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I N T R O D U C T I O N

Heteromeric ATP-sensitive potassium (KATP) channels 
comprising inwardly rectifying potassium channels 
Kir6.x and sulfonylurea receptors SURx are molecular 
transducers that couple cell metabolism with cell excit-
ability (Ashcroft, 1988; Aguilar-Bryan and Bryan, 1999; 
Nichols, 2006). The most extensively characterized are 
those formed by Kir6.2 and SUR1 (Inagaki et al., 1995),  
which express predominantly in pancreatic endocrine 
cells and neurons where they regulate hormone secre-
tion and neuronal activity. Mutations in Kir6.2 and 
SUR1 that cause loss of channel function result in the 
insulin secretion disease congenital hyperinsulinism, 
whereas those causing gain of channel function lead 
to neonatal diabetes and in some cases developmental 
and neurological defects referred to as the DEND  
syndrome (Ashcroft, 2005).

A cardinal feature of KATP channels is their sensitivity 
to intracellular ATP (Ashcroft, 1988; Aguilar-Bryan and 
Bryan, 1999; Nichols, 2006). In inside-out membrane 
patches, ATP inhibits KATP currents with a half-maximal 
inhibitory concentration (IC50) of 10–20 µM (Aguilar-
Bryan and Bryan, 1999; Nichols, 2006). Evidence to 
date indicates that ATP interacts with the pore subunit 
Kir6.2 to gate the channel closed (Tucker et al., 1997). 
Channels formed by Kir6.2 alone, made possible using 
a variant in which an endoplasmic reticulum retention 
signal in the distal C-terminal 35 aa is deleted, referred 
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to as Kir6.2C, to allow SUR1-independent surface 
expression (Zerangue et al., 1999), are still sensitive to 
ATP inhibition (Tucker et al., 1997). However, compared 
with channels formed by Kir6.2 (or Kir6.2C) and 
SUR1, those formed by Kir6.2C alone are significantly 
less sensitive to ATP (IC50 140 µM; Tucker et al., 1997; 
Enkvetchakul et al., 2000; Babenko and Bryan, 2003). 
How SUR1 increases the ATP sensitivity of Kir6.2 re-
mains a conundrum.

Another central feature of KATP channel gating is 
activation by membrane phosphoinositides, in particular 
phosphatidylinositol 4,5-bisphosphates (PIP2; Hilgemann 
and Ball, 1996; Fan and Makielski, 1997; Shyng and 
Nichols, 1998; Barrett-Jolley et al., 1999). PIP2 increases 
the open probability (Po) of the channel and renders it 
less sensitive to ATP inhibition (Baukrowitz et al., 1998; 
Shyng and Nichols, 1998). Like ATP, PIP2 is thought to 
interact directly with Kir6.2 to gate the channel (Baukrowitz  
et al., 1998; Shyng and Nichols, 1998; Wang et al., 2002). 
Moreover, as is the case for ATP, SUR1 greatly enhances 
channel sensitivity to PIP2 stimulation (Baukrowitz et al., 
1998; Enkvetchakul et al., 2000). We have recently 
shown that this increased sensitivity to PIP2 results from 
stabilization of Kir6.2–PIP2 interactions via the N-terminal 
transmembrane domain (TMD) of SUR1 (aa 1–196; re-
ferred to as TMD0) and underlies the high Po and burst-
ing pattern of single channel gating seen in wild-type 
(WT) channels as compared with Kir6.2C channels 
(Pratt et al., 2009). Although TMD0 of SUR1 is suffi-
cient to increase the sensitivity of Kir6.2 to PIP2, it does 
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176 Subunit interactions in KATP channel gating

Chemiluminescence assays
48 h after transfection, cells in 35-mm dishes were fixed with 2% 
paraformaldehyde for 30 min, preblocked in PBS/0.5% BSA for 
30 min, incubated in 10 µg/ml M2 anti-FLAG antibody (Sigma-
Aldrich) for 1 h, washed four times for 30 min in PBS/0.5% BSA, 
incubated in horseradish peroxidase–conjugated anti–mouse  
antibodies for 20 min, and washed again four times for 30 min in 
PBS/0.5% BSA. Chemiluminescence was quantified using a  
TD-20/20 luminometer (Turner Designs) after 10-s incubation in 
Power Signal ELISA Femto luminol solution (Thermo Fisher  
Scientific). Results of each experiment are the mean of two 35-mm 
dishes, and each data point shown is the mean of at least  
three experiments.

86Rb+ efflux assay
COSm6 cells were plated onto 6-well 35-mm culture dishes and 
transfected with WT SUR1 and WT or mutant rat Kir6.2 cDNA as 
described for immunoblotting. Cells were incubated for 24 h in 
culture medium containing 1 µCi/ml 86RbCl 2 d after transfec-
tion. Before measurement of 86Rb+ efflux, cells were incubated for 
30 min at room temperature in Krebs-Ringer solution with meta-
bolic inhibitors (2.5 µg/ml oligomycin and 1 mM 2-deoxy-d-glu-
cose). At selected time points, the solution was aspirated from the 
cells and replaced with fresh solution. At the end of a 40-min  
period, cells were lysed. The 86Rb+ in the aspirated solution and 
the cell lysate was counted. The percentage efflux at each time 
point was calculated as the cumulative counts in the aspirated  
solution divided by the total counts from the solutions and the 
cell lysate (Shyng and Nichols, 1998).

Patch-clamp recordings
Voltage-clamp recordings from inside-out patches of transfected 
COSm6 cells were performed using an Axopatch 1D amplifier 
and pClamp9 acquisition software (Axon Inc.; Yan et al., 2004). 
Micropipettes were pulled from nonheparinized Kimble glass 
(Thermo Fisher Scientific) on a horizontal puller (Sutter Instru-
ment) and had resistances of 1.5–2.0 MΩ. The bath and pipette 
solution (intracellular potassium solution [Kint]) was 140 mM 
KCl, 10 mM K-HEPES, and 1 mM K-EGTA, pH 7.4. 1 mM EDTA 
was added to Kint (Kint/EDTA) to prevent channel rundown 
(Lin et al., 2003). All currents were measured at 50 mV membrane 
potential (50 mV pipette potential) at room temperature, and  
inward currents are shown as upward deflections in all figures. 
When recording from cells expressing E128K mutant channels, 
the cells were pretreated with 300 µM tolbutamide overnight to 
augment expression, followed by a 2-h washout period. PIP2 
(Sigma-Aldrich) was aliquoted in Kint at 5 mM, stored at 20°C 
until use, and then diluted in Kint/EDTA and sonicated for  
15 min in ice water before use.

Po analysis
Intrinsic Po was estimated in two ways. For estimation by stationary 
noise analysis, short recordings (1 s) of macroscopic currents in 
Kint/EDTA or Kint/EDTA plus 1 mM ATP at 50 mV were used. 
Currents were sampled at >20 kHz and filtered at 5 kHz. Absolute 
mean current (I) and variance (2) in the absence of ATP were 
obtained by subtraction of the mean current and variance of ATP-
inhibited patches. Single channel current (i) was assumed to be 
3.6 pA at 50 mV in symmetrical Kint solution (corresponding to 
single channel conductance of 72 pS). Po was then calculated 
using the equation: Po = 1  [2/(i × I)] (Sigworth, 1980; Shyng 
et al., 1997). For estimation by PIP2 response, each patch was 
treated with 5 µM PIP2 until the current reached a maximum; 
this max was assumed to represent near maximal Po of 0.97 
(Enkvetchakul et al., 2000; Koster et al., 2008). Estimate of channel 
Po before PIP2 stimulation was then back-calculated using the 

not confer the high ATP sensitivity observed in the 
Kir6.2/SUR1 channels. In fact, channels formed by 
TMD0-SUR1 and Kir6.2C exhibit even more reduced 
ATP sensitivity than Kir6.2C channels (Babenko and 
Bryan, 2003; Chan et al., 2003), suggesting the structural 
elements in SUR1 that endow the Kir6.2 channel with 
high ATP sensitivity lie outside TMD0.

In this study, we set out to identify Kir6.2-SUR1 intersub-
unit interactions that control channel ATP sensitivity. 
Using scanning mutagenesis and cysteine cross-linking  
approaches, we discovered a molecular interaction be-
tween SUR1 and Kir6.2 that profoundly impacts KATP 
channel response to ATP. We show that coexpression of a 
Kir6.2 with the mutation Q52E in the N-terminal domain 
and a SUR1 with the mutation E203K in the cytoplasmic 
region immediately following TMD0 yielded channels 
with ATP sensitivity nearly 100-fold higher than WT chan-
nels. This unprecedented high ATP sensitivity is a result of 
interactions between the two mutant residues, as cross-
linking of the two residues mutated to cysteines stabilized 
channels in a closed state in an ATP-independent manner, 
unresponsive to PIP2 stimulation. Our results reveal an 
inter SUR1-Kir6.2 molecular coupling mechanism that 
controls channel sensitivity to ATP and PIP2. We propose 
that the interface between SUR1 and Kir6.2 near the 
plasma membrane where the two mutations reside is a 
key structural domain that determines ligand sensitivi-
ties in the heteromeric KATP channel complex.

M A T E R I A L S  A N D  M E T H O D S

Molecular biology
Rat Kir6.2 cDNA constructs including the full-length WT sub-
unit and a truncation mutant lacking the C-terminal 36 aa 
(Kir6.2C) are in pCDNAI/Amp plasmid (Lin et al., 2008). 
Hamster SUR1 constructs are in pECE and include full-length 
subunits with or without an N-terminal FLAG epitope (DYKDDDDK; 
f-SUR1). The FLAG epitope does not change biochemical or 
functional properties of the channel (Cartier et al., 2001). Site-
directed mutagenesis was performed using the QuikChange  
mutagenesis kit (Agilent Technologies), and mutations were 
confirmed by direct sequencing.

Immunoblotting
COSm6 cells were maintained in DMEM with 10% FBS and 1% 
penicillin/streptomycin. Cells 70% confluent on 35-mm dishes 
were transfected with 0.6 µg f-SUR1 and 0.4 µg Kir6.2 using  
FuGene6 (Roche). Cells were lysed 48–72 h after transfection in a 
buffer containing 20 mM HEPES, 5 mM EDTA, 150 mM NaCl, 
and 1% Triton-X with Complete protease inhibitors cocktail  
tablet, pH 7.0 (Roche; Yan et al., 2004, 2007). Protein concentra-
tions were determined using the Lowry assay (Bio-Rad Laborato-
ries). Equal amount of protein from each sample was separated 
by SDS-PAGE, transferred to nitrocellulose membrane, analyzed 
by an anti-SUR1 antibody raised against the C terminus of hamster 
SUR1 (KDSVFASFVRADK; Yan et al., 2007) followed by horse-
radish peroxidase–conjugated anti–rabbit secondary antibody 
(GE Healthcare), and visualized by chemiluminescence (Super 
Signal West Femto; Thermo Fisher Scientific). Densitometry was 
performed using ImageJ (National Institutes of Health).
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Lin et al., 2006a; Tammaro et al., 2006). Q52R appears 
distinct from other ATP-insensitive mutations in that it 
has been proposed to cause ATP insensitivity in a SUR1-
dependent way (Tammaro et al., 2006). In the absence 
of SUR1, Kir6.2C channels harboring the Q52R muta-
tion have ATP sensitivity indistinguishable from Kir6.2C 
channels without the mutation (Tammaro et al., 2006). 
We therefore focused on this residue and tested whether 
the effect of Q52E on ATP sensitivity is also SUR1 de-
pendent. Because in the absence of SUR1 the currents 
from the various Kir6.2C channels were very small 
such that it was difficult to obtain an accurate IC50, we 
assessed ATP sensitivity by comparing the residual  
currents in 0.1 and 1 mM ATP (Fig. S2). The results show 
that in the absence of SUR1, ATP sensitivity of Q52E-
Kir6.2C channels is not significantly different from 
that of Kir6.2C channels or Q52R-Kir6.2C channels 
but is significantly lower than WT channels formed by 
Kir6.2 and SUR1. These findings suggest that mutation 
of Q52 to a negatively or positively charged amino acid 
may alter interactions with SUR1 to increase or decrease 
ATP sensitivity.

equation Po = 0.97/(fold increase), where fold-increase = IPIP2/Icontrol, 
with Icontrol and IPIP2 being the current amplitude before and after 
PIP2 application, respectively.

Data analysis
Data are presented as means ± SEM. ATP inhibition dose–response 
data were fit with the Hill function (Irel = 1/(1 + ([ATP]/IC50)H)), 
where Irel is the current relative to maximal current in nucleotide-
free Kint/EDTA solution, IC50 is the concentration of ATP that 
causes half-maximal inhibition, and H is the Hill coefficient. Sta-
tistical analysis was performed using independent two-population, 
two-tailed Student’s t test or one-way ANOVA with P < 0.05 consid-
ered statistically significant. Excel (Microsoft), Origin (Origin-
Lab), and Prism (GraphPad Software) software were used to carry 
out data analysis.

Online supplemental material
Fig. S1 shows schematic representations of Kir6.2 and SUR1 pro-
teins with details of ATP sensitivity screens performed. Fig. S2 
shows that the Q52E-Kir mutation does not exert its effect on ATP 
sensitivity in the absence of SUR1. Fig. S3 shows that Q52C-
Kir6.2//E203C-SUR1 channels have WT-like ATP sensitivity in 
the absence of cross-linking. Fig. S4 shows that control channels 
do not cross-link in the presence of an inhibitory concentration 
of ATP plus oxidizing agent; it also shows that Tris(2-carboxy-
ethyl)phosphine (TCEP) is an effective reducing agent to reverse 
the cross-linking within Q52C-Kir6.2//E203C-SUR1 channels. 
Fig. S5 illustrates that Q52C-Kir6.2//E128C-SUR1 channels show 
no evidence of cross-linking. Fig. S6 shows MgADP stimulation of 
Q52E-Kir6.2 channels. Online supplemental material is available 
at http://www.jgp.org/cgi/content/full/jgp.201210803/DC1.

R E S U L T S

Mutation of Q52 to a negatively charged amino acid 
increases ATP sensitivity of SUR1/Kir6.2 channels
To identify Kir6.2 residues that might interact with 
SUR1 to modulate ATP sensitivity, we first conducted 
scanning mutagenesis of Kir6.2. We focused on Kir6.2 
cytoplasmic domain residues in regions that are close to 
the proposed ATP-binding pocket and that are pre-
dicted to be surface exposed in the tetrameric structural 
model for potential interactions with SUR1 (Fig. S1, A 
for channel schematic and B for residues tested). These 
residues were mutated to glutamate or arginine, and 
ATP sensitivity of the resulting channels was measured. 
We observed altered ATP sensitivity in several muta-
tions (Fig. S1 C). Most of them reduced channel ATP 
sensitivity just as numerous other mutations that have 
been reported before (Tucker et al., 1998; Enkvetchakul 
et al., 2000; Loussouarn et al., 2001; Cukras et al., 2002; 
Gloyn et al., 2004; Proks et al., 2004). However, Q52E 
stood out as the only mutation that significantly en-
hanced ATP sensitivity. The Q52E mutation caused a 
greater than fivefold increase in ATP sensitivity (IC50 of 
2.0 ± 0.1 µM compared with the IC50 of 11 ± 1.0 µM for 
WT channels; Fig. 1). Interestingly, mutation of Q52 to 
a positively charged arginine (Q52R) is known to cause 
neonatal diabetes by increasing channel open state sta-
bility (Po; see Discussion) and decreasing channel ATP 
sensitivity (Fig. 1; Proks et al., 2004; Koster et al., 2005; 

Figure 1.  ATP sensitivity of Q52-Kir6.2 mutants is charge depen-
dent. (A) Representative traces from inside-out patch voltage-
clamp recordings from COSm6 cells transfected with WT-SUR1 
and WT-Kir6.2, Q52R-Kir6.2, or Q52E-Kir6.2 cDNA. Patches were 
exposed to various concentrations of ATP or nucleotide-free 
Kint/EDTA control solution. Dashed lines represent zero cur-
rent. (B) Dose–response data illustrating the mean currents in 
several ATP concentrations relative to maximum in nucleotide-
free solution. Best fit curves (solid lines) were generated using 
the Hill equation for WT and Q52E (IC50: 11 ± 1 µM and 2 ± 
0 µM, respectively). Q52R dose–response data were fit manually 
(dashed line), with an estimated IC50 of 1 mM, similar to the 
value we reported previously (IC50 = 889 µM; Lin et al., 2006a). 
n = 3–10 for each data point. Error bars represent SEM, and some 
are smaller than the symbols.
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(K199E, R202E, E203K, and K205E) and then coex-
pressed with WT-, Q52E-, or Q52R-Kir6.2. ATP sensitivity 
of the resulting channels was estimated by inside-out 
patch voltage-clamp recording in three different ATP 
concentrations (Fig. 2 A). When coexpressed with WT-
Kir6.2, only K205E-SUR1 had an obvious effect on ATP 
sensitivity, causing reduced inhibition by ATP (herein-
after “//” is used to denote heteromeric Kir6.2 and 
SUR1 combinations and “/” is used to separate multiple 
mutations in a single SUR1 or Kir6.2 subunit). When 
coexpressed with Q52R-Kir6.2, none of the mutant 
SUR1s was a strong modifier of the low ATP sensitivity 
seen in Q52R-Kir6.2//WT-SUR1 channels. When co
expressed with Q52E-Kir6.2, the K199E- and R202E-SUR1 
did not modify the effect of the Q52E-Kir6.2 mutation 
on ATP sensitivity. Combination of K205E-SUR1 and 
Q52E-Kir6.2 yielded channels with decreased ATP sensi-
tivity close to that seen in WT-Kir6//K205E-SUR1 chan-
nels. However, the most striking change of ATP sensitivity 
indicative of functional interaction was seen in chan-
nels formed by Q52E-Kir6.2 and E203K-SUR1. The 
Q52E-Kir6.2//E203K-SUR1 channels exhibited a marked 

A SUR1 mutation functionally interacts with Q52E of Kir6.2 
to enhance ATP sensitivity
To identify a residue or residues in SUR1 that might 
interact with Q52E or Q52R to influence ATP sensitivity, 
we performed mutagenesis of SUR1, focusing on the 
following charged residues: K199, R202, E203, and 
K205. These residues are in a short stretch of cytosolic 
amino acids immediately following TMD0 and before 
the suggested amphipathic “sliding” helix in L0 (Fig. S1 A; 
Babenko, 2005). Sites targeted in the study were chosen 
based on a twofold rationale. First, Q52 resides adjacent 
to Kir6.2’s “slide” helix (also referred to as the “interfacial” 
helix [Hansen et al., 2011; Whorton and MacKinnon, 
2011]), which has been proposed to lie near the sliding 
helix of SUR1 (Babenko, 2005), and thus, the screen 
was limited to residues adjacent to the SUR1 sliding  
helix (Fig. S1, A and B). Second, they are likely posi-
tioned close to the plasma membrane as Q52-Kir6.2  
is based on homology models of Kir6.2 using closely  
related Kir channel crystal structures (Antcliff et al., 
2005; Whorton and MacKinnon, 2011). These residues 
were mutated to oppositely charged amino acids 

Figure 2.  Screening of SUR1 
residues identifies the E203K 
mutation that when combined 
with Q52E in Kir6.2 gives rise 
to channels with extremely high 
ATP sensitivity. (A) Charged res-
idues located near the SUR1 slid-
ing helix (see Fig. S1, A and B) 
were mutated to the opposite 
charge and tested for their ef-
fects on ATP sensitivity with  
WT (top)-, Q52E (middle)-, and 
Q52R-Kir6.2 (bottom) using 
inside-out patch voltage-clamp 
recording. Current in 1, 0.1, and 
0.01 mM ATP relative to nucle-
otide-free Kint/EDTA is shown 
with error bars representing 
SEM. Only 1 mM ATP was tested 
in the cases of E203K-SUR1//
Q52R-Kir6.2 and K205E-SUR1// 
Q52R-Kir6.2 because of extremely  
low ATP sensitivity. The num-
ber of patches tested is given 
below each condition. (B) Rep-
resentative traces from WT or 
Q52E-Kir6.2//E203K-SUR1 KATP 
channels exposed to various 
concentrations of ATP or nucle-
otide-free Kint/EDTA control 
solution; note difference in ATP 
concentrations used. Dashed 
lines represent zero current.  
(C) Dose–response data illustrat-

ing the mean currents in several ATP concentrations relative to maximum in nucleotide-free solution for WT and Q52E-Kir6.2//E203K-
SUR1 KATP channels. Best fit curves were generated using the Hill equation (IC50: 11 ± 1 µM for WT and 140 ± 5 nM for Q52E-Kir6.2//
E203K-SUR1). n = 3–9 for each data point. For comparison, the best fit curve for Q52E-Kir6.2 (see Fig. 1) and mean currents for the 
three ATP concentrations tested on E203K-SUR1 channels (see A) were also included. Error bars represent SEM, and some are smaller 
than the symbols.
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used to determine whether increased ATP sensitivity 
seen in the Q52E-Kir6.2//WT-SUR1 and Q52E-Kir6.2//
E203K-SUR1 channels was related to decreased chan-
nel Po (Fig. 3).

WT and mutant channels in inside-out patches were 
exposed to 5 µM PIP2 for 30 s, followed by a 5-s exposure 
to 1 mM ATP and another 30-s exposure to PIP2 until the 
currents reached a maximum, as shown in Fig. 3 A. The 
fold increase of current from baseline was calculated 
(Fig. 3 B), with Q52E-Kir6.2//WT-SUR1 and Q52E-
Kir6.2//E203K-SUR1 showing increased response com-
pared with WT (4.4 ± 0.7, 3.7 ± 0.9 vs. 1.3 ± 0.1, respectively, 
after second exposure), whereas the E203K-SUR1 re-
sponse was less than WT (1.1 ± 0.1). Intrinsic Po was esti-
mated using these values (PIP2 method) as well as via 
noise analysis; estimates from the two methods are com-
pared in Fig. 3 C. Q52E-Kir6.2//WT-SUR1 and Q52E-
Kir6.2//E203K-SUR1 mutant channels had significantly 
reduced Po compared with WT (0.28 ± 0.05, 0.36 ± 0.06 vs. 
0.76 ± 0.04 using the PIP2 method and 0.16 ± 0.04, 0.31 ± 
0.04 vs. 0.76 ± 0.03 using noise analysis, respectively). Es-
timates of E203K Po are 0.92 ± 0.02 and 0.83 ± 0.02 using 
the PIP2 and noise analysis methods. The analyses re-
vealed that although there is a 10-fold difference in IC50 
between Q52E-Kir6.2//WT-SUR1 and Q52E-Kir6.2//
E203K-SUR1, their estimated intrinsic Po values are not 
significantly different. This suggests that the unusually 
high ATP sensitivity of Q52E-Kir6.2//E203K-SUR1 can 
only be partially accounted for by changes in Po and/or 
channel–PIP2 interactions (see Discussion).

increase in sensitivity to ATP inhibition much greater 
than that caused by either mutation, with an IC50 
of 140 ± 6 nM (or 0.14 µM), nearly 100-fold more  
sensitive than WT channels (Fig. 2, B and C). The  
result suggests that E203K of SUR1 interacts with 
Q52E of Kir6.2 either directly or indirectly to increase 
ATP sensitivity.

Relationship between ATP sensitivity and intrinsic Po 
of mutant channels
In KATP channels, it is well established that the appar-
ent channel sensitivity to ATP is negatively correlated 
with channel intrinsic Po, the higher the Po, the lower 
the ATP sensitivity; intrinsic Po is in turn determined 
by channel interactions with PIP2, the stronger the in-
teraction, the higher the Po (Enkvetchakul et al., 2000). 
Accordingly, given the ability to interact with PIP2, the 
Po of a channel can be pushed toward a maximum by 
increasing PIP2 concentrations in the membrane. This 
relationship can be used to estimate intrinsic Po, i.e., 
after saturating PIP2 treatment, the channel’s starting 
Po can be back-calculated by comparing post-PIP2 cur-
rents (Po assumed to be approaching maximum) to 
pre-PIP2 currents (Po unknown; see Materials and meth-
ods). An alternative method to estimate intrinsic Po 
from macroscopic currents is stationary noise analysis 
(Sigworth, 1980), which examines the means and 
rapid fluctuations in currents to approximate single 
channel properties as described in our previous studies 
(Lin et al., 2006b; Pratt et al., 2009). Both methods were 

Figure 3.  Changes in intrin-
sic Po do not fully account 
for high Q52E-Kir6.2//
E203K-SUR1 ATP sensitiv-
ity. (A) Representative traces 
from inside-out patch volt-
age-clamp recordings from 
COSm6 cell transfected with 
WT or mutant KATP channels 
exposed to 5 µM PIP2 twice 
for 30 s. Dashed lines repre-
sent zero current. (B) Mean 
fold increase in current after 
one or two 30-s treatments 
with PIP2 for WT or single 
or double mutant channels. 
The key to bar graph is indi-
cated by the patterns shown 
below each condition in A. 
Number of patches tested is 
given below each condition. 
Error bars represent SEM. 
(C) Intrinsic Po was calcu-

lated by two indirect means (see Materials and methods), stationary noise analysis (NA) and PIP2 response method. Number in each da-
taset for PIP2 method is given in B (right); n for NA method is 19, 18, 17, and 19 for WT, E203K-SUR1, Q52E-Kir6.2, and Q52E-Kir6.2//
E203K-SUR1, respectively. Error bars represent SEM, and some are smaller than the symbols. ***, P < 0.001 using one-way ANOVA with 
Tukey post-hoc test for NA and PIP2 methods.
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180 Subunit interactions in KATP channel gating

by incomplete oxidative reactions, cross-linked channels 
having very low Po, or both. Applications of 1 or 5 mM DTT 
gradually reversed the effect of H2O2, recovering channel 
activity to nearly the level seen before H2O2 exposure 
(Fig. 4); an alternative reducing agent, TCEP, also effec-
tively recovered activity in these channels (Fig. S4). Note 
DTT at the concentrations used caused reversible channel 
inhibition as we have reported previously (Lin et al., 2003), 
partially masking its effect on reversing the H2O2-induced 
loss of channel activity. Upon returning to Kint/EDTA  
solution, the extent of recovery of channel activity by 
DTT became fully visible (Fig. 4). These observations indi-
cate that cross-linking between Q52C-Kir6.2 and E203C-
SUR1 causes the channel to enter an ATP-independent 
closed state. Addition of H2O2 to channels already 
closed by 1 mM ATP also induced cross-linking as indi-
cated by the greatly reduced channel activity after washout 
of H2O2 and ATP and subsequent increase in activity with 

Cross-linking between Q52C of Kir6.2 and E203C of SUR1 
stabilizes channels in a closed state
To test whether E203K of SUR1 and Q52E of Kir6.2 are in 
close proximity to interact directly, we substituted both 
residues with cysteines and performed cross-linking ex-
periments. Thiol groups of cysteine residues can form  
disulfide bonds in the presence of an oxidizing agent 
(H2O2); this covalent interaction is reversible in the pres-
ence of a reducing agent (dithiothreitol [DTT] or TCEP). 
In inside-out patches, Q52C-Kir6.2//E203C-SUR1 chan-
nels exhibited ATP sensitivity indistinguishable from that 
of WT channels (Fig. S3). Strikingly, exposure to 0.2% 
H2O2 resulted in a rapid decline of channel activity to a 
residual current plateau (Fig. 4). Although too small to 
accurately make quantitative comparisons with pre-H2O2 
treatment, these residual currents were still sensitive to 
ATP inhibition (Fig. 4, A and B; and Fig. S3). The residual 
currents could represent uncross-linked channels caused 

Figure 4.  Reversible cysteine cross-linking is observed between Q52C-Kir6.2 and E203C-SUR1. Representative traces of inside-out patch 
voltage-clamp recordings from COSm6 cell transfected with Q52C-Kir6.2 and E203C-SUR1. Patches were exposed to oxidizing agent 
(0.2% H2O2, gray lines), 1 mM ATP (black lines), reducing agent (5 mM DTT, open lines), or 5 µM PIP2 (thick dashed lines). Thin 
dashed lines represent zero current. (A) Current from Q52C-Kir6.2//E203C-SUR1 channels rapidly decreases to a plateau level in the 
presence of H2O2 and can be subsequently restored when DTT is applied. This pattern of activity suggests that the proximity of Q52C-
Kir6.2 and E203C-SUR1 is close enough to allow intersubunit disulfide bond formation. (B) Cross-linking between Q52C-Kir6.2 and 
E203C-SUR1 can also occur from the ATP-bound, closed state as indicated by current decline with H2O2 in the presence of saturating 
ATP concentrations. This trace also shows that plateau current remains sensitive to ATP inhibition (inset; see also Fig. S3). (C) Cross-
linking between Q52C-Kir6.2 and E203C-SUR1 locks channels in a PIP2-insensitive closed state. However, once cross-linking is reversed 
with reducing agent, PIP2-induced stimulation is also restored.
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might predict that reversing the charged amino acids at 
the two positions would also generate channels with high 
ATP sensitivity. If this were the case, why do the Q52R-
Kir6.2//WT(E203)-SUR1 channels in which charge 
complementarity is preserved exhibit such low ATP sen-
sitivity? To test whether the larger size of arginine is the 
culprit, we examined ATP sensitivity of channels formed 
by Q52K-Kir6.2 and WT(E203)-SUR1. Interestingly, the 
Q52K-Kir6.2//WT(E203)-SUR1 channel was much more 
sensitive to ATP inhibition compared with the Q52R-
Kir6.2//WT(E203)-SUR1 channel; however, it was only 
approximately twofold more sensitive to ATP inhibition 

DTT (Fig. 4 B and Fig. S4). Because the Po of KATP channels 
in the absence of ATP (intrinsic Po) is dependent on chan-
nel interaction with PIP2, we asked whether the cross-
linked channels could be activated by excess PIP2. As 
shown in Fig. 4 C (and Fig. S4), PIP2 failed to recover the 
activity of cross-linked Q52C-Kir6.2//E203C-SUR1 chan-
nels; however, after exposure to DTT, channel activity was 
readily increased by PIP2. These results indicate that cross-
linking E203C of SUR1 with Q52C of Kir6.2 induces chan-
nel closure and stabilizes the channel in a closed state that 
cannot be activated by PIP2.

To exclude the possibility that H2O2 and DTT were act-
ing on other endogenous cysteine residues, we performed 
control experiments on WT channels or channels contain-
ing only one cysteine mutation. For WT channels, the ma-
jority of the patches (9 out of a total of 12 patches) were 
little affected by H2O2 (Fig. 5 A). Occasionally we observed 
a decrease in current amplitude upon H2O2 exposure that 
differed from Q52C-Kir6.2//E203C-SUR1 channels in 
that it followed a much slower time course and was readily 
reversed upon returning to Kint/EDTA or exposure to 
PIP2 (Fig. 5 A, right). Similar findings were made with WT-
Kir6.2//E203C-SUR1 channels (n = 5 with three patches 
showing little effect by H2O2 and two patches showing de-
creased currents that were recovered by PIP2; Fig. 5 B). 
The Q52C-Kir6.2//WT-SUR1 single cysteine mutant 
appeared more susceptible to H2O2-induced current 
decrease (12 out of 14 patches showed current decrease), 
but again the current was readily recovered by exposure to 
PIP2 (Fig. 5 C, right), suggesting the current decay was 
likely the result of rundown. Additionally, none of the 
three control channels showed evidence of cross-linking 
in the presence of 1 mM ATP (i.e., in the closed configura-
tion; Fig. S4). In all three control channels, DTT exposure 
caused a reduction of activity that recovered to preexpo-
sure levels when channels were returned to the Kint/
EDTA solution. The extent of this reduction was most pro-
nounced in WT channels and less obvious in the single 
cysteine mutants for reasons we do not yet fully under-
stand. Importantly, in no patches, whether preexposed to 
H2O2 or not, did we observe an increase in channel activity 
after DTT exposure, indicating that the effects of H2O2 
and DTT on the three control channels were unrelated to 
cysteine cross-linking or cysteine modifications. The afore-
mentioned results provide compelling evidence that in 
the Kir6.2//SUR1 channel complex, Q52 of Kir6.2 and 
E203 of SUR1 are in close proximity and cross-linking the 
two residues in the double cysteine mutant causes channel 
closure that can be reversed by DTT or TCEP.

The Q52K-Kir6.2 and E203-SUR1 (WT-SUR1) charge pair 
does not recapitulate the high ATP sensitivity observed  
in Q52E-Kir6.2//E203K-SUR1 channels
Based on the high ATP sensitivity observed in the Q52E-
Kir6.2//E203K-SUR1 channels and the evidence sup-
porting physical proximity between the two residues, one 

Figure 5.  Cross-linking does not occur in WT, WT-Kir6.2//
E203C-SUR1, or Q52C-Kir6.2//WT-SUR1 channels. (A–C) Rep-
resentative traces of inside-out patch voltage-clamp recordings 
from COSm6 cell transfected with control WT (A), WT-Kir6.2//
E203C-SUR1 (B), or Q52C-Kir6.2//WT-SUR1 (C) channels. Patches 
were exposed to oxidizing agent (0.2% H2O2, gray lines), 1 mM 
ATP (black lines), reducing agent (5 mM DTT, open lines), or  
5 µM PIP2 (thick dashed lines). Thin dashed lines represent zero 
current. Two examples of each condition are shown. Occasional 
decreases in current were observed with H2O2 exposure, but 
always slower and less robust than compared with Q52C-Kir6.2//
E203C-SUR1 channels (Fig. 4). Furthermore, control channels 
remain sensitive to PIP2 stimulation after H2O2 exposure, and 
in no case did DTT result in increased currents. Brief downward 
deflections seen in some of the traces are caused by solution ex-
change artifacts.
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182 Subunit interactions in KATP channel gating

2011). Tolbutamide was then washed out for 2 h before 
recording to remove its channel inhibitory effect.

To first determine whether Q52R affects channel  
interactions with PIP2, channel activity after exposure to 
different concentrations of neomycin was recorded. 
Neomycin competes for PIP2 binding, thereby inhibit-
ing channel activity, and has been used to indirectly  
assess the apparent affinity of Kir channels to PIP2 
(Schulze et al., 2003). Neomycin dose–response curves 
showed that Q52R-Kir6.2//WT-SUR1 channels were in-
deed much less sensitive to neomycin inhibition (Fig. 7 A). 
However, when coexpressed with E128K-SUR1, Q52R-
Kir6.2 failed to confer increased channel interaction 
with PIP2. In fact, Q52R-Kir6.2//E128K-SUR1 channels 
were even more sensitive to neomycin than WT chan-
nels, consistent with reduced Po expected from the 
E128K-SUR1 mutation. As expected, addition of the 
E128K mutation in SUR1 also diminished the ability of 
Q52E-Kir6.2//E203K-SUR1 channels to respond to 
PIP2 stimulation (Fig. 7 B; also see Fig. 3 [A and B] for 
comparison). Thus, the E128K mutation in SUR1 exerts 
a dominant effect over the Q52 mutations with regard 
to channel Po and PIP2 response.

Next, we measured ATP sensitivity of channels formed 
by coexpression of E128K-SUR1 and Q52R-Kir6.2. 
Rather than the very low ATP sensitivity seen in Q52R-
Kir6.2//WT-SUR1 channels, Q52R-Kir6.2//E128K-
SUR1 channels exhibited similar ATP sensitivity as 
WT-Kir6.2//E128K-SUR1 (Fig. 7, C and D). These re-
sults provide strong evidence that Q52R enhances 
channel interactions with PIP2 to increase channel 
Po and reduce ATP sensitivity and that these effects 
require functional coupling between TMD0-SUR1 
and Kir6.2. We further tested whether Q52R-Kir6.2 
might interact with E128-SUR1 to enhance channel–
PIP2 interaction by probing the physical proximity 
between the two residues using the cysteine cross-
linking approach. However, no change in channel 
activity was observed in Q52C-Kir6.2//E128C-SUR1 

than WT (Fig. 6), in contrast to the near 100-fold in-
crease in ATP sensitivity observed in Q52E-Kir6.2//
E203K-SUR1 (Fig. 2). These results suggest that the spe-
cific interaction between Q52E-Kir6.2 and E203K-SUR1 
that results in a super ATP-sensitive channel is likely de-
pendent on the structural context surrounding the mu-
tant amino acid pair.

The effect of Q52-Kir6.2 mutation on ATP sensitivity 
is abrogated by a TMD0-SUR1 mutation E128K that 
uncouples SUR1 from Kir6.2
The profoundly reduced ATP sensitivity of the Q52R-
Kir6.2//WT-SUR1 channel has been attributed to in-
creased intrinsic channel open state stability (Proks et al., 
2004). As the effect of Q52R is SUR1 dependent and 
open state stability (Po) correlates with the channel’s ap-
parent affinity to PIP2, we considered the possibility that 
Q52R might enhance channel interaction with PIP2 in a 
SUR1-dependent manner. Our recent work has shown 
the TMD0 of SUR1 increases channel Po by stabilizing 
Kir6.2 in a PIP2-bound open state (Pratt et al., 2011). 
A mutation in the TMD0 of SUR1, E128K, uncouples 
SUR1 from Kir6.2, resulting in reduced Po and dimin-
ished PIP2 response that resemble those seen in channels 
formed by Kir6.2C alone (Pratt et al., 2009, 2011). Inter-
estingly, the WT-Kir6.2//E128K-SUR1 channels also 
have reduced ATP sensitivity close to that of Kir6.2C 
channels, indicating that interactions between TMD0-
SUR1 and Kir6.2 are required for full-length SUR1 to set 
the ATP sensitivity. We therefore tested how the E128K-
SUR1 mutation affects the ability of Q52R-Kir6.2 to  
increase channel Po and reduce ATP sensitivity. Note be-
cause the E128K mutation impairs channel trafficking to 
the cell surface (Yan et al., 2007), in all experiments involv-
ing the use of E128K-SUR1, we treated cells with 300 µM 
tolbutamide (a KATP channel chaperone which binds 
reversibly to the channel) overnight to rescue the traffick-
ing defect and increase surface expression of the mutant 
channels as we have shown previously (Pratt et al., 2009, 

Figure 6.  Q52K-Kir6.2//WT(E203)-SUR1 channels do 
not have extremely increased ATP sensitivity. (A) Repre-
sentative traces of inside-out patch voltage-clamp record-
ings from COSm6 cell transfected with Q52K-Kir6.2//
WT-SUR1 or WT channels. Patches were exposed to vari-
ous concentrations of ATP or nucleotide-free Kint/EDTA 
control solution. Dashed lines represent zero current. 
(B) Dose–response data illustrating the mean currents 
in several ATP concentrations relative to maximum in 
nucleotide-free solution. Best fit curves (solid lines) were 
generated using the Hill equation for WT and Q52K-Kir6.2 
(IC50: 29 ± 1 µM and 12 ± 0 µM, respectively). Note because 
only three ATP concentrations were tested, the IC50 values 
differ from data presented using more thorough analysis. 
Q52R dose–response data were fit manually (dashed line), 
with an estimated IC50 of 1 mM. n = 3–8 for each data 
point. Error bars represent SEM, and some are smaller 
than the symbols.
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for Q52E-Kir6.2//E128K-SUR1 and Q52E-Kir6.2//
E128K/E203K-SUR1 channels was closer to that of 
WT-Kir6.2//E128K-SUR1 (and Kir6.2C channels 
[Pratt et al., 2009]) than that of either Q52E-Kir6.2//WT-
SUR1 or Q52E-Kir6.2//E203K-SUR1 (Fig. 7, C and D). 
Collectively, the results show that functional uncou-
pling between TMD0-SUR1 and Kir6.2 caused by the 

channels exposed to H2O2 or DTT (Fig. S5). Such 
negative results neither confirm nor refute the possi-
bility that amino acids at position 128 of SUR1 and 
position 52 of Kir6.2 might interact chemically to  
affect channel gating. E128K-SUR1 also suppressed 
the effects of Q52E-Kir6.2 and Q52E-Kir6.2//E203K-
SUR1 on ATP sensitivity. Current inhibition by ATP 

Figure 7.  Phenotype of mutations at Q52 of Kir6.2 and/or E203 of SUR1 is abrogated by the E128K mutation in SUR1. (A) Q52R-Kir6.2 
causes an increased apparent PIP2 affinity that is abrogated by E128K-SUR1. Apparent PIP2 affinity was indirectly assessed using neomy-
cin (Fan and Makielski, 1997; Schulze et al., 2003). The increase in apparent PIP2 affinity (i.e., right-shifted neomycin dose–response) 
of Q52R-Kir6.2 relative to WT is abolished by the inclusion of E128K-SUR1. Dose–response curves (dotted lines) of currents inhibited 
by neomycin relative to control Kint/EDTA solution were calculated using the Hill equation (IC50 for WT, Q52R-Kir6.2, and Q52R-
Kir6.2//E128K-SUR1 is 3.2 ± 1.3 µM, 5,935 ± 2,559 µM, and 0.9 ± 0.5 µM, respectively). Error bars represent SEM, and some error bars 
are smaller than the symbol; n = 4 for each data point. (B) E128K in SUR1 abolishes the ability of Q52E-Kir6.2//E203K-SUR1 channels 
to be stimulated by PIP2. The mean current increase after one or two 30-s exposures to 5 µM PIP2 relative to maximum control current 
(similar to Fig. 3, A and B) is shown. Error bars represent SEM. The number of patches tested is given below each condition. (C and D)  
Inhibition by ATP was tested in channels composed of E128K-SUR1 with Q52E-Kir6.2, Q52R-Kir6.2, or Q52E-Kir6.2//E203K-SUR1.  
(C) Representative inside-out patch voltage-clamp records. Patches were exposed to various concentrations of ATP or nucleotide-free 
Kint/EDTA control solution. Dashed lines represent zero current. (D) Averaged inhibition by 1, 0.1, and 0.01 mM ATP for various chan-
nel types with and without the E128K-SUR1 mutation. For comparison, the degree of inhibition by 1 and 0.1 mM ATP for E128K-SUR1 
is highlighted by gray dotted lines. Error bars represent SEM. The number of patches tested is given below each condition.
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inhibition, the regulatory SUR subunit enhances sensi-
tivity to this inhibition (Schwappach et al., 2000;  
Babenko and Bryan, 2003; Chan et al., 2003; Mikhailov 
et al., 2005). Despite this widely accepted view, the 
molecular mechanism underlying the effect of SUR1 

E128K mutation precludes the molecular interac-
tions between SUR1 and Kir6.2 necessary to define 
channel ATP sensitivity.

Channels formed by Q52E-Kir6.2 and E203K-SUR1  
are not activated by metabolic inhibition
ATP inhibition and MgADP stimulation are two primary 
physiological mechanisms that regulate KATP channel 
activity in  cells. Although many gain-of-function muta-
tions cause neonatal diabetes by decreasing channel 
sensitivity to ATP inhibition (Gloyn et al., 2004; Proks  
et al., 2004, 2006; Koster et al., 2005), no mutations 
identified to date in the opposite disease, congenital  
hyperinsulinism, have been shown to cause loss-of-function 
by increasing channel sensitivity to ATP. Rather, most 
congenital hyperinsulinism mutations reduce or abol-
ish channel response to metabolic inhibition by com-
promising the ability of the channel to be stimulated by 
MgADP (Shyng et al., 1996; Shyng and Nichols, 1998; 
Pinney et al., 2008; Macmullen et al., 2011). To test 
whether hypersensitivity of channels to ATP inhibition 
will lead to lack of response to metabolic inhibition, we 
compared the activity of WT and mutant channels in 
intact cells treated with metabolic inhibitors using a 
86Rb+ efflux assay (see Materials and methods; Shyng 
and Nichols, 1998). Because Q52E-Kir6.2//WT-SUR1 
and Q52E-Kir6.2//E203K-SUR1 channels also show re-
duced intrinsic Po (Fig. 3 C), which could reduce efflux, 
we included the F55L-Kir6.2//WT-SUR1 mutant that 
exhibits 10-fold reduced intrinsic Po but normal nu-
cleotide sensitivities and surface expression for compar-
ison (Lin et al., 2006b). In WT channels, >90% efflux 
was observed over a 40-min period. In contrast, both 
Q52E-Kir6.2//WT-SUR1 and Q52E-Kir6.2//E203K-
SUR1 mutants had greatly reduced activity close to un-
transfected control cells (Fig. 8 C), despite surface 
expression levels similar to WT (Fig. 8, A and B). The 
efflux activity of the two mutants correlated with their 
ATP sensitivity (Figs. 1 B and 2 C): the higher the ATP 
sensitivity, the lower the channel activity. The control 
F55L-Kir6.2//WT-SUR1 channel, although also show-
ing reduced efflux relative to WT, was much more active 
in response to metabolic inhibition than the other two 
high ATP sensitivity mutants. Collectively, the results 
suggest that increased ATP sensitivity can lead to loss of 
KATP channel function under conditions that mimic low 
glucose such that, if expressed in -cells, they are pre-
dicted to result in hyperinsulinemia and hypoglycemia.

D I S C U S S I O N

Intracellular ATP-induced closure is a defining prop-
erty of KATP channels. A wealth of structure–function 
evidence supports the view that although the Kir6.2 
tetramer harbors the ATP-binding sites for channel 

Figure 8.  Increased ATP sensitivity in channels formed by E203K-
SUR1 and Q52E-Kir6.2 compromise their ability to open in re-
sponse to metabolic inhibition. (A and B) Processing and surface 
expression of KATP channels were assessed in COSm6 cells trans-
fected with WT or mutant channels. (A) Western blot of SUR1 
using anti-SUR1 antibody as described in Materials and meth-
ods. The complex-glycosylated, mature form of SUR1 (a proxy 
for surface expression) is indicated by the closed arrowhead, and 
the core-glycosylated, immature form is indicated by the open ar-
rowhead. Mutations at Q52E-Kir6.2 and/or E203K-SUR1 do not 
disrupt protein trafficking. (B) KATP surface expression was quan-
tified using chemiluminescence assays. Mutations at Q52E-Kir6.2 
or E203K-SUR1 or both do not affect the number of channels at 
the cell surface. Control F55L-Kir6.2 channels also have WT-like 
surface expression (Lin et al., 2006b). Error bars represent SEM; 
n = 3. (C) Mean 86Rb+ efflux profile from COSm6 cells transiently 
expressing WT or mutant channel subunits. Efflux was measured 
in Ringer’s solution after metabolic inhibition (i.e., decreased in-
tracellular ATP production). Channels composed of Q52E-Kir6.2 
with and without E203K-SUR1 show significantly diminished  
efflux compared with controls, WT and F55L-Kir6.2; the latter 
control was included because it has decreased intrinsic Po (0.11) 
but normal ATP sensitivity and surface expression. Error bars 
represent SEM for n = 3 experiments, except F55L-Kir6.2, which 
represents the difference between n = 2 experiments. Some error 
bars are smaller than the symbols.
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with SUR1. E203 of SUR1 is located in the cytoplasmic 
loop known as ‘L0’ and more specifically, in a stretch of 
amino acids following the last transmembrane helix of 
TMD0 and before an amphipathic sliding helix pro-
posed to lie close to the slide helix of Kir6.2 (Fig. S1; 
Babenko, 2005). It too is expected to be close to the 
plasma membrane. These predictions are consistent 
with our data, indicating close proximity of the two resi-
dues. Although Q52E-Kir6.2//E203K-SUR1 channels 
are highly sensitive to ATP inhibition, charge swap at 
the two positions as in Q52K-Kir6.2//WT(E203)-SUR1 
channels does not recapitulate the same markedly  
increased ATP sensitivity. Even more striking, Q52R-
Kir6.2//WT-SUR1 channels have the opposite phenotype 
and are highly insensitive to ATP. This directionality 
suggests that interactions between amino acid 203 of 
SUR1 and amino acid 52 of Kir6.2 are determined not 
only by the chemical nature of the two residues but also 
by their surrounding amino acids. Interestingly, the  
effect of Q52R-Kir6.2, Q52E-Kir6.2, or the combined 
Q52E-Kir6.2//E203K-SUR1 mutation on ATP sensitiv-
ity is dependent on another SUR1 residue, E128, in the 
short intracellular loop between transmembrane heli-
ces 3 and 4 of TMD0. TMD0-SUR1 confers Kir6.2 with 
the high intrinsic Po and bursting gating patterns ob-
served in WT channels; however, it does not confer the 
hypersensitizing effect of SUR1 on ATP inhibition  
(Babenko and Bryan, 2003; Chan et al., 2003). We re-
cently showed that a naturally occurring mutation at 
this position, E128K, disrupts functional coupling  
between TMD0-SUR1 and Kir6.2, leading to channels 
that exhibit reduced Po and reduced PIP2 sensitivity as 
seen in channels formed by Kir6.2C alone (Pratt et al., 
2009, 2011). In addition, E128K reduces channel ATP 
sensitivity to that seen in Kir6.2C, suggesting the muta-
tion not only prevents functional coupling between 
TMD0 and Kir6.2 with respect to Po but also between 
SUR1 structures downstream of TMD0 and Kir6.2 that 
control ATP sensitivity. Our observations that when 
E128K-SUR1 was combined with Q52R-Kir6.2, Q52E-
Kir6.2, or Q52E-Kir6.2//E203K-SUR1, the resulting 
channels all had PIP2 and ATP sensitivity closer to that 
of WT-Kir6.2//E128K-SUR1 (or Kir6.2C) further sup-
port this notion. Collectively, these findings point to a 
crucial role of TMD0, specifically E128, in coordinating 
the L0-Kir6.2 interface to regulate ATP sensitivity. Given 
that E128 is also predicted to lie close to the plasma 
membrane (Pratt et al., 2011), it may contribute to the 
chemical environment sensed by the ATP sensitivity 
control module. Although our attempts to probe the 
physical proximity between E128-SUR1 and Q52-Kir6.2 
by cross-linking led to inconclusive results, it remains a 
possibility that the two residues interact chemically to 
influence gating. Short of a KATP crystal structure, 
detailed mutant cycle analysis may help clarify the rela-
tionship between these two residues.

on Kir6.2 ATP sensitivity is unknown. We show that ATP 
sensitivity of KATP channels can be increased by two or-
ders of magnitude through engineered interactions be-
tween residues 52 of Kir6.2 and 203 of SUR1. The 
significance of our findings is manifold. First, to our 
knowledge, the Q52E-Kir6.2//E203K-SUR1 channel is 
the first mutant reported to have such a profound in-
crease in ATP sensitivity. Second, the Q52C-Kir6.2//
E203C-SUR1 cross-linking results provide direct physi-
cal and functional evidence for a molecular interaction 
between SUR1 and Kir6.2 that controls channel activity. 
Third, the study identifies a structural region at the 
SUR1-Kir6.2 interface near the plasma membrane that 
is critical for ATP and PIP2 gating. Finally, the study 
demonstrates that ATP sensitivity can be tuned bidirec-
tionally by adjusting molecular interactions between 
SUR1 and Kir6.2 to impact channel function.

Many channel mutations alter apparent ATP sensitivity 
by modulating intrinsic Po (Enkvetchakul et al., 2000). 
We found the Po of Q52E-Kir6.2//E203K-SUR1 channels 
is indeed lower compared with WT channels (Fig. 3 C); 
however, decreased Po alone cannot account for the 
marked increase in ATP sensitivity of the channel be-
cause Q52E-Kir6.2//WT-SUR1 channels, despite having 
similarly reduced Po, are 15-fold less sensitive to ATP 
inhibition. Alternatively, these mutations could increase 
ATP sensitivity by stabilizing channels in an ATP-bound 
closed state either through direct contributions to ATP 
binding or allosteric effects. Q52 of Kir6.2 has not been 
implicated in ATP binding in the numerous mutagenesis 
studies published to date. Moreover, neither Q52R nor 
Q52E in Kir6.2 has an effect on ATP sensitivity of chan-
nels formed by Kir6.2C alone (Fig. S2). Although it has 
been suggested that SUR1 increases channel sensitivity to 
ATP by participating in ATP binding (Babenko and 
Bryan, 2003; Babenko, 2005) direct evidence is lacking, 
and the single E203K mutation in SUR1 had little effect 
on channel ATP sensitivity. Thus, we consider direct con-
tributions to ATP binding a less favorable explanation. In 
WT channels, ATP promotes closure, whereas PIP2 pro-
motes opening of the ion-conducting pore. That cross-link
ing of E203C-SUR1 and Q52C-Kir6.2 induces channel 
closure in the absence of ATP and renders channels re-
fractory to PIP2 stimulation demonstrates that closure of 
the Kir6.2 pore complex can be achieved by simply alter-
ing molecular interactions between SUR1 and Kir6.2 
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Increased ATP sensitivity could render KATP chan-
nels less active under physiological conditions and 
lead to congenital hyperinsulinism, although no such 
mutation has yet been reported. Our results show de-
liberate channel mutations that increase sensitivity to 
ATP inhibition can indeed result in inability of the 
channel to be activated upon metabolic inhibition. 
Note we did consider the possibility that the reduced 
efflux might be caused by impaired response to MgADP. 
At least in the Q52E-Kir6.2//WT-SUR1 channels, MgADP 
response was still detectable, although it is difficult to 
compare the extent of MgADP stimulation between 
mutant and WT as they have different ATP sensitivity 
(Fig. S6). In the Q52E-Kir6.2//E203K-SUR1 channels, 
the ATP sensitivity is so high it was impossible to find a 
concentration of MgATP or MgADP within the physi-
ological range that would antagonize the inhibitory 
effect of the nucleotides. Thus, even if the mutant 
channels were able to respond to MgADP, it was masked 
by ATP inhibition.

In summary, our study shows that KATP channel activity 
as determined by PIP2 and ATP sensitivity is a function of 
SUR1 and Kir6.2 interactions mediated by cytoplasmic 
domain interfaces near the membrane. Channel activi-
ties are known to be modulated by additional ligands in-
cluding MgATP/ADP, diazoxide, and sulfonylureas. It is 
tempting to speculate that these stimulatory or inhibitory 
ligands might control channel activity by modulating 
SUR1-Kir6.2 cytoplasmic interface and thus altering 
channel sensitivity to PIP2 and ATP.
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