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Introduction secretion (Ashcroft et al., 1993). A related sulfonamide,
diazoxide (Loubaliees et al., 1966), on the other hand,
Insulin secretion from the pancreafiecell is regulated Which hyperpolarizes thg-cell and thereby inhibits in-
by changes in blood glucose concentration and an inte_su"n secretion, is us_ed to_treat the_ hyperinsulinemia aris-
grated network of hormonal, neural and paracrine signal§!9 from excessive insulin secretion (Dunne, Aynsley-
(Ashcroft et al., 1994; Ashcroft & Ashcroft, 1982Bru- ~ Green & Lindley, 199). The story of the discovery of
nicardi, Shavelle & Andersen, 1995; Smith & Bloom, these compounds has been reviewed (Loukex|e1969;
1995; D’'Alessio, 1997; Prentki, Tornheim & Corkey, Henquin, 1992; Ashcroft & Ashcroft, 1982 Hor-
1997). Of critical importance for initiation of secretion mones and neurotransmitters modulate the primary re-
is the intracellular concentration of calcium ions (Woll- sponse to glucose through a variety of second messenger
heim, 1981; Hellman et al., 1982Berggren & Larsson, pathways (Berggren et al., 1992; Strubbe & Steffens,
1994). In the unstimulatef-cell [C&"]; is maintained 1993; Howell, Jones & Persaud, 1994; Brunicardi et al.,
at a low level by the action of the plasma membrane and995; Smith & Bloom, 1995; D’Allesio, 1997). Activa-
endoplasmic reticulum Ca-ATPases’ (&di, Molna & tion of muscarinic cholinergic receptors, for example,
Ashcroft, 1995). In response to an increase in blood glustimulates phospholipase C and potentiates glucose-
cose concentration to a stimulatory level tBecell  induced insulin release through liberation of (Biden,
plasma membrane depolarizes to a potential at whici984) and diacyglycerol (Weng, Davies & Ashcroft,
voltage-dependent Ca-channels open. The resultant irt993). Epinephrine, however, leads to inhibition of in-
flux of calcium leads to an elevation of [E3, which  sulin release via2-adrenergic receptors (Morgan, 1987;
initiates exocytosis. Studies at the single-cell level haveHirose et al., 1993).
shown that the Ca signal is oscillatory as a result of a  Early studies into the biochemical basis for control
complex interplay between movement across the plasmef 3-cell membrane potential and hence insulin secretion
membrane and uptake and release from the endoplasmigtablished that the effect of glucose is mediated by in-
reticulum (Hellman et al., 1999. Other agents capable tracellular metabolism of the sugar (Ashcroft, 1980).
of modifying the-cell membrane potential have corre- |t was further found that the changes in membrane po-
sponding effects on insulin release. Of particular impor-tential elicited by glucose and by sulfonylureas reflect
tﬁnce are the su_IfonyIureas such as tolbutam_lde ('—OUbachanges in K-permeability (Dean & Matthews, 1968;
tler_es, 1955) Whlch are used to treat typ_e 1] dlab_etes_anqi.|enquin, 198@,b; Henquin & Meissner, 1982). Patch-
which depolarize the3-cell and hence stimulate insulin cjamp studies identified the channel responsible as an
ATP-sensitive K-channel (K channel) (Cook &
Hales, 1984; Ashcroft, Ashcroft & Harrison, 1986), a
type of inwardly rectifying K-channel first described in
cardiac muscle cells (Noma, 1983). Cloning of theK
Key words: Insulin secretion —3-cell — Sulfonylurea — K1 chan- channel subunits (Aguilar-Bryan et al., 1995; Inagaki et
nel — Nucleotide binding domain — ABC protein al., 199%; Sakura et al., 1995) has led in the last few
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Glucose
~ Sulfonylureas | Diazoxide |
i \ M Ca2t Plasma membrane Fig. 1. Role of the K1 channel in control of
‘ [ / insulin secretion. Closure @-cell K, channels
Out o _Zu‘)’ occurs in response to an increase in glucose
In ) depolarisation concentration via an increase in intracellular
| / N \ [ATP]/[ADP]. The ensuing depolarization leads to
l K-ATP channel \ Vv oltage-dependent Ca-channel opening of voltage-dependent Ca-channels and an
K+ Ca2+ influx of calcium ions which triggers secretion.
‘ Sulfonylureas initiate sec_retion by directly binding
[Glucose, ——metabolism —» \DF | to the K,rp channel leading to channel closure.
s Diazoxide inhibits secretion by binding to and
Insulin release 1 opening K,rp channels.

years to a rapid growth in knowledge of the molecularcrease occurs with sufficient rapidity to account for the
details of the channel. In this review | shall summarizesubsequent changes in.& channel activity and intra-
current views on the structure and function of fheell  cellular [Ca] (Detimary, Gilon & Henquin, 1998).
Katp Channel. In contrast to the indirect closure of;ks channels
by glucose, sulfonylureas elicit closure of ¥ channels
) by direct interaction with the channel (Sturgess et al.,
The Karp Channel Plays a Central Role in 1985: Trube et al., 1986; Dunne, lllot & Petersen, 1987;
B-Cell Function Ashcroft et al., 1993). Diazoxide also interacts directly
] . ) with the channel but leads to channel opening and
The restings-cell membrane potential of approximately therepy acts to inhibit insulin release (Trube, 1986;
=70 mV is determined by the activity of 4p channels  pynne et al., 1987: Sturgess et al., 1998).
(Ashcroft & Ashcroft, 1989). When blood glucose in- Thus, as summarized in Fig. 1, both the major physi-
creases over the physiological range there is a correg|ggical modulator of insulin secretion, glucose, and the
sponding increase in the rate of glucose utilization.majin pharmacological agents used to alter insulin secre-
Since glucose entry into the-cell is rapid and non-rate  jon rates clinically operate through J channels
limiting (Hellman, Sehlin & Taljedal, 1971) the meta- \yhjch are therefore central @-cell function. The prop-
bolic response to an increase in glucose concentration igrties and function of thg-cell K »rp channel have been
determined by-glucose ATP-phosphotransferase which extensively reviewed (Bryan & Aguilar-Bryan, 1997;
in the B-cell is the high K, isoform, glucokinase (Ash-  aguilar-Bryan et al., 1998; Ashcroft & Gribble, 1998;
croft & Randle, 1970). Metabolic control analysis has gapenko, Aguilar-Bryan & Bryan, 1998; Tucker & Ash-
demonstrated that the flux control coefficient for gluco- ¢roft, 1998; Aguilar-Bryan & Bryan, 1999; Ashcroft &
kinase is close to unity (Wang & lynedjian, 1997) con- Gripble, 1999; Dunne et al., 1999; Miki, Nagashima &

firming earlier studies indicating that this enzyme may seino, 1999; Schwanstecher et al., 1999; Seino, 1999).
constitute the ‘glucoreceptor’ (Ashcroft, 1980). Consis-

tent with this concept, altered expressiongstell glu-

cokinase either as a result of mutation in man (Froguel e , -
al., 1992) or using gene knock-out technology in miceEGrTSPt g?t?\zpyds Display a Characteristic
(Terauchi et al., 1995; Sakura et al., 1998) can lead to
disordered insulin secretion. Tlfecell has little capac-

ity for glycogen synthesis, for pentose phosphate pathK o1 channels are weakly inwardly rectifying K-
way flux or for fatty acid synthesis; the major metabolic selective channels (Ashcroft & Rorsman, 1989; Ashcroft
fate of glucose is therefore glycolysis and oxidation via& Ashcroft, 1990). Patch-clamp studies show that the
the Krebs cycle (Ashcroft, Hedeskov & Randle, 1971;3-cell K,rp channel has a characteristic pattern of activ-
Ashcroft et al., 1972). Unusually, thg-cell does not ity in which the channels rapidly flicker between the
show a Pasteur effect i.e., an increase in [ATP])/[ADP]open state and a short closed state. The bursts are sepa-
ratio does not cause feedback inhibition of glycolytic rated by long closed states. ATP increases the time spent
flux (Ashcroft, Weerasinghe & Randle, 1973; Hellman etin the long closed state by prolonging the interburst in-
al., 1975). Hence in th@-cell an increased rate of glu- terval and reducing the burst duration without affecting
cose metabolism leads to an increase in cytosolic [ATP]the intraburst kinetics or the unitary conductance. This
[ADP]. This results in closure of k- channels (Rors- effect of ATP does not require the presence ofiigns.

man & Trube, 1985). The resulting depolarization leadsSulfonylureas also shorten the mean burst duration and
to insulin release as described above. Measurements tdngthen the interburst interval by stabilizing the long
B-cell [ATP]/[ADP] ratio have demonstrated that the in- closed state (Gillis et al., 1989). ADP, in the presence of
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] .-"A\ rium constant L. ATP and sulfonylureas bind preferen-
Sulf { oz | tially to C and thereby reduce the time spent in the open
}I—ﬂ state. MgADP and diazoxide bind preferentially to the
‘; \ /,f open state and thereby activate the channels. By shifting
— A the equilibrium between the two conformational states a
| ligand increases the fraction of the channel protein in the
,L* Sur ,'A Diaz state with the higher affinity for that ligand while de-
o~ A creasing the apparent (macroscopic) affinity for the other
L \ K VAN ligand. The general equation for the effect of a ligatd
——» ,'f_‘a' —» .\/ on the apparent valugy, of the equilibrium constant,,
«— | | — N / for the two state<C and O each withn binding sites is
\_/ \/ given by:
L=l (1+[X)/K)"
. H neror H las k"
whereK, andK represent the intrinsic dissociation con-
@ stants for the binding oX to the O andC states, respec-
tively.
AP ' It is important to note that a mutation that alters the
value ofL will necessarily affect the apparent affinity for
C o C1 Iigands. Therefore such.a shift in apparent affi_nity does
Stable Transient not imply that the mutation has affected the binding of
Open state the ligand. The model of Fig. 2 can serve as a basis for

closed state closed state discussion of K;p channel structure-function relation-
Fig. 2. Allosteric model for K,; channel function. The figure shows Ships; however it should be noted that detailed analysis
a minimal allosteric model for the-cell K, channel. In the absence  Of channel kinetics has led to models incorporating ad-
of ligands the K channel can exist in two states, a stable long closedditional closed states (Gillis et al., 1989; Alekseev, Brady
state C) and an open stat®j which displays spontaneous rapid tran- g Terzic, 1998:; Trapp et al., 199& The chaIIenge isto
sitions to a short closed state (C1). Occupancy of the two states i%lucidate at the molecular level the inter- and intrasub-

described by the equilibrium constant L which determines the openunit interactions determining channel structure and func-

probability of the channel. The intraburst kinetics are determined by the’, . . -
constant, K, for the transition to the short closed state. ATP and sul—t'on- the r_]ature of the Ilgand bl_ndlng SlteS_, _and the struc-
fonylureas bind preferentially 16 and thereby reduce the time spentin tural basis for the conformational transitions between

the open state. MgADP and diazoxide bind preferentiallOt@nd  different open and closed states.
thereby activate the channels. By shifting the equilibrium between the
two conformational states a ligand increases the fraction of the channel

protel_n in the state with the hlgher aff|n_|t3_/ for that ligand yvhlle de- The KA1 Channel Contains Two Subunits
creasing the apparent (macroscopic) affinity for the other ligand.

Since the binding of sulfonylureas to intg&itcells or to

B-cell membrane preparations paralleled their effects on
Mg ions, increases the open probability by shortening thex , ., channel activity (Zunkler et al., 1988; Panten et al.,
interburst period and prolonging the burst duration, again 989) it was clear that the ‘sulfonylurea receptor, SUR’
without significant effect on intraburst kinetics or unitary was either the K channel itself or a closely associated
channel conductance (Nichols et al., 1996). Channeprotein. Cloning of theB-cell SUR (Aguilar-Bryan et
openers such as diazoxide have a similar effect tal., 1995) resolved this issue. The cloned protein when
MgADP (Kozlowski, Hales & Ashford, 1989; Larsson et expressed in mammalian cells showed high affinity glib-
al., 1993). enclamide-binding activity but did not give rise to a K-

A minimal model to encompass these propertieschannel. Since the }Jp channel shows weak inward

using the allosteric theory of ligand-protein interaction rectification it was predicted that the missing channel
(Monod, Wyman & Changeux, 1965), is shown in Fig. 2. subunit might belong to the inward rectifier family. Ho-
In the absence of ligands the K channel can exist in mology screening of-cell cDNA libraries with probes
two states, a stable closed stai® &nd an open stat®]  for an inwardly rectifying K-channel led to the cloning of
which displays spontaneous stochastic rapid transitiona new member of the family which, for reasons related to
to a transient closed state ,JQKakei & Noma, 1984). its primary sequence in comparison with other inward
Occupancy of the two states is described by the equilibrectifiers, was denoted Kir6.2 (Sakura et al., 1995; In-



190 S.J.H. Ashcroft: Theg3-Cell K,rp Channel

N Extracellular

Fig. 3. Open and closed states of Kir6.2. In
Kir6.2 the M2 helix is believed to form the
permeability pathway and, by analogy with KcsA,
the four M2 helices are likely to be arranged in an
inverted tepee fashion converging at the
cytoplasmic face. Relative movement of M1 and
M2 forms the gate that can open and close the
channel. The P loop, positioned near the external
ATP, ATP face, acts as a selectivity filter composed of the
backbone carbonyl oxygen atoms of the GYG
K* K sequence. Below the selectivity filter lies a space
some 10 A in diameter connected via a
water-filled tunnel lined with hydrophobic residues
Open Closed to the intracellular milieu.

Intracellular

agaki et al., 1998). When cells were cotransfected Drosophilagenome. Study of DSUR is likely to lead to
with B-cell SUR and Kir6.2 K1p channel activity novel insights into K;p channel function.

was obtained which in all key respects reproduces the

behavior of the native K channel. Reconstitution of Kir6.2 Forms the Channel Pore

active Kyrp channels by co-expression @fcell SUR  Huyman Kir6.2 is a protein of 390 amino acids with an Mr
and Kir6.2 has been achieved in mammalian cell linessf 43.5 kDa. Hydropathy plots predict that, like other
(Inagaki et al., 1998, Sakura et al., 1995)Xenopus members of the IR family (Doupnik, Davidson & Lester,
oocytes (Gribble et al., 199, and in insect cells using 1995), Kir6.2 has two transmembrane (TM) domains,
a baculovirus system (Mikhailov et al., 1998). Surpris- M1 and M2. These segments flank a sequence similar to
ingly, and in contrast to other members of the IR family, the p (pore) or H5 loop first identified in the voltage-
Kir6.2 alone did not norma”y give rise to active channels ated K-channel fam||y and shown to function as part of
in mammalian cells; the reason for this is discussedhe K-selectivity filter. Both termini of the protein are
below. intracellular. The recent determination of the structure
A protein related to theB-cell SUR was subse- of the pore in a related protein, the KcsA channel of
quently cloned and denoted SUR2 (Inagaki et al., 19965treptomyces lividandoyle et al., 1998), has provided
Isomoto et al., 1996), with the origingl-cell isoform  insight into the probable architecture of Kir6.2. The
being now referred to as SUR1. At least three splicekcsA channel is tetrameric with four identical subunits
variants of SUR2 (SUR2A, SUR2B, SUR2C) exist dif- arranged around the central pore. The M2 helix forms
fering in exon usage at the C-terminus. Channels forme@he permeabi”ty pathway and the four M2 helices are
by co-expression of Kir6.2 with SUR1 or SUR2 show grranged in an inverted tepee fashion converging at the
different responses to SUlfonylureaS. Thus tOlbUtamidQ:ytop|asmiC face to form a gate that can open and close.
blocks SUR1/Kir6.2, but not SUR2/Kir6.2, with high The P loop is positioned near the external face to act as
affinity (Ashcroft & Gribble, 1999). A second gene in g selectivity filter composed of the backbone carbonyl
the Kir6.x famlly has also been identified (Inagaki et al., oxygen atoms of the GYG sequence. Below the selec-
199%); Kir6.1, which shows 70% amino acid sequencetivity filter lies a vestibule some 10 A in diameter con-

identity to Kir6.2 and wide tissue distribution. Available nected via a water-filled tunnel lined with hydrophobic
evidence, reviewed in (Seino, 1999), suggests thatesidues to the intracellular milieu.

SUR1/Kir6.2 constitutes th@-cell and neuronal Krp Despite the overall similar domain structure of
channel; SUR2A/Kir6.2 forms the heart and skeletalkjr channels and KcsA, however, there are, as discussed
muscle K.rp channel; and both SUR2B/KIir6.2 and py (Reimann & Ashcroft, 1999) some significant points
SUR2B/Kir6.1 may serve as smooth musclgrKchan-  of difference and the amino acid sequence of KcsA is
nels. more homologous to the voltage-gated K-channel than to

In Drosophila,however, a novel sulfonylurea recep- the Kir family. Mutagenesis studies of Kir2.1, for ex-

tor (DSUR) has been discovered which possesses intrirgmple, point to a different organization of transmem-
sic Sulfonylurea and ATP sensitive K-channel activity brane domains compared with KcsA (Minor et al., 1999).
(Nasonkin et al., 1999). The DSUR sequence is highlyThe KcsA structure may be best regarded as a useful
related to the vertebrate SUR family but contains 1.7 kbguide rather than a definitive description of Kir6.2 struc-

of a unique sequence that shows no homology to anyyre. A depiction of Kir6.2 based on KcsA is shown in
known gene. Only a single DSUR gene is present in the=ig. 3.
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The Regulatory Subunit, SUR1, is an ABC Protein ecules each of Kir6.2 and SUR1. Firstly a digitonin
stable complex of Kir6.2 and SUR1 had an estimated Mr
Human SURL1 is a protein of 1582 amino acids and an Miof 950 kDa by sucrose gradient centrifugation consistent
of approximately 176 kDa. The protein belongs to thewith the expected molecular mass of a (SUR1/Kir§.2)
ATP-binding cassette (ABC) family which includes heterooctamer (Clement et al., 1997). Expression of fu-
CFTR, P-glycoprotein, and multidrug-resistance assocision constructs SURTI Kir6.2 and SUR10 (Kir6.2),
ated protein (MRP). SUR1 contains multiple putative further supported this model (Clement et al., 1997; In-
transmembrane domains and two potential nucleotideagaki, Gonoi & Seino, 1997, Shyng, & Nichols, 1997).
binding domains (NBD1 and NBD2). The NBDs each SUR1 UKir6.2 gave rise to active kp channels and
contain a Walker A (-GXXGXGKS- where X is any also produced a 950 kDa complex on sucrose gradient
residue) and Walker B (-YYYYD- where Y is a hydro- analysis. Thus a 1:1 stoichiometry is sufficient fox¢
phobic residue) motifs (Walker et al., 1982). The seg-channel formation. That it is also necessary was shown
ment linking the Walker A and B motifs contains a con- using the triple fusion protein SUR (Kir6.2), which
served motif (-LSGGQ-in NBD1 and -FSQGQ- in did not lead to expression of {&- channels when ex-
NBD2). Hydropathy plots and comparison with the mostpressed alone but did so when rescued by co-expression
closely similar ABC proteins, the MRP family, suggest of monomeric SUR1. To confirm the 4:4 stoichiometry
that SUR1 has an extracellular N-terminus followed by aadvantage was taken of the fact that the weakly rectify-
set (TMDO) of five TM helices connected by a short ing channels formed by co-expression of Kir6.2 and
intracellular loop to a second set (TMD1) of six TM SUR1 can be converted to strongly rectifying channels
regions. Between TMD1 and a third set (TMD2) of TM by mutation of D160 in M2 of Kir6.2 (Shyng, Ferrigni &
segments occurs the large intracellular domain, MrNichols, 1993). When a mixture of SURLI (Kir6.2),
(40 kDa, containing NBD1. A second large C-terminal and SUR1 (Kir6.2y60p)2 Was rescued by monomeric
intracellular domain, Mr 38 kDa, after TMD1 contains SURL three classes of channels were expressed including
NBD2. a channel with intermediate rectification properties. The
There is direct evidence from glycosylation and pro-formation of the latter species implies that two triple
tease protection studies for the above topology (Raabfusion proteins, one containing wild-type Kir6.2 and the
Graham et al., 1999). Deglycosylation using peptide-N-other Kir6.31¢0p Can interact to form the pore, as pre-
glycosidase F and site-directed mutagenesis establisheticted from a tetrameric architecture for the pore-
that N10, near the amino terminus, is on the extracellulaforming unit.
side of the membrane. Fusion proteins containing 1-5  The suggested subunit structure of thgKchannel
hydrophobic segments of the TMDO region fused to theis indicated in Fig. 5.
reporter prolactin were expressed in vitro and subjected
to a protease protection assay that indicated the accessi- . ] .
bility of the prolactin epitope. The results confirmed that Nucleotides Bind to Kir6.2
the TMDO region is comprised of 5 transmembrane seg-
ments. Since SUR1 possesses two putative NBDs whereas
SUR1 is differentially glycosylated (Aguilar-Bryan Kir6.2 does not have an obvious nucleotide-binding se-
& Bryan, 1999). Mature SURL, either in or in transit to quence, it was originally envisaged that effects of
the plasma membrane, has an Mr of 150-170 kDa and igucleotides on K+ channel function were mediated by
complex glycosylated with sialic acid residues. An im- SURL. However it was subsequently found that active
mature form of Mr 140 kDa constitutes a core glyco- K-channels can be formed by expression of C-terminally
sylated protein with mannose-containing glycosyldeleted Kir6.2 (Kir6.AC) in the absence of SURL1,; these
groups. Two N-glycosylation sites are present at resitruncated isoforms of Kir6.2 were sensitive to inhibition
dues 10 and 1050 and mutation of these residues elimPy ATP but were not stimulated by MgADP (Tucker et
nates glycosylation but does not prevent formation ofal., 1997). Wild-type Kir6.2 has also been shown to ex-
active K,rp channels when co-expressed with Kir6.2. hibit functional ATP-inhibitable K-channels indepen-
The predicted topology of Kir6.2 and SUR1 is shown in dently of SUR1 (John et al., 1998; Mikhailov et al.,
Fig. 4. 1998). The sensitivity of Kir6.2 to ATP is lower (KiI
100 M) when expressed in the absence of SURL than
when the two proteins are co-expressed (K10 pwm).
The Krp Channel is an Octamer In addition mutations in Kir6.2 have been found that
markedly decrease the sensitivity of KirAQ currents
The KcsA channel is a homotetramer and several studie® inhibition by ATP (Tucker et al., 1997; Drain, Li &
indicate that both Kir and Kv channels are also te-Wang, 1998; Tucker et al., 1998; Koster et al., 11§99
trameric (MacKinnon, 1991; Glowatzki et al., 1995; These data suggest that Kir6.2 contains a functionally
Yang, Jan & Jan, 1995). There is good evidence that thémportant nucleotide-binding site. Direct evidence for
Karp Channel is a heterooctamer containing four mol-this has been obtained by photoaffinity labeling of Kir6.2
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Fig. 4. Predicted topology of K;p channel subunits. The structures of human SUR1 and Kir6.2 are given with their putative membrane topology
indicated. The positions of the Walker A, Walker B and linking sequences in the two NBDS of SUR1 are shown underlined.

© Fig. 5. Subunit structure of K, channels. The
....’ .‘ K arp channel is an octamer. Four Kir6.2 subunits
.. ® ® .. form the pore and one SUR1 subunit is associated
... ®9 .. with each Kir6.2. On the left is depicted a view of
P ® @ .. the K,1p channel from the cytosol showing the
O | N ®® @ N- and C-terminal domains of Kir6.2 and the large
.. &% ® ® cytosolic NBD; of SURl. On the right is a view
LY @ @ from the outside showing the two TM domains of
%% o © .0 each Kir6.2 and the 17 TM domains of each
e & SURL.

by [y->2P]-8-azido-ATP (Tanabe et al., 1999). Thus itis (Tucker etal., 1998). The effect is highly specific for the
now clear that nucleotides interact with both SUR1 andadenine moiety of ATP. GTP, UTP, ITP, CTP and UTP
Kir6.2. SUR1 mediates the stimulatory effects of are all ineffective. ADP (Ki1260uwm) is almost as po-
MgADP on K,1p channel activity whereas inhibition by tent as ATP (KilJ 115um) but AMP is markedly less
ATP is mediated by binding to Kir6.2. The functional effective (KiJ9 mwv). The regions of Kir6.2 responsible
effect of ATP binding to Kir6.2 is however modulated by for inhibition by ATP were studied by mutational analy-
SURL. sis of the N- and C-terminal regions of Kir6.2 expressed
The molecular determinants of K channel inhi-  in Xenopu®ocytes (Tucker et al., 1998). Five mutations
bition by ATP have been studied using Kira2  (R50G, C166S, 1167M, K185Q, T171A) were found that
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significantly reduced the potency of ATP, with several interaction leads to allosteric effects on the ATP binding
other mutations producing smaller changes. The effecsite that result is decreased sensitivity to ATP. This
tive mutations were situated in two distinct regions, onemodel accounts for several aspects of the effects of sub-
at the N-terminus just before M1 and the other in thestitution at K185. Thus substitution of glycine has little
C-terminus just after M2. The mutations R50G andeffect on ATP inhibition since the small size of glycine
K185Q lowered the sensitivity to ATP without affecting means that it does not approach the negative charge and
the single-channel kinetics. These mutations may thereallows water and ions to enter the pocket and stabilize the
fore modify the affinity of the binding site for ATP or the charge. However bulkier amino acids would approach
mechanism by which ATP binding is transduced intomore closely the negative residue and prevent entry of
channel closure. Direct evidence that these mutation davater and ions leading to increased charge destabiliza-
impair ATP binding was obtained by showing that pho-tion. Hydrophobic residues would even more effectively
toaffinity labeling of Kir6.2 by fy->P]-8-azido-ATP was exclude water. The major effect of substitution of a
decreased by more than 50 per cent (Tanabe et al., 1999)egative charge is explicable as a severe disruption of the
Since effects on the binding site may be either direct ohydrophobic pocket by charge repulsion.
allosteric it is not possible from these data to conclude  The effects of mutation of R50 have also received
whether either of these mutations resides in the actualetailed attention by mutational analysis (Proks et al.,
ATP binding site (but see below). The decrease in ATP1999). Replacement of the positively charged arginine
sensitivity found with C166S, 1167M and T171A was by a negatively charged glutamate had only a minor ef-
associated with a change in the channel gating consistinfgct on sensitivity to ATP. In general ATP sensitivity
of a marked decrease in the frequency of the long closedas not correlated with the ability of the amino acid side
state. If ATP binds preferentially to this state then achain to form chemical interactions but rather with the
mutation that decreased the probability of a channel besize of the residue; the smaller the side chain the less was
ing in the long closed state would result in decreasedhe inhibition by ATP. Mutation of the adjoining 149
ATP sensitivity without any necessary change in ATPresidue to glycine also markedly reduced sensitivity to
binding or transduction. A detailed mutational analysiSATP without affecting the single channel kinetics
of C166 (Trapp et al., 1928 indicated that this residues whereas mutation of E51 to glycine had no effect. The
may play a role in the intrinsic gating of the channel anddata suggest that R50 does not interact directly with ATP
confirmed that the apparent decrease in sensitivity tdut that residues 49 and 50 are critical for maintenance of
ATP observed in C166 mutants is a consequence of athe ATP binding site. The introduction of small residues
alteration in the probability of transition from the open to at these positions has a marked allosteric effect on the
the long closed state. A similar correlation betweenATP-binding site which leads to loss of sensitivity to
channel open probability and sensitivity to ATP has beerATP.
reported in a study of mutations of N160 (Shyng et al., When a mutation at the N-terminus (R50S) was
1997). combined with one at the C-terminus (E179Q), the single
The role of K185 has been examined in detail (Rei-channel conductance and the channel kinetics were not
mann et al., 1999). Substitution of a negative charge different from wild-type Kir6.2AC (Proks et al., 1999).
(glutamate) for the positively charged lysine markedlyHowever the sensitivity to ATP was further reduced
decreased the channel ATP sensitivity. However substicompared to either mutation alone. This suggests that
tution of arginine, another positively charged residue,the N- and C-termini of Kir6.2 interact cooperatively to
had little effect. Intermediate effects were obtained withaffect channel inhibition by ATP. Direct evidence for
neutral amino acids. Thus ATP inhibition requires asuch interaction is discussed below.
positively charged amino acid residue at position 185.  The effects of the R50G and K185Q mutations have
Since inhibition by ADP was also reduced in K185Q or also been studied in COS cells expressing heteromeric
K185A, the terminal phosphate of ATP is unlikely to SUR1/Kir6.2 channels (Babenko, Gonzalez & Bryan,
interact with K185. There was no correlation of the abil- 199%). Comparison of wild-type, SUR1/Kir62gsq
ity of the amino acid at position 185 to form hydrogen and SURL/Kir6.2s00/k1850 Channels showed that the
bonds and its effect on inhibition by ATP. Nor did neu- K185Q mutation reduced the; Kor ATP some 40-fold
tralization of K185 or substitution of a negative chargewhile the double mutation R50Q/K185Q had a fiér
affect the selectivity to purine nucleotide triphosphates ATP some 400-fold lower than wild-type. In agreement
These data suggest that the side-chain of K185 does natith results in Xenopusoocytes (Tucker et al., 1998),
interact directly with ATP. Instead it is suggested that inSUR1/Kir6.2%,55o had unaltered channel kinetics.
the wild-type channel the side-chain of K185 is directedHowever the double mutant also had increased open
towards a hydrophobic pocket where it interacts with aprobability suggesting that the R50Q mutation leads to
negatively charged residue and thereby stabilizes the tereduced occupancy of the long closed state. The reason
tiary structure of Kir6.2. Any mutation that disrupts this for this discrepancy with the conclusions from tkeno-
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pus expression system (Proks et al., 1999) is unclearNBD1 and MgADP at NBD2. MgADP bound at NBD2
Truncation of up to 44 amino acid residues from thewas assumed to facilitate binding of MgADP at NBD1
N-terminus also increased open probability and de-and thus prevent interaction witf?P]-azido ATP, i.e.,
creased sensitivity to ATP (Babenko et al., 1899 there is cooperative action between NBD1 and NBD?2.
Koster et al., 1999; Reimann et al., 1999. However This interaction was further studied using a protocol in
removal of up to 36 amino acids from the C-terminuswhich [*?P]-azido ATP was first incubated with mem-
(without loss of functional channels on co-expressionbrane proteins and free ligand removed before exposure
with SUR1) did not affect the ATP sensitivity of co- to MgADP or MgATP (Ueda et al., 1989. Using this
expressed channels (Koster et al., 1999t may be procedure it was found that MgGATP and MgADP, but
concluded that the two cytoplasmic domains of Kir6.2 not the Mg salt of ATRS, stabilize the binding of pre-
participate in ATP-inhibitory gating via different mecha- bound F2P]-azido ATP to SUR1. Mutations in the
nisms; the N-terminal deletions stabilize the ATP-Walker A or B motifs of NBD2 of SUR1 abolished this
independent open state, whereas the Kigg2, muta-  stabilizing effect of MGADP. These results suggest that
tion alters the stability of ATP binding. SUR1 binds {?P]-azido ATP strongly at NBD1 and that

Another chimeric and point mutagenesis study onMgADP, either by direct binding to NBD2 or by hydro-
Kir6.2 expressed irKenopusoocytes identified distinct lysis of bound MgATP at NBD2, stabilizes prebound
functional domains of the C-terminal segment of Kir6.2 [*2P]-azido ATP binding at NBD1. Further evidence for
that play an important role in inhibition by ATP (Drain et this view has been provided by studies in which tryptic
al., 1998). The results suggested that one C-terminal ddragments of SUR1 containing NBD1 or NBD2 were
main is associated with inhibitory ATP binding and an- immunoprecipitated by antibodies specific for NBD1 or
other with gate closure. NBD2 after photoaffinity labeling with*¥P]azidoATP.

Agents reacting with SH-groups produce an irre-A 35 kDa fragment was labeled with{*?P]azidoATP
versible inhibition of K,;p channel activity (Lee et al., even in the absence of Mfand was immunoprecipi-
1994). The cysteine residue involved in this effect hastated with an anti-NBD1 antibody. A 65 kDa fragment
been shown to reside on Kir6.2 and has been located thich was immunoprecipitated by anti-NBD2 antibody
C42 within the N-terminal cytosolic domain (Trapp, was labeled with ¢-*P]azidoATP only in the presence
Trucker & Ashcroft, 199B). Since ATP protects against of Mg®* and required higher concentrations of the azido-
the effect of sulfhydryl modifying agents, it appeared ATP. The data indicate that NBD1 binds azido-ATP
possible that C42 may form part of the ATP-binding site. strongly in the absence of M§whereas NBD2 binds
However, mutagenesis of C42 to valine or alanine didazidoATP only weakly in a M§'-dependent manner
not affect the ATP sensitivity of Kir6 2C. Thus ATPis  (Matsuo et al., 2000). It was further found that the
unlikely to interact directly with this residue. Instead it 65 kDa fragment was not labeled by-f?PlazidoATP
has been suggested that C42 becomes inaccessible whereas the 35 kDa fragment was. This was interpreted
sulfhydryl modifying agents when the channel is closedto imply that NBD2 but not NBD1 possesses significant
by ATP (Trapp et al., 1998. ATPase activity.

Thus, none of these studies have yet defined the Analysis of the dose dependence of ATP inhibition
actual ATP-binding site. However it has been suggestedhdicates that although four molecules of ATP bind per
that the sequence ;EGNTIK ;34 Which resembles the channel molecule, channel closure results from binding a
F-X,-K motif found in ion-motive ATPases may be a single ATP (Ashcroft & Gribble, 1998).
candidate (Drain et al., 1998).

Sulfonylureas Bind with High Affinity to SUR1
Nucleotides Bind to SUR1

Studies on the binding of radioactive sulfonylureas to
SURL1 has the highly conserved Walker A and B motifsintact -cells andB-cell membranes established that
and the SGGQ ABC signature in each putative NBD.[*H]-glibenclamide bound to both high affinity (K@l
The binding of nucleotides to SUR1 was studied by in-1 nv) and low affinity (Kd 1 pwm) sites. Unfortunately
troducing point mutations into NBD1 and NBD2 and it has not so far proved possible to detect directly binding
characterizing the ability offP]-azido ATP to photola- of tolbutamide or meglitinide, presumably because of
bel wild-type and mutant SUR1 (Ueda, Inagaki & Seino, rapid dissociation of these drugs during the separation of
1997). SUR1 was labelled witf4P]-azido ATP in the bound from unbound during the assay procedure. In-
absence or presence of Rig NBD1 mutations impaired stead affinities for sulfonylureas other than gliben-
photolabeling but NBD2 mutations did not. Preincuba-clamide have had to be estimated by measurement of
tion with MgADP antagonized photolabeling by?P]-  competition with fH]-glibenclamide binding. The rank
azido ATP and this antagonism was reduced by mutatiomrder of potency corresponds closely to the ability of the
of NBD2. It was concluded that SUR1 binds ATP at drugs to close K channels and stimulate insulin se-
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cretion. However the absolute values for the potenciesulfonylurea binding site (Schwanstecher et al., 192
of sulfonylureas and meglitinide to inhibit the activity Although MgADP also inhibited 3H]-glibenclamide
of native or recombinanB-cell K, channels is 3- to  binding the possibility that the effect is mediated by for-
6.4-fold higher than their binding affinities for SUR1 mation of MgATP by transphosphorylation reactions
(Dorschner et al., 1999).%H]-glibenclamide also binds in the microsomal membrane used can not be discount-
to cells expressing Kir6.2/SUR2B channels but with af-ed (Schwanstecher et al., 1991; Schwanstecher et al.,
finity some 400-fold lower than for SUR1-Kir6.2. This 1992). These data suggest that nucleotide binding to
affinity is too weak to permit detection of°f{]- the NBDs of SUR1 modifies the glibenclamide-binding
glibenclamide binding to membranes containing SURZ2site. To what extent this effect of nucleotides involves
isoforms. However the high affinity binding of the K- hydrolysis has not been established although early stud-
channel opener P-1075 to membranes containing SUR2s suggested that this may be the case since non-
can be displaced by?f]-glibenclamide and has been hydrolyzable ATP analogues do not reproduce the effect
used to measure the affinity of SUR2 for sulfonylureasof MgQATP, and ATP is ineffective in the absence of Mg
and meglitinide. All drugs inhibited the activity of tran- ions (Schwanstecher et al., 1921t has been sug-
siently expressed SUR2B-Kir6.2 channels with 5C gested that phosphorylation of SUR1 is involved since a
values significantly lower than the&alues for binding  study of the kinetics of reversal of MgATP-induced in-
to SUR2B (Doschner et al., 1999). Uniquely, megli- hibition of [*H]-glibenclamide binding tg3-cell mem-
tinide has a binding affinity for SUR2B similar to that for branes showed that reversal was slower than the rate of
SURL1. The leftward shift of potencies versus affinities association of glibenclamide with the receptor (Schwans-
has been suggested to indicate that binding of sulfonyltecher et al., 1991) consistent with its depending on rate-
ureas to any one of the four binding sites per channel isimiting protein dephosphorylation. Moreover inhibition
sufficient to cause channel closure “‘{@chner et al., of [?H]-glibenclamide binding by MgATP was aug-
1999). This conclusion has been challenged, howevemented in the presence of NaF, a nonspecific protein
(Russ et al., 1999). Homologous competition studies ophosphatase inhibitor (Ashcroft et al., 1993). The find-
[®H]-glibenclamide binding to whole cells expressing ing that fluorescein derivatives which have been shown
SURZ2B gave a Kvalue of 32 m whereas heterologous to bind to nucleotide-binding sites in diverse proteins are
competition binding experiments witfH]-P1075 gave also able to displace®fi]-glibenclamide fromp-cell
values some 30 to 45 times higher. Moreover coexpresmembranes was proposed to be consistent with the idea
sion of Kir6.1 with SUR2B reduced the Jfor [*H]- that binding at the NBD(s) influences binding at the sul-
glibenclamide binding to 6n. When this value is com- fonylurea site (De Weille, Miler & Lazdunski, 1992).
pared with the IG, for Kir6.1-SUR2B channel inhibition However kinetic analysis of this interaction suggested
by glibenclamide (43 m) it is apparent that the channel otherwise since the data indicated that fluorescein de-
inhibition curve was shifted to the right of the binding rivatives and glibenclamide may bind to a common site
curve by a factor of17 (cf. the leftward shift reported by (Schwanstecher et al., 1995). More recently, clear evi-
Dorschner et al. (1999)). Since this is close to the valuedence for communication between the NBDs and the
expected for binding of 4 molecules of glibenclamide toglibenclamide-binding site has been provided by the
4 identical independent sites (shift to the right of thedemonstration that glibenclamide causes release of pre-
binding curve by a factor of (¢ - 1)™* = 5.3) it was  bound 8-azido¢->P]JATP from SURL in the presence
concluded, in direct opposition to (Bschner et al., of MgADP or MgATP in a concentration-dependent
1999), that occupancy of all 4 binding sites per channemanner (Ueda et al., 1989
is necessary for channel closure by sulfonylureas (Russ Channels formed by co-expression of Kir6.2 with
et al., 1999). The discrepancy may be related to the difSUR1 exhibit different responses to sulfonylureas to
ferent experimental conditions used by the two groupghose formed from Kir6.2 plus SUR2A (Gribble et al.,
and possible factors are discussed in detail by Russ et al99&) as also observed for native,i channels from
(1999). B-cell and heart. Tolbutamide blocks Kir6.2-SUR1 with
Early studies on native kK channels showed that high affinity but not Kir6.2-SUR2A. Glibenclamide
the binding of fH]-glibenclamide top-cell membranes blocks both types of channels but its effect is much more
is markedly affected by nucleotides (Ashcroft & Ash- readily reversible with Kir6.2-SUR2A. These observa-
croft, 1992). Both MgATP and MgADP displacelifi]- tions allowed construction of chimeras between SUR1
glibenclamide binding t@-cell membranes (Niki, Nicks and SUR2A to identify the regions of SUR1 that confer
& Ashcroft, 1990). MgATP increased the apparent Km high affinity tolbutamide block. Using co-expression of
for [*H]-glibenclamide (Schwanstecher et al., 1991); SUR chimeras with Kir6.2 itrXenopusocytes (Ashfield
however the apparentvas not the linear function of et al., 1999) it was found that high-affinity tolbutamide
MgATP concentration expected for competitive inhibi- inhibition of macroscopic K channel currents could
tion indicating that MgATP does not compete for the be conferred on SUR2A by replacing M14—-M16 with the
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corresponding sequences from SUR1. Conversely, whelibrary and lacking NBD2 retained sensitivity to sulfo-

M13-M16 of SUR1 were replaced with the correspond-nylureas (Sakura et al., 1999).

ing SUR2A sequence tolbutamide inhibition ofy¥ These data suggest that inhibition by glibenclamide
channel currents was abolished, as was also binding gfquires interaction between TMD2 domains of the C-
[*H]-glibenclamide to COS cell membranes expressingerminal half of SURL (the tolbutamide binding site)

the chimera. The mutation of a single serine residuavith cytosolic and/or TM domains in the N-terminal

within this region (S1237Y) in the intracellular loop be- half-molecule (the meglitinide (benzamido) binding

tween M15 and M16 was itself sufficient to abolish high- Site). Photolabeling studies (Aguilar-Bryan et al., 1995)
affinity tolbutamide inhibition and glibenclamide bind- suggest that the N-terminal domain is likely to reside in
ing. In contrast to tolbutamide, meglitinide blocked TMDO.

Kir6.2-SURL, 55y Currents to a similar extent. This is
consistent with the view that meglitinide, which corre- _ . . . . - .
sponds to the nonsulfonylurea moiety of glibenclamideGIIbenCIamIOle Binds with Low Affinity to Kir6.2

(see below), binds to a different site to tolbutamide. The |

ability of SURL to confer activation by diazoxide or by !tiS clear that SUR1 confers on tiecell Karp channel

MgADP was not impaired in Kir6.2-SUR},sey These sensitivity to high affinity inhibition by sulfonylureas.

data indicated that the binding site for tolbutamide re—HOV‘.'(?Ver inp-cell 'T"?mb“'?‘”es and.intae_tcellls ther(_a i.s
sides in the C-terminal set of TM helices (TMD2). The additional low-affinity glibenclamide-binding activity

conclusion that TMD2 of SUR1 confers high-affinity (Niki etal., 1989; Nelson, Aguilar-Bryan & Bryan, 1992;

tolbutamide inhibition was subsequently confirmed by afsoirr]]v(\j'aer;?;g; hgfr h?thacl;anigﬁ)éaigunieo? S?JTfO}?]IrI?J 'raegs on
similar study using chimeras of human SUR1 and 9 y

channel activity in the absence of SUR1 (Gribble, Tucker
SUR2A (B_a_benko, Gonzalez & Brya!’" 199.9 .. & Ashcroft, 199%; Gribble et al., 199B) suggesting that
In addition to a sulfonylurea moiety glibenclamide

possesses a benzamido group. The differential effects CEFe low affinity site is on Kir6.2. Direct evidence for this

tolbutamide and meglitinide which represent sulfonyl- as been provided by studies on the binding i

db o functionalit ivel Kir6 2/glibenclamide to COS cells expressing Kir6.2 (Gros et
uréa and benzamido functionality respectively on RIrb.2/g, 1 999). A single class of low affinity (Kil 1.6 wm)

SURL1 and Kir6.2/SUR2A channels expressedKEno-  gjias \vas found with pharmacological specificity similar
pus oocytes (Gribble et al., 1988 suggest that SURL 4 hnse observed for low affinity binding to MING
may possess separate high-affinity binding sites for sulg_ce|is. 1n particular, in contrast to the high affinity
fonylurea and benzamido groups. The high potency anjies tolbutamide, gliclazide, glipizide and glibornuride
relative irreversibility of glibenclamide binding can be \yere unable to displacéH]-glibenclamide—only glig-
explained by its binding to both sites. ~ uidone was effective (KiJ 20 um). The clinical rel-
An alternative approach has been taken to locatingyance of the low affinity site is doubtful in view of the

the glibenclamide binding site (Mikhailov & Ashcroft, high concentration of glibenclamide necessary to exert
2000). SUR1 was divided into two halves at P1064gn effect.

which is located in the putative extracellular loop be-

tween M12 and M13 of TMD2. Both half-molecules

were shown to be inserted into the plasma membran®iazoxide and Other Channel Openers Bind

when expressed as green fluorescent protein fusion prde SUR1

teins in Sf9 insect cells using a baculovirus system pre-

viously shown to permit expression of activg chan-  Potassium channel openers e.g., diazoxide, pinacidil,
nels (Mikhailov et al., 1998). However glibenclamide cromakalim, are a structurally varied group of drugs
binding activity could not be detected in cells expressingwhich open K1 channels in diverse tissues and thereby
either the N-terminal or the C-terminal moiety alone. cause hyperpolarization and reduction of electrical activ-
When both half-molecules were co-expressed, howeveity. Early studies established that diazoxide and other
significant glibenclamide binding activity was obtained. KCOs were effective in openin@-cell K,1p channels
These data indicate that the two halves of SURL1 interacbnly if MgGADP or MgATP were present at the inside
and that the glibenclamide binding site requires residue$ace of the membrane (Dunne, 1990; Dunne, Aspinall &
from both halves of the molecule. It was further shownPeterson, 1990; Jaggar et al., 1993). Although direct
that NBD2 plays no significant role in forming the glib- binding of diazoxide could not be measured in these
enclamide binding site since co-expression of the N-studies, it was also found that in the presence of MgATP,
terminal half-molecule with a truncated C-terminal moi- but not in its absence, diazoxide (Niki & Ashcroft, 1991;
ety lacking NBD2 also resulted in appearance of glib-Schwanstecher et al.,, 1991) and pinacidil (Schwans-
enclamide binding. Consistent with these results, aecher et al., 1998 are able to displace®H]-
novel SUR isoform isolated from a hypothalamic cDNA glibenclamide fron3-cell membranes. The presence of
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MgATP was also shown to be essential for binding ofdiazoxide and MgADP by altering nucleotide hydrolysis
[*H]-P1075 to membranes from various tissuesf{leo- rates or coupling of hydrolysis to channel activation.
Walz & Quast, 1998; Quast et al., 1993). The require-The importance of NBD2 for activation by diazoxide and
ment for Mg* and the inability of nonhydrolyzable ATP by MgADP is also supported by the finding that the
analogues to support the effect of diazoxide ongkeell  current obtained when a splice variant of SUR1 lacking
K Arp Channel were interpreted as suggesting an involveNBD?2 is co-expressed with Kir6.2 iMenopusocytes is
ment of protein phosphorylation (Schwanstecher et al.jinsensitive to stimulation by these agents (Sakura et al.,
1991; Kozlowski & Ashford, 1992; Dunne et al., 1999). 1999).
However the ability of MgADP and hydrolyzable ADP Using a heterologous displacement assay, binding of
analogues to permit channel opening by diazoxide led taliazoxide to SUR1 was shown to require Mg and ATP or
the alternative suggestion that the effects of diazoxidea hydrolyzable ATP analogue (Schwanstecher et al.,
require nucleotide hydrolysis (Larsson et al., 1993). Thel998). ADP was not effective if the ATP concentration
availability of cloned K.+ channel subunits has permit- was kept low by the hexokinase reaction suggesting that
ted these interactions to be explored in detail. nucleoside diphosphates may act via enzymatic nucleo-
It has been established that the tissue specific difside triphosphate formation. It was suggested that KCO
ferences in the response of,% channels to KCOs are binding requires a conformational change induced by
conferred by the SUR subunit. Thus Kir6.2/SUR1 cur-hydrolysis of ATP in both NBFs. However the available
rents are activated by diazoxide but not by pinacidilevidence discussed above, although as yet indirect, is
(Gribble et al., 1994), Kir6.2/SUR2A currents are acti- that NBD1 has little or no ATPase activity (Matsuo et al.,
vated strongly by pinacidil but only weakly by diazoxide 2000).
(Inagaki et al., 1996) whereas Kir6.2/SUR2B currents The regions of sulfonylurea receptors involved in
are activated by both drugs (Schwanstecher et al., 1998hinding KCOs have been explored by constructing chi-
However the situation appears to be more complex sinceneras between SUR1 and SUR2A (D’hahan et al.,
it has been shown that Kir6.2/SUR2A currents in excisedl99%) or SUR2B (Uhde et al., 1999). The characteristic
patches become as sensitive to diazoxide as Kir6.2/SURS4ensitivity to cromakalim of SUR2A was found to be
in the presence of MgADP (but not ADP in the absenceconferred by the third group of transmembrane helices,
of Mg ions) at concentrations above 1Qf (D’hahan et TMD2, which may contain, therefore, at least part of the
al., 199%). Moreover in heart cells treated with oligo- binding site (D’hahan et al., 1989 Diazoxide sensitiv-
mycin to block mitochondrial ATP generation diazoxide ity, however, could not be linked to a single domain.
was able to activate K currents if cytosolic ADP was It had been anticipated that the C-terminal region of SUR
increased by a creatinine kinase inhibitor. Electrophysiwould be critical for diazoxide action since this is the
ological studies with mutated forms of SUR1 co- region of difference between SUR2A (diazoxide insen-
expressed with Kir6.2 irKenopusoocytes showed that sitive) and SUR2B (diazoxide sensitive). However chi-
the Walker A lysine of NBD1 (but not NBD2) was es- meras of SUR1 with the C-terminus of SUR2A retained
sential for activation of K;p currents by diazoxide, significant sensitivity to diazoxide. Moreover, despite
whereas the potentiatory effects of Mg-ADP required thetheir functional differences, SUR1 and SUR2A have
presence of the Walker A lysines in both NBDs (Gribble, comparable affinities for diazoxide (Schwanstecher et
Tucker & Ashcroft, 1998). However the conclusion al., 1998). Hence it was suggested that the diazoxide
that NBD2 is not important for the action of KCOs has binding site may be located within conserved regions but
been questioned by subsequent studies which have cothat the isoform variability in response may involve
firmed that NBD1 is involved but have in addition shown changes in coupling of binding to channel opening
that NBD2 also plays a role in response to KCOs(D’hahan et al., 1998). Two distinct regions of TMD?2,
(D’hahan et al., 1999, Schwanstecher et al., 1998; part of the putative cytosolic loop between M13 and M14
Shyng et al., 1999). Mutations in the linker region and (T1059-L1087; KCO1) and M16 and M17 (R1218-
Walker A motif of NBD2, including G1479D, G1485D, N1320; KCO2), were found to be essential for high af-
G1485R, Q1486H and D1506A, all abolished stimula-finity [*H]P1075 binding to SUR2B (Uhde et al., 1999).
tion by diazoxide of Kir6.2/SURL1 currents in transfected Substitution of the SUR2B sequence by the SUR1 se-
COSm6 cells (Shyng et al., 1997 Analogous muta- quence resulted in complete loss 8H]P1075 binding
tions in NBD1, including G827D, G827R, and Q834H, whereas combined transfer of these domains into SUR1
were still stimulated by diazoxide but with altered chan-induced a 6,200-fold increase i#H]P1075 affinity. The
nel kinetics. Channel opening required the presence ofhanges in binding affinity were paralleled by changes in
MgADP or MgATP and a model was proposed in which K, channel response. The high affinity for glibencl-
MgADP and diazoxide stabilizes a channel conformationamide of SUR1 was not reduced in this chimera indicat-
which is desensitized to ATP inhibition; mutations at the ing that high affinities for both sulfonylureas and KCOs
NBDs were suggested to alter the channel response tocan co-exist in the same molecule. Both domains there-
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Fig. 6. Functionally important regions of thg-cell K, channel. The figure depicts sites in fBecell K, channel so far identified as important
for binding ligands, for homo- and heteromeric interactions, and for targeting to the plasma membrane.

fore may interact to form the KCO binding site. How- PIP, which may interact with Kir6.2 and Kir6.2 also
ever full KCO affinity required further domains. Identi- contains binding sites for fatty acyl-CoAs and for imid-
fication of KCO1 in a putative intracellular region sug- azolines (see below). A low affinity binding site for sul-
gests that KCOs may have to cross the plasma membrarienylureas also exists on Kir6.2.
to exert their effects as previously argued for sulfonyl- SUR1 contains two nucleotide binding sites in
ureas (Schwanstecher et al., 1Bp4In agreement with  NBD21 and NBD2. Consideration of the binding data de-
Ashfield et al. (1999) M14 and M15, the region betweenscribed above (Ueda et al., 1997; Matsuo et al., 2000)
KCO1 and KCO2, conferred high affinity sulfonylurea suggests the following model (Ueda et al., 1BR9
binding (Uhde et al., 1999). Thus TM helices M14-M17 When [ATP]/[ADP] is relatively low, NBD1 binds ATP
within TMD2 of SURs are of key importance for drug- and NBD1 binds MgADP. In this conformation of
induced K, channel responses. The core region of thisSSURL1 its interactions with Kir6.2 result in the affinity of
domain forms the sulfonylurea binding domain and theKir6.2 for ATP being low and K, channels are open.
flanking regions make up at least part of the KCO re-When [ATP]/[ADP] is increased, the decrease in
ceptor site. MgADP leads to release of bound MgADP from NBD2
and a consequential release of ATP from NBD1. A re-
sulting conformational change in SUR1 leads to an in-
Summary of Binding Sites on Kyrp crease in affinity of Kir6.2 for ATP and the 4p chan-
Channel Subunits nels close.
SURL1 contains the binding sites for sulfonylureas
The regions of th@-cell KATP channel that have so far and KCOs. M14 and M15 of TMD2 are of importance
been implicated in ligand binding are summarized infor sulfonylurea binding but residues nearer the N-
Fig. 6. terminus are also required. Two regions, the cytosolic
The studies described above establish that Kir6.2o0p between M13 and M14 (T1059-L1087 (KCO1) and
contains a site at which ATP binds in a Mg-independentM16 and M17 R1218-N1320 (KCO2) form at least part
manner to cause channel closure. The binding site hagf the KCO binding site.
not been defined. However cooperative interactions be-
tween the N- and C-terminal cytosolic regions appear tQmidazolines Interact with Kir6.2
be important. The efficacy with which ATP binds and
leads to channel closure is modified by the presence oA number of drugs containing an imidazoline moiety,
SURL. The ATP sensitivity is also markedly affected by such as phentolamine and efaroxan, are potent stimula-
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tors of insulin secretion (Jonas, Plant & Henquin, 1992;199%; Ribalet, 1999; Shyng & Nichols, 1999). The ef-

Brown et al., 1993). The effect has been shown to infect of PIR, involves a dramatic decrease in ATP sensi-

volve closure of K;p channels (Chan et al., 1991; Rust- tivity of K o1 channels—application of am PIP, to the

enbeck et al., 1999). Phentolamine was found to interadntracellular side of the membrane rapidly increases the
directly with Kir6.2 since the drug produces a voltage-K, s from around 1Quwm to 3 mv (Shyng & Nichols,
independent reduction in channel activity of KirBQ in 1998). PIR also abolishes high affinity tolbutamide sen-
the absence of SUR1 (Proks & Ashcroft, 1997). Thesitivity by stabilizing the open state of the channel and
single-channel conductance was unaffected. Althouglhereby driving the channel away from closed state(s)
the ATP molecule also contains an imidazoline groupthat are preferentially affected by high affinity tolbuta-
the site at which phentolamine blocks is not identical tomide binding (Koster et al., 1989 The effectiveness
the ATP-inhibitory site, because phentolamine block ofwas proportional to the number of negative charges on
the ATP-insensitive mutant (K185Q) was normal. the head group of the anionic phospholipid and was an-
tagonized by screening negative charges with polyvalent
cations (Fan & Makielski, 1997). Treatment with phos-

Fatty Acyl CoA Modulates K orp Channels pholipases that reduced the charge on the lipids also
reduced or eliminated the effect. In intact cells receptor-

Patch clamp studies have demonstrated that both satmediated activation of phospholipase C resulted in inhi-

rated and unsaturated long chain acyl-CoA esters induckition of K,rp-mediated currents (Baukrowitz et al.,

a rapid, slowly reversible opening @fcell K,rp chan-  1998). These results suggest that intact phospholipids

nels (Larsson et al., 1996). This effect could be physi-with negative charges are the critical requirement for

ologically important since elevated circulating levels of activation of K,tp channels rather than the usual cell

free fatty acids such as occur in diabetes and obesity leasignaling pathway through phospholipids that require
to an increase irB-cell levels of long chain acyl-CoA cleavage. It is possible, therefore, that the gradual run-
which, by opposing the effects of glucose on closure ofdown of K,rp channels seen in isolated patches (“wash-

Katp channels, could diminish thB-cell secretory re- out”) may result from hydrolysis of PlPand that the

sponse to glucose. The stimulation by long chain acyl-ability of MgATP to refresh channel activity involves

CoA involved increased occupancy of a prolonged opeme-formation of the phospholipid (Hilgermann & Ball,

state without change in single channel unitary conduc41996). It has been shown that wortmannin, an inhibitor

tance (Brastram et al., 1997). The effect was additive of phosphatidylinositol 3- and 4-kinases, blocked the
with that of MgQADP; moreover after brief treatment of MgATP-dependent recovery (Xie et al., 1999). However
the patch with trypsin channel opening induced by longafter the MgATP-dependent recovery was blocked by
chain acyl-CoA was unaffected whereas that induced byvortmannin, PIR still reactivated the channels. These

MgADP was abolished. This indicates that long chainresults support the view that MgATP-dependent recov-

acyl-CoA and MgADP do not bind to the same site. Theery may involve membrane lipid phosphorylation rather

site of action of long chain acyl-CoA has been shown tothan protein phosphorylation, and that synthesis of,PIP
be Kir6.2 since long chain acyl-CoA was found to in- or PIP, may upregulate Kir6.2 channels. Mutations of

crease Kir6.AC currents inXenopusoocytes in the ab- two positively charged amino acid residues at the C-

sence of SUR1 and the effect was not augmented byerminus of Kir6.2 reduced the activating effects of phos-

co-expression with SUR1 (Brstrom et al., 1998; pholipids, suggesting involvement of this region in the

Gribble et al., 1998). activation (Fan & Makielski, 1997).

It is not clear whether acyl CoAs interact directly

with Kir6.2 or whether they influence channel activity by

some other means such as an interaction with the lipidEndosulfine is a Potential Endogenous Regulator of

membrane. Specific interactions of acyl-CoAs with pro- Karp Channels

teins are known to occur e.g., transcription factors.

Binding studies are required to resolve this point. Screening of peptide fractions from brain for their ability
to displace fH]-glibenclamide from brain oB-cell
membranes (Virsolvy-Vergine et al., 1992) led to the

PIP, is a Potent Activator of Krp Channels isolation of two peptidesy- and B-endosulfine, able to
interact with glibenclamide binding sites and to stimulate

Phosphatidylinositol bisphosphate (B)Phas been insulin secretion (Peyrollier et al., 1996; Virsolvy-

shown to be a potent activator of \Kc channels in  Vergine et al.,, 1996)a-Endosulfine, M 23 kDa, has

B-cells, cardiac myocytes, skeletal muscle cells, andeen cloned (Heron et al., 1998) and found to be highly

SUR/Kir6.2 channels stably expressed in a mammaliarsimilar to a protein kinase A regulated phosphoprotein of

cell line (Fan & Makielski, 1997; Baukrowitz et al., unknown function known as ARPP-1%-Endosulfine is

1998; Shyng & Nichols, 1998; Koster, Sha & Nichols, widely expressed. The recombinant protein, expressed
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in bacteria competes with binding cH]-glibenclamide  and protein kinase C. Exogenous protein kinase A cata-
to SUR1 with an EG, of (11 wwm, inhibits clonedB-cell  Iytic subunit has been shown to activatgK channels
Katp Channels with a similar efficacy and stimulates (Ribalet, 1989) whereas activators of protein kinase C
insulin secretion from MIN@-cell at a similar concen- have been reported to lead to channel closure (Wollheim
tration in the absence of glucose (Heron et al., 1998)et al., 1988). Phosphorylation of tifiecell K, chan-
That endosulfine may be an endogenous regulator ofiel by PKA has been studied in detail ‘@en et al.,
B-cell channels is an attractive idea. However, this re-1999). The PKA consensus sequences of human SUR1
mains to be established. and Kir6.2 were mutated to determine which potential
phosphorylation sites could be phosphorylated. Ser372
) of Kir6.2 and Ser1571 of SUR1 were both phosphory-
G-Proteins Can Regulate Kirp Channels lated by PKA in homogenates éfenopusoocytes ex-
pressing wild-type or mutant Kir6.2 and SUR1. The

When tested in inside-out patchese@ increased the  pia site in Kir6.2 could also be phosphorylated in intact
activity of SUR/-Kir6.2 and SUR2A/Kir6.2 channels by ~ng cells transfected with wild-type or mutani, 6

200 and by 30%, respectively (Sanchez et al.,, 1998)channels subunits after Gs-coupled receptor (adrenaline,

Conversely, @-i2 had no effect on the activity of SURY/ paAcap or GIP) stimulation or by direct PKA activation
Kir6.2 channels, but increased the activity of SUR2A/ it forskolin or 3-isobutyl-1-methylxanthine. In con-

Kir6.2 channels by 30%. No effects of they subunits a5t Ser1571 of SUR1 was already phosphorylated un-
from either G(i1) or G(i2) on the single channel activity yor hasal conditions and could not be further phosphor-

were observed. The molecular basis for these effects 'lated. Functional studies showed that phosphorylation
unknown. of PKA increased K channel activity whereas phos-

phorylation of SUR1 affected the basal channel proper-
ties by decreasing burst duration, interburst interval and
open probability and also increased channel expression
at the plasma membrane. Although the data show that

Leptin, the product of theb gene (Zhang et al., 1994), tonic phosphorylation of Krp channels may be of con-
has been shown to inhibit insulin release in vitro (Em”S_siderable importance in channel characteristics, whether

son et al., 1997; Kieffer et al., 1997) via activation of changesn PKA phosphorylation are physiologically im-
B-cell K .rp channels (Harvey et al., 1997; Kieffer et al., Portant seems unclear. St|mglat|qn of PKAis invariably
1997). There is evidence that the effect involves tyrosinétSSociated with increase of insulin secretion (Ashcroft,
kinase phosphorylation since the effect can be mimicked-994) whereas activation of & channels would be
by inhibitors of tyrosine kinases and blocked by a tyro-&XPected to lead to a decreased rate of secretion.
sine phosphatase inhibitor (Harvey & Ashford, 1898

Moreover wortmannin and LY294002 prevented leptin

activation of K, channels, indicating that the effect of K, Channels Contain Targeting Signals to

leptin may involve stimulation of phosphoinositide 3-ki- Regulate Assembly and Transit to the

nase and hence may be mediated by,RiParvey &  Plasma Membrane

Ashford, 1998). Wortmannin also prevented activation

of Katp channels by a tyrosine kinase inhibitor (Harvey . , L
& Ashford, 1998).” Paradoxically, insulin, whose ac- AIthough' Kir6.2 fguls to express K-channel act|V|'ty in
tions involve activation of phosphoinositide 3-kinase M@mmalian cells in the absence of SUR1 (Inagaki et al.,

(Shepherd, Withers & Siddle, 1998), did not mimic the 1995; Sakura et al., 1995), a C-terminally truncated

effect of leptin on theg-cell K ,7p but rather reversed its Kiré-2 is active (Tucker et al., 1997). These observa-
effect, producing a complete block if applied before |ep_t|ons have been rationalized by studies on the trafficking

tin (Harvey & Ashford, 1998). This effect of insulin  Of Kare channel subunits to the membraneXanopus

was specific for leptin, as diazoxide still activateg4  ©0CYtes (Zerangue et al., 1999). A novel endoplasmic
channels following prior exposure to insulin. reticulum (ER) retention signal, the three amino acid

motif RKR, was discovered in the C-terminal portion of

Kir6.2. Replacement of these residues by alanines al-
Phosphorylation Regulates the Activity of lowed Kir6.2 to reach the surface in the absence of
K ate Channels SUR1. The C-terminus of Kir6.2 also contains a dileu-

cine motif that has been found to play a role in endo-
Karp Channels are modulated by hormones and neurcsomal targeting (Trowbridge, Collawn & Ho, 1993).
transmitters (De Weille et al., 1989; Wellman, Quayle & Mutation of the dileucine sequence did not result in
Standen, 1998). Both Kir6.2 and SUR1 contain consensurface expression but when combined with a mutation
sus sites for phosphorylation by protein kinase A (PKA)in the RKR motif led to a 5-fold increase in appear-

Leptin May be a Physiological Regulator of
K orp Channels
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ance of Kir6.2 at the plasma membrane (Zerangue et alHleteromeric and Homeric Interactions are Involved
1999). This finding explains why Kir62C36 which in Assembly of K,rp Channels

lacks both motifs shows much greater surface expression

that Kir6AC26 in which only the RKR sequence is miss- ) ] . .

ing. SUR1 was also found to contain an RKR sequencd Nere is growing evidence on regions of channel
located in the cytosolic region between TM11 and NBD1Subunits which may interact to form the active channel.
(Zerangue et al., 1999). Mutation of this sequence reSince the fusion protein SUR1-Kir6.2 Ieac}s to active
sulted in a marked increase in expression of SUR1 at th&ate channels (Clement etal., 1997; Inagaki et al., 1997;
cell surface in the absence of Kir6.2. In the absence oP"Yng & Nichols, 1997) it seems clear that in the native
SURL1 Kir6.2 was found to have a strong dominant negaprotein there is close j_uxtapositi_on of the_ C-terrr_]inu_s of
tive effect on surface expression of Kira@ implying ~ SURL and the N-terminus of Kir6.2. Using an in vitro
that Kir6.2 traps Kir6.AC in a complex that does not Protein—protein interaction assay it has been demon-
reach the plasma membrane. The magnitude of the ef::trateq that the two intracellular domains of IK|r6.2 mu-
fect was consistent with that predicted for a dominanttu@lly interact (Tucker & Ashcroft, 1999). A highly con-
negative subunit in a tetramer. Thus Kir6.2 channelsS€rveéd region within the N-terminus is responsible for

form tetramers in the absence of SUR1 but the RKRthiS interaction and a mutation within this region (G40D)
é/vhich disrupts the interaction severely interferes with the

triple tandem fusion protein SURL(Kir6.2), will form ability of K|.r6.2 to form a funct!onal Brp channel.

an incomplete complex containing only 2 SUR1 subunits . There is evidence for a.dlrect mteyachon between
per Kir6.2 tetramer. Such an incomplete complex doed\Ir6-2 and SURL. From a mixture of Kir6.2 and SUR1
not express at the cell surface unless free SURL is als| vitro-translated proteins, and from COS cells trans-

. . . ected with both channel subunits, a Kir6.2-specific an-
present. This failure of incomplete complexes to reac'%&el

the surface was also found to be attributable to the RK body co-immunoprecipitated Kir6.2 and SURI (Lorenz

. . . . . t al., 1998). Kir6.AC37 also co-immunoprecipitated
tmhggf?f,];\{ltiz t}?iar‘élg SUR1 playing a more important role with SUR1, suggesting that the distal carboxy terminus

Desoite th its. h ber of studi of Kir6.2 is unnecessary for subunit association. How-
espite these resufts, nowever, a numboer of SiUdieg, o, - 5 co-immunoprecipitation approach in HEK293

have observed_ significant irafficking of indi\_/iduauﬁ: cells stably transfected with SUR1 and Kir6.2 suggested
channel subunits to the plasma membrane in the absenﬂqeat a domain in the C-terminus of Kir6.2 (amino acids

of the other subunit. In a study with GFP-tagged Kir6.250g_579) was involved in biochemical interaction with
expressed in COS cells there was a similar amount o r1 (Giblin, Leaney & Tinker, 1999). The domain

fluorescence at the plasma membrane whether or NQfpile necessary, was not sufficient, however, and full
SUR1 was co-expressed, and SUR1-GFP could also bgconstitution of Kp channels required a largely intact
visualized at the surface in the absence of Kir6.2 (Ma-\. and C-terminus. A requirement for a proximal C-

khina & Nichols, 1998). Expression of active channelSterminal domain of Kir6.2 has also been observed for
was also observed in EK293 cells transfected Withassociation of Kir6.2 and SUR2A (Lorenz & Terzicl
Kir6.2; however expression was increased greatly by c01999). Using a baculovirus system, enhanced gliben-
expression with SUR1 (John et al., 1998). The RKRclamide binding activity was observed when Kir 6.2 was
signal does not seem to be effective in Sf9 cells sinceo-expressed with N- and C-terminal SUR1 half-
expression of glibenclamide binding activity using bacu-molecules, again indicating interaction between SUR1
lovirus was not increased by co-infection with Kir6.2; and Kir6.2 (Mikhailov & Ashcroft, 2000). The C-
indeed a moderate decrease was observed (Mikhailov &erminal domain of SUR1, however, does not appear to
Ashcroft, 2000). play a major role in this interaction since the increased
A further signal affecting trafficking of Krp chan-  glibenclamide binding elicited by Kir6.2 was not reduced
nels has been identified. The C-terminus of SUR1 hasvhen NBD2 was deleted from the C-terminal SUR1
been shown to possess a positive signal composed of falf-molecule.
dileucine and a downstream phenylalanine whose dele- A study on K,;p channels inXenopusoocytes co-
tion severely impaired surface expression gffKkchan-  expressing SUR1 and wild-type or mutant Kir6.2 showed
nels in transfected COS cells (Sharma et al., 1999). Th¢hat N-terminal deletions of Kir6.2 did not affect the
mutations SURL 5664 @and SURE 5744 €S8S€Ntially abol-  intrinsic properties of Kir6.2 but abolished block by sul-
ished surface expression of, channels. Photolabel- fonylurea (Reimann et al., 1989 Site-directed muta-
ing studies showed that C-terminally truncated SUR1genesis suggested that hydrophobic residues in Kir6.2
can assemble with Kir.2 but fails to traffic into the Golgi may be involved in this effect. These data suggest that
and plasma membrane. the N-terminus of Kir6.2 plays a role in coupling sulfo-
The location of these trafficking signals on,%  nylurea binding to SURL1 to closure of the Kir6.2 pore.
channel subunits is indicated in Fig. 6. There is evidence for an interaction of NBD1 and
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NBD2 (Mikhailov & Ashcroft, 2000). NBD1 expressed SUR1 and Kir6.2 promoters contain potential binding
in sF9 cells as a GFP fusion protein was distributedsites for a number of tissue-specific factors including
throughout the cell. After co-expression of NBD1-GFP Pdx-1, Pax6, HNF3, and PEA3. The most important el-
with the C-terminal half of SUR1, NBD1-GFP was lo- ements regulating SUR1 promoter activity are likely to
calized near the plasma membrane. This effect disapbe the two SP1 sites, the G-box (MAZ/Pur-1 binding
peared when NBD2 was deleted from the C-terminalsite) and the three E-boxes in the minimal promoter se-
fragment indicating strong interaction between NBD1quence (Ashfield & Ashcroft, 1998). Mobility shift as-
and NBD2. Co-expression of NBD1-GFP with Kir6.2 say showed interaction of the SP1 transcription factor
did not localize NBD1-GFP to the plasma membranewith the proximal promoter region of the mouse SUR1
suggesting a lack of strong interaction between Kir6.2gene (Herhadez-Sachez et al., 1999). Although the
and NBD1. Kir6.2 promoter requires sequences up to 1 klobthe
In view of the strong evidence for association of 4 gene, the proximal 300 bp contains an Alu repeat and its
Kir6.2 and 4 SURL1 in the active channel it is of interestremoval results in increase of activity (Ashfield & Ash-
that the isolated purified NBD1 domain of SUR1 alone croft, 1998). The region important for Kir6.2 promoter
has been reported to form a tetramer (Mikhailov & Ash- activity lies therefore upstream of the Alu repeat and
croft, 2000), suggesting that homomeric interactions becontains several SP1 sites, G-boxes and E-boxes. Which
tween NBD1 domains participate in channel assembly.transcription factors are important in vivo has yet to be
The available evidence on these homo- and heterodetermined. However in mousp-cells SUR1 and
meric interactions is summarized in Fig. 6. Kir6.2 mRNA levels are both down-regulated by expo-
sure to glucocorticoid (Hefmalez-Sachez et al., 1999).
Studies on the cell specificity of ) gene pro-
Transcriptional Regulation of K ,rp Channel Genes  moter activity (Ashfield & Ashcroft, 1998) showed that
is Important for Specific Channel Expression the promoter sequences described are not completely tis-
sue-specific, as SUR1 and Kir6.2 are not normally ex-
The genes encoding human Kir6.2 and SUR1 have beepressed in liver or epithelium and yet the promoters
cloned and shown to lie adjacent to one another on chrodrove reporter gene expression in cell lines derived from
mosome 11p15.1. The gene for SURL consists of 3%hese tissues. There must therefore be sequences distal
exons spanning approximately 100 kb of genomic DNAto the core promoters that are required for full tissue
whereas the gene for Kir6.2 consists of a single intron-specificity, such as enhancer or silencer elements. As
free exon (Aguilar-Bryan et al., 1998). The genes areSUR1 and Kir6.2 are not expressed in exactly the same
closely spaced with only 4.5 kilobases separating the 3tissues, the two promoters are unlikely to share the same
end of SUR1 and the’®nd of Kir6.2 (Aguilar-Bryan et elements.
al., 1995). Transcriptional regulation of the two genes is
important for correct tissue-specific expression and to
ensure that equal amounts of the two subunits are proMutations of K ,rp Channel Subunits Occur in
duced. A channel containing one (out of four) Kir6.2 Neonatal Hyperinsulinemia
subunits not coupled to an SUR1 subunit has no activity
(Clement et al., 1997; Inagaki et al., 1997) so an excesbleonatal hyperinsulinism (HI) is a disease characterized
of Kir6.2 would produce inactive K channels con- by inadequate suppression of insulin secretion in the
taining four Kir6.2 but less than four SUR1 subunits. presence of severe hypoglycemia (Dunne et al., 1999;
The upstream DNA sequences of both genes have bedblaser, Landau & Permutt, 1999). Mutations in both
cloned and shown to drive expression of a reporter gen&ir6.2 and SUR1 have been shown to result in HlI
in pancreatic3-cells (Ashfield & Ashcroft, 1998). De- (Thomas et al.,, 1995; Thomas, Ye & Lightner, 1996;
letion analysis showed that the minimum promoter seNestorowicz et al., 1997; Aguilar-Bryan & Bryan, 1999).
qguence for SUR1 comprised a short (173 bp) 5-sequenc@-Cells from patients with HI and SUR1 mutations that
In contrast, over 900 bp of the Kir6.2 upstream sequenceesult in C-terminal deletions have been shown to lack
was required for high level expression. Both promotersfunctioning K,1p channels (Kane et al., 1996; Dunne et
resemble those for ubiquitously expressed housekeeping., 199D). One reason for the failure of such truncated
genes as they lack a TATA box in the minimal promoter SUR1 molecules to produce functional channels is the
regions, are GC-rich and contain multiple SP1 sitesabsence of the positive C-terminal trafficking signal de-
(GGGCGG). Both promoters contain E-boxes scribed above (Sharma et al., 1999). A number of SUR1
(CANNTG) known to be important for insulin gene point mutations spread throughout the molecule have
regulation which bind a family of helix-loop-helix pro- been found to result in channels that have reduced sen-
teins e.g., neuroD. Both promoters also contain APZsitivity to activation by MgADP (Shyng et al., 1998).
sites suggesting possible regulation of transcription byMutation of a conserved residue in NBD2 (R1420C),
protein kinase A and/or protein kinase C. In addition thefound in a Japanese HI patient, was shown to result in an
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impairment of the stabilization by MgATP of ATP bind- czyk et al., 1997). The molecular nature of the mito-
ing to NBD1 (Tanizawa et al., 1999). chondrial SUR has not been established. However there
is evidence from immunofluorescence and immunogold
staining that the mitochondrial inner membrane contains
The B-Cell also Contains Intracellular Kir6.1 (Suzuki et al., 1997). The mitgkp channel has
Karp Channels only been studied so far in heart and liver (Szewczyk,
1998). Whether a mitok, channel is present in the
Sulfonylureas stimulate insulin secretion in a’Ga  B-cell and if so what role it plays remains to be estab-
dependent manner from permeabiliz@dcells by a lished.
mechanism in which plasma membrangK channels
cannot be involved. (Tian, Johnson & Ashcroft, 1998). work from the author's own laboratory has been supported by the
Moreover exocytosis can be stimulated by sulfonylureasritish Diabetic Association, the Wellcome Trust and the Medical Re-
applied intracellularly during whole-cell patch recording search Council. | thank the many colleagues who kindly provided me
at a fixed intracellular C& concentration and this effect With reprints and preprints of their work during the writing of this
is blocked by diazoxide (Barg et al., 1999)_ These 0b_.review. To keep the bi'bliography'to a reasonable si.zg | have referred
. in the background sections to reviews rather than original papers. Au-
servations s_uggested t_haF there may b_e sulfonylurea ref‘ﬁors of important early papers contributing to the story of gheell
ceptors playing a role in insulin secretion located elsex, , channel will, | hope, forgive their not being cited.
where than in the plasma membrang/K channels. The
stimulatory action of sulfonylureas in whole cell patch
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