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Abstract Pancreatic LL-cell ATP-sensitive potassium channels,
composed of SUR1 and Kir6.2 subunits, serve as a sensor for
intracellular nucleotides and regulate glucose-induced insulin
secretion. To learn more about the interaction of SUR1 with
nucleotides, we examined the effect of N-ethylmaleimide (NEM)
modification. Photoaffinity labeling of SUR1 with 5 WWM 8-azido-
[KK-32P]ATP or 8-azido-[QQ-32P]ATP was inhibited by NEM with
Ki of 1.8 WWM and 2.4 WWM, and Hill coefficients of 0.94 and 1.1,
respectively. However, when the cysteine residue in the Walker A
motif of the first nucleotide binding fold (NBF1) of SUR1 was
replaced with serine (C717S), photoaffinity labeling was not
inhibited by 100 WWM NEM. These results suggest that NBF1 of
SUR1 has a NEM-sensitive structure similar to that of NBF1 of
MDR1, a multidrug transporter, and confirm NBF1 as the high-
affinity ATP binding site on SUR1.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

ATP-sensitive potassium (KATP) channels of pancreatic L-
cells regulate insulin release by modulating the L-cell mem-
brane potential [1^4]. Because these channels are inhibited
by ATP, and activated by MgADP, they are thought to act
as a sensor for intracellular nucleotides. However, it is not yet
clear how they monitor changes in the concentrations of intra-
cellular ATP and ADP. The KATP channel is a heterooctamer
composed of four sulphonylurea receptor (SUR1) and four
Kir6.2 subunits [5^8]. Like P-glycoprotein (MDR1), the multi-
drug resistance-related protein (MRP1), and the cystic ¢brosis
transmembrane conductance regulator (CFTR), SUR1 is a
member of the ATP binding cassette (ABC) superfamily
[9,10]. These proteins have two nucleotide binding folds
(NBFs). Recently, we reported that SUR1 is e¤ciently photo-
a¤nity labeled with 8-azido-[32P]ATP even in the absence of
Mg2� and that unlike MDR1, high-a¤nity labelling occurs
preferentially at a single NBF [11,12]. These features of
ATP binding by SUR1 are di¡erent from that of MDR1, in
which both NBFs can be labeled in an orthovanadate- and
Mg2�-dependent manner [13,14].

Chemical modi¢cation of speci¢c amino acids provides a
means of analyzing structure-function relationships. In partic-
ular, cysteine residues are useful targets for chemical modi¢-

cation because of their speci¢c and covalent modi¢cation by
many di¡erent thiol-modifying agents. E¡ects of the thiol-
modifying agent N-ethylmaleimide (NEM) have been well
studied on the ATP binding and hydrolysis properties of
MDR1. Although human MDR1 contains seven cysteines,
only two of them, located in the Walker A motifs of the
NBFs, can be readily modi¢ed by NEM [14,15]. Covalent
modi¢cation of a single cysteine in the Walker A motif of
either NBF is su¤cient to inactivate ATPase activity [15] or
vanadate-induced nucleotide trapping of MDR1 [14]. How-
ever, the e¡ects of NEM modi¢cation of the cysteine in
NBF1 and NBF2 on 8-azido-ATP binding to MDR1 are
not equivalent. NEM modi¢cation of the cysteine in NBF2
did not appear to a¡ect 8-azido-ATP binding to MDR1,
whereas NEM modi¢cation of the cysteine in NBF1 signi¢-
cantly reduced it [14]. Like MDR1, the Walker A motif of
NBF1 of SUR1 contains a cysteine residue. We therefore
examined the e¡ect of NEM on 8-azido-ATP binding to
SUR1. We show here that NEM inhibits ATP binding to
NBF1 of SUR1, as it does for MDR1 [14], despite the fact
that several other properties of ATP binding di¡er for these
two ABC transporters.

2. Materials and methods

2.1. Materials
8-Azido-[K-32P]ATP and 8-azido-[Q-32P]ATP were purchased from

ICN Biomedicals. Hamster SUR1 (K719M) cDNA was generously
provided by Dr Susumu Seino (Chiba University, Japan). Wild-type
rat SUR1 cDNA was the kind gift of Dr G. Bell (University of
Chicago, USA). The C717S and K1385M mutations used in this study
were made in rat SUR1. Hamster SUR1 and rat SUR1 exhibit iden-
tical ATP binding properties (data not shown).

2.2. Covalent modi¢cation of SUR1 with NEM
Membranes from COS-7 cells expressing SUR1, prepared as de-

scribed [11], were incubated with NEM in TE bu¡er (40 mM Tris-
HCl (pH 7.5), 0.1 mM EGTA) for 10 min at 25³C and washed twice
with TE bu¡er containing 50 mM dithiothreitol.

2.3. Photoa¤nity labeling with 8-azido-[32P]ATP
Membranes treated with NEM were incubated with 5 WM 8-azido-

[K-32P]ATP or 8-azido-[Q-32P]ATP in 10 Wl TEM bu¡er (40 mM Tris-
HCl (pH 7.5), 0.1 mM EGTA, 1 mM MgSO4) containing 2 mM
ouabain for 10 min at 37³C. The reactions were stopped by the addi-
tion of 500 Wl of ice-cold TEM bu¡er, and free 8-azido-[32P]ATP was
removed after centrifugation (15 000Ug, 5 min, 2³C). Pellets were
resuspended in 8 Wl of TEM bu¡er and irradiated for 5 min (at 254
nm, 5.5 mW/cm2) on ice. Samples were electrophoresed on a 7% SDS-
polyacrylamide gel, and autoradiographed. The 8-azido-[K-32P]ATP-
labeled SUR1 was measured by scanning with a radioimaging analy-
ser (BAS2000, Fuji Photo Film Co.). Experiments were done in trip-
licate.
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3. Results and discussion

Covalent modi¢cation with thiol-modifying agents prevents
ATP hydrolysis and ATP binding by the ABC-superfamily
proteins MDR1 [14^17] and CFTR [18]. To learn more about
the interaction of SUR1 with nucleotides, we examined the
e¡ect of covalent modi¢cation by NEM on ATP binding to
SUR1.

Membranes from COS-7 cells transiently expressing SUR1
were incubated with 5 WM 8-azido-[K-32P]ATP or 8-azido-[Q-
32P]ATP. After removal of the unbound ligands, the proteins
were irradiated with UV light. SUR1 was e¤ciently photo-
a¤nity labeled by both ligands (Fig. 1). When membranes
were pretreated with NEM, photoa¤nity labeling of SUR1
by either ligand was inhibited by NEM in a concentration-
dependent manner (Fig. 1A). The data were ¢t by the Hill
equation with Ki values of 1.8 WM and 2.4 WM, and Hill

coe¤cients of 0.94 and 1.1, for binding of 8-azido-[K-32P]ATP
and 8-azido-[Q-32P]ATP, respectively (Fig. 1B). Similar results
were obtained when the reaction was carried out in the ab-
sence of Mg2� (data not shown). These results con¢rm that
the labeling observed is due to binding of ATP rather than
phosphorylation. The Hill coe¤cient of unity further suggests
that modi¢cation of a single site by NEM is su¤cient to
prevent ATP binding.

Fig. 2 compares the amino acid sequences of the Walker A
motifs of NBF1 and NBF2 of SUR1, MDR1 and CFTR. A
cysteine residue is present in both NBFs of MDR1 but neither
NBF of CFTR. NBF1 of SUR1 contains a cysteine residue at
the analogous site to that in NBF1 of MDR1. It has been
reported previously that modi¢cation of the Walker A cys-
teine residue in NBF1 is responsible for the inhibition of
ATP binding to MDR1 by NEM [14], and that modi¢cation
of a cysteine engineered into the Walker A motif of either
NBF of CFTR partially inhibited Cl3 channel activity, pos-
sibly via decreased ATP binding [19]. This suggests that the
cysteine residue within the Walker A motif of NBF1 is the site
of NEM modi¢cation of ATP binding to SUR1. We therefore
examined the e¡ects of NEM on 8-azido-ATP binding to a
mutant form of SUR1, in which the cysteine residue within
the Walker A motif of NBF1 was replaced with serine
(C717S).

Membranes containing equal amounts of the wild-type and
the C717S mutant form of SUR1 were treated with 100 WM
NEM, and photoa¤nity labeling with 5 WM 8-azido-[Q-
32P]ATP was then examined (Fig. 3). Both wild-type and
C717S SUR1 were photoa¤nity labeled to the same extent
in the absence of NEM. However, by contrast to wild-type
SUR1, photoa¤nity labeling of C717S SUR1 was una¡ected
by pretreatment with NEM. Like wild-type SUR1, the
K1385M mutant form of SUR1 (in which the lysine residue
in the Walker A motif of NBF2 was replaced with methio-
nine) was photoa¤nity labeled by 8-azido-ATP and this label-
ing was inhibited by NEM treatment. However, the K719M
mutant form of SUR1 (in which the lysine residue within the
Walker A motif of NBF1 was replaced with methionine) was
not photoa¤nity labeled either in the absence or in the pres-
ence of NEM. These results indicate that cysteine-717 within
NBF1 of SUR1 is responsible for inhibition of high-a¤nity 8-
azido-ATP binding by NEM, and suggest that NBF1 of
SUR1 has a NEM-sensitive structure similar to that of
NBF1 of MDR1.

We have reported previously that mutations in either the
Walker A or B motifs of NBF1, K719M and D854N, abolish

Fig. 1. Inhibition of high-a¤nity 8-azido-ATP labeling of SUR1 by
NEM. A: Membrane proteins (20 Wg) from COS-7 cells expressing
SUR1 were treated with the indicated concentrations of NEM and
incubated with 5 WM 8-azido-[K-32P] or 8-azido-[Q-32P] ATP at 37³C
for 10 min. Proteins were photoa¤nity labeled as described in Sec-
tion 2. B: Relative photoa¤nity labeling of SUR1 after NEM treat-
ment with 8-azido-[K-32P] ATP (a) or 8-azido-[Q-32P]ATP (b), ex-
pressed as a percentage of that obtained for NEM-untreated SUR1.
The data were ¢t using the Hill equation. Experiments were done in
triplicate.

Fig. 2. Comparison of the Walker A sequences of MDR1, CFTR,
and SUR1. The cysteine residue within the Walker A motif of
NBF1 of SUR1 was replaced with serine in the C717S mutant
form.
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high-a¤nity 8-azido-ATP binding to SUR1, whereas equiva-
lent mutations in NBF2 do not a¡ect ATP binding [11]. Also
we have reported that MgADP and MgATP stabilised binding
of prebound 8-azido-ATP to SUR1, while mutations in the
Walker A and B motifs of NBF2 abolished this stabilising
e¡ect of MgADP [12]. These results suggested that SUR1
binds 8-azido-ATP strongly at NBF1, and MgADP at
NBF2, and that the two NBFs cooperate in nucleotide bind-
ing. The inhibition of this high-a¤nity 8-azido-ATP binding
to SUR1 by NEM and the lack of inhibition found with the
C717S mutation now con¢rms that NBF1 is the high-a¤nity
ATP binding site identi¢ed on SUR1.

It has been reported that thiol-modifying agents, including
NEM and p-chloromercuriphenylsulphonate (pCMPS), inhib-
it both L-cell and cardiac muscle KATP channels irreversibly
and that the presence of ATP protects against this e¡ect [20^
22]. However, the inhibitory e¡ect of pCMPS on the L-cell
KATP channel is due to interaction of this thiol-modifying
agent with the cysteine at position 42 of Kir6.2 [23] and not
C717 of SUR1. Unlike NEM, pCMPS does not inhibit high-

a¤nity ATP binding to SUR1 (data not shown). This implies
that, in comparison to NEM, the bulkier and more hydro-
phobic pCMPS reagent probably cannot access C717 of
SUR1 in the Kir6.2/SUR1 channel complex. Therefore, it
might be worth examining whether the ability of MgATP to
activate Kir6.2/SUR1 currents [24], which is mediated by the
NBFs of SUR1, can be in£uenced by NEM modi¢cation.

In summary, NBF1 of SUR1 has a NEM-sensitive structure
similar to NBF1 of MDR1, although their ATP binding prop-
erties appear quite di¡erent. Our study adds further support
for the idea that the NBFs of SUR1 and MDR1 di¡er in their
interaction with ATP and provides strong evidence that the
high-a¤nity ATP binding site on SUR1 resides in the ¢rst
nucleotide binding fold.
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Fig. 3. E¡ect of NEM on photoa¤nity labeling of SUR1 mutants.
A: Immunoblotting of membrane proteins (7^20 Wg) from COS-7
cells expressing wild-type (lane 1), C717S (lane 2), K719M (lane 3),
or K1385M (lane 4) mutant forms of SUR1 using an antibody
against the C-terminal 21 amino acids of rat SUR1. B: Membranes
containing equivalent amounts of wild-type and mutant forms of
SUR1 were treated with or without 100 WM NEM, and photoa¤n-
ity labeled. C: Relative photoa¤nity labeling of SUR1 expressed as
a percentage of that of NEM-untreated wild-type SUR1. White
bars, NEM-untreated; black bars, NEM-treated. Experiments were
done in triplicate.
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