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ABSTRACT
Nicorandil activates ATP-sensitive K� channels composed of
Kir6.2 and either sulfonylurea receptor (SUR) 2A or 2B. Al-
though SUR2A and SUR2B differ only in their C-terminal 42
amino acids (C42) and possess identical drug receptors and
nucleotide-binding domains (NBDs), nicorandil more potently
activates SUR2B/Kir6.2 than SUR2A/Kir6.2 channels. Here, we
analyzed the roles of NBDs in these channels’ response to
nicorandil with the inside-out configuration of the patch-clamp
method. Binding and hydrolysis of nucleotides by NBDs were
impaired by mutations in the Walker A motif of NBD1 (K708A)
and NBD2 (K1349A) and in the Walker B motif of NBD2
(D1470N). Experiments were done with internal ATP (1 mM). In
SUR2A/Kir6.2 channels, the K708A mutation abolished, and
the K1349A but not D1470N mutation reduced the sensitivity to
nicorandil. ADP (100 �M) significantly increased the wild-type

channels’ sensitivity to nicorandil, which was abolished by the
K1349A or D1470N mutation. Thus, the SUR2A/Kir6.2 chan-
nels’ response to nicorandil critically depends on ATP-NBD1
interaction and is facilitated by interactions of ATP or ADP with
NBD2. In SUR2B/Kir6.2 channels, either the K708A or K1349A
mutation partially suppressed the response to nicorandil, and
double mutations abolished it. The D1470N mutation also sig-
nificantly impaired the response. ADP did not sensitize the
channels. Thus, NBD2 hydrolyzes ATP, and NBD1 and NBD2
equally contribute to the response by interacting with ATP and
ADP, accounting for the higher nicorandil sensitivity of SUR2B/
Kir6.2 than SUR2A/Kir6.2 channels in the presence of ATP
alone. Thus, C42 modulates the interaction of both NBDs with
intracellular nucleotides.

Nicorandil is a nicotinamide ester with vasodilatory and
cardioprotective effects and clinically useful therapeutics for
ischemic heart diseases (The IONA Study Group, 2002). Its
main target is vascular nucleoside diphosphate-dependent
K� channels and cardiac ATP-sensitive K� (KATP) channels
(Yamada et al., 1999). These channels open under metabolic
stress to regulate vascular tonus and suppress cardiac excit-
ability, respectively. They are composed of a pore-forming
subunit Kir6.x and its regulator, a sulfonylurea receptor
(SUR) (Babenko et al., 1998; Seino, 1999). SUR is an ABC
protein that allosterically induces pore opening by interact-
ing with intracellular ATP and ADP with its two cytoplasmic
nucleotide-binding domains (NBD1 and NBD2) (Ashcroft and
Gribble, 1998) (Fig. 6A). There are two genes for SUR that

encode SUR1 and SUR2 (Aguilar-Bryan et al., 1995; Inagaki
et al., 1996) and two splice variants of SUR2 (SUR2A and
SUR2B), which differ only in the C-terminal 42 amino acids
(C42) (Isomoto et al., 1996). There are also two genes for
Kir6.x that encode Kir6.1 and Kir6.2 (Inagaki et al., 1995a,b).
Cardiac KATP channels are composed of SUR2A and Kir6.2
(Inagaki et al., 1996), whereas vascular nucleoside diphos-
phate-dependent K� channels are formed from SUR2B and
Kir6.1 (Yamada et al., 1997; Miki et al., 2002).

SUR2A/Kir6.2 and SUR2B/Kir6.1 channels differ in single-
channel conductance and spontaneous activity recorded in
the absence of intracellular nucleotides caused by the differ-
ent Kir6.x subunits (Yamada et al., 1997). However, both
SUR2A and SUR2B form KATP channels with Kir6.2 with
identical single-channel conductance and characteristic
spontaneous activity, which is inhibited by intracellular ATP
(Inagaki et al., 1996; Isomoto et al., 1996). This inhibition is
a hallmark of KATP channels and arises from binding of ATP
to Kir6.2 (Tucker et al., 1997; Trapp et al., 2003).

K� channel openers such as nicorandil bind to SUR and
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activate KATP channels in concert with intracellular nucleo-
tides (Inagaki et al., 1996; Shyng et al., 1997; Schwanstecher
et al., 1998; D’hahan et al., 1999; Hambrock et al., 1999;
Ashcroft and Gribble, 2000; Bienengraeber et al., 2000; Mo-
reau et al., 2000; Reimann et al., 2001). Although SUR2A and
SUR2B share a common receptor site for nicorandil in their
17th transmembrane domain (Reimann et al., 2001) (Fig. 6A),
nicorandil �30 to 100 times more potently activates SUR2B/
Kir6.2 than SUR2A/Kir6.2 channels (Shindo et al., 1998).
The mechanism underlying this difference has not been
clearly identified (Reimann et al., 2001).

In this study, we examined the effects of the point muta-
tions in NBDs that inhibit binding and hydrolysis of nucleo-
tides on nicorandil-induced activation of KATP channels con-
taining SUR2. We found that NBDs play very different roles
in SUR2A and SUR2B. Because the amino acid sequences of
the NBDs and the nicorandil-binding site are identical in
SUR2A and SUR2B, their different reactions must reside in
the functional roles of C42.

Materials and Methods
Site-Directed Mutagenesis and Expression of Recombinant

ATP-Sensitive K� Channels. Site-directed mutagenesis was car-
ried out on cDNAs of mouse SUR2A and SUR2B subcloned into the
expression vector pcDNA3 with QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). Human embryonic kidney (HEK)
293T cells were cotransfected with either pcDNA3 containing mouse
Sur2, Kir6.2, or pd2EGFP (BD Biosciences Clontech, Palo Alto, CA)
by using LipofectAMINE (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instruction as described previously (Matsushita et
al., 2002). The cells that expressed green fluorescent protein were
identified by fluorescence microscopy and were used for electrophys-
iology.

Electrophysiology. ATP-sensitive K� channels expressed in
HEK 293T cells were analyzed with the inside-out configuration of
the patch-clamp method as described previously (Matsushita et al.,
2002). The pipette solution contained 140 mM KCl, 1 mM MgCl2, 1
mM CaCl2, and 5 mM HEPES, pH adjusted to 7.3 with KOH. Unless
otherwise indicated, the internal side of inside-out patch membranes
was perfused with internal solution containing 140 mM KCl, 5 mM
EGTA, 2 mM MgCl2, and 5 mM HEPES, pH adjusted to 7.3 with
KOH, in which free Mg2� concentration was 1.4 mM. When ATP or
ADP was added to the internal solution, MgCl2 was added to main-
tain this free Mg2� concentration. To remove Mg2� from the internal
solution, MgCl2 was omitted, and EGTA was replaced with equimo-
lar EDTA. Nicorandil was a gift from Chugai Pharmaceutical Co.
Ltd. (Tokyo, Japan). It was dissolved at 2 M in glacial acetic acid and
diluted before use to the desired concentration in internal solution.
When nicorandil was used at final concentration of 3 and 10 mM,
�25 and �70 mM of KOH was required to adjust the pH to 7.3,
respectively. In these experiments, the appropriate amount of KCl
was removed from the internal solution, and ATP and ADP were
added to these solutions after adjustment of pH to prevent hydrolysis
of the nucleotides at acidic pH. Then, the pH was readjusted. Acetic
acid alone did not significantly affect ATP-sensitive K� channels at
a concentration (�85 mM) equivalent to that used in the solution
containing 10 mM nicorandil.

Statistical Analysis. All statistical values are presented as
mean � S. E. The statistical difference was evaluated by Student’s t
test. For multiple comparison between pairs, difference was assessed
with analysis of variance and the Bonferroni method. A value of p �
0.05 was considered statistically significant.

Results
Effect of the Walker A Lysine Mutation on Nicoran-

dil-Induced Activation of SUR2A/Kir6.2 Channels in
the Presence of ATP Alone. We analyzed the concentra-
tion-dependent effect of nicorandil on SUR2A/Kir6.2 KATP

channels expressed in HEK 293T cells (Fig. 1). KATP channel
currents were measured in inside-out membrane patches
voltage-clamped at �60 mV with the symmetrical �140 mM
K�. In the presence of 1 mM intracellular ATP, nicorandil
activated wild-type SUR2A/Kir6.2 channels in a concentra-
tion-dependent manner over the range of 10 �M to 10 mM
(Fig. 1, Aa and B). This concentration-response relationship
was fit with the following Hill equation:

y � a � b/(1 � (Kd / �Nico�)nH) (1)

where y is the channel activity normalized to the maximum
activity recorded in the absence of ATP (relative channel
activity), a is a basal relative channel activity in the absence
of nicorandil, b is the maximum relative channel activity
induced by nicorandil; Kd is the dissociation constant, [Nico]
is the concentration of nicorandil in molar equivalents, and
nH is the Hill coefficient. The a, b, Kd, and nH values were
estimated as 0.01, 0.98, 1.65 mM, and 0.63, respectively
(Table 1). The effect of nicorandil was sometimes biphasic
with a rapid increase in current followed by a slow increase
that did not reach stationarity within the time of the appli-
cation (Fig. 1, Aa and Ac). We estimated the error on the
measurements caused by this phenomenon by fitting the
time-dependent change in the current amplitude with a sin-
gle or double exponential function. By comparing the asymp-
tote of the function and the measured current amplitude, we
estimate that the error occurring when the biphasic response
appeared was 5.4 � 1.3%.

When an invariant lysine in the Walker A motif of NBD1
was substituted with alanine (K708A), the response of
SUR2A/Kir6.2 channels to nicorandil was completely abol-
ished (Fig. 1, Ab and B). The corresponding mutation in
NBD2 (K1349A), however, partially suppressed the response
(Fig. 1, Ac and B). These mutations have been shown to
impair nucleotide binding and hydrolysis at the correspond-
ing NBD of SUR (Ueda et al., 1997, 1999; Bienengraeber et
al., 2000). The relationship between concentrations of nic-
orandil and SUR2A(K1349A)/Kir6.2 channel activity was fit
with eq. 1. The a, b, Kd, and h values were estimated as 0.01,
0.50, 1.78 mM, and 2.63, respectively (Table 1). SUR2A car-
rying both mutations [SUR2A(K708A, K1349A)] formed with
Kir6.2 KATP channels that were not responsive to nicorandil
(Fig. 1, Ad and B). These results indicate that ATP binding to
NBD1 is essential for nicorandil to activate SUR2A/Kir6.2
channels, whereas binding and/or hydrolysis of ATP at NBD2
modestly increases the response of SUR2A/Kir6.2 channels
to the agent.

Effect of the Walker A Lysine Mutation on Nicoran-
dil-Induced Activation of SUR2A/Kir6.2 Channels in
the Presence of ATP and ADP. Nicorandil activated wild-
type SUR2A/Kir6.2 channels more potently in the presence of
ATP (1 mM) and ADP (100 �M) than ATP (1 mM) alone (Fig.
2, Aa and B) as reported previously with native cardiac KATP

channels (Shen et al., 1991). The concentration-response re-
lationship was fit with eq. 1 with a, b, Kd, and h values of
0.08, 0.79, 80.2 �M and 0.85, respectively (Table 1). Again,
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SUR2A(K708A)/Kir6.2 and SUR2A(K708A, K1349A)/Kir6.2
channels did not respond to nicorandil (Fig. 2, Ab, Ad, and B).
SUR2A(K1349A)/Kir6.2 channels showed an impaired re-
sponse to nicorandil (Fig. 2, Ac and B). The concentration-
response relationship was fit with eq. 1 with a, b, Kd, and h
values of 0.04, 0.39, 1.58 mM, and 1.78, respectively (Table
1). The relative channel activity of SUR2A(K1349A)/Kir6.2
channels at each concentration of nicorandil was not signif-
icantly different in the presence and absence of ADP (Figs.
1B and 2B). Therefore, ADP seems to potentiate the response
of wild-type SUR2A/Kir6.2 channels to nicorandil mainly
through NBD2.

Effect of the Walker A Lysine Mutation on Nicoran-
dil-Induced Activation of SUR2B/Kir6.2 Channels in
the Presence of ATP Alone. Spontaneous activity of wild-
type SUR2B/Kir6.2 channels was almost completely inhib-
ited by 1 mM Mg-free ATP (ATP4�), whereas in the presence
of MgATP, their activity gradually increased (Fig. 3Aa)
(Reimann et al., 2000). On average, this basal activity

reached a steady-state value of 0.30 � 0.05 (n � 8). This
value was significantly higher than that for SUR2A/Kir6.2
channels in the presence of ATP (1 mM) alone (0.02 � 0.01,
p � 4.97 	 10�9, n � 20) or in the presence of ATP (1 mM)
and ADP (100 �M) (0.09 � 0.03, p � 0.001, n � 7). Nicorandil
further increased the activity of wild-type SUR2B/Kir6.2
channels in a concentration-dependent manner over the
range of 1 �M to 10 mM (Fig. 3B). Fitting the concentration-
response relationship with eq. 1 yielded a, b, Kd, and h values
of 0.26, 0.64, 23.4 �M, and 0.47, respectively (Table 1). Thus,
nicorandil much more potently activated wild-type SUR2B/
Kir6.2 channels than SUR2A/Kir6.2 channels in the presence
of ATP (1 mM) alone as reported previously (Shindo et al.,
1998).

Either SUR2B(K708A), SUR2B(K1349A), or SUR2B(K708A,
K1349A) with Kir6.2 formed KATP channels with much lower
basal activity than wild-type SUR2B/Kir6.2 channels
[0.007 � 0.004 (p � 3.6 	 10�4, n � 12), 0.002 � 0.002 (p �
4.0 	 10�4, n � 5), and 0.001 � 0.0002 (p � 7.0 	 10�3, n �

Fig. 1. Effect of the Walker A mutation on concentration-dependent activation of SUR2A/Kir6.2 channels by nicorandil recorded in the presence of
MgATP. A, representative current traces showing the effect of nicorandil in the presence of 1 mM ATP on KATP channels composed of Kir6.2 and either
wild-type SUR2A (a), SUR2A whose invariant lysine in the Walker A motif of NBD1 was substituted with alanine [SUR2A(K708A)] (b), SUR2A whose
invariant lysine in the Walker A motif of NBD2 was substituted with alanine [SUR2A(K1349A)] (c), or SUR2A carrying both mutations
[SUR2A(K708A, K1349A)] (d). The currents were measured at �60 mV in symmetrical �140 mM KCl in inside-out membrane patches. The zero
current level is indicated by dotted lines. Perfusion protocol is indicated by bars above the current traces. B, concentration-response relationships for
the effect of nicorandil on wild-type SUR2A/Kir6.2 (F) (n � 15–20), SUR2A(K708A)/Kir6.2 (Œ) (n � 10), SUR2A(K1349A)/Kir6.2 (f) (n � 8–12), and
SUR2A(K708A, K1349A)/Kir6.2 (�) channels (n � 6). The ordinate indicates channel activity normalized to that recorded in the absence of ATP
(relative channel activity). Symbols and bars represent the mean and S.E., respectively. Lines indicate the fit of the data with eq. 1 in the text. �,
significantly different from corresponding wild-type SUR2A/Kir6.2 channel current amplitude. The amplitudes of SUR2A(K708A)/Kir6.2 or
SUR2A(K708A, K1349A)/Kir6.2 currents were significantly different from that of wild-type SUR2A/Kir6.2 currents at every concentration.
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3), respectively]. The K708A and K1349A mutations also
almost equally impaired the response of SUR2B/Kir6.2 chan-
nels to nicorandil. The concentration-response relationships
were fit with eq. 1 with a, b, Kd, and h values of 0.01, 0.60,
672 �M, and 0.96 for SUR2B(K708A)/Kir6.2 channels and
0.01, 0.40, 1.70 mM, and 1.07 for SUR2B(K1349A)/Kir6.2
channels, respectively (Table 1). Thus, although ATP-binding
to either NBD1 or NBD2 can independently support the
channels’ response to nicorandil, the two reactions seem to
cooperatively form the basal and nicorandil-induced activity
of wild-type SUR2B/Kir6.2 channels.

Effect of the Walker A Lysine Mutation on Nicoran-
dil-Induced Activation of SUR2B/Kir6.2 Channels in
the Presence of ATP and ADP. When ADP (100 �M) was
added to ATP (1 mM), the basal activity of wild-type SUR2B/
Kir6.2 channels was further increased to 0.58 � 0.07 (p �
0.006 versus that in the presence of 1 mM ATP alone). Under
this condition, nicorandil again increased channel activity in
a concentration-dependent manner. This relationship was fit
with eq. 1 with a, b, Kd, and h values of 0.57, 0.38, 181 �M,
and 0.41, respectively (Table 1). Thus, in contrast to SUR2A/

TABLE 1
Parameters used for fitting of the concentration-response relationships
The concentration-response relationships of the KATP channels composed of Kir6.2
and SUR2 with or without different mutations (Figs. 1–5) were fit with eq. 1 with the
parameters listed.

Nucleotidesa and Types of SUR2 a b Kd nH

mM

ATP (1 mM)
SUR2A(wt) 0.01 0.98 1.65 0.63
SUR2A(K1349A) 0.01 0.50 1.78 2.63
SUR2A(D1470N) 0.02 0.80 0.34 0.57
SUR2B(wt) 0.26 0.64 0.02 0.47
SUR2B(K708A) 0.01 0.60 0.67 0.96
SUR2B(K1349A) 0.01 0.40 1.70 1.07
SUR2B(D1470N) 0.05 0.37 0.79 1.19

ATP (1 mM) �ADP (100 �M)
SUR2A(wt) 0.08 0.79 0.08 0.85
SUR2A(K1349A) 0.04 0.39 1.58 1.78
SUR2A(D1470N) 0.07 0.78 0.40 0.57
SUR2B(wt) 0.57 0.38 0.18 0.41
SUR2B(K708A) 0.03 0.33 1.03 1.61
SUR2B(K1349A) 0.05 0.63 0.49 0.90
SUR2B(D1470N) 0.05 0.38 0.50 1.22

wt, wild type.
a Nucleotides added to the internal side of the inside-out patch membranes.

Fig. 2. Effect of the Walker A mutation on concentration-dependent activation of SUR2A/Kir6.2 channels by nicorandil recorded in the presence of ATP
and ADP. A, representative current traces showing the effect of nicorandil in the presence of 1 mM ATP and 100 �M ADP on KATP channels composed
of Kir6.2 and either wild-type SUR2A (a), SUR2A(K708A) (b), SUR2A(K1349A) (c), or SUR2A(K708A, K1349A) (d). B, concentration-response
relationships for the effect of nicorandil on wild-type SUR2A/Kir6.2 (F) (n � 7), SUR2A(K708A)/Kir6.2 (Œ) (n � 8), SUR2A(K1349A)/Kir6.2 (f) (n �
18–21), and SUR2A(K708A, K1349A)/Kir6.2 (�) channels (n � 3). All data were fit with eq. 1. �, significantly different from corresponding wild-type
SUR2A/Kir6.2 channel current amplitude. The amplitudes of SUR2A(K708A)/Kir6.2 or SUR2A(K708A, K1349A)/Kir6.2 currents were significantly
different from that of wild-type SUR2A/Kir6.2 currents at every concentration. †, significantly different from corresponding current amplitudes
measured in the presence of ATP alone (Fig. 1B).
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Kir6.2 channels, SUR2B/Kir6.2 channels were not sensitized
but rather were slightly desensitized to nicorandil by ADP.

Each of the K708A, K1349A, and K708A plus K1349A muta-
tions greatly reduced the basal activity of SUR2B/Kir6.2 chan-
nels in ATP and ADP to 0.02 � 0.01 (p � 4.8 	 10�8, n � 8),
0.04 � 0.01 (p � 1.1 	 10�5, n � 6) and 0.02 � 0.002 (p � 6.7 	
10�3, n � 4), respectively. As was the case in the presence of
ATP (1 mM) alone, the K708A and K1349A mutations almost
equally impaired the effect of nicorandil on SUR2B/Kir6.2 chan-
nels. The concentration-response relationships were fit with eq.
1 with a, b, Kd, and h values of 0.03, 0.33, 1.03 mM, and 1.61 for
SUR2B(K708A)/Kir6.2 channels and 0.05, 0.63, 493 �M, and
0.90 for SUR2B(K1349A)/Kir6.2 channels, respectively (Table
1). Therefore, both in the presence of ATP alone and ATP plus
ADP, NBD1 and NBD2 seem to equally and cooperatively
support the response of SUR2B/Kir6.2 channels to nicoran-
dil. The effect of nicorandil between 10 �M and 1 mM on
SUR2B(K1439A)/Kir6.2 channels was significantly larger in
the presence of ATP plus ADP than with ATP alone, indicat-
ing that in SUR2B, theADP-NBD1 interaction may more

efficiently support the action of nicorandil than the ATP-
NBD1 interaction.

Effect of a Mutation in the Walker B Motif of NBD2 on
Nicorandil-Induced Activation of SUR2A/Kir6.2 and
SUR2B/Kir6.2 Channels in the Presence of ATP Alone or
ATP and ADP. We finally examined the effect of nicorandil on
KATP channels containing SUR2A whose invariant aspar-
tate at 1470 at the C-terminal end of the Walker B motif in
NBD2 was substituted with aspargine [SUR2A(D1470N)].
This mutation has been shown to impair hydrolysis of ATP
at NBD2 (Bienengraeber et al., 2000). Nicorandil concen-
tration-dependently activated SUR2A(D1470N)/Kir6.2
channels in the presence of ATP alone (Fig. 5Aa). The
amplitude of the response of SUR2A(D1470N)/Kir6.2 chan-
nels to each concentration of nicorandil was not signifi-
cantly different from that of the wild-type SUR2A/Kir6.2
channels (Fig. 5Ac). ADP (100 �M) did not significantly
increase the potency of nicorandil (Fig. 5, Ab and Ac). The
fitting of the concentration-response relationships with eq.
1 yielded a, b, Kd, and h values of 0.02, 0.80, 340 �M, and

Fig. 3. Effect of the Walker A mutation on concentration-dependent activation of SUR2B/Kir6.2 channels by nicorandil recorded in the presence of
ATP. A, representative current traces showing the effect of nicorandil in the presence of 1 mM ATP on the KATP channels composed of Kir6.2 and either
wild-type SUR2B (a), SUR2B whose invariant lysine in the Walker A motif of NBD1 was substituted with alanine [SUR2B(K708A)] (b), SUR2B whose
invariant lysine in the Walker A motif of NBD2 was substituted with alanine [SUR2B(K1349A)] (c), or SUR2B carrying both mutations
[SUR2B(K708A, K1349A)] (d). B, concentration-response relationships for the effect of nicorandil on wild-type SUR2B/Kir6.2 (F) (n � 7),
SUR2B(K708A)/Kir6.2 (Œ) (n � 6), SUR2B(K1349A)/Kir6.2 (f) (n � 5), and SUR2B(K708A, K1349A)/Kir6.2 (�) channels (n � 3). All data were fit with
eq. 1. �, significantly different from corresponding wild-type SUR2B/Kir6.2 channel current amplitude. The amplitude of SUR2B(K708A, K1349A)/
Kir6.2 currents was significantly different from that of wild-type SUR2B/Kir6.2 currents at every concentration. §, significantly different from
corresponding wild-type SUR2A/Kir6.2 current amplitudes in the presence of ATP alone (Fig. 1B).
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0.57 in the presence of ATP (1 mM) alone and 0.07, 0.78,
403 �M, and 0.57 in the presence of ATP (1 mM) and ADP
(100 �M), respectively (Table 1). Thus, this mutation
seems to impair ADP-NBD2 interaction. This is consistent
with the notion that ADP sensitizes SUR2A/Kir6.2 chan-
nels to nicorandil through NBD2 (Fig. 2). This result fur-
ther suggests that the ADP-NBD2 interaction hardly par-
ticipates in the response of wild-type SUR2A/Kir6.2
channels to nicorandil when this is recorded in the pres-
ence of ATP alone.

In contrast, the same mutation strongly suppressed the
basal and nicorandil-induced activities of SUR2B/Kir6.2
channels both in the presence of ATP (1 mM) alone and ATP
(1 mM) plus ADP (100 �M) (Fig. 5B). The fitting of the
concentration-response relationships with eq. 1 yielded a, b,
Kd, and h values of 0.05, 0.37, 792 �M, and 1.19 in the
presence of ATP (1 mM) alone and 0.05, 0.38, 497 �M, and
1.22 in the presence of ATP (1 mM) and ADP (100 �M),
respectively (Table 1). Thus, it is likely that ATP hydrolysis
and ADP binding at NBD2 are critical for the basal and
nicorandil-induced activity of wild-type SUR2B/Kir6.2 but
not SUR2A/Kir6.2 channels.

Discussion
Our major finding is that the functional roles of NBDs in

nicorandil-induced activation of KATP channels are very dif-
ferent between SUR2A and SUR2B, although their amino
acid sequences are identical. Because the C42 are the only
difference between SUR2A and SUR2B, this part of the pro-
tein is likely to be responsible for the difference in behavior
(Fig. 6A).

To consider the functional difference between SUR2A and
SUR2B in more detail and thereby delineate the role of C42,
we evaluated our allosteric model of SUR2 (Fig. 6B). A KATP

channel is a hetero-octamer composed of four SUR and four
Kir6.2 subunits (Clement et al., 1997; Shyng and Nichols,
1997). Physiologically, SUR regulates the Kir6.2 channel
pore in response to intracellular nucleotides (Ashcroft and
Gribble, 1998). It is plausible that this reaction arises from a
conformational change of SUR (Monod et al., 1965; Yuan et
al., 2001; Jones and George, 2002; Smith et al., 2002; Chang,
2003). For the sake of simplicity, we assume that SUR2 can
adopt two distinct conformations which are able (R confor-
mation) and unable (T conformation) to induce pore opening

Fig. 4. Effect of the Walker A mutation on concentration-dependent activation of SUR2B/Kir6.2 channels by nicorandil recorded in the presence of ATP
and ADP. A, representative current traces showing the effect of nicorandil in the presence of 1 mM ATP and 100 �M ADP on KATP channels composed
of Kir6.2 and either wild-type SUR2B (a), SUR2B(K708A) (b), SUR2B(K1349A) (c), or SUR2B(K708A, K1349A) (d). B, concentration-response
relationship for the effect of nicorandil on wild-type SUR2B/Kir6.2 (F) (n � 5), SUR2B(K708A)/Kir6.2 (Œ) (n � 8), SUR2B(K1349A)/Kir6.2 (f) (n �
6), and SUR2B(K708A, K1349A)/Kir6.2 (�) channels (n � 3). All data were fit with eq. 1. �, significantly different from corresponding wild-type
SUR2B/Kir6.2 channel current amplitude. The amplitude of SUR2B(K708A, K1349A)/Kir6.2 currents was significantly different from that of wild-type
SUR2B/Kir6.2 currents at every concentration. †, significantly different from corresponding current amplitudes measured in the presence of ATP alone
(Fig. 3B).
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and that they are in equilibrium determined by the allosteric
constant L (Monod et al., 1965).

ATP and ADP activate KATP channels through NBDs,
whereas nicorandil does so through its receptor in the 17th

transmembrane domain of SUR2 (Fig. 6A) (Moreau et al.,
2000; Reimann et al., 2001). Thus, they may preferentially
bind to their receptors in the R conformation, thereby shift-
ing the equilibrium toward this conformation. The premise of
this hypothesis is that the conformational change affects the
structure of NBDs and the drug receptor and thus their
sensitivities to the ligands (Schwanstecher et al., 1998; Ham-
brock et al., 1999; Ashcroft and Gribble, 2000; Jones and
George, 2002).

If nucleotides and nicorandil displace the same equilibrium
through distinct receptors, they should cause the hetero-
tropic effect on each other (Monod et al., 1965). Neither
SUR2A(K708A, K1349A)/Kir6.2 nor SUR2B(K708A,
K1349A)/Kir6.2 channels responded to nicorandil (Figs. 1–4).
This result can be interpreted as indicating that in the ab-
sence of nucleotide-NBD interactions, T is so strongly favored
that up to 10 mM nicorandil cannot significantly shift the

equilibrium toward R. The biphasic response of SUR2/Kir6.2
channels may also indicate that nicorandil and nucleotides
cooperatively regulate the same equilibrium with distinct
kinetics.

Allosteric Interaction Between Nucleotides and Nic-
orandil in SUR2A. Figure 1B indicates that ATP binding to
NBD1 more efficiently promotes the T to R conformational
change of SUR2A than ATP or ADP binding to NBD2. ADP
significantly increased the basal activity and the sensitivity
to nicorandil of the wild-type channels (Fig. 2B), indicating
that ADP promotes the T-R transition. Under this condition,
the nucleotide-NBD1 interaction was again critical for the
channels’ response to nicorandil. The effect of nicorandil on
SUR2A(K1349A)/Kir6.2 channels was not significantly dif-
ferent in the presence and absence of ADP (Figs. 1B and 2B).
Thus, ADP would facilitate the T-R transition by mainly
acting through NBD2, which is consistent with the observa-
tion that the D1470N mutation abolished ADP-induced sen-
sitization (Fig. 5Ac). The nonsignificant effect of D1470N
mutation on the response of SUR2A/Kir6.2 channels to nic-
orandil in the presence of ATP alone (Fig. 5Ac) indicates that

Fig. 5. Effect of the Walker B mutation on concentration-dependent activation of SUR2A/Kir6.2 and SUR2B/Kir6.2 channels by nicorandil recorded
in the presence of ATP alone or ATP plus ADP. A, effect of nicorandil on KATP channels composed of Kir6.2 and SUR2A whose invariant aspartate in
the Walker B motif was substituted with aspargine [SUR2A(D1470)] in the presence of 1 mM ATP alone (a) and 1 mM ATP plus 100 �M ADP (b). c,
concentration-response relationship for the effect of nicorandil on SUR2A(D1470N)/Kir6.2 channels in the presence of ATP alone (E) (n � 6) or ATP
plus ADP (F) (n � 6). B, effect of nicorandil on KATP channels composed of Kir6.2 and SUR2B whose invariant aspartate in the Walker B motif was
substituted with aspargine [SUR2B(D1470N)] in the presence of 1 mM MgATP alone (a) and 1 mM MgATP plus 100 �M MgADP (b). c, concentration-
response relationship for the effect of nicorandil on SUR2B(D1470N)/Kir6.2 channels in the presence of ATP alone (E) (n � 6) or ATP plus ADP (F)
(n � 6). All data were fit with eq. 1. �, significantly different from corresponding wild-type SUR2B/Kir6.2 channel current amplitude.
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the ADP-NBD2 interaction does not significantly participate
in the conformation change of SUR2A. In other words, hy-
drolysis of ATP at NBD2 of SUR2A is not significant. There-
fore, in the presence of the interaction ATP-NBD1, the T-R
transition of SUR2A is facilitated by the interaction ATP-
NBD2 in the presence of ATP alone but more efficiently by
the interaction of ADP-NBD2 in the presence of ATP plus
ADP.

Reimann et al. (2001) reported that ADP did not signifi-
cantly augment the effect of nicorandil on SUR2A/Kir6.2
channels. However, their representative current traces
clearly show a larger response to nicorandil in the presence of
ATP plus ADP than with ATP alone. The discrepancy might
have occurred because they normalized the current recorded
in the presence of nicorandil plus nucleotides to that recorded
in the presence of nucleotides alone. The larger basal current
recorded in the presence of ATP plus ADP than in ATP alone
may then have arithmetically negated the effect of ADP on
the nicorandil-induced response.

Allosteric Interaction between Nucleotides and Nic-
orandil in Nucleotides in SUR2B. The large basal activity
of wild-type SUR2B/Kir6.2 channels seems to result from
ATP hydrolysis because it did not exist in the absence of
Mg2� and built up over several minutes after the addition of
Mg2� (Fig. 3Aa) (Bienengraeber et al., 2000; Reimann et al.,
2000). NBD2 has higher ATPase activity than NBD1
(Bienengraeber et al., 2000; Matsuo et al., 2000), which is
consistent with significantly lower basal activity of
SUR2B(K1349A)/Kir6.2 and SUR2B(D1470N)/Kir6.2 chan-
nels than wild-type SUR2B/Kir6.2 channels (Figs. 3B and
5B). In this case, SUR2B may have higher probability of R
than SUR2A in the presence of ATP alone because of ATP
hydrolysis in NBD2. In consequence, C42 seems to regulate
ATPase activity of NBD2.

Nicorandil much more potently activated wild-type
SUR2B/Kir6.2 than SUR2A/Kir6.2 channels (Figs. 1B and
3B). The significantly impaired response of SUR2B(D1470N)/
Kir6.2 channels to ADP or nicorandil (Fig. 5Bc) again sug-

Fig. 6. Allosteric model of SUR2/Kir6.2 channels. A, schematic representation of SUR2. The upper and lower horizontal lines indicate the external and
internal surface of the plasma membrane, respectively. SUR2 has 17 transmembrane domains, with NBD1 between the 11th and 12th transmembrane
domains, NBD2 in the C terminus, and the receptor for nicorandil (u) in the 17th transmembrane domain. SUR2A and SUR2B differ only in the C42
amino acids. NBD1 and NBD2 serve as the receptor for intracellular ATP and ADP, and NBD2 has higher ATPase activity than does NBD1.
Approximate locations where the K708A, K1349A, and D1470N mutations were made are also depicted. B, an allosteric model of SUR2/Kir6.2
channels. Here, we assume the following: 1) an SUR2/Kir6.2 channel has a hetero-octameric structure composed of four SUR2 and four Kir6.2
subunits; 2) each SUR2 has a receptor (dent) for a ligand (F); 3) SUR2 has two distinct conformations that are able (R conformation) and unable (T
conformation) to open the channel pore formed from Kir6.2 subunits; 4) the T and R conformations are in equilibrium determined by the allosteric
constant L, where L is the ratio of the concentration of R to that of T in the absence of any ligands; 5) the structure of the receptor with regard to the
ligand is distinct in the R and T conformations and has higher affinity for the ligand in the R than the T conformation; and 6) as a result, the ligand
shifts the T-R equilibrium toward the R conformation. The ligand can be regarded as either nicorandil, ATP, or ADP. In the case of nicorandil, the dent
represents the drug receptor. For ATP and ADP, the dent corresponds to either NBD1 or NBD2.
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gests that SUR2B takes the R conformation strongly depen-
dent on ATP hydrolysis and ADP binding in NBD2.
Exogenously added ADP further increased the basal activity
but not the sensitivity to nicorandil of wild-type SUR2B/
Kir6.2 channels (Fig. 4B). Thus, nicorandil may increase
ATPase activity of SUR2B (Bienengraeber et al., 2000) to a
saturating level, thereby maximizing the probability of R in
the presence of ATP alone.

Either the K708A or K1349A mutation greatly reduced the
basal activity and the potency and efficacy of nicorandil in
the presence of ATP alone (Fig. 3B). A possible decrease in
the ATPase activity caused by these mutations does not fully
account for the observed changes because exogenously added
ADP did not restore the basal or nicorandil-induced activity
of the mutant channels (Fig. 4B). From our model and com-
parison of the concentration-dependent effects of nicorandil
on the channels with or without the K708A or K1349A mu-
tation, it is possible to assess the heterotropic effect of nucle-
otides binding to NBDs. Our preliminary analysis indicated
that the interaction of nucleotides with NBD1 and NBD2
apparently reduces L, respectively, by a factor of 0.02 and
0.03 in SUR2B and 0.07 and 0.34 in SUR2A in the presence
of ATP plus ADP, whereas, under these conditions, compa-
rable concentrations of nucleotides may be available in NBDs
of SUR2A and SUR2B. Therefore, binding of the nucleotides
to either NBD1 or NBD2 more strongly promotes the T-R
transition in SUR2B than in SUR2A and almost equally
contributes to this transition in SUR2B. In consequence, C42
modulates the interaction of both NBD1 and NBD2 with
nucleotides. The different response of SUR2A(K708A)/Kir6.2
(Figs. 1B and 2B) and SUR2B(K708A)/Kir6.2 (Figs. 3B and
4B) indicates that the interaction of nucleotides and the
remaining NBD2 more strongly promotes the T-R transition
in SUR2B than SUR2A.

Reimann et al. (2001) proposed that an interaction be-
tween ATP-NBD1 but not ATP-NBD2 was essential for the
action of nicorandil on SUR2B/Kir6.2 channels. However, a
single concentration (100 �M) of nicorandil they examined
has only a slight effect on SUR2B(K708A)/Kir6.2 and
SUR2B(K1349A)/Kir6.2 channels (Fig. 3B), which probably
led to the misinterpretation.

Comparison of SUR2A and SUR2B and Functional
Roles of the C-terminal 42 Amino Acids. To summarize,
NBD1 and NBD2 cooperatively induce the T-R transition in
both SUR2A and SUR2B. NBD1 plays a significantly more
important role than NBD2 in SUR2A, whereas both NBDs
contribute almost equally to this phenomenon in SUR2B. In
SUR2A, interaction occurs with ATP-binding to both NBDs
in the presence of ATP alone but with ATP-binding to NBD1
and ADP-binding to NBD2 in the presence of ATP plus ADP.
Here, NBD2 serves as a regulator of SUR2A/Kir6.2 channels
by sensing ADP concentration. In SUR2B, NBD2 effectively
hydrolyzes ATP, and this reaction is further stimulated by
nicorandil. The formed ADP interacts with NBD2 and prob-
ably also NBD1. The interaction of ATP and ADP with either
NBD more strongly contributes to the conformational change
in SUR2B than SUR2A. These distinctions probably underlie
both the higher basal activity and the greater nicorandil
sensitivity of SUR2B/Kir6.2 than SUR2A/Kir6.2 channels in
the presence of ATP alone.

Taken together, C42 modulates the interactions between
nucleotides and NBDs. We proposed that steric interaction

between the central part of C42 and the Walker A motif of
NBD2 determines the ADP-NBD2 interaction (Matsushita et
al., 2002). Although it is unknown whether NBDs of SUR2
form a dimer (Hopfner et al., 2000; Locher et al., 2002; Smith
et al., 2002; Chang, 2003), homology modeling of the three-
dimensional structure of NBDs from HisP, MJ1267, and
MJ0796 (Hung et al., 1998; Karpowich et al., 2001; Smith et
al., 2002) allocates the C-terminal half of C42 to the dimer
interface close to the Walker A motif of NBD2 (data not
shown). Such a structural basis could underlie the effect of
C42 on both NBDs. However, further studies are clearly
needed to explicitly identify the molecular mechanism by
which C42 determines the physiological and pharmacological
characteristics of SUR2A and SUR2B.
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versité de Tours, France) for critical reading of this manuscript, to
Kaori Iwai for technical assistance, and to Rika Kitai and Junko
Inoue for secretarial assistance.

References
Aguilar-Bryan L, Nichols CG, Wechsler SW, Clement IVJP, Boyd AE III, González G,
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