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ATP Sensitivity of the ATP-Sensitive Kⴙ Channel in
Intact and Permeabilized Pancreatic ␤-Cells
Andrei I. Tarasov, Christophe A.J. Girard, and Frances M. Ashcroft

ATP-sensitive Kⴙ channels (KATP channels) couple cell
metabolism to electrical activity and thereby to physiological processes such as hormone secretion, muscle contraction, and neuronal activity. However, the mechanism by
which metabolism regulates KATP channel activity, and the
channel sensitivity to inhibition by ATP in its native environment, remain controversial. Here, we used ␣-toxin to
permeabilize single pancreatic ␤-cells and measure KATP
channel ATP sensitivity. We show that the channel ATP
sensitivity is approximately sevenfold lower in the permeabilized cell than in the inside-out patch and that this is
caused by interaction of Mg-nucleotides with the nucleotide-binding domains of the SUR1 subunit of the channel.
The ATP sensitivity observed in permeabilized cells accounts quantitatively for KATP channel activity in intact
cells. Thus, our results show that the principal metabolic
regulators of KATP channel activity are MgATP and MgADP.
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TP-sensitive K⫹ channels (KATP channels),
comprising pore-forming Kir6.2 and regulatory
sulfonylurea receptor (SUR) subunits, serve as
metabolic sensors that link cell metabolism to
membrane electrical activity. They contribute to multiple
physiological processes but are of particular importance in
insulin secretion from pancreatic ␤-cells (1,2). At substimulatory glucose levels, KATP channels are open, preventing membrane electrical activity. An increase in
plasma glucose stimulates ␤-cell metabolism, causing KATP
channels to close and thereby elicit membrane depolarization, Ca2⫹-dependent electrical activity, Ca2⫹ influx, and
insulin secretion. The key importance of KATP channels in
insulin release is also illustrated by the fact that their
mutation, or impaired metabolic regulation, results in
diabetes or hyperinsulinism (3,4).
Although KATP channel closure is a key step in insulin
secretion, the precise mechanism(s) by which glucose
From the University Laboratory of Physiology, Oxford University, Oxford,
U.K.
Address correspondence and reprint requests to Prof. F.M. Ashcroft,
University Laboratory of Physiology, Parks Road, Oxford, OX1 3PT, U.K.
E-mail: frances.ashcroft@physiol.ox.ac.uk.
Received for publication 19 March 2006 and accepted in revised form 5 June
2006.
Additional information for this article can be found in an online appendix at
http://diabetes.diabetesjournals.org.
[ATP]i, intracellular concentration of ATP; [ATP]sm, submembrane ATP
concentration; KATP channel, ATP-sensitive K⫹ channel; LC-CoA, long-chain
acyl-CoA; NBD, nucleotide-binding domain; PIP2, phosphatidylinositol 4,5bisphosphate; SUR, sulfonylurea receptor.
DOI: 10.2337/db06-0360
© 2006 by the American Diabetes Association.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

2446

metabolism regulates KATP channel activity remains controversial. It is widely contended that the principal determinant is the intracellular concentration of the metabolic
ligands ATP and ADP, which exert opposing actions on the
channel: ATP closes it by binding to Kir6.2, whereas
MgADP stimulates channel activity by interaction with the
nucleotide-binding domains (NBDs) of SUR1 (5). However, the sensitivity of the channel in its native environment to these nucleotides, and their contribution to the
regulation of channel activity, remain unclear. A particular
puzzle is why channel activity is readily observed in
cell-attached patches on intact ␤-cells, where intracellular
concentration of ATP ([ATP]i) is at least 1 mmol/l, when in
excised inside-out membrane patches, the channel is almost completely blocked by 1 mmol/l MgATP (1).
Several hypotheses have been advanced to resolve this
conundrum. These include 1) a lower ATP concentration
in the vicinity of the channel because of the activity of
local ATPases (6), 2) the presence of membrane lipids like
phosphatidylinositol 4,5-bisphosphate (PIP2) (7) and longchain acyl-CoAs (LC-CoAs) (8), and 3) the presence of
MgADP (9,10). The idea that [ATP] is lower just beneath
the membrane than in the bulk cytosol does not appear to
be correct (11,12). However, modulation of ATP sensitivity
by MgADP, phosphoinositides, and LC-CoAs remain possibilities. Yet, although there is no doubt that all of these
agents reduce KATP channel sensitivity to ATP (7–9), their
relative contributions under physiological conditions are
uncertain. Furthermore, it is still a matter of debate
whether changes in either [MgATP], [MgADP], or other
agents couple glucose metabolism to KATP channel activity
(rev. in 13).
In this article, we used ␣-toxin to permeabilize single
␤-cells and measure KATP channel ATP sensitivity in its
native environment. We show that channel ATP sensitivity
is sevenfold lower in the permeabilized cell than in the
inside-out patch and that this is caused by interaction of
Mg-nucleotides with the NBDs of SUR1. Phosphoinositides and LC-CoAs are not involved. The ATP sensitivity
observed in permeabilized cells can account quantitatively
for KATP channel activity in intact cells, in both the
presence and absence of glucose.
RESEARCH DESIGN AND METHODS
␤-Cells were isolated from NMRI mice pancreata (14) and cultured in
pancreatic islet medium containing 11 mmol/l glucose and 6% (vol/vol) fetal
bovine serum (hCell Technology, Reno, NV) at 37°C in 5% CO2 in air. Cells
were used 1– 4 days after isolation.
Kir6.2 was tagged at the COOH-terminus with enhanced yellow fluorescent
protein (15). This construct is abbreviated in the text as Kir6.2. The lysine
residues in the Walker A motifs of NBD1 (K719) and NBD2 (K1384) of SUR1
were mutated to alanine and methionine, respectively (16). We refer to this
construct as SUR1-KAKM (16). HEK293 cells were cultured in Dulbecco’s
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Electrophysiology
Patch recordings. Single-channel currents were recorded from cell-attached, open-cell, and inside-out ␤-cell patches at ⫺60 mV, filtered at 1 kHz,
and digitized at 2 kHz. Macroscopic currents were evoked from HEK cells by
3-s ramps from ⫺110 to ⫹100 mV (holding potential 0 mV), filtered at 1 kHz,
and digitized at 133 Hz. Conductance was measured as the slope of the
current-voltage relation between ⫺20 and ⫺100 mV for five ramps. Except
where indicated, recordings were initiated within 5 min of removal of the
culture medium.
The pipette solution contained (in mmol/l): 140 KCl, 10 HEPES (pH 7.2 with
KOH), 1.1 MgCl2, and 2.6 CaCl2. The external solution was (in mmol/l): 137
NaCl, 5.6 KCl, 10 HEPES (pH 7.4 with NaOH), 1.1 MgCl2, and 2.6 CaCl2. The
internal solution contained (in mmol/l): 30 KCl, 110 K-aspartate, 0.084 CaCl2,
2 MgSO4, 10 HEPES (pH 7.2 with KOH), 0.5 EGTA, and Mg-nucleotides as
indicated. The Mg2⫹-free internal solution was (in mmol/l): 30 KCl, 110
K-aspartate, 2.6 CaCl2, 10 HEPES (pH 7.2 with KOH), 0.5 EGTA, and 5 EDTA.
In both internal solutions, free intracellular [Ca2⫹] was ⬃30 nmol/l. Solutions
were perfused continuously. Experiments were conducted at 21–23°C.
Concentration-inhibition curves were fit with the following equation (Eq.
1): X/Xc ⫽ 1/[1⫹([ATP]/IC50)h], where IC50 is the ATP (or ADP) concentration
producing half-maximal block, h is the Hill coefficient, and X/Xc is the channel
activity, or conductance, in the test solution (X) expressed as a fraction of that
in nucleotide-free solution (Xc). Data were fit using the least squares method.
For kinetic analysis, KATP channel activity (NPO) was recorded for periods
of ⬎1-min duration from patches containing ⬍5 active channels, filtered at 5
kHz and digitized at 10 kHz. Open probability (PO) was calculated from an
all-points amplitude histogram. The number of channels (N) was taken as the
maximum number of superimposed openings. Events were identified using a
50% amplitude threshold, and an idealized record was constructed. Burst and
interburst times were calculated from rate constants obtained by fitting a
three-state model to the idealized record, using a QuB software maximal
interval likelihood algorithm (17). PO values calculated from the model did not
differ from those measured experimentally.
Whole-cell recordings. Methods and solutions for standard whole-cell and
perforated patch recordings were as previously described (14), except that the
standard whole-cell intracellular solution did not contain ATP (see online
appendix). Rundown of whole-cell KATP currents was corrected as described
in the online appendix.
All data are means ⫾ SE. The Mann-Whitney U test and Wilcoxon paired
test were used to assess statistical significance; P ⬍ 0.05 was considered
significant.
FIG. 1. Schematic of cell-attached (A, top panel) and open-cell (B, top
panel) patch-clamp configurations. The same single ␤-cell before (A,
middle panel) and after (B, middle panel) permeabilization with
␣-toxin. The external solution contained the membrane-permeant dye
fluorescein diacetate (green fluorescence) and the membrane-impermeant nuclear stain propidium iodide (red fluorescence). Intact cells
accumulate fluorescein diacetate but exclude propidium iodide (A).
After permeabilization, fluorescein diacetate diffuses out, and propidium iodide enters the cell (B). Photomicrographs (A and B, bottom
panels) show the gross structure of the cell remains unchanged after
permeabilization.

modified Eagle’s medium containing 5 mmol/l glucose, 10% (vol/vol) fetal
bovine serum, 2 mmol/l glutamine, 1 mmol/l pyruvate, and 1% nonessential
amino acids (Invitrogen) at 37°C in 5% CO2. They were transfected with 0.2 g
Kir6.2 cDNA and 0.8 g of either SUR1 or SUR1-KAKM cDNAs using
FuGENE6 (Roche Biochemicals), according to the manufacturer’s instructions. Transfected cells were identified by enhanced yellow fluorescent
protein epifluorescence and used 1– 4 days after transfection.
Cell permeabilization. Staphylococcus aureus ␣-toxin (100 –200 hemolytic
units/ml, equivalent to 10 –20 g protein/ml) was used for cell permeabilization. See supplementary information in the online appendix (available at
http://diabetes.diabetesjournals.org) for the advantages of this approach compared with other methods of cell permeabilization. Briefly, a cell-attached
patch was obtained in external solution (Fig. 1A). The external solution was
then replaced with internal solution containing 0.1 mmol/l MgATP. ␣-Toxin
was then added to obtain the open-cell configuration (Fig. 1B). Permeabilization was visualized by fluorescein diacetate and propidium iodide fluorescence, using an excitation wavelength of 450 – 490 nm and an emission
wavelength of 520 nm (Fig. 1). Once permeabilization was achieved, cells were
perfused with intracellular solution lacking ␣-toxin and dye. ATP concentration-responses were then measured (i.e., in the open-cell configuration); in
some experiments, the patch was subsequently excised and the ATP concentration-response remeasured in the inside-out configuration.
DIABETES, VOL. 55, SEPTEMBER 2006

RESULTS

KATP channel ATP sensitivity: open-cell versus excised patch. Most studies of the ATP sensitivity of the
KATP channel in its native environment have been carried
out on cardiomyocytes, using detergents to permeabilize
the plasma membrane (6,18). Although this approach has
been tried in ␤-cells, it is less reliable because of their
smaller size (19). We therefore used S. aureus ␣-toxin to
permeabilize single ␤-cells in a controlled manner. The
pores produced by ␣-toxin are 1.5 nm in diameter and
exclude substances with a molecular mass of ⬎3 kDa,
enabling permeation of ATP (500 Da) but not proteins.
Before permeabilization, KATP channel activity in cellattached patches was low, but it increased 32 ⫾ 11-fold
(n ⫽ 8) after exposure to ␣-toxin (Fig. 2A). Subsequent
addition of ATP to the internal solution rapidly and
reversibly inhibited channel activity. However, the ATP
sensitivity was sevenfold lower than in the inside-out
patch, the half-maximal inhibitory concentration (IC50)
being 156 mol/l ATP compared with 22 mol/l after patch
excision (Fig. 2B, Table 1). Furthermore, significant KATP
current was present at physiologically relevant [ATP]i: at 1
mmol/l ATP, channel activity was 16% of maximal in
cell-attached patches on permeabilized cells (open-cell
patch) compared with ⬍1% in the inside-out patch.
Removal of Mg2⫹ abolished the difference in ATP sensitivity between open-cell and inside-out patches (Fig. 2C,
2447
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FIG. 2. A: Single-channel currents recorded at ⴚ60 mV from the same patch on a pancreatic ␤-cell exposed to internal solution, before and after
permeabilization. The bath contained internal solution throughout the experiment, and ␣-toxin (5 g/ml) and ATP were added as indicated. B and
C: Mean ATP concentration-inhibition relationships for native ␤-cell KATP channels measured first in the open-cell and then in the inside-out
patch in the presence (B) (open-cell, n ⴝ 7; inside-out, n ⴝ 4) or absence (C) (open-cell, n ⴝ 10; inside-out, n ⴝ 5) of Mg2ⴙ. D and E: Mean
concentration-inhibition curve for ATP␥S (D) (open-cell, n ⴝ 5; inside-out, n ⴝ 5) and ATP in the presence of 100 mol/l LY294002 (E) (open-cell,
n ⴝ 5; inside-out, n ⴝ 5) measured in open-cell and inside-out patches. The gray bar (B) indicates the physiologically relevant range of [ATP]i.
The solid lines (B–E) indicate the best fit of Eq. 1 to the mean data. The dashed lines (C–E) indicate the fitted curve for data obtained in open-cell
patches given in Fig. 2B. KATP channel activity (NPo) is expressed as a fraction of that in nucleotide-free solution (NPoc).

Table 1), suggesting that it may result from ATP hydrolysis. Consistent with this idea, the IC50 for KATP channel
inhibition by MgATP␥S, a poorly hydrolyzable ATP analog,
was similar in both configurations (Fig. 2D, Table 2).
Role of lipid kinases. One way in which ATP hydrolysis
might influence channel ATP sensitivity is via MgATPdependent synthesis of the phosphoinositides PIP2 and
PIP3, which enhance the activity of, and decrease the ATP
sensitivity of, the KATP channel (7). However, the lipid
kinase inhibitor LY294002 (20) was without significant effect
on channel ATP sensitivity in both open-cell and excised
2448

patches (Fig. 2E, Table 2). This suggests that the activity of
lipid kinases is not primarily responsible for the difference
in ATP sensitivity in open-cell and inside-out patches.
Role of SUR1. An alternative possibility is that MgATP
hydrolysis in the permeabilized cell leads to generation of
MgADP, which stimulates KATP channel activity by interaction with the NBDs of SUR1 (5,10,16). To test this idea,
we used recombinant ␤-cell KATP channels expressed in
HEK cells. We compared the effect of coexpressing Kir6.2
with wild-type SUR1 or with a mutant SUR1 (SUR1-KAKM)
that is insensitive to activation by Mg-nucleotides because
DIABETES, VOL. 55, SEPTEMBER 2006
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TABLE 1
Sensitivity to ATP of native and recombinant channels
Channel, condition
Native, ⫹Mg

2⫹

Native, Mg2⫹ free
Kir6.2/SUR1, ⫹Mg2⫹
Kir6.2/SUR1, Mg2⫹ free
Kir6.2/SUR1-KAKM, ⫹Mg2⫹
Kir6.2/SUR1-KAKM, Mg2⫹ free

Configuration

IC50 (mol/l)

h

n

Open-cell
Inside-out
Open-cell
Inside-out
Open-cell
Inside-out
Open-cell
Open-cell
Inside-out
Open-cell

156 ⫾ 40*
22 ⫾ 2
15 ⫾ 4.0 (NS)
9.6 ⫾ 0.8
371 ⫾ 27†
36 ⫾ 8§
47 ⫾ 3§
73 ⫾ 14‡
31 ⫾ 6
43 ⫾ 10§

1.1 ⫾ 0.2
1.5 ⫾ 0.1
1.6 ⫾ 0.2
1.0 ⫾ 0.2
1.0 ⫾ 0.1
0.9 ⫾ 0.1
1.1 ⫾ 0.1
0.9 ⫾ 0.1
1.2 ⫾ 0.2
1.1 ⫾ 0.1

10
5
10
5
6
7
4
4
7
4

Data are means ⫾ SE. Results from native KATP channels (in ␤-cells) or recombinant KATP channels expressed in HEK cells (Kir6.2/SUR1;
Kir6.2/SUR1-KAKM). Mg2⫹ was present in the internal solution as indicated. *P ⬍ 0.005; †P ⬍ 0.01; ‡P ⬍ 0.05; NS, nonsignificant, when
compared with equivalent data in the inside-out patch configuration. §Nonsignificant compared with open-cell data in Mg2⫹-containing
solution for Kir6.2/SUR1-KAKM. h, Hill coefficient; n, number of patches.

of mutation of lysine residues in the NBDs critical for ATP
binding and/or hydrolysis (16) (see online appendix).
Permeabilization of HEK cells transfected with Kir6.2/
SUR1 caused a large increase in the current recorded from
open-cell patches. This could be blocked reversibly by
ATP (Fig. 3A), indicating that, as in ␤-cells, KATP channels
are largely inhibited at rest. In the inside-out patch, the
IC50 for ATP inhibition of Kir6.2/SUR1 was close to that
found for the native channel (Table 1). Importantly, the
ATP sensitivity of Kir6.2/SUR1 was 10-fold higher in the
inside-out patch than in the open-cell configuration in the
presence of, but not absence of, Mg2⫹ (Fig. 3B, Table 1).
Thus, the recombinant KATP channel behaves like its
native counterpart.
In the absence of Mg2⫹, ATP blocked Kir6.2/SUR1KAKM and Kir6.2/SUR1 with similar efficacy in open-cell
patches (Fig. 3C, Table 1). However, in the presence of
Mg2⫹, Kir6.2/SUR1-KAKM channels were substantially
more ATP sensitive than wild-type channels (P ⬍ 0.01)
(Fig. 3C, Table 1). These data are in harmony with the idea
that the difference in ATP sensitivity between inside-out
and open-cell patches is dependent on Mg-nucleotide
binding/hydrolysis at the NBDs of SUR1. They also provide
strong support for the idea that generation of PIP2/PIP3 is
not involved.
Effects of MgADP. We hypothesize that MgADP generated by ATP hydrolysis at SUR1, or elsewhere in the cell,
might be responsible for the lower ATP sensitivity of the
KATP channel in open-cell patches. If this idea is correct,
phosphocreatine should enhance ATP inhibition of KATP
channels in mouse ␤-cells by enabling endogenous creatine kinases to minimize MgADP levels by rapid regener-

ation of MgATP (21). In nucleotide-free solution, 1 mmol/l
phosphocreatine had no significant effect on channel activity in either the open-cell (Fig. 4A) or inside-out (13,21)
patch. However, in the presence of MgATP, phosphocreatine caused a dramatic fall in channel activity in open-cell
patches (Fig. 4A), and the IC50 for ATP inhibition decreased to that found in the absence of Mg2⫹ (Table 2).
This result supports the idea that the presence of endogenous MgADP accounts for the lower ATP sensitivity of
the KATP channel in the open-cell configuration.
This line of argument further predicts that addition of
MgADP to the inside-out patch should reduce channel ATP
sensitivity to that found in open-cell patches. Although
total cytosolic MgADP is 0.6 –1.5 mmol/l in ␤-cells exposed
to glucose-free solutions (9,22), most is bound to cytosolic
proteins, and free [ADP]i is estimated to be ⬍100 mol/l
(23,24). Figure 4B shows that 100 mol/l MgADP reduced
the ATP sensitivity of the channel in the inside-out patch.
The IC50 was 123 mol/l, closer to that found for open-cell
patches (156 mol/l) than for inside-out patches (22
mol/l) in ADP-free solution (Table 1). In contrast, in
open-cell patches, there was no difference in ATP sensitivity in the absence (156 mol/l) or presence (149 mol/l)
(Table 2) of MgADP.
In the absence of Mg2⫹, ADP produced a marked block
of channel activity in open-cell patches (Fig. 4C), with an
IC50 of 76 ⫾ 22 mol/l (n ⫽ 5), close to that observed in
inside-out patches (64 mol/l) (25). In contrast, ADP had
no significant inhibitory effect in the presence of Mg2⫹
(Fig. 4C). This reflects the fact that the stimulatory action
of MgADP on SUR1 (10,16) now masks the inhibitory
effect of ADP on Kir6.2 (5), thereby producing an apparent

TABLE 2
Sensitivity of native KATP channels to adenine nucleotides
Adenine nucleotide
ATP␥S
ATP ⫹ 100 mol/l ADP
ATP ⫹ 1 mmol/l PCr
ATP ⫹ 100 mol/l LY294002

Configuration

IC50 (mol/l)

h

n

Open-cell
Inside-out
Open-cell
Inside-out
Open-cell
Open-cell
Inside-out

8.2 ⫾ 0.6 (NS)
5.1 ⫾ 1.0
149 ⫾ 57 (NS)
123 ⫾ 38
14 ⫾ 3
137 ⫾ 24*
9.0 ⫾ 1.4

1.2 ⫾ 0.1
0.9 ⫾ 0.1
1.4 ⫾ 0.1
1.6 ⫾ 0.2
1.2 ⫾ 0.1
1.1 ⫾ 0.1
1.5 ⫾ 0.3

5
5
5
10
6
5
5

Data are means ⫾ SE. Results from native ␤-cell KATP channels exposed to Mg2⫹-containing internal solution with the additions indicated.
*P ⬍ 0.005; NS, nonsignificant, compared with equivalent data in the inside-out patch configuration. h, Hill coefficient; n, number of patches;
PCr, phosphocreatine.
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FIG. 3. A: Currents recorded from Kir6.2/SUR1 channels expressed in HEK cells in response to 3-s voltage ramps from ⴚ110 to ⴙ100 mV at a
holding potential of 0 mV. B and C: Mean ATP concentration-inhibition curves measured in open-cell, open-cell Mg2ⴙ-free, and inside-out patches
for Kir6.2/SUR1 (B) (open-cell, n ⴝ 6; open-cell Mg2ⴙ-free, n ⴝ 4; inside-out, n ⴝ 7) or Kir6.2/SUR1-KAKM (C) (open-cell, n ⴝ 4; open-cell
Mg2ⴙ-free, n ⴝ 4). KATP conductance (G) is expressed as a fraction of that in nucleotide-free solution (Gc). The solid lines (B and C) indicate the
best fit of Eq. 1 to the mean data. The dashed and dotted lines (C) indicate the fitted curves for data obtained for Kir6.2/SUR1 in the open-cell
configuration with and without Mg2ⴙ, respectively.

reduction in inhibition. In open-cell patches, the stimulatory effect of MgADP is greater than that of MgATP
(compare Fig. 2B and Fig. 4C), in accordance with the idea
that MgADP is the stimulatory ligand at SUR1 and that
MgATP must first be hydrolyzed to MgADP (13,18).
MgADP might be produced by ATP hydrolysis at the
NBDs of SUR1 or be generated by ATPases in the vicinity
of the channel. The latter idea seems less likely. Na/KATPase, which consumes up to 30% of ATP in ␤-cells (24),
should not be operative under our conditions because the
internal solution contained no Na⫹. Moreover, the addition
of 15 mmol/l Na⫹ to the internal solution had no effect on
KATP channel activity in open-cell patches (Fig. 4D). We
anticipate that activity of Ca2⫹-ATPases should also be
low because Ca2⫹ was buffered to ⬃30 nmol/l in all
internal solutions. Furthermore, thapsigargin (0.5 mol/l),
a specific inhibitor of the endoplasmic reticulum Ca2⫹ATPases (26), produced a ⬃10% block of KATP activity
(n ⫽ 13, P ⬍ 0.05) (Fig. 4D). Thus, these data favor the
idea that MgADP is produced by ATP hydrolysis at SUR1
itself, or a protein tightly associated with it.
Single-channel studies. Previous studies have shown
that in inside-out patches, MgADP enhances KATP channel
open probability (PO) by increasing the duration of bursts
2450

of openings and reducing the interburst interval (9). Similar effects were observed in inside-out patches when
MgADP was added to MgATP-containing solution (27)
(Table 3). In open-cell patches exposed to MgATP, the
burst duration and PO were not significantly different from
those found for inside-out patches exposed to MgATP plus
MgADP (Fig. 5A, Table 3). However, when Mg2⫹ was
removed, both parameters were reduced to values similar
to those found for inside-out patches in MgATP alone.
Thus, these data provide additional support for the idea
that MgADP (produced by MgATP hydrolysis) is present in
the open-cell configuration and is responsible for the
lower ATP sensitivity (and higher PO) of the KATP channel
seen in the permeabilized cell. In cell-attached patches on
intact cells, PO was intermediate between that found for
open-cell and inside-out patches because of a longer
interburst interval (Table 3). We attribute this to a higher
[ATP]i (⬃3 mmol/l in the intact cell, see above) because
ATP is known to prolong the interburst interval (28).
Estimation of [ATP]i. We estimated [ATP]i from the level
of KATP channel activity observed before permeabilization
(Fig. 2A) and the ATP dose-response curve measured in
the same patch after permeabilization (Fig. 2B). In ␤-cells,
[ATP]i measured within 5 min of removal from culture
DIABETES, VOL. 55, SEPTEMBER 2006
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FIG. 4. A: Mean ␤-cell KATP channel activity (NPo) measured in the open-cell configuration in the presence of 1 mmol/l phosphocreatine (PCr),
100 mol/l ATP, and 100 mol/l ATP plus 1 mmol/l phosphocreatine. Data are normalized to KATP channel activity (NPoc) in nucleotide-free
solution. B: Mean ATP concentration-inhibition curve measured in inside-out patches from ␤-cells in the absence (n ⴝ 5) or presence of 100
mol/l MgADP (n ⴝ 8). The solid line is the best fit of Eq. 1 to the mean data. The dashed line is the best fit of Eq. 1 to data obtained in open-cell
patches in the absence of MgADP (taken from Fig. 2B). C: Mean ADP concentration-inhibition curve for native ␤-cell KATP channels measured in
open-cell patches with (n ⴝ 5) or without (n ⴝ 10) Mg2ⴙ. D: Mean KATP channel activity measured in open-cell patches in the presence of 100
mol/l ATP alone, 100 mol/l ATP plus 15 mmol/l Naⴙ, and 100 mol/l ATP plus 0.5 mol/l thapsigargin (TGG).

medium containing 11 mmol/l glucose was 2.9 ⫾ 0.7
mmol/l (n ⫽ 6). After a 30-min preincubation in glucosefree solution, [ATP]i decreased to 0.9 ⫾ 0.3 mmol/l (n ⫽
10).
Glucose dependence of KATP channel activity. Finally,
we assessed whether the ATP sensitivity of the KATP
channel measured using the permeabilized cell approach
is consistent with glucose-dependent changes in KATP
currents. Using the perforated patch configuration to
ensure metabolism is preserved, whole-cell KATP currents
were 0.51 ⫾ 14 ns/pF (n ⫽ 20) for ␤-cells incubated in

glucose-free medium for 30 min. The glucose dependence
of the KATP current was then measured. When expressed
relative to 0 mmol/l glucose, KATP currents were halfmaximally blocked by 4.4 ⫾ 0.9 mmol/l (n ⫽ 7) glucose
and almost fully blocked by 20 mmol/l, in agreement with
previous studies (29).
Subsequently, the standard whole-cell configuration was
established, and the maximal KATP current was measured
in the same cells after washout of ATP from the cell
interior and correction for rundown. This was 2.6 ⫾ 0.5
ns/pF (n ⫽ 15). Thus, only 19% of the total KATP current is

TABLE 3
Analysis of single-channel properties
Condition
Intact cell
100 mol/l
100 mol/l
100 mol/l
100 mol/l

MgATP
MgADP ⫹ 100 mol/l MgATP
MgATP
ATP, Mg2⫹ free

Configuration

burst (ms)

closed (ms)

PO

n

Cell-attached
Inside-out
Inside-out
Open cell
Open cell

31 ⫾ 6
13 ⫾ 3
35 ⫾ 12
39 ⫾ 8
18 ⫾ 4

427 ⫾ 93
489 ⫾ 155
221 ⫾ 56
99 ⫾ 38
500 ⫾ 136

0.09 ⫾ 0.03
0.06 ⫾ 0.03
0.16 ⫾ 0.05
0.21 ⫾ 0.02
0.05 ⫾ 0.02

12
8
9
7
5

All experiments were carried out on ␤-cells, using the configurations and internal solutions indicated. burst, mean burst duration; closed, mean
interburst interval.
DIABETES, VOL. 55, SEPTEMBER 2006
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FIG. 5. A: Typical single-channel KATP currents recorded from ␤-cell
open-cell or inside-out patches in the presence of Mg2ⴙ and nucleotides
as indicated. B: Mean relationship between the whole-cell KATP conductance and the external glucose concentration ([glucose]e) measured using the perforated patch configuration in ␤-cells (n ⴝ 6). The
whole-cell KATP conductance (G) is expressed as a percentage of the
maximal whole-cell KATP conductance measured in the standard wholecell configuration (Gmax).

present in glucose-free solution. Figure 5B shows the
relationship between whole-cell KATP current and glucose
concentration measured in the perforated-patch configuration: data are expressed as a fraction of the maximal
KATP current measured in the same cell, using the standard
whole-cell configuration. In 10 mmol/l glucose, KATP currents were 3% of maximal, corresponding to an estimated
[ATP]i of 3.2 mmol/l (from Fig. 2A). The estimated [ATP]i
in 0 mmol/l glucose was 0.8 mmol/l. These values are
consistent both with measured values (11,24) and those
we estimated using ␣-toxin (0.9 and 2.9 mmol/l [ATP]i for
0 and 11 mmol/l glucose, respectively).
DISCUSSION

Our results reveal that there is a 7- to 10-fold difference in
the ATP sensitivity of the KATP channel in the inside-out
patch and in the permeabilized cell. This difference is Mg
dependent, requires ATP hydrolysis, and is largely prevented by ablating nucleotide binding/hydrolysis at the
NBDs of SUR1.
Origin of the difference in ATP sensitivity. We tested
whether the lower ATP sensitivity found in the permeabilized cell results from a reduced submembrane ATP concentration ([ATP]sm) (6) or by the presence of channel
modulators such as membrane lipids (7,8) and/or MgADP
(9,10). The first possibility can be excluded. Kir6.2/SUR1KAKM channels are insensitive to Mg-nucleotides and
therefore monitor [ATP]sm via Kir6.2. If local ATPases
lower [ATP]sm, then in the open-cell configuration, Mg2⫹
removal should reduce ATP inhibition of Kir6.2/SUR12452

KAKM as it does for wild-type channels. Because this was
not the case, local ATP depletion cannot be the primary
cause of the lower ATP sensitivity found in open-cell
patches. Moreover, previous studies have failed to demonstrate that [ATP]sm is lower than that of the bulk cytosol
(11,12).
Two pieces of evidence indicate that Mg-dependent
generation of phosphoinositides (PIP2, etc.) is also not
responsible for the disparity in ATP sensitivity between
excised and open-cell patches. First, this mechanism cannot account for the similar IC50 of Kir6.2/SUR1-KAKM (in
open-cell patches) in the presence and absence of Mg2⫹.
Second, inhibition of lipid kinases was without effect. The
former argument also excludes the involvement of LCCoAs and other agents that do not require nucleotide
binding/hydrolysis by SUR1 for their action.
Our results show that binding/hydrolysis of Mg-nucleotides by the NBDs of SUR1 is principally responsible for
the disparate ATP sensitivities found in excised and opencell patches. Mutations that abolish interaction of Mgnucleotides with SUR1 prevent this difference. It is also
abolished by phosphocreatine, which lowers MgADP levels by conversion to MgATP: we conclude that this reflects
the fall in MgADP because our data exclude a role for
regulation by local changes in MgATP (see above). Finally,
in excised patches, the addition of MgADP at concentrations similar to those estimated in ␤-cells reduces channel
ATP sensitivity to that found in the open-cell configuration.
How does MgADP elevation act? A key question concerns the origin of the MgADP that mediates the shift in
KATP channel ATP sensitivity in permeabilized cells. There
are three possibilities: the activity of local ATPases, ATP
hydrolysis by the NBDs of SUR1 itself, or both. We are
unable to determine definitively which of these is the most
important. One way to do so would be to use a mutation
that prevents ATP hydrolysis at the NBDs of SUR1, but
that does not affect either MgADP binding or the mechanism by which nucleotide binding is transduced into pore
opening. However, such mutations have not been identified: those that abolish ATP hydrolysis also impair MgADP
binding (30) and MgADP-dependent channel activation
(16).
Our results do not support the idea that classical transport ATPases are primarily responsible for our observations. Na/K- and Ca2⫹-ATPases are likely to be inactive in
our experiments because the intracellular solution contained no Na⫹, and Ca2⫹ was buffered to ⬃30 nmol/l.
Furthermore, the endoplasmic reticulum Ca2⫹-ATPase inhibitor thapsigargin had only a small effect. It is possible that
under physiological conditions, when intracellular [Ca2⫹]
is not clamped at a low level, Ca2⫹-ATPases may influence
submembrane ATP. However, this does not seem to be the
case in our permeabilized cells. Hence, we favor the idea
that the lower ATP sensitivity of the KATP channel in its
native environment is caused by the hydrolytic activity of
SUR1 itself or by proteins intimately associated with it.
For example, creatine kinase physically associates with
cardiac KATP channels (31) and enhances the hydrolytic
activity of NBD2 of SUR2A (18). It also regulates the
activity of ␤-cell KATP channels (21).
What happens on patch excision remains a puzzle.
Previous studies have shown that occupation of NBD2 by
MgADP stimulates KATP channel activity (16,18). The
MgADP-bound state may be reached by direct binding of
MgADP or by binding and hydrolysis of MgATP. The rate
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of MgATP hydrolysis appears to influence the occupancy
of this state: elevation of ADP reduces MgATP hydrolysis
and increases channel activity, whereas phosphocreatine
and creatine kinase increase hydrolysis and reduce channel activity (18,21). Thus, if the channel spends more time
in the MgADP-bound state in open-cell patches exposed to
MgATP, then either the rate of MgADP dissociation must
increase or the rate of ATP binding/hydrolysis must slow
down on patch excision. We do not know why this might
happen, but the (functional) loss of regulatory cytosolic
proteins or cytoskeletal elements are possible explanations.
Role of PIP2 and LC-CoAs. Our data indicate that
changes in PIP2 and/or LC-CoAs are not responsible for
the disparity in ATP sensitivity between excised and
open-cell patches. This does not mean that they do not
affect KATP channel activity. On the contrary, it is well
established that both agents stimulate channel activity
when added exogenously to inside-out patches (7,32) and
that heterologous overexpression of lipid kinases elevates
PIP2 in INS-1 ␤-cells, thereby increasing KATP currents and
reducing insulin secretion (33). Conversely, agents that
lower the effective concentration of PIP2 in the plasma
membrane by screening membrane surface charges (e.g.,
polycations) reduce KATP channel activity (32,34), and
overexpression of PIP2-insensitive Kir6.2 subunits depolarizes INS-1 ␤-cells (33). Thus there is no doubt that PIP2
modulates KATP channel activity. The key question is the
extent to which it does so under physiological conditions,
and the physiological significance of this regulation compared with that of adenine nucleotides.
Although it remains possible that the ATP sensitivity
seen in the absence of Mg2⫹, or in the excised patch, is
influenced by the endogenous level of PIP2 in the plasma
membrane, our results clearly show that PIP2 does not
underlie the difference in ATP sensitivity between excised
and open-cell patches. There is also no evidence that
changes in PIP2 contribute to the metabolic regulation of
KATP channel activity under physiological conditions. Elevation of MgATP on glucose metabolism would be expected to enhance PIP2 generation and open KATP
channels, although glucose actually closes KATP channels
(35). Furthermore, wortmannin, which prevents PIP2 generation, either has no effect (36) or causes a small increase
in glucose-stimulated insulin secretion (37), whereas it
should be inhibitory if PIP2 generation were involved in
glucose-stimulated insulin release. Our data provide
strong support for the idea that metabolic regulation of
KATP channel activity is mediated entirely by changes in
adenine nucleotide concentrations. However, they do not
exclude a role for PIP2 regulation in the response to
hormonal stimulation.
Estimated [ATP]i. From the activity of the KATP channel
in cell-attached patches on intact ␤-cells, we estimate
[ATP]i to range between 0.9 mmol/l in 0 mmol/l glucose
and 2.9 mmol/l in 10 mmol/l glucose. This compares
favorably with values measured by other methods
(9,11,22,24). The [ATP]sm sensed by the KATP channel has
not been measured in ␤-cells previously, but it was 1.4
mmol/l in COS cells and 4.6 mmol/l in oocytes (12), values
similar to those we obtained in HEK cells (2.5–3.3 mmol/l)
(see online appendix). The agreement between our estimate of [ATP]i and that measured by other methods
provides support for the idea that the ATP concentrationinhibition curve we measured in the permeabilized cell is
a good approximation for that in the intact cell. Consequently, our results further suggest that Mg-nucleotide
DIABETES, VOL. 55, SEPTEMBER 2006

interactions with the NBDs of SUR1 may underlie the
reduced ATP sensitivity of the KATP channel in the intact
(as well as permeabilized) cell.
The ATP concentration-inhibition curve measured in
permeabilized cells can account for glucose-dependent
changes in KATP channel activity and supports the proposal that control of ␤-cell firing frequency by high glucose
concentrations is mediated by KATP channels (38). Our
results also demonstrate that under physiological conditions, the KATP channel operates at very low PO, as
postulated previously (39,40). This is advantageous because it prevents the random opening or closing of a single
KATP channel from altering the membrane potential and
producing fluctuations in insulin secretion (39). The magnitude of the KATP current at physiologically relevant
glucose levels is also very small. Nevertheless, a decrease
from 7% of maximum (in 5 mmol/l glucose) to 3% (in 10
mmol/l) can cause a marked change in membrane potential because of the high-input resistance of the ␤-cell
membrane (40).
Conclusion. Our results resolve the long-standing controversy over why the ATP sensitivity of the KATP channel is
different in the intact ␤-cell. We show that this is caused by
increased Mg-nucleotide stimulation at the NBDs of SUR1.
This shifts the ATP concentration-inhibition curve into a
range of intracellular ATP levels over which glucoseinduced changes in ATP occur. Thus, changes in KATP
channel activity in response to glucose might be mediated
by the increase in MgATP, the associated fall in MgADP, or
both.
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