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ABSTRACT

The pancreatic ATP-sensitive potassium (Karp) channel regulates insulin secretion by
linking metabolic changes to the B-cell membrane potential. Karp channels are
oligomeric complexes composed by the sulfonylurea receptor 1 (SUR1) and the inward
rectifier Kir6.2. Karp channel biogenesis is delineated by a number of ER quality control
mechanisms. Among those, a tripeptide RKR retention signal present in both subunits
produces retention of unassembled subunits. Loss of functional Karp channels because of
mutations in either the SUR1 or Kir6.2 channel subunit causes persistent
hyperinsulinemic hypoglycemia of infancy (HI). We investigated the molecular
mechanism by which a single phenylalanine deletion in SUR1 (AF1388) causes HI.
Previous studies have shown that co-expression of AF1388 SUR1 with Kir6.2 results in
no channel activity. We demonstrated here that the lack of functional expressionis due to
failure of the mutant channel to traffic to the cell surface. Inactivation of the RKR
retention signal in AF1388 and its co-expression with Kir6.2, produces partial surface
expression of the mutant channel. Moreover, mutant channels were active. Nevertheless,
compared with wild-type channels, the mutant channels have reduced ATP sensitivity and
do not respond to stimulation by MgADP or diazoxide. Therefore, SUR1AF1388 leads to
defects in both trafficking and MgADP response of Karp channels. Subsequently, we
investigated the biochemical features of Phe-1388 that control the proper trafficking and
function of Karp channels by substituting the residue with all other 19 amino acids. We
found that while surface expression is largely dependent on hydrophobicity, channel
response to MgADP is governed by multiple factors and involves the detailed architecture

of the amino acid side chain. Remarkably, replacing Phe-1388 by leucine profoundly
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alters the physiological and pharmacological properties of the channel. The F1388L-
SURI channel has increased sensitivity to MgADP and metabolic inhibition, decreased
sensitivity to glibenclamide, and responds to both diazoxide and pinacidil. Thus,
structural features in SURI required for proper channel function are distinct from those
required for correct protein trafficking. The mutant AF1388 is rapidly degraded in the ER
showing monophasic kinetics. Moreover, wild-type Karp channel subunits are also
degraded in the ER but featuring biphasic kinetics. Karp channel biogenesis appears to be
inefficient: ~70% of the channel subunits are rapidly degraded by this ER mechanism,
and only ~30% acquires metabolic stability and can be incorporated into channel
complexes which eventually reach the plasma membrane. By contrast, inhibition of
proteasome function slows down the turnover of all wild-type and mutant subunits and
leads to their accumulation as deglycosylated and/or polyubiquitinated species. Under
this condition, the undegraded Karp channel subunits are found in perinuclear inclusions
that can be co-immunostained with aggresome markers such as ubiquitin and vimentin.
These results suggest that the ubiquitin-proteasome pathway is involved in the

degradation of Ktp channels under both normal and pathological conditions.
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Introduction

ATP-sensitive potassium (Karp) channels were first discovered in cardiac
myocytes and were later found in many other tissues, including pancreatic B-cells [1, 2],
skeletal muscle, smooth muscle, brain, pituitary and kidney. By linking the cell metabolic
state to the plasma membrane potential, Kayp channels regulate a variety of cellular
functions. Activation of Karp channels leads to shortening of the cardiac action potential,
relaxation of vascular smooth muscle, and inhibition of both insulin and neurotransmitter
release. They also play a role in K' recycling in renal epithelia, seizure protection, and
cytoprotection in cardiac and brain ischemia. Ka7p channels are essentially voltage
independent, but intracellular nucleotides, particularly ATP (which inhibits channel
activity) and Mg” ADP (which stimulates channel activity) modulate them. Overall, Karp
channel activity is regulated by the [ATP}/[ADP] ratio (the cell metabolic state), which
provides a mean of linking electrical activity of a cell to its metabolic rate [3-7].

The functional roles of Karp channels have been best-characterized in pancreatic
-cells [2-7]. Since the discovery of the Karp channels in pancreatic B-cells, the model of
glucose-induced insulin secretion has generally been accepted. Glucose is transported
through the glucose transporter GLUT2, and the subsequent metabolism of glucose
produces ATP. The increase in the ATP/ADP ratio closes the Katp channels, which
depolarizes the B-cell membrane and leads to the opening of the voltage-dependent
calcium channels (VDCC), allowing calcium influx. The rise in intracellular calcium
concentration in the B-cell triggers insulin granule exocytosis [7]. Therefore, the Katp
channels are key molecules in the regulation of glucose-induced insulin secretion.

Accordingly, pharmacological agents that modulate the activity of Karp channels are



effective in treating certain insulin secretion disorders. For example, sulfonylureas, a
class of drugs commonly used in the treatment of non-insulin-dependent diabetes mellitus
(NIDDM), induce insulin release by inhibiting Katp channels. In contrast, potassium
channel openers (KCOs), inhibit insulin secretion by activating Karp channels (Figure 1).

Human mutations of pancreatic Karp channels that lead to loss of channel
function are linked to a pathological condition known as Persistent Hyperinsulinemic
Hypoglycemia of Infancy (HI). HI is an inherited disorder of glucose metabolism evident
in newborns and infants. It is mainly characterized by inappropriately high insulin levels
in the presence of low levels of blood glucose, and it is the most common cause of
persistent and recurrent hypoglycemia in infancy [3-7] .

The Karp channel is an octameric complex of two distinct types of protein
subunits (Figure 2). The pore is formed from four Kir6 subunits, each of which is
associated with a much larger regulatory sulfonylurea receptor (SUR) subunit. Kir6
belongs to the inward-rectifying K* channel family and each Kir6 subunit has two
transmembrane domains connected by a pore loop. In contrast, SUR is a member of the
ATP-binding cassette (ABC) transporter super-family. Each SUR subunit has multiple
transmembrane domains and two large intracellular loops that contain consensus
sequences for nucleotide binding and hydrolysis, known as the (two) nucleotide binding
folds (NBFs). Both NBFs are capable of binding and hydrolyzing Mg**ATP, but NBF2
seems to have a significantly higher Mg? " ATP hydrolytic activity. This SUR enzymatic
behavior is essential in the gating regulation of Karp channels because it links the control
of the membrane potential with metabolic sensors through phosphotransfer reactions [3-

7).
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Karp channels in different tissues are composed of different Kir and SUR
subunits. In most cases, Kir6.2 acts as the pore-forming subunit, but in some smooth
muscles it is likely that Kir6.1 serves this role [8]. Two different genes encoding SUR1
[9] and SUR2 [10] have been identified and alternative splicing of SUR2 mRNA creates
further diversity. One important splice site in SUR2 lies distal to NBF2 and alters the 42
amino acids at the C-terminus. These splice variants are known as SUR2A [10] and
SUR2B [11], and the alternatively spliced region in SUR2B is actually more similar to
SUR1 (74 % identity) than to SUR2A (33% identity). There is evidence that SUR1 serves
as the regulatory subunit of the Katp channel in pancreatic B-cells and some type of
neurons. SUR2A plays a similar role in cardiac and skeletal muscle, whereas SUR2B
serves this function in smooth muscle and some neurons [3-7].

Katr channels reach the plasma membrane as octamers. This is due to the
presence of an endoplasmic reticulum (ER) Arginine-Lysine-Arginine retention motif
(RKR) on each subunit that prevents their surface expression in the absence of proper
assembly. This ensures that only fully functional octameric complexes reach the plasma

membrane in all tissues in which they are expressed [12].

Molecular Structure and Assembly of Kartr channels

The inwardly-rectifying potassium channel subfamily Kir6.

Since the isolation by expression cloning of the Kir channel family members,
ROMKI1 (Kir 1.1a), IRK (Kir2.1), and GIRK (Kir3.1), seven subfamilies (Kirl.0-7.0)
have been identified, based on their degree of identity [13] [14]. Inward rectification

refers to the ability of an ion channel to allow greater influx than efflux of ions. In the



casc of Kir channels, inward rectification is caused by cytoplasmic ions such as
polyamines and Mg™, which plug the conduction pathway on depolarization thereby
impeding the outward flow of K'. Different subfamilies show different rectification
strengths; for example, Kir3 channels are strongly rectifying, whereas Kir6 are weakly
rectifying [14].

Using a Kir3.1 ¢cDNA probe, the first Kir6 to be cloned was Kir6.1 [8]. This
channel is a 424-amino acid protein that is ubiquitously expressed. An isoform of Kir6.1
was subsequently cloned, which was identified as Kir6.2. It is composed of 390 amino
acids, sharing 71% identity with Kir6.1. Kir6.2 is strongly, but not exclusively, expressed
in insulin-secreting cell lines. The identification of Kir6.2, along with SURI, allowed
reconstitution of Katp channel currents for the first time [15] .

Kir channels are tetramers, with each subunit having two transmembrane (TM)
segments called M1 and M2, a pore loop (P), and amino (N-) and carboxy (C-) terminal
cytoplasmic domains. Recently, high-resolution structures of two Kir channels have been
reported: (1) the closed conformation of KirBac1.1, a bacterial ion channel closely related
to eukaryotic Kir channels [16], and (2) the cytoplasmic domain of the mammalian

Kir3.1 channel [17].

Architecture. The overall architecture of Kir channels can be simply divided between
membrane and cytoplasmic domains. In the KirBac [16] and KcsA structures [18], the
outer (M1) and inner (M2) helices compose the transmembrane domains that are
connected by the pore loop. M2 lines the pore of the channel and makes contact with

M1.The four M2 helices together form an ‘inverted teepee’ in a closed channel



conformation. The pore loop contains the descending pore helix and the ascending K*
channel signature sequence (TXGYG or TXGFG) that forms the K" selectivity filter. The
KirBac structure includes an additional helix, the ‘slide helix’, which runs paraliel to the
cytoplasmic face of the membrane (Figure 3) [14, 16]. Besides the M1 and M2
transmembrane domains, there is a large cytoplasmic domain, constituting two-thirds of
the Kir channel amino acid sequence. This region of the channel is crucial for Kir6
channel modulation by its specific intracellular regulators, such as ATP, PIP,, and
perhaps the SUR subunit as well. The cytoplasmic domain seems to be composed of

several B-sheets, with some of them forming a wall containing many polar and charged

residues that surround a large pore ~32 A in length and 7-15 A in diameter. At the C-

terminal end of the structure, an a-helix projects into the cytoplasm [14, 16, 17].
Interestingly, the N- and C- termini interact through two parallel B-strands. Based on the
crystallized cytoplasmic domain structure, it has been proposed that the ATP and PIP,
binding sites in Kir6.2 localize on the external surface of its cytoplasmic domain. These
ATP and PIP, ‘patches’ may reside very close to each other overlapping some critical

residues for binding of both ligands [19].

Ion selectivity, permeation and gating. The sclectivity filter confers selectivity for K. In
all K" channel crystal structures resolved so far, the selectivity filter is formed by
mainchain carbonyl oxygens of the P-loop conserved K' channel signature sequence
(residues TXGFG for Kir6)[20]. In most Kir channels, a salt-bridge between conserved
charged residues in adjacent subunits has been proposed to anchor and stabilize the K

channel signature sequence [21].
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Although Kir6 channels are rectifiers, their rectification properties are weak, a
property that is correlated with the affinity of the channel for blocking cations (i.e.
cytoplasmic Mg®" jons and polyamines). In strong rectifier channels, such as Kir2 and
Kir3, the residues responsible for interacting with blocking cations are localized along the
M2 helix as well as the cytoplasmic domains. Despite such differences, Kir6 shares a
common molecular mechanism with other Kir channels to control ion flow (‘or gating”).
Two locations for the intrinsic gate have been proposed: the bundle crossing and the
selectivity filter.

The gate at the bundle crossing is composed by of M2 transmembrane helices
crossing each other at a point that is close to the intracellular surface of the membrane.
This bundle crossing seems to be narrow enough to restrict the passage of hydrated K"
ions. In addition, hydrophobic residues that line the pore in this region create an
unfavorable environment for K* ions. Evidence also indicates that the M2 helices may
move to open the channel. These movements may include M2 rotation and tilting relative
to the central axis of the channel as well as M2 bending movements. These actions would
determine bundle crossing widening during channel opening. The selectivity filter and the
outer pore of Kir channels may also undergo conformational changes during gating.

Single channel recordings have demonstrated that SUR1/Kir6.2 channels, as well
as other Kir channels, display a characteristic ‘bursting’ pattern in which the channel
rapidly ‘flickers’ between open and closed states. Evidence indicates that these short
open and closed states, termed intra-burst, may correspond to stochastic movements at
the Kir6.2 selectivity filter, known as fast gating. Silent interburst intervals define the

duration of the burst. The transition between a burst and an interburst state seems to be



mediated by the bundle crossing of Kir6.2, due to movements of its transmembrane
helices. The rate of this transition may be mediated by SUR, in a process known as slow
gating. The importance of SUR1 regulating these transitions is reflected by the fact that
the open probability of Kir6.2 (truncated) is ~0.15 in the absence of SUR whereas the

open probability increases to ~0.65 with the expression of SURI.

The sulfonylurea receptor SUR and reconstitution of Ixare.

The structure of the sulfonylurea receptor was revealed by the cloning of a
sulfonylurea receptor (SUR1) from cDNA libraries of insulin-secreting cell lines.
Hamster SURI was the first sequence to be revealed as a 1582 amino acid, 177-kDa
protein with two potential glycosylation sites localized at the N-terminus and at the
extracellular loop between TM12-13 (TMD2) [9]. Human SURI, a 1581 amino acid
protein, has 96% identity with hamster SUR1. SURI belongs to the ABC transporter
super-family as well as the cystic fibrosis transmembrane conductance regulator (CFTR),
P-glycoprotein (P-gp), and multidrug-resistance-associated protein (MRP) [22].
Therefore, these transpoter proteins share a basic structure of multiple transmembrane
domains and two nucleotide binding folds (NBFs). Topologically, SUR has 17
transmembrane segments (TMs) distributed in three transmembrane domains (TMDs)
known as TMDO, TMD1 and TMD2, each one containing five, six and six TMs
respectively. Nucleotide Binding Folds 1 and 2 (NBF1 and NBF2) are located in the loop
between TMD1 and TMD2 and the C-terminus, respectively (Figure 1) [23]. As
previously mentioned, SUR2A and SUR2B also share a similar topology to that of SUR1

[10].
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SUR interacts with Kir6.2 in two different ways. First, its NBFs bind
Mg* nucleotides, activating and regulating Kir6.2 gating —that is, they play a
physiological role. Second, SURI assembly with Kir6.2 allows Karp channels to be
expressed at the cell surface—thus, they also play a role in trafficking.

Co-expression of Kir6.2 and SURI in COS-1 cells reconstitutes weakly
inward- rectifying K'-channel currents that have a unitary conductance of approximately
76pS in the presence of symmetrical (140mM) K' [8]. ATP inhibits the reconstituted
channel activity with half-maximal inhibition (Ki) at approximately 10uM in the
presence of Mg®". The currents are blocked by glibenclimide (nM concentrations) and are
stimulated by the channel opener diazoxide (uUM), an exclusive B-cell Karp channel
agonist. The K" currents from reconstituted SUR1 and Kir6.2 have features characteristic
of Katp channels in native B-cells, suggesting that pancreatic B-cell-type Katp channels
also consist of the two subunits, Kir6.2 and SUR1 [8].

The association of SUR1 and Kir6.2 has been established in several ways. First,
they form 950kDa octameric complexes that can be isolated, using sucrose gradient
centrifugation. This is compatible with a tetramer of SUR1/Kir6.2 (4 x 176,000 (SUR1) +
4 x 45,000 (Kir6.2) = 880,000), with additional mass attributed to glycosylation [24].
Also, studies on the interaction between of SUR1 and Kir6.2 indicate that the N-terminus
and the M1 transmembrane domain of Kir6.2 are important in conferring assembly with
the transmembrane domains of SUR. These findings are compatible with the facts that
M1 does not directly contribute to the ion-conducting pathway and is exposed to the lipid
membrane environment. Thus, the Kir6.2 N-terminus and M2 interaction with

transmembrane domains of SUR suggests a mechanism by which an ABC protein might
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assemble with and regulate gating of a Kir [25]. Finally, a recent study has established
that SURT TMDO is strongly associated with Kir6.2 and modulates its trafficking and
gating. These results are interesting since TMDO is only found in certain members of the
ABC protein superfamily. It has been speculated that TMDO might represent an
evolutionary advantage serving a specialized purpose such as regulating the function of a

potassium channel [26].

Physiology of Kare channels
Regulation of Kir6.2 by nucleotides and PIP,

Katp channels are activated by Mg**-nucleotides and inhibited by intracellular
nucleotides such as ATP and ADP [27]. The inhibitory effects of nucleotides are
mediated via the pore-forming subunit Kir6.2, whereas their excitatory effects are
conferred through SUR. At the same time, membrane lipids such as PIP; can compete for
a putatively overlapping ATP/PIP, binding site on Kir6.2, antagonizing nucleotide
inhibition and, in this way, activating Karp channels [4-7].

ATP inhibition. The preeminence of the Kir 6.2 subunit in the ATP inhibitory response
has been established by studying truncated forms of Kir6.2 (Kir6.2AC26 or Kir6.2AC36)
that can generate functional channels independently of SUR1 [28]. These truncated forms
of Kir6.2 retain intrinsic ATP sensitivity (Ki ~ 100uM), but are unable to respond to
Mg> ADP. These results demonstrated that the primary ATP-inhibitory site is located on
Kir6.2. Moreover, sulfonylureas and KCOs do not affect Kir6.2AC26 currents,

demonstrating that their effects are exerted through the SUR subunit. It is interesting that

12



SURTI, but not SUR2, enhances the sensitivity of Kir6.2 for ATP (from Ki ~ 100uM to Ki
~ 10 pM) [28]. More studies are needed to clarify this point.

Further studies have established that ATP’s adenine moiety and its B-phosphate
are critical for Karp channel inhibition. Site-directed mutagenesis studies on Kir 6.2 have
determined that ATP inhibition is dependent on residues in both the N- (~70 amino acids)
and C- termini (8) (~220 amino acids) of the channel [29, 30]. This is not totally
unexpected, since Kir6.2 N- and C- termini are physically associated, a feature that
appears to be common to all inward rectifiers [31]. Moreover, the recently described
crystal structure of a bacterial Kir channel (KirBacl.1) [16] and the cytoplasmic pore of
GIRK1 [17] have confirmed many of these mutational studies. Those studies have led to
the proposal of an ATP binding patch at the cytoplasmic domain, which is composed of
residues from N- and C- termini of Kir6.2 [19]. Since there is an ATP binding site located
on each subunit, four separate ATP binding sites per channel are thus established.
Interestingly, the model predicts that PIP,-interacting residues are localized in an
overlapping patch sharing some of these residues with the ATP binding patch [19]
(Figure 4).

Most, but not all, of the ATP binding residues are located in the C-terminus.
Among the most prominent binding residues are R50 [32] [33] and K185 [34] localized at
the Kir6.2 N- and C-termini respectively. Both R50 and K185 affect ATP binding and
Kir6.2 channel activity without affecting single-channel kinetics. A recent report using
cystine-scanning mutagenesis and charged thiol reagents has established that these two

residues probably interact directly with ATP [30]. R50 interacts primarily with the y-

phosphate of ATP, whereas K185 interacts specifically with the B-phosphate [30].

13
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These residues lie in close proximity to a hydrophobic pocket that accommodates the
adenosine moiety. Accordingly, the adenine ring of ATP sits in a pseudohydrophobic
pocket lined by a number of amino acids, including the well-characterized C-terminus
residue 182 [35] [36]. Once mutated, 1182 decreases channel sensitivity to ATP
inhibition by >1,000-fold. In addition, G334 also seems important in conferring ATP
binding and response, since mutation of G334 to D decreases ATP sensitivity by 1,000-
fold [36]. Finally, the two most interesting residues, also present in the ATP binding
patch, are the N-terminus R54 [37] and the C-terminus R201 [38]. Substitutions of R201
to A or R54 to A affect both ATP and PIP; interaction, reducing sensitivity to both
ligands. This is consistent with a model in which each ligand interacts with possibly
overlapping sites on the same cytoplasmic domain to stabilize either closed (ATP) or

open (PIP,) states [19, 39] [40, 41].

PIP; activation. Hilgemann et al. [42] showed that phopholipids such as PIP; and PIP are
important regulators of ion transporters and channels. These authors demonstrated that in
excised membrane patches from cardiac myocytes, the functional integrity of the
Na+/Ca2+ exchanger as well as the Katp channel requires the presence of PIP,. Removal
of this phospholipid through phospholipase C resulted in a loss of channel or transporter
activity, or ‘run-down’, which could be reversed with PIP; and PIP.

In line with these results, the observed run down of Karp channel activity with
cloned subunits in excised patches could also be reversed by application of PIPs [43] [44]

[45]. Surprisingly, PIPs not only restored activity of the channels but they also changed
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the inhibition by ATP quite dramatically. Following patch excision, channels were
inhibited by low pM ATP, whereas mM ATP concentrations were required for channel
inhibition after PIP, was applied to inside-out patches. Prolonged exposure to PIP,
rendered channels completely insensitive to 1 mM ATP. This Karp channel shift from an
ATP-sensitive state to a ATP-insensitive state was rendered gradually, suggesting this
resulted from a progressive reduction in binding of ATP to the channel [43] [44] [45].
This is not totally surprising, since further studies have demonstrated that the Kir6.2 C-
terminus forms a nucleotide and phospholipid modulated channel gate on which ATP and
phopholipids compete for binding [43].

What are the molecular determinants that define the PIP2 and Kir6.2
interaction?

For the phospholipid, two properties have been found to be important. The first
is the negatively charged head group of the phospholipids [43] . While PIP; and PIP exert
an effect similar to PIP;, no shift in ATP sensitivity was observed with the
dephosphorylated PI that lacks negative charges on the inositol ring. The second
requirement for the phospholipid is insertion into the plasma membrane, which is
mediated by the lipid tail of the PIPs. Accordingly, PIPs are only effective when inserted
into the inner leaflet of the membrane bilayer. The effects of PIP; on channel activity
have also been demonstrated in intact cells where PIP, and PIP; levels can be increased
by the activity of PIP kinase that phosphorylates PIP [46]. Conversely, PIP, and PIP;
levels can be decreased by the action of phospholipase C, activated by P,Y5 receptors. In
this way, Karp channel activity might be regulated physiologically by the local

concentration of PIPs [44].
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The PIP; binding domain in the Kir 6.2 subunit has been partially characterized,
and it is composed of residues located at the N- and C- termini of Kir6.2. Potential PIP,-
interacting residues (N-terminus: R54; C-terminus: R176, R177, R201, R206, R222) [38]
[47, 48] are located in a patch that overlaps the ATP-binding domain. These residues are
on the top surface of the Kir6.2 putative cytoplasmic domain, where they would be
expected to be directly opposing lipid headgroups (Figure 4) [19]. The overlap of the
ATP-binding sites and the PIP,-interacting sites is consistent with the apparent
competition of the two ligands for the same state but without perfect exclusion of one

ligand by the other.

Mechanism of action: how does ligand binding gate Kir6.2? The crystallization of a
bacterial Kir channel and the cytoplasmic domain of Kir3.1 provide snapshots of the
putative structures of the gating modules in Kir channels. The demonstration of four
separated ligand-binding domains per channel supports a tetrameric subunit model of
gating. Based on the crystalized GIRK-NC domain [17], the orientation of the M1/2
helices, and the spatial orientation of domains relative to one another, Nichols et al. [19]
have proposed that ligand-gating of the Kir6.2 channel occurs by “pinching” of the
permeation pathway at the M2 helix bundle crossing. The cytoplasmic domain plays a
central role in this proposed model. Interaction of certain residues (54, 176, 177, 201,
206) with PIP, may “pull” the cytoplasmic domain toward the membrane, thereby
stabilizing the open state of the channel. Conversely, interaction of a set of residues (50,

54, 182, 185, 201, 206, 334) overlapping with ATP, will destabilize or exclude the
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membrane interaction, ’pulling’ the cytoplasmic domain away from the membrane,

thereby stabilizing the closed state [19].

Katr channel activation by Mg2+-nucle0tides: the role of SUR

Nucleotide Binding Fold cooperative function. The NBFs in SUR are not important for
channel inhibition by ATP, but they are essential for channel activation by Mg ADP.
They bind Mg” ADP and also bind and hydrolyze Mg**ATP, producing Mg**ADP as
result. Each NBF contains three motifs that are important for this process: a Walker A
(Wa) motif, a Walker B motif (Wp) and a linker region. A conserved, positively-charged
lysine residue in the W4 motif is involved in coordinating the negative charge of the
phosphate tail of ATP. A negatively-charged aspartate residue in the Wg motif is believed
to coordinate the Mg>* jon of Mg**ATP. The linker (LSGGQ) does not appear to be
determinant in nucleotide binding but seems to be essential in transducing nucleotide
binding into channel activation [27].

Electrophysiological studies [49-51] have shown that mutating the W lysine, W
aspartate, or the linker sequence on either NBF of SURI has three consequences: (1)
Mg**ADP-induced activation is generally abolished; (2) response to the channel opener
diazoxide is diminished or abolished; (3) the sensitivity of the channels to ATP-mediated
inhibition is slightly enhanced. These data indicate that the stimulatory effect of
Mg**ADP involves the NBFs of SURI. The increase in ATP-sensitivity suggests that
Mg**ATP also has a stimulatory effect on channel activity that may be mediated by its

hydrolysis, which is normally masked by the inhibitory effect of the nucleotide. The
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response to diazoxide is Mg-nucleotide dependent, and its abolition correlates well with
Kartp channel insensitivity to Mg-nucleotides as a result of NBF mutations. Mutations on
the linker region may affect the transduction step linking nucleotide binding, the
hydrolysis in SUR1, or both to activation of Kir 6.2 [49-51].

Binding studies indicate that both NBFs act in cooperation, but they show
different binding preferences depending on the specific NBF. NBF1 appears to bind
preferentially to ATP, whereas NBF2 seems to bind mainly Mg** ADP [52-54]. Ueda et
al. [55-57] have demonstrated that there are some nucleotide-binding properties that are
similar among all the SUR subtypes: 1) NBF1 is a Mg2+-independent ATP and ADP
binding site; 2) NBF2 is a Mg2+-dependent ATP and ADP binding site; 3) the analogue 8-
azido-ATP binds to NBF1 very stably; 4) the binding of Mg”*ATP and Mg**ADP to
NBF2 stabilizes 8-azido-ATP binding at NBF1; and 5) NBF2 has ATPase activity,
whereas NBF1 has little or no ATPase activity.

Functional and binding analysis of SURI subunits with an HI missense
mutation (R1420C that is localized on NBF2) have also demonstrated that functional
cooperation between NBFs is lost when the structural and binding properties of NBF2 are
compromised [52]. The mutation lowers the affinities of NBF2 for ATP and ADP and
impairs the ability of Mg®>*ATP and Mg**ADP to stabilize ATP binding at NBF1. These
results suggest that the R1420C mutation not only decreases the nucleotide-binding
affinity of NBIF2 but also impedes the transduction of a conformational change at NBF2
and thereby its ability to stabilize ATP binding at NBF1 [52].

Biochemical studies have demonstrated that the ATPase activity of NBFs is

critical for the ability of SUR to confer channel sensitivity to nucleotide stimulation [58-
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60]. The ATPase activity has been characterized in fusion proteins containing NBF1 and
NBEF2 of the cardiac SUR2A isoform. There, NBF2 hydrolyzes ATP in the presence of
Mg with a twofold higher rate compared to NBF1. Mutations affecting its Walker A or
B motifs reduce its activity, producing channels with increased sensitivity to ATP, which
correlates well with electrophysiological studies. The ATPase is dependent on
cooperative interaction between both NBFs since NBF2 enzymatic activity relies on
NBF1’s ATP binding capacity[58-60].

The ATPase activity of NBFs may be regulated by its association with
phosphotransfer enzymes such as creatine kinase (CK) that can interact with SUR-NBFs.
Moreover, studies have demonstrated that the creatine kinase/creatine phosphate system
might remove ADP from NBF2 after ATP hydrolysis and for that reason may regulate
Karp channel activity. In this way, Karp channel complexes may function as an ATPase
that would regulate nucleotide-dependent channel gating [61-63].

Based on these and other findings, Terzic et al. [61-63] have proposed a
biochemical model for Karp channel regulation in cardiac myocytes . Karp channels may
be associated with a set of phospho-enzymes such as adenylate kinase (AK), creatine
kinase (CK), and piruvate kinase (PK) that may directly mediate nucleotide exchange on
the NBFs. These phospho-enzymes would link metabolic signals from mitochondria with
Karp channel activity at the plasma membrane through cytosolic phosphotrasfer
reactions. Under this model, concurrent action of AK, CK and PK could contribute to
regulation of the ATP-ADP exchange rates at the channel site, thereby modulating the
equilibrium between open and closed channel states. The AK-catalyzed phosphotransfer

system would promote Kapp channel opening primarily by accelerating conversion of
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ATP to ADP, whereas CK and PK/glycolytic systems would predominantly facilitate
conversion of ADP to ATP and channel closure. The open-closed transition that governs
Katp channel behavior would thus be regulated through competitive interactions between
the AK system on the one hand and the CK/PK/glycolytic system on the other (Fig. 5

and Fig. 6).

Mg**ADP activation mechanism. A question that is not well answered yet is how
Mg2+ADP activates Katp channels and counteracts the inhibitory effect of ATP. Shyng
et al. have proposed that SURI acts as a ‘hypersensitivity switch’ to modulate ATP
sensitivity of channel activity. This is based on the observation that SUR1 co-expression
shifts the Kir6.2 ATP sensitivity from a half-maximal inhibition of ~100pM to ~10puM;
in this way, SURI appears to sensitize the channel to ATP. Nucleotide hydrolysis at the
SURI NBFs may uncouple this sensitizing effect, increasing channel activity at
intermediate ATP concentrations. Thus, Mg®"ADP binding would stabilize the activated,

or uncoupled, state [51].
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Pharmacology of Kare channels: Sulfonylureas and K,rp Channel

Openers.

Pharmacological control of pancreatic Karp channels is critically important in
the treatment of insulin disorders like type II Diabetes Mellitus (DMII) and Familial
Hyperinsulinism (HI). The SURI subunit is the primary target for most of these drugs,
which belong to two main groups: the sulfonylureas and the Karp channel openers
(KCOs). Sulfonylureas inhibit Karp channels, promoting insulin secretion. Thus,
sulfonylureas are used in the treatment of DMIL In contrast, KCOs activate Karp

channels, attenuating insulin secretion. KCOs are used in the treatment of HI.

Closing Katp Channels: Sulfonylureas

The inhibition of Karp channels in pancreatic B-cells by tolbutamide or
glibenclamide has been the pharmacological basis for treatment of DMII for almost 60
years. These drugs bind the SUR receptors with different affinities depending on the SUR
receptor sub-type. The Ky values for binding to the SUR1 receptor in pancreatic B-cells
and in brain are in the low uM range for tolbutamide and in the low nM range for
glibenclamide (known as the high-affinity site). The estimated Kg values for sulfonylurea
binding to SUR2 receptors are typically about a thousand-fold weaker than those for

SURI [64] [65] (Figure 7).
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TABLE I

Kyrp ch. Type — SUR1/Kir6.2* SUR2A/Kir6.2* SUR2B/Kir6.2*
ICs ICso ICs
Sulfonylurea — Glibenc / Tolbut Glibenc / Tolbut Glibenc / Tolbut

ICso channel activation <10nM /~2 pM | 1.2uM/ 1.4mM ~1uM / <mM
for each sulfonylurea

* Recombinant

In recordings from Karp channels, sulfonylureas do not block the open pore of
the Karp channel, nor do they affect unitary conductance or intraburst kinetics. Instead,
sulfonylureas shorten the mean burst duration and lengthen the intervals between bursts,
placing channels in long-lived interburst closed-states. This inhibition seems to be
mediated by binding of sulfonylureas to the kigh-affinity site that lies on SUR1 (ICsp ~5-
10 uM for tolbutamide). The high-affinity site is only present when SURI is co-expressed
with Kir6.2. There is also a so-called low-affinity site (ICsp >1.5 mM for tolbutamide)

that has no known physiological relevance and it is independent of SUR1 [64] [65].

Sulfonylurea binding site. The high-affinity inhibition by sulfonylureas seen in the B-cell
channels can be explained by a two-step process. In excised patches, in the absence of
stimulation by Mg-nucleotides, tolbutamide reduces channel activity by approximately
50-60%. This inhibition involves the N-terminus of Kir6.2 since deletion of 5 amino
acids from Kir6.2 reduces the effect of tolbutamide. In addition, deletion of ten or more

residues essentially eliminates the inhibitory effect. These results suggest a mechanism in
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which the binding of tolbutamide to SURI determines a conformational change that
prolongs closed channel conformations and involves the N-terminus of Kir 6.2 [66] [67].

The second effect of tolbutamide is the elimination of the stimulatory effect of
Mg**-nucleotides. Normally, this stimulatory effect antagonizes the inhibitory action of
ATP on the Kir6.2 subunit. Therefore, disrupting nucleotide stimulation reveals the ATP
inhibitory action. This becomes additive with the direct tolbutamide inhibitory effect.
Consequently, Karp channel activity in excised patches is inhibited >90% when
saturating concentrations of tolbutamide (200 uM) are combined with the presence of
Mg”" nucleotides [66] [67] .

The SUR1 domain that is necessary for high affinity tolbutamide inhibition has
been identified. The SUR1 transmembrane domains 12-17 segment (TMD2) is sufficient
to confer inhibition by tolbutamide. A more detailed study has narrowed the binding site
to TMs 14-16 of SUR1 (1035-1277 residues) and to a critical residue, S1237, that--once
mutated--abolishes inhibition and binding of sulfonylureas to SUR1. This is consistent
with the idea that the transmembrane regions, rather than the NBFs, contain the

sulfonylurea high-affinity binding site [66] [67].

Mechanism of action. Sulfonylurea binding to TMD2-SURI1 appears to have an
allosteric influence affecting binding of Mg*'-nucleotides to the SURI-NBFs. A
mechanism has been proposed in which sulfonylureas would bind the SURI-TMD2
domain, inducing a conformational change irrespective of whether Mg*" and/or
nucleotides are present. This conformational switch uses the N-terminus of Kir 6.2 to

stabilize a long-lived closed state and also disrupts the Mg®" nucleotide-induced
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stimulatory action of SUR1 on Kir6.2. This stimulatory signal normally antagonizes the
inhibitory action of intracellular nucleotides on Kir6.2. Impairment of nucleotide
stimulation reveals the inhibitory action of intracellular nucleotides. This model accounts
for the increased efficacy of sulfonylureas on SUR1/Kir6.2 channels in vivo [66] [67]

[68].

Opening Karp Channels: Potassium Channel Openers

Katp channel openers (KCOs) are a structurally diverse group of drugs with broad
spectrum of potential therapeutic applications. These drugs interact with Katp channels in
numerous tissues and increase their activity, thereby hyperpolarizing the plasma
membrane and reducing electrical excitability. The most commonly studied Ktp channel
openers are diazoxide, pinacidil, cromakalim, minoxidil sulfate and nicorandil (Figure 7)
[69] [70]. Clinically diazoxide is used to suppress excessive insulin secretion, minoxidil
sulfate is used topically to stimulate hair growth, and nicorandil is a new drug that is

increasingly being used for the treatment of angina.

TABLE II.
Ky7p ch. Type— SUR1/Kir6.29 SUR2A/Kir6.29 SUR2B/Kir6.29
ICs, ICs ICs
KCO ligand <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>