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

 Adoption of different functional states in response to 

 effector binding at a site distal from the catalytic site within 

homomeric systems, with one or more axes of molecular 

symmetry, defi nes the allosteric regulation of enzymes 

( Monod et al., 1965 ;  Monod, 1966 ). This is the case with 

ATP-binding cassette (ABC) transporters where adenine 

nucleotide interactions with nucleotide binding domains 

(NBDs) drive structural rearrangement necessary for 

cargo translocation across the cell membrane ( Linton and 

Higgins, 2007 ). Within the ABC superfamily, regulation of 

the ATP-sensitive K +  (K ATP ) channel complex is unique as 

it relies not only on structural coupling and cooperativity, 

induced by nucleotide interaction within the ATPase-

 harboring regulatory sulfonylurea receptors (SUR), but 

also on transmission of such interaction to the associated 

pore-forming Kir6.x channel ( Alekseev et al., 2005 ). 

 The K ATP  channel heteromer is comprised of four 

SUR modules, members of the ABCC subfamily, and four 

K +  conducting pores ( Aguilar-Bryan et al., 1995 ;  Inagaki 

et al., 1995; 1996 ;  Tucker et al., 1997 ;  Lorenz and Terzic, 

1999 ;  Nichols, 2006 ). SUR, like other ABCC proteins, 

consists of two bundles of six hydrophobic transmem-

brane-spanning domains (TMDs) fused to hydrophilic 

nucleotide-binding domains (NBDs) (TMD 1 -NBD1-TMD 2 -

NBD2) ( Lorkowski and Cullen, 2002 ). An additional 

TMD 0  module with fi ve transmembrane domains (TMD 0 -

TMD 1 -NBD1-TMD 2 -NBD2) anchors the channel pore 

to the SUR module ( Babenko and Bryan, 2003 ;  Fang   Abbreviations used in this paper: ABC, ATP-binding cassette; CL, cyto-

plasmic loop; HRP, horseradish peroxidase; KCO, potassium channel 

opener; NBD, nucleotide binding domain; SUR, sulfonylurea recep-

tor; TMD, transmembrane-spanning domain. 

et al., 2006 ;  Hosy et al., 2007 ). While SUR shares the 

properties of ATP interaction and hydrolysis with ABC 

proteins ( Bienengraeber et al., 2000;   Matsuo et al., 2000 ), 

a catalysis-coupled transport function has not been 

identifi ed for K ATP  channels. Catalysis in SUR, while not 

required for ion permeation down the electrochemical 

gradient, has been implicated in allosteric regulation of 

the heteromeric K ATP  channel complex ( Zingman et al., 

2001 ). In this way, the concept of allosteric regulation, 

developed for homomers, could be expanded to het-

eromers, where ligand-induced conformation adapta-

tion within the regulatory module is translated to the 

functional state of the distal subunit. 

 While the allosteric hierarchy controlling K ATP  channel 

operation has not been dissected, the proposed model 

of nucleotide-dependent channel gating ( Abraham et al., 

2002 ;  Selivanov et al., 2004 ) implies that four identical 

binding sites for ATP and ATP/ADP coexist on the pore-

forming and regulatory subunits, respectively, within 

the octameric complex ( Clement et al., 1997 ). Binding 

of ATP to the Kir6.x pore inhibits channel opening 

( Tucker et al., 1997 ;  Drain et al., 1998 ), whereas MgADP 

at the corresponding regulatory SUR subunit antago-

nizes ATP-induced pore closure ( Shyng et al., 1997 ; 

 Matsuo et al., 2000 ). Cooperative rather than individual 

contribution of SUR NBDs gate channel operation as 
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closed state of the channel pore through a common 

allosteric pathway. 

 To serve as transducer of diverse signals to the channel 

pore, components of such a pathway should not be con-

served among ABC proteins, which, unlike SUR, function 

as complete enzymatic modules and do not require com-

munication with a functionally distinct protein. This do-

main should not interfere with critical binding sites for 

drugs or nucleotides, yet to facilitate readout of nucleo-

tide binding it may be located in the vicinity of NBDs. 

Lastly, it may comprise a signifi cant negative charge rec-

ognized in protein – protein interactions ( Shin et al., 2000 ; 

 Ma et al., 2001 ). 

 The present study analyzes an aspartate/glutamate-

rich domain as a candidate common transducer securing 

allosteric regulation in the cardiac K ATP  channel com-

plex, comprised of Kir6.2 and SUR2A channel isoforms. 

SUR2A contains a stretch of 15 negatively charged as-

partate and glutamate residues, designated the ED do-

main adjacent to NBD1 within the sixth cytoplasmic 

loop ( Fig. 1 A ).  The ED domain does not overlap with 

known binding sites for K ATP  channel ligands ( Aguilar-

Bryan et al., 1998 ;  Uhde et al., 1999 ;  Moreau et al., 2000 ; 

 Mikhailov et al., 2001 ;  Gribble and Reimann, 2003 ). 

 Sequence alignment revealed that the ED domain is not 

conserved among ABCC subfamily members ( Fig. 1 B ), 

yet it matches the location of the R domain in ABCC7 

encoding the CFTR channel ( Fig. 1 A ), which when phos-

phorylated permits nucleotide-dependent gating of Cl  �   

conduction ( Aguilar-Bryan et al., 1998 ;  Ostedgaard et al., 

2001 ). Thus, the ED domain emerges as a candidate al-

losteric transducer within K ATP  channel complexes. 

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

 Recombinant K ATP  Channels 
 SUR2A and Kir6.2 were subcloned into the pcDNA3.1 vector. 
Overlap PCR mutagenesis was used to create deletions and mu-
tations within the acidic domain ( Ho et al., 1989 ). K ATP  channel 

ATP binding to NBD1, supported by hydrolysis at NBD2, 

is a necessary step in securing structural arrangement of 

both NBDs ( Ueda et al., 1999 ;  Matsuo et al., 2000, 2002 ; 

 Zingman et al., 2002 ). The outcome on K ATP  channel 

pore state is not ultimately determined by the rate of 

NBD2-mediated catalysis at SUR ( Zingman et al., 2001; 

2002 ), but relies on the probability that NBD2 will adopt 

post- versus prehydrolytic conformations refl ecting co-

operative NBD interaction ( Bienengraeber et al., 2004 ; 

 Alekseev et al., 2005 ). Although this model is in agree-

ment with experimentally defi ned nucleotide-dependent 

gating ( Alekseev et al., 1998 ;  Abraham et al., 2002 ), it does 

not elucidate the structural determinants underlying 

intersubunit communication. 

 Pharmacological K ATP  channel regulators, potassium 

channel openers and sulfonylurea drugs, albeit with dis-

tinct binding topologies within SUR also rely on nucleo-

tide-dependent NBD states. Nucleotides and drugs induce 

an identical fi ngerprint in channel behavior, modulat-

ing termination of burst openings while maintaining an 

intact pattern of interburst kinetics ( Alekseev et al., 

1998 ;  Bienengraeber et al., 2000 ). Potassium channel 

openers require cooperative NBD interaction, since drug 

effects are dependent on intracellular nucleotides and 

Mg 2+ , intact NBDs, and post-hydrolytic SUR conforma-

tions ( Gribble et al., 1997 ;  Schwanstecher et al., 1998 ; 

 Bienengraeber et al., 2000 ;  Ashcroft and Gribble, 2000 ; 

 Zingman et al., 2001 ;  Moreau et al., 2005 ). Biochemical 

studies further demonstrate that binding of sulfonyl-

ureas to SUR modulates cooperative interaction between 

NBDs, inducing ATP dissociation from NBD1 ( Ueda et al., 

1999 ). Further, neutralization of positively charged ar-

ginine moieties in Kir6.x produces a K ATP  channel 

phenotype insensitive to MgADP-induced activation and 

sulfonylurea-induced inhibition ( John et al., 2001 ). These 

features of K ATP  channel regulation collectively indicate 

that conformational rearrangements of NBDs induced 

by exogenous (openers and sulfonylurea) or endoge-

nous (MgADP) ligands are coupled with the open or 

 Figure 1.   The ED domain, a candidate for allo-
steric intersubunit communication. (A) The ED 
domain in SUR, located in the CL6 downstream 
of NBD1, consists of 15 linear aspartate and gluta-
mate residues, and structurally overlaps with the 
R domain in CFTR. (B) The ED domain (in red) 
of SUR isoforms is not conserved in other ABC 
proteins. ClustalW software (www.ch.embnet.
org) was used to align CL6, a region between 
TMD1 and TMD2 that includes NBD1, for SUR 
isoforms, i.e., SUR1(606 – 1005) and SUR2A (591 –
 987), as well as two representative ABCC family 
members, MRP1(613 – 963) and CFTR(351 – 854). 
The SUR ED domains are in red, while the PKA-
phosphorylated serines in the R domain of CFTR 
are shaded in blue. While the SUR ED domains 
are not conserved among ABCC proteins, they 
match the location of the serine-rich R domain 
of CFTR. All sequences are from mouse.   
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and chemiluminescence read after 15 s in a plate reader (Molec-
ular Devices). Chemiluminescence signal was normalized to the 
protein content. 

 Immunoblotting 
 Proteins were separated in 3 – 8% Tris-Acetate gel (Invitrogen) 
from membrane samples isolated from HEK293 cells cotrans-
fected with Kir6.2 and wild-type or ED-mutated SUR2A. Re-
solved proteins were transferred by electrophoresis onto PVDF 
membrane. The presence of SUR2A was probed by incubation 
with SUR2A-specifi c antibody (Santa Cruz Biotechnology, Inc.) 
counterstained by anti-goat IgG HRP conjugate. Membranes 
were incubated in Super Signal West Pico Substrate (Pierce 
Chemical Co.), and signals captured on CL-XPosure fi lm (Pierce 
Chemical Co.). 

 Electrophysiology 
 Recombinant K ATP  channel activity was recorded using the inside-
out confi guration of the patch-clamp methodology at a membrane 
potential of  � 60 mV. Patch pipettes contained (in mM) KCl 140, 
CaCl 2  1, MgCl 2  1, HEPES-KOH 5 (pH 7.3). Cells were bathed in 
internal solution containing (in mM) KCl 140, MgCl 2  1, EGTA 5, 
HEPES-KOH 5 (pH 7.3). After patch excision, K ATP  channel activity 
was measured in the same internal solution, supplemented by 
drugs and/or nucleotides. Mg-free internal solution was supple-
mented by 5 mM EDTA with omitted MgCl 2 . Recordings were 
performed at 32  ±  1 ° C using the HI-25x heating element and the 
TC 2  temperature controller (Cell Micro Controls). Determination of 
the open state probability (P o ), through calculation of NP o  values, 
was performed in channel recordings when a clear determination 
of the number of simultaneously operating K ATP  channels ( n   <  10) 
was possible ( Jovanovic et al., 1996 ). P o  were calculated with known 
N using obtained NP o  values averaged for a 30 – 40-s-long duration 
of channel activity. 

subunits were expressed in HEK293 cells, cultured in Dulbec-
co ’ s Modifi ed Eagle ’ s Medium with 10% FBS and 2 mM gluta-
mine at 5% CO 2 . Subunits were transiently transfected (5  μ g 
SUR2A:1  μ g Kir6.2) with 0.5  μ g of the reporter gene GFP us-
ing FuGene (Roche). Experiments were performed 48 – 72 h 
post-transfection. 

 Photoaffi nity Labeling 
 Labeling protocols using 8-azido-[ � - 32 P]ATP followed established 
post-incubation procedures ( Ueda et al., 1999 ). Membrane sam-
ples (40  μ g) isolated from HEK293 cells cotransfected with wild-
type or mutated SUR2A and Kir6.2 were incubated with 100  � M 
8-azido-[ � - 32 P]ATP, 3 mM MgCl 2 , 0.1 mM EGTA, 2 mM ouabain, 
and 40 mM Tris-HCl pH 7.5 at 37 ° C for 3 min. Unbound 8-azido-
[ � - 32 P]ATP was removed after centrifugation (13,000  g , for 5 min 
at 4 ° C). Pellets were resuspended with the same buffer and then 
mixed with the indicated concentration of ADP. The mixture so-
lutions were incubated for 15 min at 37 ° C and then irradiated on 
ice at maximal output ( � 1 J/cm 2 ) for 8 min in a UVP CL1000 
 ultraviolet cross-linker. Samples were electrophoresed on 12% SDS-
PAGE and autoradiographed. 

 Membrane Expression of K ATP  Channel Constructs 
 A surface expression of K ATP  channel constructs were deter-
mined by using HA tag incorporated in the extracellular loop 
between transmembrane helices 16 and 17 of wild-type or mu-
tated SUR2A ( Schwappach et al., 2000 ). Tagged SUR2A were co-
transfected with Kir6.2. After 48 h, transfected cells were fi xed 
with 4% formaldehyde for 15 min and washed twice with PBS. 
After 30 min of blocking (1% FBS in PBS), cells were incubated 
with monoclonal HA antibody 3F10 (Roche) for 1 h, washed, 
and incubated with goat anti-mouse horseradish peroxidase 
(HRP) – conjugated secondary antibody (20 min). After washing, 
power signal ELISA solution (Pierce Chemical Co.) was added 

 Figure 2.   ED mutants and ATP sensi-
tivity of K ATP  channels. (A) Amino acid 
composition of the wild-type (WT) 
SUR2A ED domain versus ED domain 
mutant constructs, i.e., entire deletion, 
fi rst half deletion, second half dele-
tion, and neutrally charged entire 
Q/N substitution. ED domain SUR2A 
mutants, when expressed with Kir6.2, 
generated K ATP  channels with a respec-
tive open state probability (P o ) similar 
to the wild-type counterpart, indicat-
ing that disruption of ED domain does 
not affect intrinsic gating of the chan-
nel pore. (B) Membrane expression of 
K ATP  channel complexes measured as 
chemiluminescence from extracellu-
lar HA epitope – labeled WT versus ED 
domain – mutated SUR2A coexpressed 
with Kir6.2. For each construct, a p-value 
is provided indicating no signifi cant 
 reduction in surface expression, except 
Kir6.2 alone, which was used as a nega-
tive control. Sample number is indicated 
in parentheses. (C) ATP concentration –

 response curves for each of the ED mutants measured in the presence of Mg 2+  demonstrated a moderate reduction in ATP sensitivity 
manifested by a rightward shift relative to wild type (WT). Curves are Hill plots constructed based on fi tting results revealing the following 
IC 50  values: WT, 28  ±  3.3  � M ( n  = 8); entire deletion, 51  ±  4.6  � M ( n  = 6); fi rst half deletion, 73  ±  3.7  � M ( n  = 3); second half deletion, 35  ±  
4.1  � M ( n  = 5); entire Q/N mutant, 64  ±  4.9  � M ( n  = 6). (D) ATP concentration – response curves for WT, entire deletion, and entire 
Q/N mutant measured in the absence of Mg 2+ , and characterized by indistinguishable IC 50  values: 14  ±  3.7, 16  ±  3.3, and 15  ±  2.6  � M, 
respectively;  n  = 3 for each construct.   
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 The ED domain mutants exhibited a moderate reduc-

tion in ATP sensitivity manifested by a rightward shift of 

MgATP concentration – dependent curves with the ob-

served IC 50  ranging from 35 to 73  � M, relative to 28  � M 

measured for the wild type ( Fig. 2 C ). However, in the 

 absence of Mg 2+ , the ATP concentration-dependent rela-

tionships constructed for wild-type, entire deletion, and 

entire Q/N mutant K ATP  channels revealed identical IC 50  

values ( Fig. 2 D ), indicating that deletion or neutraliza-

tion of negative charges of the ED domain did not affect 

apparent ATP binding to the channel pore. Inhibition 

of wild-type K ATP  channels by 300  � M ATP was readily re-

versed by 300  � M MgADP ( Fig. 3 A ).  While 300  � M ATP 

inhibited the ED mutant SUR2A/Kir6.2 channels simi-

larly to the wild type, MgADP was unable to reverse such 

inhibition in ED mutants ( Fig. 3, A and B ). Thus, while 

the ED domain of SUR2A is not directly involved in ATP-

induced pore inhibition, it is essential in mediating 

MgADP-dependent channel activation. 

 ED Domain Critical for Cooperative Interaction of NBDs 
 MgADP, through binding or as a product of MgATP hy-

drolysis at NBD2, stabilizes nucleotide binding to NBD1 

of SUR, suggesting that cooperative interaction between 

NBDs is a critical conformational rearrangement for 

ADP-induced K ATP  channel activation ( Ueda et al., 1999 ; 

 Matsuo et al., 2000 ;  Zingman et al., 2002 ). To test the role 

of the ED domain in cooperative NBD interaction, the 

effect of ADP on photoaffi nity labeling of membrane 

proteins by 8-azido-[ � - 32 P]ATP in cells coexpressing 

Kir6.2 with wild-type or ED-mutated SUR2A was assessed 

using a post-incubation procedure established to evalu-

ate cooperative binding ( Ueda et al., 1999 ). Untrans-

fected cells, used as control, were photolabeled in the 

 Statistics 
 Data are expressed as mean  ±  SEM; p-values were calculated 
using unpaired Student ’ s  t  test. A p-value  < 0.05 was considered 
signifi cant. 

 R E S U LT S 

 Role of the ED Domain in Nucleotide-dependent 
Channel Gating 
 To examine the role of the ED domain in K ATP  channel 

regulation, deletion and mutations were made within 

this unique region of SUR2A. Specifi cally, three dele-

tion mutants were constructed: fi rst half deletion ( � 948 –

 954), second half deletion ( � 955 – 962), and entire 

deletion ( � 948 – 962) ( Fig. 2 A ).  In addition, to ensure 

that the effects with deletion mutants are not due to 

nonspecifi c shortening of the cytoplasmic loop, the en-

tire Q/N mutant was made replacing negatively charged 

aspartates and glutamates with neutrally charged aspara-

gines and glutamines ( Fig. 2 A ). Expression of Kir6.2 

with the ED domain mutants generated channels that 

retained basic properties of K ATP  channels. These included 

an identical single channel conductance ( � 85 pS at 32 ° C) 

and intrinsic probability of the open state (P o ) measured 

based on NP o  values in the absence of drug or nucleo-

tides (P o   ≈  0.76-0.8), indicating unimpaired pore gating 

in ED mutants versus wild-type K ATP  channel constructs 

( Fig. 2 A ). All SUR2A ED domain mutants coexpressed 

with Kir6.2 produced vigorous K ATP  channel activity, 

detected via patch-clamp, indicating unaltered surface 

expression compared with wild-type K ATP  channels, 

further confi rmed by chemiluminescence measured 

from extracellular HA epitope – labeled channel con-

structs ( Fig. 2 B ). 

 Figure 3.   Intact ED domain re-
quired for MgADP-dependent 
channel activation. (A) Mg-
nucleotide – dependent K ATP  
channel gating was probed 
as the channel response to 
0.3 mM MgADP in WT and ED 
mutants inhibited by 0.3 mM 
ATP. Disruption of the ED 
domain prevented MgADP-
 dependent channel activation 
in inside-out patches. Dotted 
lines represent zero-current 
levels. (B) Activation of ED 
domain mutants by MgADP 
is signifi cantly blunted when 
compared with WT (P  <  0.05) 
in inside-out patches. Channel 
activity expressed relative to 
that measured in the absence 
of nucleotides. Sample size is 
indicated in parentheses.   
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the cytoplasmic loop 7 (CL7) between TM helices 13 

and 14, as well as TM helices 16 and 17 of SUR2 ( Uhde 

et al., 1999 ;  Moreau et al., 2000 ).  Specifi cally, 50  � M 

pinacidil antagonized the inhibition of wild-type K ATP  

channels by 300  � M ATP, reversing channel activity close 

to the maximum level measured in the absence of nu-

cleotides ( Fig. 5 ). In contrast, channel activity induced 

by the same concentration of pinacidil, in the presence 

of 300  � M ATP, was 30 – 50% lower for the ED domain 

mutants when compared with the wild-type counterpart 

( Fig. 5 ). Thus, pinacidil-induced antagonism of ATP-

induced Kir6.2 pore was impaired, albeit not abolished, 

in ED domain mutants. 

 Role of ED Domain in Sulfonylurea-induced K ATP  Channel 
Inhibition 
 On wild-type K ATP  channels, the sulfonylurea glyburide 

(10  � M) exhibited a dual time course of inhibition, with 

fast and slow rates manifested by instantaneous block-

ade of only a fraction (59  ±  11%;  n  = 9) of the channel 

population ( Fig. 6, A and B ) followed by gradual dissipa-

tion of channel activity (93  ±  3%;  n  = 9) in the remain-

ing subpopulation within 2 – 3 min ( Fig. 6 A ).  Deletion 

of the entire ED domain generated a monophasic re-

sponse to glyburide, with loss of the slow phase of inhibi-

tion and a reduced fast phase so that glyburide-induced 

reduction in overall channel activity was only 21  ±  5%; 

 n  = 3 ( Fig. 6, A and B ). Similarly, fi rst half deletion, second 

half deletion, and the entire Q/N mutant produced chan-

nels with reduced glyburide responsiveness manifested 

absence or presence of MgADP in the range from 0.05 

to 1.0 mM. Nonspecifi c labeling in untransfected sam-

ples was negligible and unaffected by ADP titration 

( Fig. 4 A ).  Due to inherent catalytic activity centered at 

NBD2, leading to hydrolysis of the ATP  � -phosphate, 

8-azido-[ � - 32 P]ATP labeling refl ects the presence of nucle-

otides at NBD1 that harbors low or no ATPase activity 

( Ueda et al., 1999 ;  Bienengraeber et al., 2000 ;  Matsuo 

et al., 2000 ;  Fig. 4 B ). Immunoblotting with an SUR2A-

specifi c antibody validated that photolabeled bands in 

wild-type or ED domain mutants corresponded to SUR2A 

( Fig. 4 C ). In the absence of MgADP, the entire deletion 

and Q/N mutants demonstrated reduced 8-azido-[ � -

 32 P]ATP labeling compared with wild type ( Fig. 4, B and D ). 

After titration with MgADP, wild-type constructs ex-

hibited increased 8-azido-[ � - 32 P]ATP labeling, reaching 

a maximum at 500  � M, consistent with previous fi ndings 

( Ueda et al., 1999 ). In contrast, MgADP within the ap-

plied concentration range did not affect labeling of the 

ED-mutated constructs ( Fig. 4, B and E ). Thus, an intact 

ED domain is critical for cooperative NBD interaction 

and may therefore be essential for readout and trans-

mission of nucleotide interactions to the channel pore. 

 Role of ED Domain in Opener-induced K ATP  Channel 
Activation 
 ED disruption blunted the activating effect of the potas-

sium channel opener (KCO) pinacidil ( Fig. 5 ), although 

the ED domain does not overlap with binding sites for 

pinacidil and related cyanoguanidines that interact with 

 Figure 4.   ED domain is critical for coopera-
tive NBD interaction. Membrane proteins 
isolated from HEK293 cells were photo-
affi nity labeled. (A) Nonspecifi c photoaffi nity 
labeling was determined in samples from 
untransfected cells using a range of ADP 
concentrations. Nonspecifi c labeling was 
essentially independent from ADP concen-
tration and used as background to defi ne 
specifi c labeling. (B) Effect of ADP on pho-
toaffi nity SUR2A labeling was assessed in 
samples from cells expressing Kir6.2 along 
with of WT or ED mutant constructs. Un-
transfected lanes, in the absence of ADP, 
indicate nonspecifi c labeling relative to 
each construct. (C) Control Western blots 
of membranes purifi ed from cells trans-
fected with Kir6.2/WT SUR2A indicate the 
expected molecular weight for SUR2A. 
(D and E) Photoaffi nity labeling was quanti-
fi ed based on densitometry expressed in 
arbitrary units ( n  = 3) with regard to non-
specifi c labeling detected from membranes 
of untransfected cells in the absence (D) or 
presence of ADP (E). Data for nonspecifi c 
ATP photolabeling measured from untrans-
fected cells in the range of ADP concentra-

tions are presented in absolute arbitrary units ( n  = 3). In comparison with WT, ED domain mutants exhibited reduced ATP photoaffi nity 
labeling of NBD1 in the ADP range from 0 to 1 mM, and lack of potentiation of labeling by ADP.   



190  ED Domain in Allosteric Regulation of K ATP  Channels 

sulfonylurea was tested on wild-type channels. Removal 

of glyburide did not reverse current inhibition, which re-

quired reapplication of ATP ( Fig. 6 A ), suggesting that at 

least the slow phase of inhibition is pertinent to the nu-

cleotide-dependent state of the channel complex and re-

sembles the described phenomenon of K ATP  channel 

rundown ( Trube and Hescheler, 1984 ;  Findlay and 

primarily by a modest slow phase of glyburide-induced 

inhibition compared with wild type ( Fig. 6, A and B ). 

Thus, the ED domain contributes to sulfonylurea-induced 

K ATP  channel inhibition affecting to various degrees both 

phases of glyburide-mediated inhibition. 

 To assess the mechanism underlying the dual phase of 

the K ATP  channel response to glyburide, the effect of the 

 Figure 5.   Intact ED domain 
required for potassium chan-
nel opener – induced channel 
activation. (A) Disruption of 
ED domain blunts the activat-
ing effect of pinacidil (50  � M) 
on recombinant K ATP  chan-
nels in the presence of inhi-
bitory concentration of ATP 
(300  � M). (B) In all mutant 
constructs, the effect of pinaci-
dil was signifi cantly blunted 
when compared with WT chan-
nels (P  <  0.05). Number of 
values averaged for each ex-
perimental condition is indi-
cated in parentheses. Channel 
activity expressed relative to 
that measured in the absence 
of nucleotides and drugs.   

 Figure 6.   Role of ED domain in glyburide-induced K ATP  channel inhibition. (A) All ED domain mutants, in comparison with WT, exhibited 
an essentially monophasic response toward glyburide (10  � M), with little to no slow phase. (B) K ATP  channel activity was measured at the end 
of the fast phase and at the end of 3 min after glyburide application (slow phase) and expressed relative to the control activity in the absence of 
drugs and nucleotide. The effect of the drug on ED-mutated constructs was signifi cantly different from WT (P  <  0.05) except for the fast phase 
measured in the second half deletion mutant. Number of values averaged for each experimental condition is indicated in parentheses.   
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tude was estimated at  � 5 pA and at a given level of protein 

expression and open state probability of  � 0.8, patches 

with estimated 100 – 200 operating recombinant channels 

were selected to ensure discrimination of the probabilis-

tic properties of the time course of K ATP  channel closure 

( Fig. 7 A ).  In the presence of 50  � M MgATP, which par-

tially blocked K ATP  channels but was used to prevent chan-

nel rundown, glyburide (10  � M) induced only the fast 

phase of K ATP  channel inhibition with an amplitude of in-

hibition double that obtained in the absence of MgATP 

( Fig. 7, A and B ). Despite a more prominent fast phase, 

glyburide in the presence of 50  � M MgATP did not in-

duce maximal inhibition of channel activity seen with gly-

buride alone. On average, the steady level of K ATP  channel 

activity in the presence of 50  � M MgATP and glyburide 

was 22  ±  4% ( n  = 5) of that measured before sulfonylurea 

application ( Fig. 7 B ). In the presence of 300  � M MgADP, 

Dunne, 1986 ;  Nichols and Lederer, 1991 ;  Tung and 

Kurachi, 1991 ;  Findlay, 1994 ;  Terzic et al., 1994 ). One of 

the contributing conditions of K ATP  channel rundown is a 

fall in PIP 2  levels, which however is a slow process lasting 

 > 1 h following nucleotide removal ( Ribalet et al., 2000 ), 

and therefore per se cannot explain the slow phase of 

glyburide-induced channel inhibition that occurs with a 

signifi cantly faster time course. To test whether the slow 

phase of glyburide-induced channel inhibition could 

be accounted based on nucleotide-dependent states of 

SUR2A, glyburide action was further probed in the pres-

ence of adenine nucleotides or the nonhydrolyzable AMP-

PNP analogue known to induce distinct NBD formations 

( Gribble et al., 1998b ;  Matsuo et al., 2000 ;  Zingman et al., 

2001 ;  Alekseev et al., 2005 ;  Nichols, 2006 ). 

 At a membrane potential of  � 60 mV and a single chan-

nel conductance of 85 pS, the single channel current ampli-

 Figure 7.   Biphasic glyburide-induced channel inhibition of wild-type K ATP  channels. (A) In the absence of nucleotide only a fraction of 
the channel population present in the patch (100 – 200 channels) was instantaneously blocked by the sulfonylurea glyburide (10  � M). 
The rest manifested gradual and eventually complete dissipation of activity after glyburide application. Reapplication and removal of 
ATP (300  � M) restored K ATP  channel activity. In the presence of 50  � M MgATP, glyburide induced only a fast phase of K ATP  channel 
inhibition. In the presence of 300  � M MgADP, glyburide maintained the dual pattern of K ATP  channel blockade as measured without 
nucleotides, but both phases of inhibition were blunted. In the presence of AMP-PNP, a nonhydrolyzable ATP analogue, the profi le of 
glyburide inhibition was virtually indistinguishable from the effect of glyburide in the absence of nucleotides. (B) Number of values 
averaged for each experimental condition is indicated in parentheses. Fast and slow phases of glyburide inhibition were quantifi ed as in 
 Fig. 6 B . (C) In the presence of hydrolyzable ATP (50  � M), glyburide-induced channel inhibition was reversed after washout of glyburide. 
(D) AMP-PNP (50  � M) did not prevent channel rundown initiated by the sulfonylurea and did not support restoration of channel activity 
after removal of glyburide.   
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present study, the negatively charged ED domain was 

identifi ed as a structural component within SUR2A con-

tributing to allosteric signal communication between con-

stitutive K ATP  channel subunits. Specifi cally, K ATP  channel 

regulation by MgADP, potassium channel openers, and 

sulfonylurea drugs, which relies on nucleotide-dependent 

NBD states, was dependent on the intactness of the ED 

domain. Indeed, while the ED domain does not overlap 

with known ligand binding sites, deletion or charge neu-

tralization of this acidic domain impeded K ATP  channel 

pore function in response to either activating or inhibi-

tory SUR2A ligands. The strategic location of the ED 

domain downstream of NBD1, in the cytoplasmic loop 6 

(CL6) between TMD1 and TMD2, facilitated readout of 

cooperative NBD formation communicated to the chan-

nel pore. Whether communication of SUR2A and Kir6.2 

involves direct electrostatic interaction via the ED domain 

or implies additional intermediate structural components 

remains to be determined and will require more detailed 

elaboration of the K ATP  channel architecture. 

 ED Domain Equivalents in ABC Proteins 
 Although the ED domain is not conserved among other 

ABCC proteins, structural alignment indicated topologi-

cal equivalence of the ED domain in SUR with the R do-

main in CFTR channels, a related family member. In fact, 

PKA-mediated phosphorylation of serine residues within 

the R domain negatively charges this region, permitting 

Cl  �   conductance by the CFTR protein ( Rich et al., 1993 ; 

 Seibert et al., 1999 ;  Ostedgaard et al., 2001 ) presumably 

after cooperative NBD interaction ( Ostedgaard et al., 

1997 ;  Aleksandrov et al., 2001, 2002 ;  Vergani et al., 2003 ; 

 Howell et al., 2004 ). This effect is mimicked by mutating 

serines to negatively charged aspartate residues, allowing 

CFTR operation in the absence of PKA phosphorylation 

glyburide maintained the dual pattern of K ATP  channel 

blockade as measured without nucleotides, but both 

phases were blunted ( Fig. 7 A ). Although it partially an-

tagonized sulfonylurea-induced channel inhibition as 

previously reported ( Gribble et al., 1998a ;  Reimann et al., 

2003 ), MgADP apparently could not equivalently replace 

MgATP in supporting nucleotide-driven NBD formation. 

This is further supported by the observation that in the 

presence of AMP-PNP, a nonhydrolyzable analogue of 

ATP, the profi le of glyburide inhibition was indistin-

guishable from the effect of glyburide in the absence of 

nucleotides ( Fig. 7, A and B ). While in the presence of 

hydrolyzable ATP, channel inhibition could be reversed 

( Takano et al., 1990 ;  Furukawa et al., 1994 ), following 

washout of glyburide, the nonhydrolyzable ATP analogue 

did not prevent channel rundown initiated by the sulfonyl-

urea and did not support restoration of channel activity 

after removal of glyburide ( Fig. 7, C and D ). Restoration 

of channel activity after glyburide treatment in the pres-

ence of AMP-PNP required MgATP ( Fig. 7 D ). Taken to-

gether, these observations suggest that the effect of the 

sulfonylurea glyburide relies upon nucleotide-dependent 

conformations of SUR2A associated with its catalytic func-

tion involving cooperative interaction between NBDs 

( Ueda et al., 1999 ;  Matsuo et al., 2000 ;  Zingman et al., 

2001, 2002 ). Thus, disruption or neutralization of the ED 

domain interrupted allosteric communication of chan-

nel inhibition induced by a sulfonylurea at SUR2A to the 

K ATP  channel pore. 

 D I S C U S S I O N 

 Gating of the cardiac K ATP  channel complex implies trans-

duction of ligand-induced conformational transitions in 

the regulatory SUR2A module to the Kir6.2 pore. In the 

 Figure 8.   Suggested role of the 
ED domain in K ATP  channel gating. 
(A) In the presence of nucleotides, 
the intact SUR2A ED domain con-
tributes to optimal coordination of 
both NBDs, essential in the antago-
nism of ATP-induced Kir6.2 inhibi-
tion. Cooperative NBD formation, 
controlled by the ED domain, is also 
a prerequisite in mediating K ATP  
channel activation in response to 
potassium channel opener (KCO) 
interaction with SUR2A. (B) Glybu-
ride binding to SUR2A destabilizes 
cooperative NBDs interaction, with 
ED domain participation, accom-

plished by dissociation of ATP from NBD1. Such NBDs/ED domain conformational rearrangement is critical for transduction of in-
hibitory channel gating originating from SUR2A to pore closure. (C) Disruption of the ED domain stabilizes the NBDs of SUR2A in 
a suboptimal conformation characterized by residual communication between constitutive channel subunits. Hypothetic occlusion of 
MgADP within such suboptimal NBD conformation endows moderate antagonism of ATP-induced pore inhibition (right shift of ATP 
concentration responses), partial channel activation by KCO, and impaired MgADP-induced channel opening. The infl exibility of this 
NBD formation in the absence of the ED domain precludes glyburide-induced K ATP  channel inhibition, yet prevents the rundown process 
associated with nucleotide-dependent states of SUR2A.   
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 ED Domain Mediates K ATP  Channel Activation 
 Both NBDs as well as the engagement of NBD2 into 

post-hydrolytic conformations are prerequisites for K ATP  

channel activation by MgADP and potassium channel 

openers ( Gribble et al., 1997 ;  Schwanstecher et al., 1998 ;  

Bienengraeber et al., 2000 ;  Zingman et al., 2001 ). Disrup-

tion of the ED domain antagonized K ATP  channel opening 

induced by MgADP and the potassium channel opener 

pinacidil. This could be explained by destabilization of 

NBD dimer formation required for channel activation 

( Gribble et al., 1998b ;  Zingman et al., 2002 ;  Alekseev et al., 

2005 ). Moreover, the observed minor rightward shift 

of MgATP (but not Mg-free ATP)-induced K ATP  channel 

inhibition in the ED mutants despite loss of MgADP effi -

cacy could result from stabilization of the NBD2 ATPase 

cycle in a post-hydrolytic conformation ( Bienengraeber 

et al., 2004 ). Although an alternative pathway for potas-

sium channel openers cannot be excluded ( Russ et al., 

2003 ), the residual effectiveness of potassium channel 

openers measured in the ED domain mutants could also 

be related to the stabilization of such post-hydrolytic con-

formation ( Schwanstecher et al., 1998 ;  Zingman et al., 

2001 ). Thus, the intact ED domain secures optimal co-

operativity of NBDs and proper K ATP  channel activation, 

whereas disruption in the ED domain locks NBDs in a 

suboptimal state, allowing only residual communication 

between SUR2A and the channel pore ( Fig. 8 ). 

 ED Domain and Inhibitory Channel Gating 
 The reduced sensitivity of ED-mutated K ATP  channel con-

structs toward the inhibitory effect of glyburide, which in-

teracts by its benzamido moiety with the cytoplasmic loop 

3 (CL3) of SUR2 between TMD0 and TMD1 ( Mikhailov 

et al., 2001 ), may also be explained by a suboptimal NBD 

( Rich et al., 1993 ;  Ostedgaard et al., 2001 ). While the SUR 

ED domain, and its R domain analogue in CFTR, may be 

uniquely required for ion channel gating, the role of 

equivalent domains may be more broadly applicable to 

other members of the ABC protein family. Indeed, pro-

tein sequence alignment demonstrated that the linker 

region in p-glycoprotein (P-gp), an ABCB subfamily 

member, structurally overlaps the ED and R domains and 

contains several consensus sites for phosphorylation ( Orr 

et al., 1993 ). Additionally, replacement of the CFTR R do-

main residues 780 – 830 with P-gp linker residues 644 – 689 

resulted in stimulated channel activity indistinguishable 

from that of wild-type CFTR ( Vankeerberghen et al., 1999 ). 

Thus, the ED domain shares topological and functional 

properties of domains critical for the regulation of related 

ABC proteins. 

 ED Domain Controls Cooperative NBD Interaction 
 Nucleotide-dependent gating of K ATP  channels is coupled 

to the catalytic function of NBD2 and requires nucleo-

tide coordination at NBD1 ( Gribble et al., 1997, 1998b ; 

 Zingman et al., 2001, 2002 ;  Matsuo et al., 2002 ), implying 

determinate linkage between catalysis-driven SUR con-

formations and pore gating ( Alekseev et al., 2005 ). Evi-

dence for conformational association of SUR NBDs stems 

from the dimeric structures of distinct ABC proteins 

( Hung et al., 1998 ;  Diederichs et al., 2000 ;  Hopfner et al., 

2000 ;  Campbell et al., 2003 ) and is supported by direct 

labeling studies ( Ueda et al., 1999 ;  Matsuo et al., 2000 ). 

Mutations in the ED domain were here found to disrupt 

cooperative nucleotide binding at NBD. Thus, the ED 

domain is integral to the allosteric machinery controlling 

the readout of NBD states essential for optimal channel 

regulation ( Fig. 8 ).  

 Figure 9.   Model for biphasic glyburide-mediated 
inhibition of K ATP  channels. (A) The K ATP  chan-
nel population exhibiting cooperative formation 
of NBDs is denoted by fi lled rectangles and at-
tached diamonds. The rest of the K ATP  channel 
population is in a noncooperative NBD state, 
with either or no nucleotide bound, is denoted 
in half-fi lled shapes in brackets. In the absence 
of ATP, glyburide (G) inhibits K ATP  channels by 
 “ shaking ”  the cooperative state, promoting dis-
sociation of ATP from NBD1 (see  Ueda et al., 
1999 ). The channel population in noncoopera-
tive states contributes only to the rundown state 
(denoted as open circles) through the slow phase 
promoted by glyburide. In the absence of ATP 
the effect of glyburide is irreversible since, fol-
lowing sulfonylurea removal, closed channel may 
transit exclusively to rundown, which is function-
ally indistinguishable from the closed state. (B) 
In contrast, ATP can support nucleotide bind-
ing and hydrolysis and thereby the steady state 
between cooperative and noncooperative states, 
revealing the fast phase of the glyburide effect as 
incomplete and reversible.   
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of channel regulation to interpret the nucleotide depen-

dence of glyburide inhibition of K ATP  channels ( Fig. 9 ).  

Upon removal of ATP, a population of K ATP  channels re-

mains in a nucleotide-bound state in line with cooperative 

dimer conformation of SUR2A NBDs. This is in accord 

with SUR properties to stabilize bound ATP and MgADP 

at NBD1 and NBD2, respectively ( Ueda et al., 1999 ; 

 Matsuo et al., 2000 ). When glyburide is added, two phases 

of inhibition are observed. Binding of the sulfonylurea to 

dimerized SUR disrupts cooperative interaction of NBDs 

and promotes ATP dissociation from NBD1 ( Ueda et al., 

1999 ) allosterically associated with immediate pore closure 

( Fig. 9 A ). The K ATP  channel subpopulation that at glybu-

ride application is outside of cooperative NBD interaction 

can resist sulfonylurea-induced channel closure, and con-

tributes only to the slower phase of channel inhibition 

characterized as sulfonylurea-accelerated rundown. This is 

supported by glyburide-induced K ATP  channel inhibition 

in the presence of 50  � M MgATP ( Fig. 9 B ), an ATP concen-

tration that prevents rundown and, although insuffi cient 

per se to keep channel closed, can apparently support co-

operative interaction of NBDs. Under this condition, virtu-

ally the whole K ATP  channel population is primed for 

sulfonylurea-induced channel block manifested by exclu-

sively fast inhibition ( Fig. 9 B ). MgADP blunted both 

phases of glyburide-induced K ATP  channel inhibition in 

line with the known property of nucleotide diphosphates 

to prevent rundown, and the inability to mimic ATP-bound 

SUR conformations that are most sensitive to sulfonylurea 

( Nichols and Lederer, 1991 ;  Tung and Kurachi, 1991 ; 

 Alekseev et al., 1998 ; Reimann et al., 2003). Thus, the at-

tenuated sensitivity of ED domain mutants to glyburide, 

which revealed essentially a monophasic profi le of chan-

nel inhibition, could indicate that deletion or neutraliza-

tion of negative charges in the ED domain stabilizes the 

NBDs in suboptimal conformation, rendering K ATP  chan-

nels less sensitive to rundown. Collectively, sulfonylurea, 

which binds to SUR2A, induced pore inhibition through 

a common NBD-dependent mechanism involving the ED 

domain – mediated pathway ( Fig. 8 ). 

 In conclusion, transmission of ligand-induced structural 

adaptation of NBDs at the SUR2A module to the channel 

pore defi nes the operation of cardiac K ATP  channels. The 

present study identifi es the acidic ED domain of SUR2A as 

a structural component of allosteric K ATP  channel gating 

integrating transduction of diverse nucleotide-dependent 

states in the regulatory module to the K + -conducting chan-

nel pore. In this way, the identifi ed role for the ED domain 

in allosteric coupling within the K ATP  channel complex 

could provide a foundation for the further understanding 

of structure – function relationships among ABC proteins. 
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