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Aim: ATP-sensitive potassium (KATP) channels formed by a combination of SUR/Kir6.x subunits play a crucial role in protection against 
hypoxic or ischemic injuries resulting from cell metabolic disorders. In this study we investigated the effects of Na-azide, a metabolic 
inhibitor, on KATP channels expressed in Xenopus oocytes, and explored the structure basis for their sensitivity to cell metabolic 
disorders.
Methods: Six subtypes of KATP channels (wild SUR1/Kir6.2, SUR2B/Kir6.2, SUR1/Kir6.1, SUR2B/Kir6.1, SUR2A/Kir6.2 and SUR2A/
Kir6.1), as well as eleven subtypes of KATP channels with mutant subunits were expressed in Xenopus oocytes. KATP currents were 
recorded using a two-electrode voltage clamp recording technique. The drugs were applied through bath.
Results: Except SUR2A/Kir6.1, five subtypes of KATP channels were activated by Na-azide (3 mmol/L) with an order of the responses: 
SUR1/Kir6.2>SUR2B/Kir6.2>SUR1/Kir6.1>SUR2B/Kir6.1>SUR2A/Kir6.2, and the opening rate (t1/2) was SUR1/Kir6.x>SUR2B/Kir6.x> 
SUR2A/Kir6.2. Furthermore, Kir6.2, rather than Kir6.1, had intrinsic sensitivity to Na-azide, and the residues involved in ATP-binding 
(R50 and K185) or pH-sensing (H175) were associated with the sensitivity of the Kir6.2 subunit to Na-azide. Moreover, the residues 
(K707 and K1348) within the Walker A (WA) motifs of two nucleotide-binding domains (NBDs) were essential for SUR2B/Kir6.x 
(especially SUR2B/Kir6.1) channel activation by Na-azide, suggesting a key role for Mg-adenine nucleotide binding and/or hydrolysis in 
the SUR2B subunit.
Conclusion: Among the six subtypes of KATP channels, SUR1/Kir6.2 is the most sensitive, whereas SUR2A/Kir6.1 is insensitive, to 
cell metabolic disorders. The Kir6.2 subunit, rather than the Kir6.1 subunit, has intrinsic sensitivity to cell metabolic disorders. The 
residues (K707 and K1348) within the WA motifs of SUR2B are important for the sensitivity of SUR2B/Kir6.x channels to cell metabolic 
disorders.
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Introduction
ATP-sensitive potassium (KATP) channels are widely distrib-
uted in many tissues and play a variety of physiological and 
pathological roles by coupling the metabolic state to cellular 
electrical activity[1–3].  In the heart, brain and blood vessels, 
KATP channels remain closed under normal physiological con-
ditions, however, they can be activated when cell metabolism 
is disturbed by hypoxia or ischemia, resulting in an efflux 
of potassium ions and membrane hyperpolarization.  The 
decreased membrane excitability leads to shortened cardiac 
action potential, inhibition of neurotransmitter release and 
relaxation of vascular smooth muscles, which play a key role 

in limiting cellular damage or regulating blood pressure[4–6].  
In addition, metabolic disorders are observed in hypertension, 
and KATP channels in vascular endothelial cells can be activated 
by low metabolic status from elevated shear stress[7–9].  There-
fore, KATP channels are potentially important for treatments 
of cardiovascular diseases with metabolic disorders, such as 
myocardial ischemia and hypertension.

As a hetero-octameric complex, KATP channels are formed 
by the combination of the SUR and Kir6.x subunits[1, 2, 10–12].  
SUR1/Kir6.2, SUR2A/Kir6.2 and SUR2B/Kir6.2 channels 
have been reported to reconstitute pancreatic β-cell/neuron, 
cardiac/skeletal muscle, and non-vascular smooth muscle 
KATP channels, respectively.  The SUR/Kir6.2 combinations 
are considered classical KATP channels with ~50–80 pS single 
channel conductance that can be inhibited by micromolar con-
centration of ATP.  In contrast, the Kir6.1-containing channels 
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with smaller conductance (~30 pS) can be stimulated by nucle-
oside diphosphates (NDPs) in the presence of Mg2+[13, 14].  The 
tissue-specific distribution of the Kir6.1 subunit is still being 
debated.  A variety of studies have indicated that SUR2B/
Kir6.1 is a subtype of the KATP channel in vascular smooth 
muscles and endothelial cells[14–16].  The molecular composition 
of the microglia KATP channel may be Kir6.1 and SUR2[17] and 
the astrocytes express the KATP channel composed of SUR1/
Kir6.1[18].  Moreover, emerging evidence demonstrates that 
the specific combination of SUR1/Kir6.1 forms channels with 
strong resemblances to mitochondria KATP (mitoKATP) chan-
nels[19, 20].

The metabolic inhibitor Na-azide, which lowers intracel-
lular ATP concentrations significantly, has been widely used 
for inducing energy depletion[21].  As previously reported, 
when expressed in Xenopus oocytes, SUR1/Kir6.2 and SUR2B/
Kir6.2 channels were robustly activated by Na-azide, whereas 
SUR2A/Kir6.2 was not[21–23].  Few similar studies, however, 
have been conducted on the Kir6.1-containing channels.  
Therefore, the inherent metabolic sensitivity of the SUR/Kir6.x 
channels have not been fully investigated and systematically 
compared.  In addition, there are still other puzzles, such as, 
“what are the differences in the metabolic regulation mecha-
nism of Kir6.1-containing KATP channels and their Kir6.2-
containing counterparts?” or, “besides adenine nucleotides, 
are there additional cytosolic factors contributing to the meta-
bolic regulation of KATP channel activity?”.  Given these issues, 
we examined the effects of Na-azide on whole-cell currents 
recorded from oocytes expressing all six subtypes of SUR/
Kir6.x combination channels and further explored the possible 
molecular structure basis intrinsic to Kir6.x or specifically cor-
related with SUR2B.   

Materials and methods
Molecular biology
Rat Kir6.1 (D42145), mouse Kir6.2 (D50581), hamster SUR1 
(L40623), rat SUR2A (D83598) and rat SUR2B (AF087838) 
cDNAs were subcloned into the pGEMHE vector[24].  The 
C-terminal truncations of Kir6.x (Kir6.1ΔC45, Kir6.2ΔC36) 
were made via conventional polymerase chain reactions.  
Point mutations were generated by site-directed mutagenesis 
using the Fast Mutagenesis System (TransGen Biotech, Beijing, 
China) according to the manufacturer’s instructions.  All con-
structs were confirmed by DNA sequencing.  Capped cRNAs 
were transcribed in vitro with T7 RNA polymerase using the 
Ribomax large scale RNA production kit (Promega, Madison, 
WI, USA).

Oocyte preparation and injection
Oocytes were obtained from adult female Xenopus laevis 
(Nasco, USA) and the follicle membrane of the oocyte was 
removed by treatment with 1.5 mg/mL collagenase (type IA, 
Sigma-Aldrich, St Louis, MO, USA) for 60–90 min at room 
temperature with agitation in a Ca2+-free OR2 solution (82.5 
mmol/L NaCl, 2 mmol/L KCl, 1 mmol/L MgCl2, and 5 
mmol/L HEPES, pH 7.4).  Then, after several washes with the 

OR2 solution, the Stage V or VI oocytes were collected and 
incubated at 18 °C in ND96 solution (containing, in mmol/L, 
96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, pH 7.4) supple-
mented with 100 U/mL penicillin, 100 μg/mL streptomycin 
and 2.5 mmol/L sodium pyruvate.  These oocytes were co-
injected the following day with ~1 ng of Kir6.x cRNA and 
~5 ng of cRNA encoding wildtype or mutant SUR.  In some 
experiments, oocytes were injected with ~2 ng of cRNA 
encoding Kir6.1, Kir6.2, Kir6.1ΔC45 or Kir6.2ΔC36 (or the cor-
responding mutant).  The final injection volume was 46 nL/
oocyte.  The control oocytes were injected with an equal vol-
ume of nuclease-free water.  Whole-cell currents were studied 
in the oocytes 2–5 days after injection.  

The functional expressions of these SUR/Kir6.x channels in 
Xenopus oocytes were confirmed by their properties as previ-
ously reported for cloned KATP channels [11, 21, 25].  For example, 
the SUR/Kir6.x channels were selectively activated by pinaci-
dil or diazoxide, two classical KATP channel openers; they were 
all inhibited by glibenclamide, a specific KATP channel blocker.  
Nevertheless, the control oocytes (water-injected) had no 
response to these drugs.

Electrophysiology 
Channel currents were recorded in whole-cell configurations 
by the standard two-electrode voltage clamp (TEVC) tech-
nique using an AxoClamp2B amplifier (Axon Instruments, 
Union City, CA, USA).  Current signals were low-pass filtered 
at 1 kHz and digitized at 10 kHz using an Axon Digidata 
1440A interface (Molecular Devices, Sunnyvale, CA, USA).  
The electrodes were pulled from borosilicate glass capillaries 
using a puller Narishige PP-830 (Narishige Scientific Instru-
ment, Tokyo, Japan) and had resistances of 0.5–1.5 MΩ when 
filled with 3 mol/L KCl.  Oocytes were bathed in a high-potas-
sium solution (ND96K) containing (mmol/L): 96 KCl, 2 NaCl, 
1 MgCl2, 1.8 CaCl2, 5 HEPES (pH 7.4 with KOH) and whole-
cell KATP currents were evoked by a series of 300 ms depolariz-
ing voltage steps from –120 to +50 mV with 10 mV increments 
per step.  The holding potential was –10 mV, which was close 
to the resting membrane potential in the ND96K solution.  
Voltage commands were applied repeatedly at 1 min intervals 
until the resulting currents reached a steady state.  Currents at 
–80 mV were used to plot the time courses and for comparing 
current magnitudes.  Chemicals and drugs were applied into 
the bath solution in a cumulative fashion.  All experiments 
were carried out at room temperature (20–24°C).

 
Measuring intracellular ATP concentrations and the ADP/ATP ratio
Values were estimated by performing bioluminescence assays 
based on a luciferin–luciferase reaction.  The intracellular ATP 
concentration ([ATP]i) was measured by the ATP assay kit 
(Beyotime Biotechnology, Beijing, China), and the ADP/ATP 
ratio was determined by the ADP/ATP-lite assay kit (Vigorous 
Biotechnology, Beijing, China).  Batches of five intact oocytes 
(water-injected) were incubated in the absence (0 min, as con-
trol) or presence of 3 mmol/L Na-azide for 5, 10, 15, 20, 30, 60 
min.  Then, samples were prepared for analysis following the 
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manufacturer's instructions and plated in 96-white-well plates 
(Costar 3917, Corning Inc, USA) for luminescence readings 
on a FlexStation3 (Molecular Devices, Sunnyvale, CA, USA) 
plate reader. Serially diluted ATP (Sigma-Aldrich, St Louis, 
MO, USA) was used as a standard in both the ATP and ADP/
ATP ratio assays.  ATP values for samples were obtained from 
the ATP standard curve and [ATP]i values were calculated 
by assuming the volume of an average oocyte (diameter 
of 1 mm) was 500 nL.  The ATP signal, expressed as the 
number of relative light units (RLU), was taken as value A; 
10 min later an immediate reading was taken to determine 
the baseline ADP level (taken as value B); then the ADP 
in the wells was converted to ATP by the addition of ADP 
converting enzymes and after a 10 min incubation, a third 
reading was taken (value C).  The ratio of ADP/ATP for 
each well was calculated from these three readings as follows: 
(C-B)/A.

Chemicals and drugs
All chemicals and drugs were obtained from Sigma-Aldrich, 
except PNU-37883A, which was purchased from Tocris Biosci-
ence (Bristol, UK).  The 3 mol/L sodium azide, 100 mmol/L 
BaCl2 (in distilled water); 100 mmol/L PNU-37883A (in etha-
nol); 10 mmol/L glibenclamide (in DMSO) were prepared as 
stock solutions and stored at –20 °C.  They were diluted in the 
ND96K solution for the final desired concentration before each 
experiment.

Data analysis and statistics
Data acquisition and analyses were conducted using 
pClamp10.2 (Molecular Devices) and Origin 8.1 (Origin-
Lab Corporation) software.  All data were expressed as the 
mean±standard deviation (SD) and n indicates the number of 
cells used for each experimental condition.  The significance 
of difference was assessed using a two-tailed Student’s t-test 
between the different groups.  A level of P<0.05 was consid-
ered to be statistically significant.

Results 
Sensitivity of SUR/Kir6.x channels to cellular metabolic disorders
The effects of the metabolic inhibitor Na-azide (3 mmol/L) 
on intracellular ATP concentrations ([ATP]i) and ADP/ATP 
ratios were investigated in Xenopus oocytes.  After applica-
tion on intact oocytes (water-injected), 3 mmol/L Na-azide 
reduced the [ATP]i and increased the ADP/ATP ratio in a 
time-dependent manner, which reached steady-state levels 
approximately 15 min later (Figure 1A and B).  The [ATP]i 
decreased from 3.7±0.2 mmol/L (0 min, as control) to 1.4±0.15 
mmol/L (P<0.01), whereas the ADP/ATP ratio increased from 
0.036±0.001 to 0.069±0.003 (P<0.01).

In the high-potassium (ND96K) bath solution, SUR/Kir6.x 
channels expressed in intact oocytes were normally closed 
due to the high [ATP]i, exhibiting small basal currents.  We 
explored the effects of 3 mmol/L Na-azide on water-injected 
oocytes and on oocytes expressing six molecularly defined 
KATP channels by recording the inward current changes at –80 

mV (Figure S1).  Na-azide, as well as the KATP channel blockers 
glibenclamide and Ba2+, had no effect on the currents of water-
injected oocytes.  In contrast, five subtypes of the SUR/Kir6.x 
channels were activated by Na-azide, excluding the SUR2A/
Kir6.1 channel.  In most cases, steady-state currents were 
observed within 10–15 min after Na-azide application.  The 
activated currents were inhibited by 10 μmol/L glibenclamide 
and further blocked by 1 mmol/L Ba2+.  

The opening effects of Na-azide on the SUR/Kir6.x chan-
nels were compared qualitatively.  The summarized data were 
measured at 15 min after Na-azide application and the cur-
rent amplitudes were expressed relative to those before Na-
azide addition (control or basal current, taken as 1) (Figure 
1C).  Among all the SUR/ Kir6.x channels, Na-azide was most 
potent to activate SUR1/Kir6.2 channel, which showed a cur-
rent amplitude markedly increased to 28.12±6.56 (P<0.01); 
it had no opening effects on the SUR2A/Kir6.1 channel 
(0.95±0.14, P>0.05); and it had mild opening effects on the 
SUR2A/Kir6.2 channel (1.56±0.77, P<0.05).  Na-azide pro-
duced increases of whole-cell currents in oocytes expressing 
SUR2B/Kir6.2 (19.05±4.51, P<0.01), SUR1/Kir6.1 (8.71±1.90, 
P<0.01) and SUR2B/Kir6.1 (2.49±0.64, P<0.01).  The open-
ing effects of Na-azide (3 mmol/L) were listed as SUR1/
Kir6.2>SUR2B/Kir6.2>SUR1/Kir6.1>SUR2B/Kir6.1>SUR2A/
Kir6.2>SUR2A/Kir6.1.

The opening rates of the Kir6.x/SUR channels were com-
pared in the following tests (Figure 1D).  After exposure to Na-
azide, the time required to reach half-maximal response (t1/2) 
for the SUR1/Kir6.1 or SUR1/Kir6.2 channel were 2.21±0.44 
or 2.08±0.47 min, respectively (P>0.05).  The t1/2 values for the 
SUR2B/Kir6.1 or SUR2B/Kir6.2 channel were 5.77±0.73 or 
6.33±0.73 min, respectively (P>0.05).  The opening process for 
the SUR1/Kir6.x channel was significantly faster compared 
with the SUR2B/Kir6.x channel, which was faster than the 
SUR2A/Kir6.2 channel (t1/2=8.73±0.78 min).  Therefore, the 
rates of the SUR/Kir6.x channels response to cellular meta-
bolic disorders could be divided into three grades: SUR1/
Kir6.x channels were fastest (shortest t1/2), SUR2B/Kir6.x 
channels were intermediate, and the SUR2A/Kir6.2 channel 
was slowest.

Intrinsic sensitivity of Kir6.x to cellular metabolic disorders 
The cRNAs encoding Kir6.1 or Kir6.2 were injected sepa-
rately into the Xenopus oocytes, and no detectable currents 
were recorded in response to Na-azide or the pore-inhibitors 
PNU-37883A and Ba2+.  Next, we generated two ΔC mutants 
of Kir6.x, Kir6.1ΔC45 and Kir6.2ΔC36, which were indepen-
dently and functionally expressed on the membrane surface in 
the absence of SUR[24, 26].  Na-azide also had no opening effects 
on Kir6.1ΔC45; however, the basal currents were inhibited 
by the pore-inhibitors PNU-37883A and Ba2+.  In contrast, the 
Kir6.2ΔC36 currents were stimulated by Na-azide (2.56±0.48, 
P<0.01) and then blocked by PNU-37883A or Ba2+.  Therefore, 
it is reasonable to conclude that the Kir6.1 subunit had no 
intrinsic sensitivity, but the Kir6.2 subunit had intrinsic sensi-
tivity to cellular metabolic disorders (Figure 2).
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To elucidate the possible molecular basis underlying the 
sensitivity of Kir6.2 to cellular metabolism, we further studied 
the effects of Na-azide on three mutants of Kir6.2ΔC36, includ-
ing R50G, K185E and H175A.  These residues are located in the 
ATP-binding (R50 and K185) or pH-sensing (H175) domains 
of the Kir6.2 subunit.  Under control conditions (in ND96K 
solution), the basal currents of the Kir6.2ΔC36 or Kir6.2ΔC36-
H175A channel recorded at –80 mV were –388.49±61.03 or 
–401.92±70.06 nA, respectively (P>0.05), which were signifi-
cantly smaller than those of Kir6.2ΔC36-R50G or Kir6.2ΔC36-
K185E (–1543.71±102.10 or –1738.31±172.38 nA, respectively) 
(Figure 3A, B).

Na-azide activated the Kir6.2ΔC36 channel, and the cur-
rent amplitude at –80 mV increased to 2.42±0.39 (P<0.01); it 
had similar opening effects on the Kir6.2ΔC36-R50G channel 
(2.29±0.24, P<0.01) and Kir6.2ΔC36-K185E channel (2.22±0.32, 
P<0.01); and it had slight opening effects on the Kir6.2ΔC36-
H175A channel (1.25±0.07, P<0.01) (Figure 3A, C).  Notably, 
the opening effects of Na-azide on the Kir6.2ΔC36-H175A 
channel were significantly weaker than those on the other 
three channels (P<0.01).

Sensitivity of SUR2B mutants to cellular metabolic disorders
We mutated one or both WA lysines within the NBDs of 
SUR2B to alanines, represented as K707A, K1348A and 
K707A/K1348A.  When SUR2B and its mutants were co-
expressed with Kir6.1 in Xenopus oocytes, Na-azide produced 
a notable activation on whole-cell currents of the wild-type 
(WT) SUR2B (2.38±0.71, P<0.01); whereas it had no opening 
effects on SUR2B-K707A (0.91±0.07, P>0.05), SUR2B-K1348A 
(0.92±0.07, P>0.05) and SUR2B-K707A/K1348A (0.89±0.09, 
P>0.05) (Figure 4A).  The data indicated that mutating the WA 
lysine either in NBD1 or NBD2 abolished the response of the 
SUR2B/Kir6.1 channel to cellular metabolic disorders.

Similar results were found in oocytes co-expressing wild-
type or mutant SUR2B with Kir6.2 (Figure 4B).  Na-azide was 
potent to activate the SUR2B-WT channel, and the current 
amplitude increased markedly to 18.41±4.24 (P<0.01); it had 
mild opening effects on SUR2B-K707A (1.25±0.28, P<0.05) 
and no opening effects on SUR2B- K1348A (0.94±0.07, P>0.05) 
and SUR2B-K707A/K1348A (0.96±0.06, P>0.05).  These data 
suggested that the WA lysines of NBDs, especially in NBD2 
(K1348), are predominantly important in the sensitivity of the 

Figure 1.  Effects of metabolic disorders induced by Na-azide on SUR/Kir6.x channels expressed in Xenopus oocytes. (A) The time courses of metabolic 
disorders induced by Na-azide at 3 mmol/L on the intracellular concentrations of ATP or (B) the ratio between ADP and ATP in Xenopus oocytes.  Each 
value is the mean of 3–5 samples, each consisting of 5 oocytes (ie, n=15–25).  bP<0.05, cP<0.01 vs control (0 min). (C) The opening effects of Na-azide 
(3 mmol/L) on SUR/Kir6.x channels.  The dashed line indicates the control level, n=16–33 in each column. bP<0.05, cP<0.01 vs control.  (D) Effects of 
Na-azide (3 mmol/L) on the opening rates of SUR/Kir6.x channels (all n=15).  bP<0.05, cP<0.01 vs SUR2B/Kir6.1. fP<0.01 vs SUR2B/Kir6.2. iP<0.01 vs 
SUR2A/Kir6.2.  No significance (ns) means P>0.05.
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SUR2B/Kir6.2 channel to cellular metabolic disorders.  

Discussion
KATP channels are well known to act as molecular sensors of 
cellular metabolism [2], and their activation is commonly associ-
ated with disordered cellular metabolism induced by hypoxia, 
ischemia, or shear stress on vascular endothelial cells; there-
fore, they are important molecular targets for certain drugs, 

such as KCOs, which have been applied clinically to treat 
ischemic cardio-cerebral diseases or used as antihypertensive 
agents.  In this study, we successfully expressed six subtypes 
of KATP channels, and all possible combinations of SUR and 
Kir6.x subunits, in Xenopus oocytes and found that the potency 
of Na-azide at 3 mmol/L activates SUR/Kir6.x channels in 
the following order: SUR1/Kir6.2>SUR2B/Kir6.2>SUR1/
Kir6.1>SUR2B/Kir6.1>SUR2A/Kir6.2>SUR2A/Kir6.1.  In 

Figure 2.  Effects of metabolic disorders on Kir6.x channels and the ΔC 
mutants expressed in Xenopus oocytes. (A) Representative time courses 
of currents recorded at -80 mV from Xenopus oocytes injected with 
cRNAs encoding Kir6.1, Kir6.1ΔC45, Kir6.2, and Kir6.2ΔC36.  Whole-
cell currents were evoked by a series of 300 ms voltage steps (from -120 
to +50 mV with 10 mV increments, holding at -10 mV); the raw current 
traces at the time points (a–d) are shown on right.  a: control; b: Na-Azide; c: 
PNU-37883A; d: BaCl2. (B) The effects of the drugs on currents mediated 
by Kir6.x channels and the ΔC mutants. Number of oocytes: Kir6.1, n=8; 
Kir6.1ΔC45, n=15; Kir6.2, n=7; Kir6.2ΔC36, n=17.  cP<0.01 vs control. 
fP<0.01 vs Na-azide (3 mmol/L). 
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addition, the rates of the five SUR/Kir6.x channels responding 
to cellular metabolic disorders were ranked as SUR1/Kir6.2 
or SUR1/Kir6.1>SUR2B/Kir6.2 or SUR2B/Kir6.1>SUR2A/
Kir6.2.  It is reasonable to suggest that SUR1/Kir6.2 was most 
sensitive, with the largest extent and shortest t1/2 of activation, 
whereas SUR2A/Kir6.1 was insensitive to cellular metabolic 
disorders.  Interestingly, the SUR2A/Kir6.2 channel was only 
slightly activated by metabolic disorders (~50% increase of 
currents).  The vascular-type KATP channel (SUR2B/Kir6.1) 
was also only slightly activated by metabolic disorders (~1.5-
fold increase of currents), indicating that under hypertension, 
KATP channels in blood vessels can be partly activated by the 
disordered cellular metabolism resulting from elevated shear 
stress.  Treatment with antihypertensive KATP channel openers 
(KCOs) is necessary to reduce blood pressure more effectively.  

The sensitivity of SUR/Kir6.x channels to the metabolic 
inhibitor Na-azide was influenced by both the pore-forming 
subunit Kir6.x and the regulatory subunit SUR; we studied 

intrinsic sensitivity of Kir6.x to cellular metabolic disorders 
and further explored the possible underlying molecular basis.  
When the endoplasmic reticulum retention signal (RKR motif) 
was removed, the C-terminal truncations of Kir6.x (Kir6.1ΔC45 
and Kir6.2ΔC36) could express functionally without SUR[24, 26].  
We found that the independently expressed Kir6.2 subunit 
(Kir6.2ΔC36) could be immediately activated after apply-
ing Na-azide at 3 mmol/L.  Conversely, the Kir6.1 subunit 
(Kir6.1ΔC45) was unresponsive to Na-azide.  Therefore, 
Kir6.2, but not Kir6.1, had intrinsic sensitivity to cellular meta-
bolic disorders.  It is known that ATP inhibits KATP channels 
by binding directly to Kir6.2[2, 27] and our data showed that the 
intracellular ATP concentrations of oocytes decreased mark-
edly from 3.7 mmol/L to 1.4 mmol/L after a 15 min applica-
tion of 3 mmol/L Na-azide; therefore, Kir6.2ΔC36 responded 
to azide-induced metabolic disorders because there were less 
ATP binding to the inhibitory site of the Kir6.2 subunit.  The 
molecular basis of the ATP inhibitory site of the Kir6.2 subunit 

Figure 3.  Effects of metabolic disorders on the Kir6.2ΔC36 channel with the mutations R50G, K185E and H175A expressed in Xenopus oocytes.  (A) 
Currents recorded from oocytes expressing Kir6.2ΔC36 and its mutants.  Whole-cell currents were evoked by a series of 300 ms voltage steps (from 
-120 to +50 mV with 10 mV increment, holding at -10 mV).  (B) The basal currents of Kir6.2ΔC36 and its mutants recorded at -80 mV.  n= 9–14 in each 
column. cP<0.01 vs Kir6.2ΔC36. fP<0.01 vs H175A.  (C) The opening effects of Na-azide on Kir6.2ΔC36 and its mutants, the dashed line indicates the 
control level, n=9–14 in each column.  cP<0.01 vs control. fP<0.01 vs Kir6.2ΔC36.
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has been studied in detail, leading to the identification of sev-
eral key residues that form an ATP-binding pocket[2, 3, 27].  For 
example, R50 in the N terminus and K185 in the C terminus 
interact with the β-phosphate and γ-phosphate of ATP, respec-
tively.  Therefore, when the ATP-binding site was impaired, 
Kir6.2ΔC36-R50G and Kir6.2ΔC36-K185E exhibited much 
more significant basal currents because the blocking effect of 
the resting ATP levels was weaker.

In addition, cellular pH changes are common in hypoxia, 
ischemia and acidosis[4, 6, 28, 29].  Intracellular H+ has been dem-
onstrated to be a potent activator of KATP channels and the 

residue H175 in Kir6.2 is involved in pH-sensing[29].  There-
fore, another interesting phenomenon observed in our study 
was that the sensitivity of Kir6.2ΔC36-H175A to cellular meta-
bolic disorders was severely impaired, which may be due to 
the allosteric effects of H+ and ATP in regulating KATP channel 
activity[29].

The Kir6.1 subunit was not inherently sensitive to 3 mmol/L 
Na-azide, therefore, the major possible mechanism for Kir6.1-
containing channel activation during metabolic disorders may 
be located in SUR.  The Kir6.2-containing channels responded 
significantly differently to Na-azide mainly because of their 

Figure 4.  Effects of metabolic disorders on SUR2B and its mutants co-expressed with Kir6.x in Xenopus oocytes.  The currents records and the effects 
of Na-azide on channel currents recorded from oocytes expressing SUR2B and its mutants with Kir6.1 (A) or Kir6.2 (B).  The dashed line indicates the 
control level.  The number of oocytes expressing SUR2B/Kir6.1 channels was: 25 (WT), 19 (K707A), 15 (K1348A) and 15 (K707A/K1348A).  In SUR2B/
Kir6.2 channels, the number was 18, 25, 12 and 9, respectively.  bP<0.05, cP<0.01 vs control.  No significance (ns) means P>0.05.
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differences in SUR subunits.  The SUR subunit, especially the 
WA motifs in NBDs, the stimulatory site that interacts with 
Mg-adenine nucleotides[2, 30, 31–33], may play a more important 
role in metabolic sensing of SUR/Kir6.x channels.  To test 
these hypotheses, two subtypes of the KATP channels, SUR2B/
Kir6.1 and SUR2B/Kir6.2, were further studied in detail 
because they all have definite and intermediate sensitivity to 
azide-induced metabolic disorders and have not been studied 
in the oocyte expression system.

The results of SUR2B and its mutants co-expressed with 
Kir6.1 indicated that both the single-point mutations (K707A 
and K1348A) and double-point mutation (K707A/ K1348A) 
were unresponsive to azide-induced metabolic disorders, 
suggesting that the WA lysines in NBD1and NBD2 are both 
required for coupling metabolic disorders to channel activa-
tion in SUR2B/Kir6.1 channels.  Similarly, in SUR2B/Kir6.2 
channels, the mutation in NBD2 (K1348) also completely abro-
gated the response of the channel to metabolic disorders; and, 
although Na-azide could slightly stimulate the NBD1 (K707) 
mutant, the channel exhibited an extremely impaired sensitiv-
ity to cellular metabolic disorders.  These findings are different 
in some respects from those of previously reported experi-
ments[34].  The discrepancies may be due to the differences in 
expression systems (Xenopus oocytes vs HEK-293) and the dif-
ferent agents used to induce metabolic disorders: Na-azide vs 
sodium cyanide (NaCN) plus 2-deoxyglucose (2-DG).  Given 
this evidence from other studies[35], our data supports the 
idea that the metabolic sensitivity of SUR2B/Kir6.x channels 
is endowed mostly by the SUR2B subunit and the WA lysines 
(K707 and K1348) of the NBDs are primarily responsible for 
the sensitivity of SUR2B-containing channels to cellular meta-
bolic disorders.  It is uncertain whether the reconstituted dou-
ble-point mutants were truly expressed on membrane surface.  
The answer seems to be yes because the basal currents of these 
mutants were inhibited by the pore-inhibitor PNU-37883A or 
Ba2+ in contrast to the water-injected oocytes.

In conclusion, our study demonstrated that among the 
six subtypes of SUR/Kir6.x channels, SUR1/Kir6.2 was 
the most sensitive, whereas SUR2A/Kir6.1 was insensi-
tive to cellular metabolic disorders induced by 3 mmol/L 
Na-azide; and the sensitivities followed this rank: SUR1/
Kir6.2>SUR2B/Kir6.2>SUR1/Kir6.1>SUR2B/Kir6.1>SUR2A/
Kir6.2 >SUR2A/Kir6.1.  The Kir6.2 subunit, rather than the 
Kir6.1 subunit, had intrinsic sensitivity to cellular metabolic 
disorders, and the molecular basis associated with residues 
involved in ATP-binding (R50 and K185) or pH-sensing 
(H175).  The sensitivity of SUR/Kir6.x channels to cellular 
metabolic disorders are more predominantly determined by 
the SUR subunit.  The WA lysines of both NBDs play a key role 
in determining the metabolic sensitivities of the SUR2B/Kir6.x 
(especially SUR2B/Kir6.1) channels.  Therefore, the results of 
this study provide useful information for understanding the 
pathophysiological role of different KATP channel subtypes 
under metabolic disorder conditions, and we provided the 
basis for further study of the pharmacology of KCOs against 
cardio-cerebral vascular diseases, hypertension or pulmonary 

hypertension with metabolic disorders.  
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