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ATP-sensitive potassium (K
ATP

) 
channels are inhibited by ATP 

and activated by phosphatidylinositol-
4,5-bisphosphate (PIP

2
). Both chan-

nel subunits Kir6.2 and sulfonylurea 
receptor 1 (SUR1) contribute to gat-
ing: while Kir6.2 interacts with ATP 
and PIP

2
, SUR1 enhances sensitivity to 

both ligands. Recently, we showed that 
a mutation, E128K, in the N-terminal 
transmembrane domain of SUR1 dis-
rupts functional coupling between SUR1 
and Kir6.2, leading to reduced ATP and 
PIP

2
 sensitivities resembling  channels 

formed by Kir6.2 alone. We show 
here that when E128K SUR1 was co-
expressed with Kir6.2 mutants known to 
disrupt PIP

2
 gating, the resulting chan-

nels were surprisingly stimulated rather 
than inhibited by ATP. To explain this 
paradoxical gating behavior, we propose 
a model in which the open state of dou-
bly mutant channels is highly unstable; 
ATP binding induces a conformational 
change in ATP-unbound closed channels 
that is conducive to brief opening when 
ATP unbinds, giving rise to the appear-
ance of ATP-induced stimulation.

Introduction

ATP-sensitive potassium (K
ATP

) channels 
are central to the translation of metabolic 
status into cellular electrical excitability. 
In no place is this more evident than pan-
creatic β-cells where they couple blood 
glucose concentrations to  insulin secre-
tion. K

ATP
 channel dysfunction leads to 

a spectrum of insulin secretion disorders 
including congenital hyperinsulinism 
associated with loss of channel activity 
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sulfonylurea receptor 1 and Kir6.2 with diminished PIP

2
 sensitivity
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and neonatal diabetes associated with 
gain of channel activity. The β-cell ATP-
sensitive potassium (K

ATP
) channel is a 

hetero-octamer composed of two dif-
ferent subunit types.1-3 Four Kir6.2 sub-
units line the conduction pathway and 
are similar in topology and sequence to 
other members of the Kir channel fam-
ily. Surrounding Kir6.2 are four sulfonyl-
urea receptor 1 (SUR1) subunits. SUR1 
is a member of the ATP binding cassestte 
(ABC) transporter superfamily and con-
tains the canonical ABC transporter core 
domain [two 6-spanning transmembrane 
domains (TMDs) and two cytoplasmic 
nucleotide binding folds (NBF)] preceded 
by a unique 5-spanning N-terminal TMD 
(TMD0) connected to the core domain 
via a large cytosolic loop.4-6

Both Kir6.2 and SUR1 contrib-
ute to channel gating. ATP inhibits the 
channel by interacting with Kir6.2. 
Phosphatidylinositol-4,5-bisphosphate 
(PIP

2
) also interacts with Kir6.2 but stimu-

lates channel activity and this interaction 
underlies the intrinsic open probability (P

o
) 

of Kir6.2.7,8 SUR1 increases the efficacy of 
both ATP and PIP

2
.9-11 In the absence of 

ATP, SUR1 increases the intrinsic P
o
 and 

confers the bursting patterns of activity 
within a single channel. A substantial body 
of work exists that supports a role of TMD0 
of SUR1 in modulating the intrinsic gat-
ing of Kir6.2.12,13 However, TMD0 is not 
involved in increasing channel sensitivity 
to ATP. “Mini-K

ATP
” channels formed by 

TMD0 of SUR1 and a C-terminal dele-
tion mutant Kir6.2 (Kir6.2ΔC) exhibit P

o
 

and bursting behavior similar to wild-type 
channels but have an ATP sensitivity that is 
lower than that of wild-type or Kir6.2ΔC 
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mechanisms. For two of these residues, 
R50 and R201, there is evidence that they 
are involved directly in ATP binding.16 
Another mutant, R54E, had WT-like 
ATP-sensitivity as a single mutant and 
when it was co-expressed with E128K was 
still inhibited by 1 mM ATP although 
the currents were very small (smaller than 
E128K alone even with 300 μM tolbuta-
mide pre-treatment) making it difficult to 
properly assess ATP sensitivity. The R54 
residue has previously been implicated in 
PIP

2
 affinity or efficacy as mutation of 

this residue led to decreased channel open 
probability that could be rectified by exog-
enous PIP

2
.17,18 Two mutants, R177E and 

R206D, had no detectable currents when 
co-expressed with either WT SUR1 or 
E128K SUR1 despite pre-treatment with 
300 μM tolbutamide.

Strikingly, three Kir6.2 mutants, 
R176E, R192E and R206E, when co-
expressed with E128K SUR1 (denoted 
as R176E//E128K, R192E//E128K and 
R206E//E128K hereinafter) displayed 
increased activity with the application of 
ATP (Fig. 2A and B). The locations of the 
three Kir6.2 mutations that lead to ATP-
activation when combined with E128K 
SUR1 are shown in a Kir6.2 homology 
model (Fig. 2C). All three residues have 
previously been implicated in PIP

2
 effi-

cacy.7,8,19-21 Two of them, R176 and R206, 
lie near the plasma membrane on the cyto-
plasmic C-terminus of Kir6.2 and may be 
involved in interactions with the nega-
tively charged phosphate groups in PIP

2
.22 

The R176E//E128K and R206E//E128K 
“ATP-activation” mutations showed no 
or small currents (usually distinguishable 
single channel openings with conductance 
consistent with K

ATP
 channels) in nucle-

otide-free Kint/EDTA solution. Exposure 
to 1 or 5 mM ATP led to increased channel 
openings in a reversible manner (Fig. 2A, 
top and bottom). Channel activity was 
quantified and expressed as N*P

o
 where 

N represents the number of channels in 
the patch and P

o
 represents the probabil-

ity of an open channel. N*P
o
 values in 

control and ATP solutions for R176E//
E128K were 0.004 ± 0.002 and 0.029 ± 
0.009, respectively, and 0 and 0.306 ± 
0.132 for R206E//E128K, respectively 
(Fig. 2B). Exposure of R206E//E128K to 
5 μM PIP

2
 also caused a small increase in 

chosen based upon their placement on 
the tetrameric Kir6.2 structural model 
for likelihood to physically interact with 
E128, which is predicted to lie close to the 
plasma membrane. Residues previously 
shown to not affect ATP or PIP

2
 sensitiv-

ity when mutated to neutral or negatively 
charged residues were excluded. Eight resi-
dues were examined, including K47, R50, 
R54, R176, R177, R192, R201 and R206 
(Fig. 1A).

Each of the eight Kir6.2 residues were 
mutated to negatively charged glutamic 
acid (and R206 to aspartic acid also). 
Next, COSm6 cells were co-transfected 
with mutant Kir6.2 and either WT or 
E128K SUR1 plasmids. Inside-out patch, 
voltage-clamp recordings were performed 
to determine the ATP-sensitive inhibi-
tion of single and double mutants (1, 0.1 
and 0.01 mM ATP were tested in most 
cases). The prediction is that a residue 
involved in direct electrostatic interaction 
with E128 of SUR1 would cause signifi-
cant reduction in ATP-sensitivity when 
mutated to a negatively charged amino 
acid and co-expressed with WT SUR1, 
but would have WT-like ATP sensitivity 
when co-expressed with E128K SUR1 as 
the ionic interaction would be re-estab-
lished. E128K mutation prevents efficient 
surface expression of the channel; we 
have previously shown that this defect is 
partially corrected by treating cells with 
a K

ATP
 channel antagonist, tolbutamide, 

which acts as a chemical chaperone.15 
Cells expressing the E128K mutation 
were therefore pre-treated with 300 μM 
tolbutamide overnight to facilitate sur-
face expression. Tolbutamide was then 
washed out for 2 hours prior to recording 
to remove its inhibitory effect on channel 
activity.

Figure 1B shows results for ATP inhi-
bition studies. Of the eight residues exam-
ined, none demonstrated the predicted 
pattern of activity that supports paired 
electrostatic interaction with E128. Three 
of the mutations including K47E, R50E 
and R201E did indeed decrease ATP sen-
sitivity when expressed with WT SUR1; 
but when co-expressed with E128K, even 
greater insensitivity to ATP inhibition 
was observed, indicating the Kir6.2 and 
SUR1 mutations possibly cause ATP-
insensitivity through different, additive 

channels. How TMD0 of SUR1 modulates 
the channel’s intrinsic gating properties 
was unknown. Recently, we showed that a 
residue in the TMD0, E128, plays a critical 
role in the engagement between SUR1 and 
Kir6.2 by stabilizing Kir6.2 interactions 
with PIP

2
.14 Mutation of this residue to an 

oppositely charged amino acid, E128K, 
disrupts functional coupling between the 
two subunits leading to decreased P

o
 and 

also decreased PIP
2
 and ATP sensitivity in 

full-length channels. In mini-K
ATP

 chan-
nels, E128K also diminishes the P

o
 and 

bursting behavior conferred by TMD0 and 
gives rise to an ATP-sensitivity approach-
ing that of Kir6.2ΔC channels. Moreover, 
another mutation at the same site, E128W, 
causes rapid destabilization of channel 
activity that is reversed by PIP

2
. The study 

has guided a new way of thinking about 
the mechanism by which SUR1 modulates 
Kir6.2 gating; namely, TMD0 controls 
intrinsic gating of Kir6.2 by modulating 
channel sensitivity to endogenous PIP

2
 

and this interaction is, in turn, required 
for the ability of full-length SUR1 to con-
fer increased channel sensitivity to ATP 
inhibition.

E128 is negatively charged therefore 
unlikely to contribute directly to PIP

2
 

binding. We postulate that E128 may 
instead interact with Kir6.2 residues 
to enhance PIP

2
 affinity or efficacy. To 

begin to investigate this possibility, we 
performed a mutagenesis study of select 
positively charged residues in Kir6.2. Our 
simple hypothesis is that E128 interacts 
electrostatically with a positively charged 
Kir6.2 residue, which when mutated to 
a negatively-charged amino acid should 
suppress the defect brought about by 
the E128K mutation. Although we did 
not identify a residue that behaved as 
our hypothesis predicted in this study, 
we quite unexpectedly identified several 
mutations within Kir6.2 which, when co-
expressed with E128K, were more active 
in the presence of ATP than in its absence. 
We present a model of K

ATP
 channel con-

formations in different liganded states to 
explain this unorthodox finding.

Results

Candidate Kir6.2 residues for our screen 
of potential SUR1 E128-interactors were 
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analyzed for N*P
o
 values due to their more 

complicated inactivation phenotype.
In the presence of Mg2+, ATP stimulates 

channel activity by interacting with the 
nucleotide binding domains of SUR1.24 To 
exclude the possibility that the low level of 
stimulation by ATP is due to incomplete 
chelation of Mg2+ by EDTA, we further 
examined the effect of ATP on channels 
formed by one of the Kir6.2 mutants, 
R176E, and a SUR1 harboring both the 

subunit to stabilize  channel  activity.23 The 
R192E//E128K pair usually had current 
on isolation of the inside-out membrane 
patch but rapidly inactivated in nucleo-
tide-free Kint/EDTA and only became 
active again in high concentrations of 
ATP (1 mM). Subsequent removal of ATP 
recovered channels from inactivation, 
resulting in another round of  channel 
opening and inactivation (Fig. 2A and 
middle). R192E//E128K records were not 

channel opening (two patches were tested) 
but the extent of stimulation was far less 
than that seen with exposure to 5 mM 
ATP (Fig. 2A, bottom). The third resi-
due R192 lies further within the cell at a 
Kir6.2-Kir6.2 subunit interface (Fig. 2C). 
Previous studies have shown that mutation 
of R192 to A or E causes an inactivation 
phenotype that can be reversed by exog-
enous PIP

2
.20,23 R192 has been proposed to 

interact with E272 of an adjacent Kir6.2 

Figure 1. (A) Amino acid sequence of rat Kir6.2 showing the residues mutated in this study. (B) response to application of AtP (1, 0.1 and 0.01 mm) of 
mutant channels assessed by inside-out patch voltage-clamp recording. recording was performed in symmetrical Kint/edtA solutions, with differ-
ing concentrations of AtP added to the bath solution. error bars represent Sem, except r50e//e128K 1 mm AtP which is the difference between the 
 individual values from the two patches tested; the number of patches tested (n) for each condition is given below the x-axis. Wt: wild-type; eK: e128K.
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Discussion

In this study, we present the finding that 
ATP activates recombinant K

ATP
 chan-

nels composed of mutant SUR1 and 
Kir6.2 with diminished PIP

2
 sensitivity. 

How can ATP increase channel open-
ings when the K

ATP
 channel has evolved 

to be inhibited by ATP? To explain 
these ATP-activation pairs, we propose 
a mechanism that involves open state 
instability and ATP-induced conforma-
tional changes (Fig. 3). In this scheme, 
the E128K-induced  destabilization of 
PIP

2
 interactions in combination with 

R50, which has been shown to contribute 
to ATP binding.26 The R50E mutation 
renders the channel less sensitive to ATP 
inhibition. In mutant channels formed by 
E128K SUR1 and doubly mutant Kir6.2 
containing R50E and R176E or R50E and 
R206E, no stimulatory or inhibitory effects 
on the low spontaneous channel activity 
were observed with exposure to 1 mM 
ATP (data not shown). The results suggest 
that the stimulatory effect of ATP seen in 
the Kir6.2 R176E or R192E or R206E//
E128K SUR1 mutant channels involves 
the ATP binding site that normally leads 
to inhibition of channel activity.

E128K mutation and another mutation 
located in the second NBF, G1479R, 
that abolishes MgATP stimulation.25 The 
Kir6.2 R176E//SUR1 E128K-G1479R 
triple mutant channel was still more active 
in the presence of 1 mM ATP than in 
Kint/EDTA (data not shown), indicating 
that the ATP-activation effect observed is 
not due to MgATP stimulation via SUR1. 
We next considered the possibility that 
ATP might activate the mutant channels 
through a mechanism independent of the 
ATP-binding site in Kir6.2 responsible for 
channel inhibition. To test this, we intro-
duced a mutation at another Kir6.2 site, 

Figure 2. AtP-activation observed with co-expression of e128K and Kir6.2 mutations that diminish PiP2 response. (A) representative inside-out patch 
voltage-clamp records from AtP-activation pairs identified in the e128-interacting screen. recordings are all from transiently transfected COSm6 
cells and control solution is Kint/edtA. Application of 1 or 5 mm AtP or 5 μm PiP2 is indicated by bars above each trace. (B) Average currents in the 
absence and presence of AtP were quantified as n*Po values for r176e//e128K (0 vs. 1 mm AtP) and r206e//e128K (0 vs. 5 mm AtP); no activity was seen 
during control conditions (i.e., no AtP) in any r206e//e128K patch. error bars represent Sem for each condition; number of patches tested is given in 
 Figure 1B. (C) Placement of AtP-activation mutations in Kir6.2. the three residues mutated are shown using space-filling atoms on a ribbon homology 
model of Kir6.2.
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channels to intracellular ATP is not a fixed 
property but is a function of the relation-
ships between the channel subunits, ATP 
and PIP

2
.

Methods

Electrophysiology. As described  elsewhere 
in reference 14, rat Kir6.2 cDNA and 
hamster SUR1 cDNA constructs were 
in pCDNAI/Amp and pECE  plasmids, 
respectively. Inside-out voltage-clamp 

ATP binding to the cytoplasmic domain 
of Kir6.2, which normally leads to 
channel closure, can switch the mutant 
channels from a non-conducting state 
to a ready-to-conduct state such that 
when ATP unbinds, the channel opens. 
Alternatively, the transition between a 
non-conducting to a ready-to-conduct 
state may occur when ATP unbinds. Our 
study reveals a dynamic nature of ligand 
response in the K

ATP
 channel complex. It 

demonstrates that the response of K
ATP

 

an additional Kir6.2 mutation that 
 diminishes channel response to PIP

2
 leads 

to dramatic channel instability such that 
it cannot maintain open conformations. 
ATP binding to Kir6.2 induces a con-
formational change that is conducive to 
channel opening when ATP unbinds. The 
increased activity observed in the ATP-
activation double mutants exposed to high 
concentrations of ATP is not activation by 
ATP per se, but rather brief openings of 
the channel following temporary unbind-
ing of ATP. That the E128K mutation in 
SUR1 causes the channel to become less 
sensitive to ATP inhibition—as a result 
of functional uncoupling between SUR1 
and Kir6.2—helps unmask the tempo-
rary opening of the channel during the 
brief transitions between ATP-bound and 
ATP-unbound states. The ATP-induced 
conformational change referred to here is 
analogous to the previously reported effect 
of ATP on several mutations that cause 
spontaneous channel inactivation, includ-
ing E128W in SUR1 and R192E, R301E 
and R314E in Kir6.2.14,23 In the inactiva-
tion mutants, exposure to high concen-
trations of ATP followed by subsequent 
washout to remove the inhibitory effect of 
ATP recovers channels from inactivation 
and allows channels to open briefly before 
they inactivate again (this inactivation 
phenomenon can be seen in the R192E//
E128K mutant following removal of ATP, 
Fig. 2A, middle). We have proposed that 
ATP recovers those mutants from inacti-
vation by causing a conformational change 
that allows channels to interact with PIP

2
 

once ATP is washed out. Unlike the inac-
tivation mutants in which the critical 
PIP

2
-interacting residues remain intact, 

however, the ATP-activation mutants only 
exhibit a very small increase in open prob-
ability because of the greatly diminished 
ability of the Kir6.2 mutant (R176E, 
R206E, and also R192E when it is in the 
inactivated state) to interact with PIP

2
.

In conclusion, the abnormal ATP-
stimulation gating behavior we observed 
in the combined SUR1 E128K and Kir6.2 
mutants that have severely impaired abil-
ity to interact with PIP

2
 has provided a 

glimpse of a gating step associated with 
ATP binding. Together with previous 
studies of mutations that cause  channel 
inactivation, a picture is emerging that 

Figure 3. Proposed mechanism by which AtP stimulates the activity of channels formed 
by e128K-Sur1 and r176e-, r192e- or r206e-Kir6.2. (A) in Wt channels Sur1 and Kir6.2 are 
 functionally coupled. this leads to stable interactions between Kir6.2 and PiP2 and efficient 
AtP inhibition of channel activity. (B) in e128K-Sur1 + Wt Kir6.2 channels, functional coupling 
between Sur1 and Kir6.2 is disrupted causing unstable Kir6.2-PiP2 interactions thereby reduced 
open probability. the uncoupling between Sur1 and Kir6.2 also renders the channel less sensitive 
to AtP inhibition. (C) in channels formed by e128K-Sur1 and Kir6.2 PiP2 mutants, most channels 
are unable to interact with PiP2 resulting in no channel activity in Kint/edtA. AtP binding to Kir6.2 
causes a conformational change that resets the channel from closed to a “ready to conduct” state 
such that when AtP unbinds, the channel opens briefly before relapsing into PiP2-unbound closed 
state or before AtP rebinds again to close the channel. High concentrations of exogenous PiP2 
can also force the channel to open briefly. note schemas do not represent quantitative kinetic or 
structural information.
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Data analysis. Data are presented 
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