tightly to the ATP4�-bound conformation, �KZ
�54 �M, an approximately 120-fold increase in affinity, 6600
�M/54 �M. Similarly, the diazoxide-bound form of the recep-
tor has a significantly increased affinity, �120-fold, for
ATP4�, �KT �8.2 �M versus KT �1000 �M. This is apparent

FIGURE 3. Evaluation of a four-state allosteric model linking the ATP and GBC binding sites in SUR1Q1178R. A–D, homologous displacement experiments,
described under “Experimental Procedures,” were used to estimate Kobs at increasing concentrations of ATP4�. The displacement curves are based on the best
fit values of Kobs at each [ATP4�] (shown in parentheses): specifically, 1.1 � 0.1 nM (0), 5.5 � 0.8 nM (7.5 mM), 7.0 � 0.9 nM (17.5 mM), and 8.5 � 1.3 nM (30 mM).
E, plot of the Kobs data versus [ATP4�]. The curve is given by the equation, Kobs � �KG � ([ATP] � KT)/([ATP] � �KT), using the parameters KG � 1 nM, KT � 846
�M, and � � 10.5. The derivation of the Kobs equation and estimation of the parameters is given in the supplemental material. Values are the mean � S.E. (error
bars).
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from the left shift in the displacement curve when diazoxide
(100 �M) is present (Fig. 5B).
Nucleotide Binding at NBD2 Is Necessary for Conformational

Switching—The low affinity for ATP4� precludes using an
8-N3-32P analog to demonstrate nucleotide binding to NBD2.
Therefore, based on studies with other ABC proteins, we
mutated residues expected to reduce the affinity of NBD2 for
ATP4� (47) (see Ref. 48 for a review) and assessed their effect on
the ATP4� dependence of GBC binding and on affinity labeling
of NBD1. Substitution of alanine for tyrosine at position 1354
(SUR1Y1354A), a substitution that in other ABC proteins lowers
the affinity for ATP markedly, reduces the apparent affinity of
SUR1Q1178R for ATP4� more than 100-fold (Fig. 6A). The
Y1354A substitution in NBD2 leaves the apparent affinity for
8-N3-[32P]ATP at NBD1 essentially unchanged, 8 versus 10 �M

(Figs. 4 and 6B). The results indicate that both NBDs bind
ATP4� and are necessary for conformational switching and
confirm that the affinity labeling is at NBD1.
Q1178R Receptor Has Higher Affinity for MgADP and

ADP3�—MgADP stimulates KATP channel activity (49–53).
This stimulation is usually assumed to imply that the posthy-
drolytic conformations of SUR1 stimulate KATP channel open-

ings (e.g. see Ref. 27). We determined whether ADP will switch
the conformation of SUR1Q1178R, the mutant with the higher
affinity for ATP, and WT receptors. These experiments were
carried out in the presence of 10 mM AMP to inhibit partially
the generation of ATP by endogenous adenylate kinases (54).
ATPwasmeasured in these experiments using luciferase. Fig. 7
shows that MgADP has a stronger negative allosteric action on
SUR1Q1178R than onWT receptors, IC50 values of 30 versus 200
�M, respectively. Additionally, the final displacements were

FIGURE 4. Q1178R retains a high affinity for ATP at NBD1. Membranes
were photolabeled with 8-N3-[�-32P]ATP (1 �M) in 1 mM EDTA. Labeled pro-
teins were solubilized and separated as described under “Experimental Pro-
cedures.” Autoradiograms were prepared and quantified as described. A, the
curves are best fits to a logistic equation. The IC50 for Q1178R is 39 � 8 �M. The
IC50 for the averaged values of WT and R1182Q is 9.8 � 0.3 �M; the individual
values are 10.1 � 0.5 �M (WT) and 9.2 � 0.8 �M (R1182Q). Values are means �
S.E. (error bars), n � 3. B, example autoradiograms comparing the labeling of
WT and Q1178R receptors.

FIGURE 5. Diazoxide stabilizes the low affinity ATP4� bound state in
SUR1Q1178R. A (inset), an eight-state allosteric model relating the binding of
ATP4� (T), glibenclamide (G), and diazoxide (Z) to SUR1Q1178R (R) with disso-
ciation constants, KT, KG, and KZ, respectively. �, �, and � are allosteric con-
stants. A, diazoxide reduces the binding of GBC to SUR1Q1178R in the presence
of 2 mM ATP4� but has no effect in the absence of nucleotides. B, the recipro-
cal experiment demonstrates that 100 �M diazoxide potentiates the action of
ATP4�. Values are means � S.E. (error bars), n � 4 – 6.
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greater for the mutant. Note that these are steady-state condi-
tions, whereas the measured ATP values in these experiments
are below 80 nM at ADP concentrations of 	100 �M (see sup-
plemental material); above this value, ATP binding and hydro-
lysis will make an increasing contribution and may determine
the final plateau values. Interestingly, comparison with the

MgATP data in Fig. 2A shows that MgADP switches both WT
and SUR1Q1178R to the low affinity conformation more effi-
ciently than MgATP.
To determine whether SUR1Q1178R has a higher affinity for

ADP, GBC binding was carried out without Mg2� with 1 mM

EDTA present. At the highest concentration (100 mM), ADP3�

reduced binding to SUR1Q1178R �35% but had no measurable
effect on WT receptors. The data show the mutant receptor
binds ADP3� weakly, albeit more tightly than WT. Although
the ADP3� displacements are very far from saturation, Mg2�

must potentiate ADP binding by at least 10,000-fold. The
results show that the occupation of theNBDs of SUR1Q1178R by
MgADP switches or maintains the receptor in outward facing
conformations with a reduced affinity for GBC. This implies
that product dissociation, not hydrolysis per se, is required to
return SUR1 to inward facing conformations with high affinity
for GBC.

DISCUSSION

Previous studies demonstrated a negative allosteric effect of
magnesium nucleotides on sulfonylurea receptors and estab-
lished a concentration-dependent reduction in the binding of
GBC to SURs with added MgATP andMgADP (21–23). These
early studies provided no structural interpretation for these
allosteric effects. Additionally, the data were usually inter-
preted to imply that hydrolysis was critical, if not required, par-
ticularly for the nucleotide effects on agonist binding (24). Here
we relate the allosteric changes to the known dimerization of
NBDs and switching of other ABC proteins from inward to
outward facing conformations upon nucleotide binding. The
results are consistent with the shifts in transport substrate

FIGURE 6. Functional binding at NBD2 is required for the ATP4� allosteric
effect on SUR1Q1178R. A, the negative allosteric coupling between ATP4� and
GBC binding to SUR1Q1178R is reduced significantly by a second mutation,
Y1354A, in NBD2. The WT and Q1178R data and curves are taken from Fig. 2B.
B, the Y1354A mutation does not significantly affect 8-N3-[�-32P]ATP (1 �M) bind-
ing at NBD1. The IC50 values are 6�0.9 and 10�0.7�M for SUR1Q1178R/Y1354A and
WT SUR1, respectively. Values are means � S.E. (error bars), n � 3.

FIGURE 7. ADP can displace GBC from WT and Q1178R receptors. A logistic
equation was used to estimate the IC50 values for displacement of GBC by
MgADP. The IC50 values are 146 � 47 and 24 � 3 �M for WT and Q1178R,
respectively. Mg2� strongly potentiates ADP binding; ADP3� has a small, but
significant, effect on Q1178R above 10 mM, but no detectable effect on WT at
100 mM. Values are means � S.E. (error bars), n � 4 – 6.
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affinity observed in other ABC transporters during a transport
cycle (12) and imply that the apo- and single ATP-liganded,
inward facing states have an approximately 10-fold greater
affinity for GBC than outward facing conformations. Hydroly-
sis is not necessary for this switch; ATP4� induces the affinity
shift in bothmutant andWTreceptors, albeit higher nucleotide
concentrations are required for WT receptors, reflecting their
lower affinity for ATP4�. Mg2� strongly potentiates ATP and
ADP binding to both WT and the two mutant receptors.
Depleting Mg2� minimizes or eliminates ATP hydrolysis

(20), allowing determination of the binding parameters under
equilibrium versus steady-state hydrolysis conditions. The util-
ity of the mutant receptors is that their increased affinity for
nucleotides brings the ligand interactions into a range where
they can be analyzed effectively. A four-statemodel was used to
evaluate the allosteric linkage between ATP4� and GBC bind-
ing. The use of a simplified equilibriummodel with binding of a
single ATP is justified by the finding that the Q1178R substitu-
tion has only minor effects on the binding of ATP4� to NBD1.
Therefore, NBD1 will be nearly saturated at ATP4� concentra-
tions well below the IC50ATP for displacement of GBC, in which
case the occupation of NBD2 induces the conformational
switch. This idea is supported by the observation that a Y1354A
substitution in NBD2, expected to reduce the affinity for nucle-
otides, strongly diminishes the action of ATP on GBC binding.
Although the affinities of the wild type andmutant receptors

for ATP4� at NBD1 are similar as judged by affinity labeling,
SUR1Q1178R binds ATP4� at NBD2 more tightly than WT.
Although the displacement of GBC by ATP4� does not reach
saturation by 100mM,we used the four-statemodel to estimate,
approximately, the KD for ATP4� at NBD2. The curve through
theWT data in Fig. 2B is given by � �14,KG � 0.25 nM, andKT
�12.2mM, implying thatATP4� binding toWTSUR1 is at least
10-fold weaker versus SUR1Q1178R. The same argument holds
for the R1182Q substitution (see Table 2). In an enzyme-
substrate model, the results imply that SUR1Q1178R and
SUR1R1182Q have a greater affinity for both ATP4� and
MgATP.However, whenMg2� is present, hydrolysis can occur,
and the reduction in GBC binding can reflect both substrate
interactions and hydrolysis.
Assessing the binding of ADP is more difficult. Pichiamem-

brane preparations have endogenous adenylate kinase activity,
which generatesATPand is only effectively suppressed byAMP
at lower concentrations of ADP (see supplemental material).
Under the conditions used, SUR1Q1178R apparently binds
MgADPmore tightly thanWT receptors. AswithATPbinding,
Mg2� markedly increases the apparent affinity for ADP in
keeping with theMg2� coordination of the�-phosphate in sev-
eral ABC structures. Depleting Mg2� reduces the affinity of
SUR1Q1178R for ADP3� by at least 4 orders of magnitude. The
action of ADP3� is clearly not saturated in our experiments
(�35% displacement at 100 mM ADP3�; Fig. 7); thus, this esti-
mate is provisional. ADP3� (100 mM) had no significant effect
on GBC binding to WT receptors, implying that the affinity is
quite weak. In an enzyme-substrate model, the results show
that dissociation of ADP, not hydrolysis per se, is necessary for
SUR1 to switch back to conformations with high affinity for
GBC. In other words, the continued occupation of NBD2 by

ADP maintains SUR1 in outward facing conformations with
reduced affinity for sulfonylureas, which are presumably able to
stimulate openings of Kir6.2.
Our results imply that the hyperactivation of Kir6.2 by

SUR1Q1178R (26), and presumably by SUR1R1182Q, is a conse-
quence of the greater affinity of themutant receptors for nucle-
otides. To test the hypothesis that ATP4� switches SUR1 into
conformations able to stimulate Kir6.2, we assessed the linkage
between the binding of ATP4� and diazoxide, a known agonist
of SUR1/Kir6.2 KATP channels. ATP4� stabilizes conforma-
tions of SUR1Q1178R with a higher affinity for diazoxide, and
diazoxide potentiates the inhibitory effect of ATP4�. Analysis
using an eight-state equilibrium model suggests that the
SUR1Q1178R-ATP4� complex binds diazoxide �120-fold more
tightly that the aporeceptor (KZ �6600�M versus�KZ �54�M,
using values for KZ and � estimated by globally fitting data sets
obtained by varying either [diazoxide] or [ATP4�]). Similarly,
diazoxide-SUR1Q1178R binds ATP4� �120-fold more tightly
than SUR1Q1178R. These results differ from earlier studies (24),
which implied that KATP channel agonists, like diazoxide, bind
with appreciable affinity only to posthydrolytic conformations
of SUR1 (i.e. states with ADP bound to NBD2). Our results
show that under non-hydrolytic conditions (i.e.withoutMg2�)
there is a strong, allosteric linkage between the ATP, diazoxide,
and GBC binding sites. The results are consistent with the
hypothesis that ATP binding and consequent NBD dimeriza-
tion are sufficient to switch SUR1 to conformations that inter-
act with diazoxide and stimulate the opening of the Kir6.2 pore.
By analogy with other ABC proteins, we hypothesize that the
stimulatory conformation is the outward facing state.
The negative allosteric linkage between ATP and sulfonyl-

urea binding is broadly consistent with the reported need for
higher doses of sulfonylureas to treat neonatal diabetes (4) (see
Ref. 2 for a review). Assuming that pancreatic �-cells have an
intracellular [ATP]c in the millimolar range, the results in Fig.
2A suggest that a greater percentage of the mutant receptors
will be in conformations with a reduced affinity for sulfonyl-
ureas versusWT receptors.
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