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Abstract

Allosteric Information Transfer through Inter-subunit Contacts in

ATP-sensitive Potassium (Katp) Channels

Hussein N. Rubaiy

Katp channels are ubiquitously expressed and link metabolic state to electrical
excitability. In heart, in response to ischaemic stress, they play a protective role and in
vascular smooth muscle regulation of vascular tone (vasorelaxation). Functional

Katp channels are hetero-octamers composed of two subunits, a pore forming Kir6,
which is a member of the inwardly rectifying potassium channels family and a
regulatory sulphonylurea receptor (SUR). In response to nucleotides and
pharmacological agents, SUR allosterically regulate Karp channel gating.
Multidisciplinary techniques (molecular biology, biochemistry, electrophysiology,
pharmacology) were used to study the allosteric regulation between these two
heterologous subunits in Katp channels.

This project was divided into three major sub-projects: 1) Application of site directed
mutagenesis and biochemical techniques to identify the cognate interaction domain on
Kir6.2 for SUR2A-NBD2 (nucleotide binding domain 2). 2) Electrophysiological
techniques to investigate the allosteric information transfer between heterologous
subunits Kiré and SUR2A. 3) Recombinant fusion protein to express and purify the
cytoplasmic domains of Kir6.2 for structural analysis of the interaction between the two
subunits.

This study reports on the identification of three cytoplasmic electrostatic interfaces
between Kir6 and SUR2A involved in determining the sensitivity of Karp channel
agonist, pinacidil, and antagonist, glibenclamide, from SUR2A to the Kir6 channel
pore.

For structural study of cytoplasmic domains of Kir6.2, bacterial TM1070 was used as
fusion partner with Kir6.2. A TM1070-Kir6.2 NC (CT-His6 tag) fusion construct
expressed in Arctic Express competent cells permitted successful expression of folded
cytoplasmic domains of Kir6.2 in near native form. Immobilized metal ion affinity
chromatography, IMAC (Ni?*), and gel filtration chromatography (GFC) column as
second purification step were performed to purify this recombinant protein. The
purification was confirmed by CBS and Western blot analysis.

Possibly, this new information on channel structure-function relationships may
contribute to the design of novel and more effective drugs.
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lon Channels

lon channels are located in the plasma membrane of all living cells. They form aqueous
pores across the lipid bilayer and selectively allow particular inorganic ions, primarily

Na*, K*, Ca”* or CI" to pass through them. Only ions of appropriate size and charge can
pass in a single file through the narrow channel. Each second up to ten million ions can

pass through one open channel (Hille 2001).

The existence of ion channels was suggested by the British biophysicists Alan Hodgkin
and Andrew Huxley in 1952 (Hodgkin and Huxley 1952) on publication of a theory of
the nerve impulse. About a decade earlier, the two biophysicists with another pair,
Curtis and Cole (K S Cole and Curtis 1938) had been able to measure, by using an
intracellular micropipette, the full action potential of a squid giant axon (Hille 2001).
An action potential is a transient, regenerating change in membrane potential that
permits a wave of electrical excitation to pass along the plasma membrane of
electrically excitable cells. It consists of two major phases; depolarization (a rapid
change of the membrane potential from a negative to a positive value) and
repolarisation (return of the membrane potential from a positive to a negative, -40

to -95 mV depending on the cell type) (Hille 2001). The existence of ion channels was
confirmed in the late 1970s with an electrical recording technique known as the "patch

clamp”, invented by Erwin Neher and Bert Sakmann (Neher et al. 1978).
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lon Intracellular (mM) Extracellular (mM)
Na* 5-20 130-160

K* 130-160 4-8
Ca? 50-1000nM 1.2-4

Cl- 1-60 100-140

Table 1-1 Intracellular and extracellular range of Na*, K*, Ca®* and CI ions

found in mammalian cell.

Table 1-1 represents the intracellular and extracellular ranges of concentrations of ions,

where of the largest concentration differences are of the calcium ion. lon channels play

an essential role in controlling many various physiological and pathological processes,

therefore they are important drug targets (Hille 2001).
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1.1 Potassium Channels

Potassium channels play significant roles in shaping the excitability and firing patterns
of cells (Hille, 2001). Potassium channels are divided into four major classes based on
their structure; two, four, six and seven transmembrane domain channels (figure 1-1).
There is a large diversity within potassium channels including calcium activated,
voltage-gated, twin pore domain, and inwardly rectifying channel subtypes. Even
though there is this large diversity, the members of the channel family have similarities
such as all of them have pore-lining P-loops with a consensus amino acid sequence

(Shieh et al. 2000).

1.1.1 Voltage-gated Potassium Channels

The voltage-gated potassium channel family plays a crucial role during action
potentials in returning the depolarized cell to a resting polarised state. VVoltage-gated
channels consist of six transmembrane domains, termed S1 - S6, with cytoplasmic

N- and C- terminal regions (Isacoff et al. 1990). The structure of the channel is similar
to the calcium activated potassium channel subtypes, though the maxi-calcium
activated potassium (BK) channels have an extra transmembrane domain on the

N-terminal of the channel (Hille 2001).

In terms of pharmacological safety, human ether-a-go-go, hERG, is a very important
subfamily of human voltage-dependent potassium channels. Like the channels above, it
consists of six transmembrane domains. The hERG channel mediates the repolarising

Ikr current in the cardiac action potential. A diverse array of drugs can block this



Chapter 1

B)
P
+
C) s1 || s2 s3 sa S5 s6
+
_S —T 7
NH,+
COO-
NH;+ P
+
D) S0 s1 || s2 s3 s4 S5 S6

+

UTT’T’T;
Ccoo-

Figure 1-1 Proposed membrane topology of the four major classes of potassium

channels.

The structure of potassium channels can be divided as follows. A) Represents two
transmembrane domain channels (2-TM), M1 and M2 with a single pore loop (P) e.g.
inward rectifier potassium channels. B) Four transmembrane domain channels with two
pore loops e.g. leak channels (TWIK). C) Six transmembrane helix (S1-S6) channels
that contain a single poor loop between S5 and S6 with a voltage sensor (positively
charged amino acid residues) the S4 segment e.g. Kvl and hERG channels. D) Seven

transmembrane domain channels such as BK (Big Potassium or Maxi-K) channel.
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channel, which leads to lengthening of the QT interval and the potentially fatal
tachyarrhythmia Torsades des Pointes (TdP) (Gupta et al. 2007; Haverkamp et al.

2000).

1.1.2 Calcium Activated Potassium Channels

The calcium activated potassium (Kca) channel family includes three subfamilies; (1)
small calcium sensitive potassium channels i.e. small conductance, (SK), (2)
intermediate calcium sensitive potassium channels i.e. intermediate conductance, (1K)
and (3) maxi-calcium sensitive potassium channels, i.e. big conductance, (BK) (Toro et
al. 1998). Opening of calcium activated potassium channels is stimulated by an
increase in the intracellular Ca®* concentration. The channel is also activated by
depolarization (Aidley 1996). The calcium activated potassium channels consist of six

transmembrane domains.

1.1.3 Twin Pore Potassium Channels

Twin pore channels have small rectification® but no voltage dependent gating, since
they lack a voltage-sensing domain. These channels can either exhibit inwardly
(TWIK) or outwardly (TASK) rectifying currents (Hille 2001). The channel consists of
four transmembrane domains and two pore regions which can assemble as functional

dimers (Lesage and Lazdunski 2000). Another term for this group of channels is leak

! A nonlinear current-voltage relation occurs when the channel gating or conductance is affected by
voltage.
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channels. These channels are insensitive to most potassium channel blockers (Lesage

and Lazdunski 2000).

1.14 Inwardly Rectifying Potassium Channels

The biophysical properties of inwardly rectifying potassium (Kir) channels is that they
conduct inward current more readily than outward current (Doupnik et al. 1995;
Nichols and Lopatin 1997). Kir channels are crucial for stabilizing the resting
membrane potential and regulating excitability in many tissues (Hille, 2001; Doupnik
et al. 1995). This group consists of seven sub-families; Kirl to Kir7. Kir channels
comprise of two transmembrane domains (M1 and M2) with intracellular N- and

C-terminal domains linked by a conserved pore domain (Bichet et al. 2003).

Ho et al (1993) and Kubo et al (1993) described the expression cloning of cDNAS
encoding distinct inwardly rectifying K* channels. The Kir channels are dissimilar
from voltage-gated K* channels since activation is not brought about by membrane
depolarization and since a larger K* influx is allowed than efflux (Enkvetchakul et al.

2001).
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To date, the Kir channel proteins that have been identified comprise between 360 to
500 amino acids in length. There are, in the Kir channel family, at least seven
subfamilies now identified, Kirl.0 to Kir7.0 (Logothetis et al. 2007; Xie et al. 2007).
All Kir members are regulated by the membrane phospholipid, phosphatidylinositol
4,5-bisphosphate (PIP;), and some are also modulated by other regulatory factors or
ligands, such as ATP and G-proteins, giving their common names, ATP-sensitive
(Katp) and the G-protein-gated potassium channel (GRK) (Xie et al. 2007). Also, all
members of the Kir channel family have the same basic structure, which consists of
intracellular amino (N) and carboxyl (C) termini and two putative membrane spanning
segments (M1 and M2) flanking a pore-forming P-loop and signature sequence

(figure 1-2) (Xie et al. 2007).

1.2 Katp Channels

ATP-sensitive potassium (Kartp) channels, which are unique among potassium
channels, were first described by Akinori Noma in 1983 (Noma 1983). Noma stated
that Katp channels in cardiac myocytes are reversibly inhibited by the nonhydrolytic
binding of intracellular ATP. More recently, Karp channels have been identified in
other tissues including pancreatic B-cells (Cook and Hales 1984), skeletal muscle cells
(Spruce et al. 1985), neuronal cells (S. J. Ashcroft and Ashcroft 1990) and smooth
muscle cells (Standen et al. 1989). The Kate channel has also been identified in the
inner membrane of rat liver mitochondria, although the molecular identity of this Katp
channel has not yet been determined (Inoue et al. 1991). The mitochondrial channel has
been characterized pharmacologically in cells and in isolated bilayers. Many research
groups have questioned its existence even, which makes this a very controversial area.

8
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COO-

Figure 1-2 Suggested membrane topology of a Kir channel subunit.

Each subunit consists of two transmembrane helices M1 and M2 and a pore-forming

region containing the pore-helix (P), and intracellular N- and C-termini.
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This classification is provisional and there is a great necessity to confirm this
classification by tissue and cellular localization work and to look for overlapping

expression or co-assembly of subunit types (Aguilar-Bryan and Bryan 1999).

The classification of the Kate channels is mainly on pharmacological criteria by using
the potassium channel openers (KCOs, agonists) or sulphonylureas (antagonists). Katp
channels are identified by subunit combinations of sulphonylurea receptor (SUR),
SUR1, SUR2A and SUR2B, and inward rectifier (Kir), Kir6.1, Kir6.2, in different

tissue types (Aguilar-Bryan and Bryan 1999; Billman 2008).

1.2.1 Kir6

The Kir6 subfamily is a member of the Kir channel family (Isomoto et al. 1997) and
comprises the pore forming component of the Katp channel (Bryan et al. 2004). There
are two Kir6 isoforms, Kir6.1 and Kir6.2 (Farzaneh and Tinker 2008; Inagaki et al.

1995).

10
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Sulphonylurea Inward .
phony Gene o Gene Tissue/Channel Subtype
Receptor Rectifier
Kir6.1 KCNJ8 Mitochondria?
SUR1 ABCCS8
Kir6.2 KCNJ11 Pancreatic B-cell/neuronal
Kir6.1 Cardiac muscle
SUR2A ABCC9
Kir6.2 Cardiac/skeletal muscle
Kir6.1 Vascular smoothmuscle
SUR2B ABCC9
Kir6.2 Vascular smoothmuscle

Table 1-2  Overview of Katp channel isoforms and theirs subtypes with

corresponding gene and tissue localized subtypes.

This table illustrates that the Katp channels are widely expressed and play very

important role in many cells/tissues. Based on cloning electrophysiological and

pharmacological study, the Karp channels isoforms and subtypes were identified and

classified as represented in the table. It is worth noting that the non-selectivity of some

agents by binding to the sulphonylurea receptor can inhibit the B-cell, cardiac and

smooth muscle types of Karp channel.

11
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1.2.2 Sulphonylurea Receptor

Sulphonylurea receptor polypeptides are members of the ATP-binding cassette protein
of the ABCC/MRP family. Human ABC protein genes are classified into seven
subfamilies: ABCA to ABCG according to their gene structure, sequence homology
and phylogenetic relations (Dean et al. 2001). There are two genes encoding three
isoforms of SUR; SUR1, which is encoded by the ABCC8 gene and SUR2 which is
encoded by the ABCC9 gene. The latter can be transcribed into two different isoforms,
SUR2A and SUR2B (Aguilar-Bryan et al. 1998). These two SUR2 variants differ
solely in the carboxyl-terminal due to alternative 3"-exon usage (Gabrielsson et al.
2004). In general, all ABC proteins contain a minimum of four structural domains: two
transmembrane domains (TMDs) containing 6 to 8 transmembrane helices each and
two cytosolic nucleotide binding domains (NBDs) which are involved in nucleotide
binding and hydrolysis (Higgins 2001). SUR2 subunits consist of 17 transmembrane
polypeptide segments clustered into three transmembrane domains (TMD), named
TMDO, TMD1 and TMD?2 (figure 1-3). TMDO consists of the first five transmembrane
segments and TMD1 and TMD?2 consist of six segments each. There are two
cytoplasmic nucleotide binding domains in each subunit. The first nucleotide binding
domain, NBD1 is located between transmembrane segment 11 and 12 and the second,
NBD?2 is located beyond the last transmembrane segment number 17 and forms part of

the C-terminal domain (Aguilar-Bryan et al. 1998; Walker et al. 1982).

SUR is a member of the ATP-binding cassette family of proteins and functions as
transporters, ion channels and channel regulators in both prokaryotes and eukaryotes
(Higgins 2001). Both the sequence and the structure of NBDs are highly conserved

across all prokaryotic and eukaryotic ABC proteins. Each contains a conserved

12
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Sulphonylurea Receptor Inward Rectifier
(SUR) K* Channel (Kir6)

Exoplasmic

Cytoplasmic

Figure 1-3 Subunit structure of Katp channels.

Schematic drawing showing the topology of the SUR and Kir6 subunits in Katp
channels. The SUR subunit comprises the three transmembrane domains; TMDO,
TMD1 and TMD2, the two nucleotide binding domains; NBD1 and NBD2, the
extracellular N- and the intracellular C-termini and the pore-forming Kir subunit.
Having in mind that Katp channels link metabolic state to electrical excitability by
sensing ATP/ADRP ratio and the cytoplasmic localization of NBD1 and 2 of SUR and
N- and C-termini of Kir6, which raises the question of whether the cytoplasmic
interactions between these two heterologous subunits of Katp channel may mediate

allosteric information transfer.

13
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Walker A (Wa) motif and a Walker B (Wg). These motifs catalyse ATP hydrolysis and
it is believed that these motifs are important for nucleotide regulation of the ABC

proteins’ functional activity (Mannhold 2004).

1.3 Katp Channel Function

Katp channels couple cell metabolism to electrical activity in nerve, muscle and
endocrine cells and play an important role in various cellular functions as sensors of
intracellular ATP and ADP coupled to electrical function (Inagaki and Seino 1998).
Under both physiological and pathological conditions the Karp channel may have

important roles in many tissues (F. M. Ashcroft and Gribble 1998).

The Katp channel has a key role in the physiology of many cells and defects in the
channel itself or in its regulation such as in hyper/hypo-glycemia, ischaemia, hormone
secretion and excitability of muscles/neurons which causes human diseases (Seino
2003). Studies on mice have shown that Katp channels are involved in the protection
against neuronal seizures and ischaemic stress in the heart and brain and in the
regulation of vascular smooth muscle tone (Seino 2003). Furthermore studies on mice
done, amongst others by Miki et al. (Miki et al. 2001a) and Chutkow et al. (Chutkow et
al. 2001), have shown that the Katp channel clearly participates in glucose uptake of
the skeletal muscles but the mechanism is still unclear. Other functions have been
implicated such as vasodilatation (Quayle et al. 1997), secretion of pituitary hormone
(Bernardi et al. 1993), K recycling in renal epithelia (Tsuchiya et al. 1992), and oocyte

maturation (Wibrand et al. 1992).

14
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1.3.1 Pancreatic p-Cells

Katp channels are crucial in the regulation of glucose-induced insulin secretion
(Inagaki and Seino 1998). In pancreatic B-cells, an increase in ATP/ADP ratio, which
is generated by glucose uptake and metabolism, closes the Katp channels to elicit
membrane depolarisation, calcium influx and a secretion of insulin, the primary

hormone of glucose homeostasis.

In the pancreatic B-cell (figure 1-4), Katp channels are composed of the Kir6.2 pore
with the SUR1 regulatory subunit and regulate insulin release. Insulin release is
generated by the opening of voltage-gated Ca®* channels and Ca* influx. In
hyperglycaemia, an increased transport of glucose occurs into the B-cells which results
in an elevated intracellular ATP, promoting closure of the Katp channels and
membrane depolarization (Sattiraju et al. 2008). This Katp channel mechanism can be
mimicked by sulphonylurea drugs, for example, glibenclamide, which inhibit the Katp
channel directly in the pancreatic B-cells (figure 1-4). The inhibition causes cell
membrane depolarization, opening of voltage-dependent calcium channels, thus
triggering an increase in intracellular calcium into the B-cell which stimulates insulin

release (Hussain and Cosgrove 2005).

Katp channel activating gene mutations are responsible for neonatal diabetes (F. M.
Ashcroft 2010; Sattiraju et al. 2008). Gene defects due to loss of function have been
associated with hyperinsulinemic hypoglycemia of infancy (HHI) (Sattiraju et al.
2008). This condition, which for the most part is sporadic, is characterized by
hypoglycemia and associated with severe outcomes, such as seizures and mental
retardation (Hussain and Cosgrove 2005). Autosomal recessive or dominant forms of
HHI can be manifested by polymorphisms or mutations in either ABCCS8 or

KCNJ11(Dekelbab and Sperling 2006).

15
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Meal

\)Glucose

Insulin

Figure 1-4 The Kartp channel regulation of insulin release in pancreatic 3-cells.

When the glucose level increases it causes a rise in the ATP/ADP ratio and in its turn
ATP binds to the Karp channel, which closes the channel. Depolarization of the
membrane then opens the calcium channel which causes the insulin to release. This
drawing illustrates the mimicked pathway which sulphonylurea drugs by acting to
inhibit the Kartp channels can increase insulin secretion, which is used in the treatment

of type 2 diabetes.

16



Chapter 1

1.3.2 Cardiac Cells

Potassium channels are critical to cardiac excitability because they play fundamental
roles in setting the resting membrane potential, RMP, and in repolarisation of the
action potential (AP). Under normal conditions, the cardiac sarcolemmal Katp channel
is predominately closed (Deutsch et al. 1991). The channel activates during various
forms of metabolic stress, including ischaemia, hypoxia, hyperglycemia,
hypoglycaemia and inhibition of glycolysis and/or oxidative phosphorylation (Kwak et
al. 1996; Yokoshiki et al. 1998). A shortening of the cardiac action potential results
when intracellular ATP levels decrease (Nichols and Lederer 1991). In conditions such
as hypoxia and ischaemia, the calcium entry to the myocyte is also reduced resulting in
a reduction of mechanical contraction, amelioration of Ca®* overload and energy

sparing (Findlay 1994).

1.3.3 Vascular Smooth Muscle

Potassium channels regulate the membrane potential of smooth muscle, controlling the
calcium entry through voltage-dependent calcium channels, and in so doing, the
contractility through changes in intracellular calcium (Quayle et al. 1997).

In the vascular smooth muscle cells, Katp channels are thought to play important roles
such as mediating the response of vascular smooth muscle to a variety of
pharmacological and endogenous vasodilators and also to changes in metabolic activity
that can directly influence blood flow in various tissues (Brayden 2002). Most of the

Katp channels in the vascular muscle cells are rather insensitive to ATP and they are

17
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activated by nucleoside diphosphates and inhibited by glibenclamide (M. Yamada et al.

1997).

1.3.4 Other Tissues

In addition to above, Kartp channels have been identified in various other tissues
including neurons, brain and skeletal muscle (Seino 2003). Katp channels have been
shown to be expressed in several regions of the brain including the substantia nigra
(Roper and Ashcroft 1995; Stanford and Lacey 1996) and in the hypothalamus
(Ashford et al. 1990). Evidence has shown that the Katp channels are also expressed in
the substantia nigra area of the brain, which consists of a layer of large pigmented
nerve cells in the midbrain (Chien et al. 2004). It has been proposed that Katp channels
may play a role in the suppression of seizures in ATP-depleted conditions (K. Yamada

and Inagaki 2002).

In the hypothalamus, it is suggested that the Katp channel plays an interactive role with
the pancreatic B-cell (Miki et al. 2001b). It is believed that the insulin secretion system
and the glucagon secretion system are integrated in the maintenance of glucose
homeostasis through a common Katp channel. Miki et al. (2001b) propose that when
the blood glucose levels rise, Katp channels in pancreatic B-cells are inhibited resulting
in insulin release and lowering of blood glucose. As the blood glucose level falls, the
Katp channels in the hypothalamus stimulates glucagon release by the pancreatic a-
cells resulting in a rise of blood glucose levels producing a counter balancing

mechanism. With this the blood glucose levels can be held at a stable level.
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In the skeletal muscles, Katp channels have been identified by electrophysiological
methods (Davies 1990). The channels are mainly located in the plasma membrane,
appear in all fibre types and are active in the resting human muscle. Karp channels
located in the sarcolemma contribute significantly to the membrane permeability in
resting human muscle and are important for the interstitial K* balance (Nielsen et al.

2003).

1.4 Ischaemic Preconditioning

Ischaemic preconditioning (IPC) is able to provide a powerful protection to ischaemic
myocardium. The heart has natural abilities to adapt, which generates significant
protection against lethal ischaemia. When exposed to a subsequent prolonged and
potentially lethal ischaemia and reperfusion stress, the preconditioned heart has been
shown to have reduced infarct size, less ultrastructural damage, higher ATP reserves,
better recovery of mechanical function and fewer episodes of reperfusion arrhythmia

(Carroll and Yellon 1999).

IPC consists of a series of brief intermittent periods of ischaemia, which protect the
myocardium against a more prolonged ischaemic insult resulting in a distinct reduction
of infarct size (Murry et al. 1986). IPC is divided into two phases; an early
preconditioning and a second window of protection (SWOP) (Marber et al. 1993). The
early phase protection, which occurs in the presence of a protein synthesis inhibitor
(Thornton et al. 1990), lasts up to 3 hrs (Li et al. 1992; Zhuo et al. 2005). After 12 to
24 hrs a return of myocardial protection is observed (Kuzuya et al. 1993; Marber et al.

1993); a second phase, which lasts about 72 hrs though not as powerful as the previous

19



Chapter 1

(Marber et al. 1993). It is thought that these two phases have different underlying
mechanisms, however, the two appear to share the same triggers, that are mediated via

G-protein receptors coupled to PKC (Downey and Cohen 1995).

It is thought that Katp channels are involved in both phases of IPC since it is proposed
that the opening of the sarcolemma (sarcKarp) (Noma 1983) and mitochondrial Karp
channel (mitoKatp) (Garlid et al. 1997) are involved in early preconditioning and the

opening of myocardial Katp channel in the SWOP (Bernardo et al. 1999).

Noma presented a hypothesis that the opening of sarcKatp channels, which has been
induced by hypoxia, ischaemia or pharmacological Karp openers, could enhance
shortening of the cardiac action potential duration by accelerating repolarization (Noma
1983). By shortening the action potential, Ca?* would be inhibited from entering into
the cell and by so doing would prevent Ca®* overload, resulting in an increase in
viability of the cell. Studies suggest that blockade of Katp channels using blockers such
as glibenclamide, abolishes ischaemic preconditioning in rats, rabbits, dogs, pigs and
man (Speechly-Dick et al. 1995). The protection which is induced by the PKC activator
dioctanoylglycerol is abolished by glibenclamide in human muscle (Speechly-Dick et
al. 1995). Various findings have shown sarcK atp channel have a major involvement in
IPC (W. C. Cole et al. 1991; Yao and Gross 1994a) and recent results show that

sarcKatp channels may trigger IPC (Patel et al. 2002).

Data from various studies suggest that the sarcKatp channel may not be the sole
mediator to be able to protect effects provided by Karp channels and IPC (Grover et al.
1995; Yao and Gross 1994b). The first evidence that the mitoKatp channel has a role in
cardioprotection was made by Garlid et al. (Garlid et al. 1997). They found that

diazoxide opened the mitoKartp channel with a concentration of 0.8 umol/l of diazoxide
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in comparison to 800 umol/l needed to open the sarcKatp channel. However, it is still
unclear, which role the mitoKatp channel has. Is it a trigger or a distal effector or
maybe both, which some studies have shown (Gross and Fryer 1999; Schulz et al.

2001).

Studies have been done to show the involvement of both sarcK atp and mitoKazp. It has
been indicated that during ischaemia the mitoK arp mediates the infarct size-reducing
effect of adenosine-enhanced preconditioning, while sarcKatp channels modulate

functional recovery (Toyoda et al. 2000).

Due to these findings it is believed that the Kate channel is an attractive candidate as

the target or end-effector for both forms of preconditioning (Carroll and Yellon 1999).

1.5 Katp Channel Structure

Katp channels are members of the family of membrane spanning inward rectifier
channel proteins. Karp channel complexes comprise a hetero-octamer (figure 1-5)
formed by an inward-rectifying K* channel subunit (Kir6.x) and a sulphonylurea

receptor (SURX) in a 4:4 stoichiometry (Enkvetchakul et al. 2001).

Subunit stoichiometry studies on Katp channels performed by Clement et al. measured
that the molecular mass of the native Karp channel is 950 kDa. Since an octamer has a
calculated protein mass of 4 x (177,000 + 43,000) = 880,000 Daltons plus mass due to
glycosylation (Clement et al. 1997) a hetero-octameric Kir6,/SUR4 was proposed. In
the next step, Clement et al. engineered fusion constructs of SUR1 with Kir6.2 to

investigate the functional stoichiometry of Kir6.2 and SUR subunits whether a 1:1
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SUR1:Kir6.2 stoichiometry was functional. Results showed that a 1:1 SUR1:Kir6.2
stoichiometry was sufficient to assemble functional Kate channels with the estimated
molecular mass, which was also confirmed by others (Inagaki et al. 1997; S. Shyng and
Nichols 1997). They continued by engineering a triple fusion, SUR1~(Kir6.2),.
Although this construct did not generate functional Karp channels alone, the triple
fusion was able to be “rescued” by co-expression with monomeric SUR1 resulting in
functional Katp channels. This finding was supportive of octameric architecture of
Katp channels. To confirm this finding, Clement et al. engineered another triple fusion
construct with the Kir6.2 N160D subunit which showed strong rectification (Clement
et al. 1997). A mixture of the two triple fusions; the weak inward rectifier,

SUR1~ (Kir6.2), with the strong inward rectifier Kir6.2 N160D, were rescued by
SURL. This channel had intermediate rectification properties indicating that both triple
fusions, wild-type and N160D, must be present in the formation of the pore. As
evidenced largely by Clement et al., a functional Katp channel is an octameric complex
composed of four SUR subunits and four Kir6 subunit, i.e. a 4:4 stoichiometry

(Clement et al. 1997).

It has been shown that there are various combinations of the Kir6 and SUR subunits
isoforms, which reconstitute the functionally diverse Katp channel currents in different
tissues (Aguilar-Bryan and Bryan 1999; Billman 2008). Binding of SUR to Kir
subunits serves two purposes; first, to allow the translocation of the channel to the
plasma membrane and, second to contribute to the regulation of the channel by

interaction between two subunits (Burke et al. 2008).
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W\  Pore loop

Figure 1-5 Diagrammatic illustration of a functional hetero-octameric complex

(Kir64/SURy) structure of Katp channel.

Representation of the assembly of the two heterologous subunits to form functional
Katp channels. These channels are hetero-octameric in structure comprising, in cardiac
ventricular tissue, Kir6.2,/ SUR2A,. Viewed from the extracellular side of the plasma

membrane.
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1.6 Regulation of ATP-sensitive Potassium Channels by

Intracellular ATP

A variety of intracellular factors, such as adenosine-5'-triphosphate (ATP), protein
kinases e.g. protein kinase A (PKA) and protein kinase C (PKC) and nucleotide
diphosphates, regulate Karp channel gating. This section will focus on intracellular
ATP (ATP;) regulation of Katp channels. Katp channels are potassium channels, which
are sensitive to ATP; or, more specifically, sensitive to intracellular ATP/ADP ratio
(Ashcroft and Gribble 1998). This unique property of Katp channels links metabolic
state to electrical excitability. Still today, the detailed mechanisms of these activation
and inhibition pathways remain uncertain (Dupuis et al. 2008). When it was realized
that Katp channels are encoded by an ABC protein (Misler et al. 1989), SUR1 or
SURZ2, and inward rectifier channel subunits (Kir6.1 or Kir6.2), a natural presumption
was made that the inhibitory ATP binding should occur at the nucleotide binding

domains (NBDs) of the SUR subunit (Koster et al. 1999).

Prior to discussing any details about ATP regulation of Karp channels, there is a need
to understand the role of these channels. The role of Katp channels is to regulate
cellular electrical excitability in response to the metabolic energy status of the cell. A
prime function, therefore, is to sense the energy level of cells and this is best
represented by the ratio ATP/ADP (F. M. Ashcroft 2005). In simple terms, Kir6 senses
ATP concentration and SUR senses ADP concentrations. Neither alone would measure
the energy status sufficiently, but both together provide more sensitive synergistic
sensitivity, i.e., Kir6 is blocked by direct ATP binding and activated allosterically by

ADP binding to SUR (Nichols et al. 1996), Tucker et al. 1997, Drain et al. 1998 and
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Gribble et al. 1997). This means that SUR needs to be attached physically to Kir6 and

to be coupled allosterically to communicate appropriately.

1.6.1 ATP-binding Site of the Pore-forming Kir6.2 Subunit

Understanding of nucleotide regulation of Karp channels is very important due to
Katp channels coupling of the cell metabolism to electrical activity, which is of
physiological and pathophysiological relevance (S. J. Ashcroft and Ashcroft 1990).
By co-expressing the cloned, Kir6.2/SUR1 channels in Xenopus Oocytes and using
inside-out patch (explained in the next Chapter), Drain et al. identified the sequence
333 FGNTIK 338 in the C-terminal of Kir6.2 to be part of the ATP binding site (Drain
et al. 1998). Mutagenesis study and inside-out patches from Xenopus oocytes
expressing wild type or Kir6.2 AC26 revealed the positive charged lysine at position
185 (K185) is required for high affinity ATP binding to Kir6.2 (Reimann et al. 1999).
Based on X-ray crystal structures of KirBacl.1 (Kuo et al. 2003) and the intracellular
domains of Kir3.1 (Nishida and MacKinnon 2002) a homological model of Kir6.2 was
constructed and the ATP-binding site was identified (Antcliff et al. 2005). After that,
with help of ligand docking, the position of the ATP-binding site was predicted. From
functional studies, four ATP binding pockets have been identified (Markworth et al.
2000). These four are located about 17 °A below the plane of the membrane in the
upper part of the cytosolic domain. The N- and C- domains of Kir6.2 are both
intracellular and there is evidence from protein-protein interaction studies, which
shows that there are physical interactions between the two domains (Jones et al. 2001;

Tucker and Ashcroft 1999). It is believed that each N domain contributes to two
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ATP-binding sites, one in the same subunit and the other in the adjacent subunit
(Antcliff et al. 2005). Experiments done with fluorescence resonance energy transfer
(FRET) showed that ATP binding influences the physical relationship of the N and C
domains of adjacent subunits (Tsuboi et al. 2004). More specifically, in the N domain,
residues 30-46 interact with residues in three separated regions of the C domain or an
adjacent subunit. Within the same subunit, the main binding pocket is located at the

interface between the N and C domains.

Residues 54-66 of Kir6.2, the slide helix, which links the transmembrane (TM)
domains and cytosolic domains, might be involved in channel gating (Kuo et al. 2003).
Investigations have only been carried out on R54 at the end of the N-terminal of the
slide helix (Cukras et al. 2002; (Schulze et al. 2003) and by mutagenesis of the same
region in Kir6.2 AC (Antcliff et al. 2005). In the latter, V59 was chosen to be mutated
to glycine (V59G). The reason for this choice was that this mutation in Kir6.2 leads to
reduced ATP sensitivity of the Katp channels producing neonatal diabetes with
development delay, muscle weakness and epilepsy (Gloyn et al. 2004). Kir6.2 AC
V59G mutations revealed a distinct increase in the intrinsic P,, accompanied by a

10-fold reduction in ATP-sensitivity.

In humans, existing mutations of phenylalanine at position 35 (F35) to Valine (V) or
Alanine (A) in the N-terminal of Kir6.2 and of the negatively charged glutamic acid at
position 322 (E322) to positively charged lysine (K) in the C-terminal can cause
permanent neonatal diabetes mellitus (PNDM). These most likely disrupt the adjacent
E321-R32 ion pair (Sagen et al. 2004; Vaxillaire et al. 2004) and this can explain that
the N and C domains of adjacent subunits contribute to the ATP binding site (Antcliff

et al. 2005).
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This finding is consistent with other studies; mutations in these regions impair channel
inhibition by ATP (Cukras et al. 2002a; Drain et al. 1998; John et al. 2003; Proks et al.
1999; Reimann et al. 1999; Ribalet et al. 2003; Tucker et al. 1998) and, furthermore, if
mutations in the N and C domains affecting ATP sensitivity are combined then the
ATP sensitivity is further reduced (Proks et al. 1999). When positive charged arginine
at position 201 (R201) was mutated, ATP sensitivity of Kir6.2 AC26 was distinctly
reduced (Antcliff et al. 2005) and the results were similar for Kir6.2/SUR1 channels (S.
L. Shyng et al. 2000); John et al. 2003; Ribalet et al. 2003). Also, when R201 was
mutated to a negatively charged or uncharged residue, ATP inhibition was weakened
and in Kir6.2 R201E/SURL1 inhibition of the channel did not occur even at millimolar

concentration of ATP (Antcliff et al. 2005).

There is evidence suggesting that there is an electrostatic interaction between the
positive charged lysine at position 185 (K185) and the B-phosphate ATP (Antcliff et al.
2005). When K185 is mutated to a negative charge (K185E), ATP inhibition was
strongly impaired, however when K185 was mutated to arginine it only had a small
effect in both Kir6.2 AC26 and Kir6.2/SUR1 (Tucker et al. 1997, 1998; Reimann et al.
1999; John et al. 2003). ATP sensitivity of Kir6.2 AC26 is also reduced when residues
S184 and H186, which flank K185, were mutated. ATP sensitivity of the Kir6.2/SUR1

channel was also impaired when S184 is mutated (Tucker et al. 1998).

Located on the opposite side of the binding pocket to K185 is R50 of an adjacent
Kir6.2 subunit; the N domain of the adjacent subunit loops across the C-terminal part
of the binding pocket, meaning here that the side chain of R50 is located to one side of
the entrance to the pocket, while K185 is located at the opposite side (Antcliff et al.
2005). In Kir6.2/SURL1 channels, ATP sensitivity was reduced when a cysteine was

substituted at R50 (Trapp et al. 2003). It is believed that R50 is located close to the
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y-phosphate of ATP and it is also believed that R50 only disturbs the protein structure,

allowing ATP to access its binding site (Antcliff et al. 2005).

Another residue G334, is located far from K185 in the primary sequence, however, in
the three-dimensional model structure G334, is located close to both the B-phosphate of
ATP and to K185 (Antcliff et sl. 2005). This result clarified the previous confusing
finding that mutation of G334 to aspartate decreased ATP sensitivity distinctly (Drain

et al. 1998).

Other studies have shown that a distinctive functional domain of the distal C-terminal
domains of Kir 6.2 subunit is crucial for ATP inhibition (Drain et al. 1998). In this
study Katp channels were expressed in Xenopus oocytes and by making chimaeras of
Kir6.2 and Kirl.1, point mutagenesis and electrophysiological (patch-clamp) recording,
the 334 GNTI 337 region of Kir6.2 was identified as part of the inhibitory ATP binding

site (Drain et al. 1998).

The most important question, which needs to be answered, is how binding of ATP
closes the pore. In ligand-gated channels, binding of ATP occurs at the interface
between two subunits (Brejc et al. 2001). In addition, the structural models suggest that
each monomer is connected to two other subunits and not just one (Antcliff et al.
2005). It is believed that ATP binding to one subunit influences the relative
conformations of the two adjacent subunits and it may give us an understanding why
the binding of a single ATP molecule is sufficient to close the pore (Antcliff et al.
2005). It is also believed that since the binding is located at the interface between
subunits, it may be possible that the conformation of each monomer will not change
dramatically upon ATP binding and, instead, nucleotide binding might mainly

influence the relationship between the monomers (Antcliff et al. 2005).
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The putative location of the ATP-binding site was identified with the help of a
molecular model of the Kir6.2 tetramer. It is probable that Kir channels share a
common structural basis for subunit assembly and the mechanism by which ligand
binding is linked to opening and closing of the pore might also be similar. It is also
suggested by embracing the outer part of Kir6.2, SUR1 may enhance ATP sensitivity.
From the results of Antcliff’s study, it is believed that gating of Kir6.2 by ATP may
possibly involve changes in inter-subunit interactions and a hypothesis that flexible
loops in the C-domain (204-209 and 289-299) help in translating conformational
changes induced by ATP binding into movement of the slide helix which results in

channel closure has been proposed (Antcliff et al. 2005).

As discussed above (section 1.5), functional Katp channels comprise hetero-octamers
of four Kir6 and four accessory SUR subunits (Clement et al. 1997). This means there
are four ATP-binding sites on Kir6.2 subunits and four binding events are possible
(Craig et al. 2008). A recent study by Craig et al. in 2008 showed that a decrease in the
burst and open time duration of the Katp channel occurred in the presence of ATP
when it saturates at high ATP concentration (Craig et al. 2008) indicating that ATP
must bind to the open as well as the closed state. An additional result from their study
was that ATP binds to a single ATP binding site when the channel is open, which
means that in an open state the channel has ATP bound to Kir6.2 most of the time
(Craig et al. 2008). This study proposes that the four cytosolic domains of the Kir6.2 do
not function independently but rather function together as a single gating unit. In other
terms, ATP binds to each subunit independently and together contributes additively to

the free energy of the open or closed states (Craig et al. 2008).
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The ATP sensitivity of Kir6.2 can be enhanced by SUR to about 10-fold (Tucker et al.
1997). It is believed that the exposed position of the ATP-binding site in Kir6.2 may be
achieved by SUR embracing the outer part of the binding site, perhaps by contributing
additional residues that stabilize ATP binding, or by allosterically altering the structure
of the binding site (Antcliff et al. 2005). ATP binding to the pore forming Kir 6.2
subunit, in the presence or absence of Mg?* closes the channel and binding of MgATP
or MgADP to NBDs of the regulatory SUR subunit increases the channel activity
(Tammaro and Ashcroft 2007). The effects of ATP binding to the nucleotide binding

domains, NBD1 and NBD2 of SUR subunits will be discussed in the next section.

1.6.2 The Effects of ATP Binding to the Nucleotide Binding

Domains (NBDs) of SUR Subunits

As discussed (section 1.3, table 1-2), Katp channels in different tissues consist of
different subtypes of SUR subunits and they differ in their responses to cellular
metabolic state. The first biochemical study to analyse and compare the nucleotide-
binding properties of NBDs of three SUR subtypes; SUR1, SUR2A and SUR2B was
performed and the results showed that their different properties might explain partially
the differential regulation of Karp channel subtypes (table 1-3) (Matsuo et al. 2000). In
their study, a condition of radioligand binding and assembly was used to estimate the

binding effect for the ATP and ADP to SUR subunit in native membranes.

The properties of nucleotide binding varied among SUR subtypes, the Mg?*
dependence of nucleotide binding of NBD2 of SUR1 was high, while that of SUR2A

and SUR2B were low. The affinities of NBD1 of SUR1 for ADP, and especially for
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ATP, were considerably higher than those of SUR2A and SUR2B. Notably, the
affinities of NBD2 of SUR2B for ATP and ADP were considerably higher than those

of SUR2A (Matsuo et al. 2000).

The differences between the SUR subtypes are that SUR2A shares 68% amino acid
identity with SUR1. SUR2A and SUR2B share the majority of primary sequence, with
the exception of the splicing variant of SUR2A in its C-terminal 42 amino acids
(Inagaki et al. 1996); Isomoto et al. 1997). Between SUR2B and SUR1, the 42 amino
acids in C-terminal of SUR2B are similar to those of SURL. It has been reported
(Babenko et al. 2000) that the last 42 amino acids of SUR are a major determent of
ATP sensitivity in the Kir6 subunit. The sensitivity of Kir6 pores to inhibition by ATP
may also be affected indirectly by the interaction of nucleotides with NBDs in the SUR

subunits.

The properties of the two NBDs of SUR1 have been investigated (Matsuo et al. 1999).
According to biochemical results, it is believed that NBD1 and NBD2 both work
together in nucleotide binding. SUR1 binds 8-azido-ATP strongly at NBD1 and
MgADP at NBD2. Mutations of either Walker A or B motifs of NBD1, K719M and
D854N inhibit the high-affinity 8-azido-ATP binding of SUR1. However, the
equivalent mutations in NBD2 do not affect ATP binding (Ueda et al. 1997). MgADP
and MgATP stabilize binding of pre bound 8-azido-ATP to SUR1 and in NBD2,
mutations of the Walker A and B motifs inhibit the stabilizing effect of MgADP and
MgATP (Ueda et al. 1999). It has not been possible to detect nucleotide binding of
NBD?2 directly. The reason for this is probably due to the high-affinity ATP binding of

NBD1 (Matsuo et al. 1999).
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It is worth mentioning that the Karp channels subtypes have different sensitivities to
ATP e.g. vascular smooth muscle Karp channels (Kir6.1/SUR2B) are stimulated by

ADP and ATP and are not inhibited by ATP (M. Yamada et al. 1997).

Among all the SUR subtypes, there are similarities between their nucleotide binding
properties. NBD1 is a Mg®*-independent ATP- and ADP-binding site while nucleotide
binding at NBD2 is Mg?*-dependent. The 8-azido-ATP binds to NBD1 very firmly and
does not dissociate at 0 °C. MgATP or MgADP binding to NBD?2 stabilizes
8-azido-ATP binding at NBD1. NBD2 may possibly have ATPase activity, whereas
NBD1 has shown no or little ATPase activity (Matsuo et al. 2000). There are also
differences between the SUR subtypes such as nucleotide binding to NBD2 of SUR1 is
highly Mg**-dependent, whereas Mg?* dependence of nucleotide binding to NBD2 of
SUR2A and SUR2B is much lower (Matsuo et al. 2000). The affinities of NBD1 of
SURL for ADP, and particularly for ATP, are significantly higher than those of SUR2A
and SUR2B (table 1-3). The affinity of NBD1 of SUR2B for ATP is relatively higher
than that of SUR2A. Finally, the affinities of NBD2 of SUR2B for ATP and ADP are
significantly higher than those of SUR2A. It is suggested that SUR1 has a higher
ability to open Kir6.2 subunit channels than SUR2A and that the higher nucleotide
binding affinities of SUR1 might explain this (table 1-3) (Matsuo et al. 1999; Matsuo et

al. 2000).
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Subunit Combination

ATP Binding Affinity

Function

SURL1 + Kir6.2

SUR2A + Kir6.2

SUR2B + Kir6.1/Kir6.2

High

Low

Intermediate to high

Regulating insulin release

Regulating action potential
duration

Regulating action potential

duration and vasodilation

B)
SUR Nucleotide binding | ATPbinding affinity | ADPbinding affinity
subtype domain (K, M) (K;, uM)
NBD1 4.4+3.7 26+8.6
SUR1
NBD2 60+ 26 100+26
NBD1 110+41 86+ 23
SUR2A
NBD2 120+39 170+70
NBD1 51+13 66+7.5
SUR2B
NBD2 38+26 67+40
Table 1-3  ATP- and ADP-dependence of Katp channel activity.

A) The table demonstrates the affinity of ATP binding to the different Katp channel

subtypes. B) The table represents the ATP and ADP binding affinities determined for

NBD domains from different SUR isoforms. Substantial evidence suggests that the

nucleotide binding properties of the two NBDs of SUR revealed differences among
SUR isoforms and Katp channel subtypes (Burke et al. 2008; Matsuo et al. 2000).
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Both pancreatic and cardiac Karp channels contain Kir6.2 as the potassium channel
pore components, however; they differ in their responses to cellular metabolic state.
The reason for this is likely due to their different SUR subtypes (Matsuo et al. 2000). It
has been shown that co-expression of Kir6.2/SUR1and Kir6.2/SUR2A reconstitutes
pancreatic 3-cell and cardiac muscle Katp channels type properties, respectively
(Inagaki et al. 1995). These channel subtypes have differences in physiological
functions, with different sensitivity to ATP (table 1-3), and have different responses to
sulphonylurea drugs or potassium channel openers. Pancreatic B-cell Karp channels
stay open under normal conditions to maintain membrane potential. Insulin secretion is
triggered when the intracellular concentration of ATP is increased resulting from an
increase of blood sugar concentration and the closure of the channel (Ashcroft and
Gribble 1998; (Nichols et al. 1996). Under normal conditions, cardiac muscle Katp
channels remain closed. When the intracellular concentration of ATP decreases under
ischaemic stress, the channel opens to shorten action potential duration and protect the

myocardium from lethal injury (Yokoshiki et al. 1998; Seino 1999).

A model of nucleotide stimulation of Katp channels through the SUR1 subunit was
purposed, in which channel opening was induced by SURL1 binding ATP in NBD1 and
ADP in NBD2 (Ueda et al. 1999). A working model of the function of the Kate
channel in pancreatic B-cells was made as follows. When intracellular ADP
concentration is high enough, SUR1 binds ATP in NBD1 and ADP in NBD2,
cooperatively stimulating Kir6.2 to open the potassium channel. After a food intake,
the plasma glucose concentration increases. This increase raises the cellular ATP
concentration and along with a concomitant decrease in the cellular ADP
concentration. This decrease in ADP concentration causes dissociation of ADP from

NBD?2 of SURL1. It is believed that ATP may bind to NBD2 after ADP dissociation, as
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a result of the high cellular ATP concentration. However, SUR1 binding ATP at NBD2
cannot stimulate the channel. ATP, which has bound to NBD2, would then be
hydrolyzed to ADP, and ADP would readily dissociate from NBD2. As a result, SUR1
would not stay long in the active state, when the cellular ADP concentration is low.
ATP binds directly to Kir6.2 (Tanabe et al. 1999; Tanabe et al. 2000) and this binding
is involved in stabilization of the long closed state of Karp channel (Tucker et al. 1998).
With an increase in the cellular ATP concentration, Kir6.2 would stay longer in
ATP-bound form. Therefore, it is believed that the activity of pancreatic B-cell Katp
channels is determined by the balance of the action of ADP, stimulating the channel
through SUR1, and the action of ATP, which stabilizes the long closed state by binding

to Kir6.2 (Ueda et al. 1999a; Matsuo et al. 2000).

Each NBD contains a highly conserved Walker A (W,) and Walker B (Wg) motif, and
an intervening linker motif (LSGGQ), which is unique to ABC proteins. This is known
as the ABC signature sequence. It is known that the W, and Wg motifs are involved in
nucleotide binding and hydrolysis, however, the function of the linker motif is not as
clear (Matsuo et al. 2002). Since the linker motif is conserved throughout all ABC

proteins, it is believed that it plays a critical role in their function.

Mutations within the Walker A motif in either of the NBDs of SUR1 eliminate
MgADP-induced channel stimulation (Gribble et al. 1997). This suggests that both
NBDs are essential for channel stimulation. By mutating the conserved serine to
arginine in the linker of NBD1 (S1R) or NBD2 (S2R), it did not alter the ability of
ATP or ADP (100 mM) to displace 8-azido-[*2PJATP binding to SURL, or abolish
ATP hydrolysis at NBD2 (Matsuo et al. 2002). Kir6.2 was co-expressed with wild type
or mutant SUR in Xenopus oocytes and then the resulting currents recorded from in

inside-out macropatches (Matsuo et al. 2002). The S1R mutation in SUR1, SUR2A or
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SUR2B decreased Karp current activation by 100 mM MgADP. While the S2R
mutation in SUR1 or SUR2B (but not SUR2A) eliminated MgADP activation
completely. The linker mutations also reduced (S1R) or eliminated (S2R)
MgATP-dependent activation of Kir6.2 R50G co-expressed with SUR1 or SUR2B.
With these results, it is suggested that the linkers are unnecessary for nucleotide
binding, however might be involved in transducing nucleotide binding into channel

activation (Matsuo et al. 2002).

Two additional residues were mutated, since these residues have been shown to interact
with the ATP molecule in other ABC transporters: a highly conserved glutamine
residue, which is located between the Wa and linker motifs, and a histidine residue that
is located downstream of the Wg motif (Matsuo et al. 2002). When Q774A and

H888A, which are located in NBD1 of SUR1, were mutated, they resulted in
non-functional channels (Matsuo et al. 2002). The equivalent mutations of Q1426A
and H1537A in NBD2 did not affect functional expression, although, both the Q1426A
and H1537A mutations lessened the ability of 100 MM MgADP to stimulate channel
activity. This resulted in a 50 + 5.2% block of Kir6.2/SUR1 Q1426A currents and a

30 £ 2.6% block of Kir6.2/SUR1 H1537A currents. It is believed that these residues

are possibly involved in nucleotide binding and/or transduction (Matsuo et al. 2002).

MgADP activation of Kir6.2/SUR1 and Kir6.2/SUR2B channels, but not that of
Kir6.2/SUR2A channels was abolished when the invariant serine in the linker of NBD2
was mutated. It appears that this is a result principally from impaired transduction,
since the ability of SURL to bind MgADP (at 100 uM) was not decreased. Other
mutations (G1484D, G1484R and Q1485H) within the NBD2 linker of SURL are also
believed to prevent MgADP activation of the Karp channel (Shyng et al., 1997). As

shown for MgADP, binding of MgATP (at 100 uM) was unchanged by the S2R
36



Chapter 1

mutation, still this nucleotide failed to activate Kir6.2 R50G/SUR1 S2R or
Kir6.2 R50G/SUR2B S2R channels. It is believed that, this effect might arise from

either defective MgATP hydrolysis and/or impaired transduction.

ATP has two effects on Kartp channels, the first, an inhibition of the channel activity
and the second, the maintenance of the channel in an activated state (Inagaki and Seino
1998). To maintain the channel in an operative state, hydrolysis of ATP or
phosphorylation of the Karp channel is required (Nichols and Lederer 1991; (Furukawa
et al. 1994). At the same time, the hydrolysis of ATP and phosphorylation of the Katp
channel is unnecessary for the inhibition by the ATP, since nonhydrolyzable analogues
of ATP, for example, AMP-PNP, AMP PCP and ATP in the absence of Mg?* can

inhibit the channel (Inagaki and Seino 1998; Nichols and Lederer 1991).

The gradual inactivation of the Kartp channel is one important property, which follows
patch removal in an ATP-free medium, and this process is called “channel rundown”
(Findlay 1987; Trube and Hescheler 1984). MgATP can prevent a rundown of the Karp
channel and also can reactivate channels that have already rundown (Findlay 1987;

Ohno-Shosaku et al. 1987).

As mentioned in section 1.1.4, all Kir members are regulated by the membrane
phospholipids and predominantly PIP2 (Rohacs et al. 2003). PIP2 binding to the Katp
channels causes stabilizing of the channel in an active conformation and is essential for
proper channel function, (Rohacs et al. 2003; S. L. Shyng and Nichols 1998). PIP2
appears to bind to both the N- and C-terminal of the pore forming Kir6.2 subunit of the
Katp channels, such as F55, R54 in the N-terminal and R176, R 177, R 192, R206,
R301, R314 in the C-terminal (Cukras et al. 2002b; Fan and Makielski 1999; Lin et al.

2006; Schulze et al. 2003; S. L. Shyng et al. 2000). Since, PIP2 activates the channel
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by reducing the modulation of ATP inhibition, mutations at above mentioned residues
reduced the PIP2 affinity and consequently caused a low open probability of the Katp
channel (Baukrowitz et al. 1998; Cukras et al. 2002b; Fan and Makielski 1997; Lin et

al. 2006; Schulze et al. 2003; S. L. Shyng and Nichols 1998; S. L. Shyng et al. 2000).

Together, at the present, many studies agree that PIP2 antagonizes the inhibitory effect
of ATP by reducing the affinity of the binding site in Katp channels and since

Kir6.2 A26 lacking SURL1 is still inhibited by ATP and stimulated by PIP2, the pore
forming Kir6.2 subunit should be largely responsible for these interactions (Baukrowitz
et al. 1998; Enkvetchakul et al. 2000; S. L. Shyng and Nichols 1998; Tucker et al.

1997).

Figure 1-6 shows the PIP2 binding site on an inward rectifier potassium channel
(Kir2.2, (Hansen et al. 2012). This figure illustrates an X-ray crystal structure of a
Kir2.2 channel in complex with short-chain derivative of PIP2 (Hansen et al. 2012). In
their study, they found that PIP2 binds at an interface, which is located between the
cytoplasmic domain and the transmembrane domain. The PIP2 binding site consists of
conserved non-specific and specific phospholipid-binding regions. The non-specific
region is in the transmembrane domain and the specific region is located in the

cytoplasmic domain (Hansen et al. 2012).
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HHelix

Figure 1-6 X-ray crystal structure of PIP2 binding site on inward rectifier

potassium channel Kir2.2 (taken from Hansen et al. 2012).

One PIP2 molecule shown here as sticks and colored according to atom type: carbon,
yellow; phosphorous, orange; and oxygen, red. Hydrogen bonding residues (dashed
lines) which are interacting with PIP2 are in green colour and the blue colour
represents the residues which have a role in stabilizing the PIP2 binding site in the
cytoplasmic domain and have no direct contact with PIP2. The outer, inner, tether and
interfacial (IF) helices which are shown in this figure as ribbon with colour interior

orange or cyan.
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1.7 Pharmacology

Katp channels are the major drug target and have the most therapeutic potential among
potassium channels (Ashcroft and Ashcroft, 1990; Gopalakrishnan et al., 1993; Sheih
et al. 2000). Pharmacological treatment of a number of clinical conditions such as
angina and Type 2 diabetes are targeted on the Katp channel, although in different
ways (tables 1-4 and 1-5). To treat angina, agonists such as potassium channel openers,
KCOs, e.g. nicorandil are used to open the Kate channels in vascular smooth and
cardiac muscle. In contrast to KCOs, antagonists such as sulphonylureas and related
drugs are used to close Katp channels in pancreatic B-cells with, for example,
tolbutamide and glibenclamide. Both types, agonists and antagonists, target the various

SUR subunits to either open or close the channels.

It has shown that co-expression of Kir6.2/SUR2A, Kir6.2/SUR2B, and Kir6.1/SUR2B
reconstitute cardiac, smooth muscle, and vascular smooth muscle Karp channels,
respectively (Babenko et al. 1998; Seino 1999). These channels have different
sensitivities to ATP (section 1.6.2, table 1-3). They also show different responses to
sulphonylurea drugs and potassium channel openers (Inagaki et al. 1995; Isomoto et al.
1996; Matsuo et al. 2000) permitting a tissue selectivity in action of Katp channel

directed therapies.

1.7.1 Sulphonylureas

Originally sulphonylurea compounds were intended as antibiotic agents during World

War Il. At that time, it was observed that a common side effect was hypoglycaemia,
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now known to be due to the inhibition of pancreatic B-cell Karp channels. Today,

sulphonylureas are used to treat Type 2 diabetes (table 1-4) (Proks et al. 2002)

The target of the sulphonylurea of drugs is the plasma membrane expressed Katp
channel. At this site, the sulphonylurea causes channel closure, which results in
depolarization of the B-cell membrane and stimulation of insulin secretion (Sturgess et
al. 1985). Kir6.2/SUR1 Katp channels are inhibited by glibenclamide at K; ~10 nM.
Kir6.2/SUR2A, Kir6.2/SUR2B, and Kir6.1/SUR2B Karp channels are inhibited with
Kjvalues in the low micromolar range (Inagaki et al. 1995; Isomoto and Kurachi 1996;
Matsuo et al. 2000). The binding is isoform dependent; the B-cell isoform, SUR1 binds
only tolbutamide and gliclazide and SUR2A and SUR2B bind all other types of
sulphonylureas (Gribble et al. 1997; Gribble and Ashcroft 1999; Reimann et al. 2001,

Sunaga et al. 2001).

1.7.2 Potassium Channel Openers (KCOs)

Potassium channel openers (KCOs) are a chemically diverse group of agents, which are
exemplified by pinacidil, levcromakalin, aprikalim, and nicorandil. They activate Katp
channels (Arena and Kass 1989; Edwards et al. 1993; Terzic et al. 1995). These agents
possess high therapeutic potential in treating various clinical conditions including
hypertension, acute and chronic myocardial ischaemia, or congestive heart failure, and
also in managing bronchial asthma, urinary incontinence, and certain skeletal muscle
myopathies (Edwards et al. 1993; Gopalakrishnan et al. 1993; Shieh et al. 2000). The

effect of opening the Karp channel with KCOs is to cause a shift of the membrane
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potential towards the reversal potential for potassium and, thereby, reduce to the

cellular electrical excitability.

The Katp channel subtype, which is stimulated by diazoxide, is Kir6.2/SUR1 However,
these channels are not stimulated by pinacidil or cromakalim (Gribble et al. 1997,
Inagaki et al. 1995). In contrast, Kir6.2/SUR2A Katp channels are not stimulated by
diazoxide but are stimulated by pinacidil and cromakalim (Isomoto and Kurachi 1996;

Matsuo et al. 2000).

Similarly Kir6.2/SUR2B Katp channels are stimulated by both pinacidil and
cromakalim (Isomoto and Kurachi 1996; Schwanstecher et al. 1998). Since nucleotide
binding and/or hydrolysis at both NBDs of SUR subunits are believed to be crucial for
the specific binding and action of these potassium channel openers (Gribble et al. 1997;
Matsuo et al. 2000; Schwanstecher et al. 1998; S. Shyng et al. 1997) and for slowing
the off-rate of pinacidil (Gribble et al. 2000), it is believed that the differences in
sulphonylurea sensitivity between these channel subtypes may be caused partially by

differences in nucleotide sensitivity of the different SUR isoforms (Matsuo et al. 2000).

The clinical use of potassium channel opening drugs has been limited due to the
difficulty in developing tissue- and condition-selective K* channel-opening drugs
(Schwanstecher et al. 1998). Different KCOs bind to different transmembrane
polypeptide segments of the SUR. Within the 17 transmembrane polypeptide segments,
the binding of pinacidil and cromakalim occurs at two domains within the helixes
numbered 16 and 17, coloured green in figure 1-7 (Moreau et al. 2005), and in the
cytoplasmic loop between, segments 13 and 14, green dashed circle in figure 1-7
(Babenko et al. 2000; Uhde et al. 1999). The binding site for diazoxide is not as well

characterized. It is believed that diazoxide binding is nucleotide dependent (Moreau et
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al. 2005). In SUR1, diazoxide binding has been mapped to bind between helixes 8 to
11, coloured pink in figure 1-7, and in the C-terminal region incorporating helix 17 and
NBD2 (Moreau et al. 2005). This binding site was identified by using
electrophysiological technique (patch clamp, explained in the next chapter) of

SUR1-SUR2A/Kir6.2 chimeric constructs.
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Figure 1-7 Pharmacological agent and nucleotide binding sites on regulatory

sulphonylurea receptor (SUR) subunits.

Green shading represents the binding domains for the potassium channel openers
(KCOs); pinacidil and cromakalim. Pink shading represents the binding domain for
diazoxide, while the red represents the binding domains for the sulphonylureas
(antagonist), glibenclamide. NBD1and NBD2 are the nucleotide binding sites

(Babenko et al. 2000; Moreau et al. 2005; Uhde et al. 1999).
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ATP-sensitive Potassium Channels Inhibitors

Pharmacologic class Mechanism of action Clinical use
First e.g. Blocking K arp channels
generation Tolbutamide | inpancreatic p-cells

prevent K* efflux and

causes depolarization )
Second €g. Type 2 diabetes

Sulphonylureas generation Glibenclamide of the plasma mellitus

membrane, then opens

Ca*channels, causing
Third e.g.

generation Glimepiride

influx of Ca*and

insulin release

Table 1-4  The classification of sulphonylureas, the ATP-sensitive potassium

channel antagonists.

Summary of the classification of sulphonylureas that are used in the treatment of type 2
diabetes mellitus (S. J. Ashcroft and Ashcroft 1990; Gribble and Reimann 2002;

Hamaguchi 2004; Proks et al. 2002).
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ATP-sensitive Potassium Channel Openers

Agents Pharmacologicclass Clinical use As potential Mechanism of action
Diazoxide Hypertensive crises
Hair growth stimulant .
Opening of K arp channels
Minoxidil (Baldness), Severe ]
causing K+ efflux,
hypertension o
) ) ) hyperpolarization of the cell
Potassium channel opener Antihypertensive, and
. . . membrane and smooth
Nicorandil (KCO), Vasodilator Angina pectoris anti-asthmatic agents ) ]
muscle relaxation which
leads to vasodilation and
Pinacidil

Cromakalim

drop in blood pressure

Table 1-5

The table represents the summary of potassium channel openers (Aguilar-Bryan and Bryan 1999; S. J. Ashcroft and Ashcroft 1990;

The potassium channel openers which target the ATP-sensitive potassium channels.

Dunne et al. 1997; Gribble and Reimann 2002; Hamaguchi et al. 2004; Mannhold 2004; Shieh et al. 2000; Terzic et al. 1995).
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1.8 Do Interactions between the Two Heterologous Subunits
of Katp Channels Mediate Allosteric Information

Transfer?

More than two decades after the discovery of Kartp channels, the transduction pathways
for allosteric communication, which make the functional link between the pore forming
Kir6 and the regulatory SUR subunits of Katp channels, remains poorly understood. In

this section, the interaction between these two heterologous subunits will be discussed.

Lorenz and Terzic using co-immunoprecipitation found direct evidence of a physical
association between Kir6.2 and SUR2A in cardiac Kartp channel subunits. It was
suggested that this association between the two heterologous subunits is necessary for
full channel function to be expressed (Lorenz and Terzic 1999). Interestingly, the
results represented in this study are consistent with the three-dimensional structure
which is determined by single-particle electron microscopy at 18 A resolution of the
functional Karp channel complex Kir6.2,/SUR1, (figure 1-8, Mikhailov et al. 2005).
This structure, figure 1-8, is consistent with our initial work (Rainbow et al. 2004) and
also with the results of this study that revealed the inter-subunit interactions are crucial
for the assembly and function in hetero-octameric complex allostery of Kir6,/SUR2A,

of Katp channels.

In the light of the cytoplasmic location of NBD1 and NBD2 of SUR and the N- and
C-termini of Kir6.2, a hypothesis was raised that the transfer of allosteric information
between the two heterologous subunits occurs through the cytoplasmic domains rather
than through the transmembrane domains; the transmembrane domains being required
for the assembly of the channel. Thus, present study was undertaken to investigate the

possible cytoplasmic allosteric communications between the two subunit types.
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Figure 1-8 Three-dimensional structure of the functional Kare channel complex

Kir6.2,4/SUR1, (taken from Mikhailov et al. 2005).

This figure shows the hetero-octameric functional complex of pancreatic Karp channel.
The side view of the channel complex is shown to the left and a top view to the right.
The colours represent as followed: (blue) Kir6.2 subunit, (red) SUR1 minus TMDO and
(yellow) TMDO and (green) ATP molecules. As can be seen in the top view (right), the
assembly of the functional pancreatic subtype Katp channel consists of four pore
forming Kir6.2 subunits, which are surrounded by four SURL. This structure (side
view, left) is consistent with the results of this study, which revealed the cytoplasmic
interactions between two heterologous subunits of Kiré and SUR are physically

(Chapter 5) and functionally (Chapter 6) important.
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1.8.1 Sulphonylurea Receptor (SUR)

In response to nucleotides and pharmaceutical agonists and antagonists, SUR
allosterically regulate Kate channel gating. The interactions of the transmembrane and
the cytoplasmic domains of SUR with Kir6.X will be discussed in the next two

sections.

1.8.1.1 Transmembrane Domains of SUR Subunits (TMDO, TMD1 and

TMD2)

The sulphonylurea receptor consists of three transmembrane domains (TMDO, TMD1
and TMD2) (figure 1-3). Between TMDO and TMDL1 there is a linker named LO, which
has large effects on the gating of Katp pores, which lack the C-terminal ER retention
signal (Babenko and Bryan 2003). Studies have shown that if a truncated SUR lacks
TMDO then it fails to modulate the Kir. From this, it is believed that TMDO is the
domain that attaches SUR to the Kir pore (Babenko and Bryan 2003). When TMDO-LO
interacts with the outer helix and the N-terminus (M1) of Kir, inactive pores in Karp

channels activate and surface expression is enhanced (Babenko and Bryan 2003).

1.8.1.2 Cytoplasmic Domains of SUR (NBD1 and C-terminal (NBD2))

To investigate possible interactions between cytoplasmic domains of heterologous
Katp channel subunits, Rainbow et al. (Rainbow et al. 2004) undertook a
co-immunoprecipitation study using full-length Kir6.2 subunits and MBP-tagged
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fragments of SUR2A. This study identified an interaction between Kir6.2 and NBD2 of
SUR2A and defined a minimal interacting fragment of 65 amino acids (SUR2A-CTE),

amino acids 1294-1358, containing part of the Walker A motif of NBD2 (figure 1-9).

Furthermore, mutagenesis of conserved charged residues in SUR2A-CTE present in
this domain in interacting SUR1, SUR2A and SUR2B subunits, to residues of the
opposite charge in the equivalent domain of the non-interacting multidrug resistance
protein 1 (MRP1), revealed three residues E1318, K1322 and Q1336, (figure 1-11),
which when changed reduced the strength of the interaction and were, therefore,

identified as likely to be key to the interaction, (Al-Johi PhD thesis, 2005).
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Figure 1-9 Schematic diagram of the SUR2A-CT fragments within the

C-terminal domain of SUR2A used in subunit interaction studies.

Blue bar indicates NBD2 and red boxes represent Walker motifs A and B (numbering
of residues positions, Rainbow et al. 2004). SUR2A-CTE represents a minimal
interacting fragment of 65 amino acids (1294-1358) of NBD2 with full length Kir6.2,
which was initially identified in our laboratory. Yellow colour represents the

transmembrane domains (TMDs) 0, 1 and 2.
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Figure 1-10 Characterization of SUR2A-NBD2 (1294-1403) and Kir6.2

interaction.

A) Schematic representation of SUR2A-CT-C fragment and (B) MRP1/SUR2A
chimeras. Co-immunoprecipitation of maltose binding protein-tagged chimeric
constructs with Kir6.2, suggest the amino acid sequence 1318-1337 of SUR2A to be
the minimal interacting sequence with Kir6.2 (data not shown). Red colour represents
non-interacting multidrug resistance protein 1 (MRP1) and the blue colour represents
of SUR2A-NBD2 (1294-1403) that is located downstream of TM17, and includes the

Walker A motif.
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SUR1 DSSLKPVLKHVNALISPGQK
MRP1 \REDLDLVLKHINVTIEGGEK/
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SUR2A DPSQVPEHWPQEGEIKIHDLCVRY ENNLKPVLKHVKAYIKPGQKVGICGRTGSGKSSLSLAFFRMV
SUR1 LAPSLIPKNWPDQGKIQIQNLSVRYDSSLKPVLKHVNALISPGQKIGICGRTGSGKSSFSLAFFRMV

MRP1 IQETAPPSTWPHSGRVEFRDYCLRYREDLDLVLKHINVTIEGGEKVGIVGRTGAGKSSLTLGLFRIN

Figure 1-11 Sequence alignments for NBD2-CTE sequence from SUR2A

(1318-1337), SUR1 and MRPL1.

Mutagenesis and co-immunoprecipitation studies of the 20 amino acids of the minimal
interacting fragment of SUR2A (1318-1337) with full length Kir6.2 revealed E1318,
K1322 and Q1336 to be key for the interaction (Al-Johi PhD thesis, 2005). These
residues lie just downstream of three residues in SUR2A, E1305, 11310 and L1313,
which when mutated to those in non-interacting MRP1, were sufficient to remove
pinacidil-stimulated channel activation, indicating a more extensive interacting surface
in SUR2A (Dupuis et al. 2008). The arrows highlight the three residues as important
for the interaction domain on regulatory SUR2A for the Kir6.2 subunit in
Kir6.2/SUR2A channel. Residues coloured red and blue represent the negatively and

positively charged amino acid groups, respectively.
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Based on the above a study (Rainbow et al. 2004), Dupuis et al. (Dupuis et al. 2008)
studied Kir6.2/SUR2A channel in more detail and they found that the proximal
C-terminal of SUR2A within the cardiac Karp channel is a crucial link between
potassium channel opener binding to SUR2A and Kir6.2 activation. Dupuis et al.
(Dupuis et al. 2008) investigated a 65 residue fragment of SUR2A, which links TMD2
and NBD2 and had been shown to interacting with Kir6.2 (Rainbow et al. 2004). The
65 residue segment was replaced with the equivalent non-interaction segment from
MRP1 to make a chimeric construct that was expressed in Xenopus oocytes and
characterized by the patch-clamp technique. Results showed that activation by MgADP
and synthetic openers was greatly weakened in this chimaera. Additional mutagenesis
studies were performed resulting in the demonstration of three residues, E1305, 11310
and L1313 (rat numbering), which together were able to restore activation of Kap
current by MgADP through SUR2A but which had no effects on the block of the
channel by glibenclamide or by ATP. This study showed these three residues to have a

role in activation not inhibition of the channels pore.

With these findings, Dupuis et al. (2008) suggested that one of the roles for these three
residues may possibly be to form a part of an information transduction pathway, which
functionally couples SUR2A and Kir6.2 subunits through the SUR2A cytosolic

segment that interconnects transmembrane helix 17 to NBD2.
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1.8.2 Kir6.2

1.8.2.1 Transmembrane Segments M1 and M2 of Kir6.2

The three-dimensional structure of Kir6 subunits is yet to be determined. A crystal
structure study of the bacterial potassium channel KcsA indicated that M1 is exposed
to the lipid membrane environment and does not directly contribute to the
ion-conduction pathway and that M2 and the preceding pore domain (H5) from four

subunits form the ion permeation pathway (Doyle et al. 1998).

Studies prior to Schwappach et al. (Schwappach et al. 2000) were all focused on the
cytoplasmic domains and transmembrane segment M2 of Kir6.2 (Drain et al. 1998;
Koster et al. 1999; Reimann et al. 2001; Trapp et al. 1998; Tucker et al. 1998).
Schwappach et al. (2000) showed that the N-terminus of the Kir6.2 subunit and the
transmembrane segment M1 are vital for specifying assembly with SUR1 and SUR2A.
Various chimaeras between Kir6.2 and Kir2.1 were made in order to define the
minimal structure in Kir6.2 in M1 required for the assembly. Schwappach et al. found
the TMS (threonine-methione-serine) and FA (phenylalanine-alanine) residues at the
beginning and at the end of the M1 helix were the most crucial for the interaction with
SUR. An additional finding showed that the transmembrane domains and not the
nucleotide-binding domains of SUR1 are necessary for interaction with Kir6.2

(Schwappach et al. 2000).
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1.8.2.2 Cytoplasmic Domains (N- and C-terminal) of Kir6.2

A study done by Zerangue et al. disclosed that a novel endoplasmic reticulum (ER)
retention sequence, RKR is present in both of the heterologous Kate channels subunits
(Zerangue et al. 1999). In Kir6.2, RKR is located in the C-terminus and in SURL, it is
located upstream of the first nucleotide binding fold. With this finding, it is now
understood why Kir6.2 does not form functional channels when expressed alone but
does when co-expressed with SUR1 (Inagaki et al. 1995; Tucker et al. 1997). At the
same time, when the RKR sequence was removed by truncating the C-terminus of
Kir6.2 (Inagaki et al. 1995) functional expression of ATP sensitive K* currents was
observed. Zerangue et al. concluded that, when both subunits are coexpressed, the RKR

motifs on each are masked, allowing surface expression (Zerangue et al. 1999).

In 1996, Tinker et al. performed a deletion analysis, which showed that there is a
possibility of removing the N-terminus but only a fraction of the C-terminus before
biochemical and functional evidence of channel assembly is lost. Mutant C5333
represented a boundary for C-terminal deletion at which biochemical association,
expression of current, and negative knockout of wild type current (replacement of
GYG in the pore-forming loop, H5, with AAA) are decreased or lost (Tinker et al.
1996). Electrophysiological recordings from oocytes, injected with mMRNA encoding a
truncated form of Kir6.2, and in which the last 26 (Kir6.2 AC26) or 36 (Kir6.2 AC36)
amino acids of the C-terminus were deleted resulted in functional expression of Kir6.2
in the absence of SURL (Tucker et al. 1997). In the same study, Kir6.2 AC26 and
Kir6.2 AC36 were inhibited by ATP, which suggested that the Kir6.2 subunit has an

intrinsic inhibitory ATP site.
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Based on the assumptions of Lorenz and Terzic (Lorenz and Terzic 1999) described in
section 1.8, Hough et al. (Hough et al. 2000) investigated the regions of Kir6.2 in
addition to the RKR sequence that determine the dependency on SURL for cell surface
expression. They expressed chimaeras between Kir6.2 and Kir2.1in Xenopus oocytes
alone or together with SURL1 (figure 1-12, Rao 1, 2, 3 and 4). The results of this
investigation confirmed previous studies that the ER retention sequence is located
within the distal C-terminal segment (RKR) in Kir6.2 (Hough et al. 2000; Zerangue et
al. 1999); and in addition to RKR that the M2/TM segment and the proximal C-
terminal region of Kir6.2 also are responsible to the failure of Kir6.2 to traffic to the

membrane independently of SUR1 subunit.

Tinker’s laboratory (Tinker et al. 1996) were unable to produce functional expression
with another set of chimaeras in Kir6.2/Kir2.1 oocytes (figure 1-12, Tin A, B, C, D, E,
F). They concluded from their study that a domain in the proximal C-terminus (at least
amino acids 208-279) in the Kir6.2 seems to largely determine biochemical interaction
with SUR1 and it is necessary that both the Kir6.2 N- and distal C-terminus are present
in order for a complete functional reconstitution of the Katp channels (Giblin et al.
1999). The positively charged residues R176 and R177 in the C-terminal of Kir6.2 are
required for functional coupling to SUR1 (Fan and Makielski 1997; Ribalet et al.

2000).

To identify the cognate binding domain in Kir6.2 for the SUR2A-CTE sequence,
binding of SUR2A-CTC to chimaeras of interacting Kir6.2 and non-interacting Kir2.1
subunits (figure 1-12) was investigated in a further series of co-immunoprecipitation

experiments.
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In this study, Rao 1, Rao 2, Rao 3, Rao 4, TinF and full length Kir2.1 were
Immunoprecipitated using anti-Kir2.1 as antibody. Likewise Tin A, Tin B, Tin C,

Tin D, Tin E and full length Kir6.2 were immunoprecipitated with anti-Kir6.2 as
expected. When the opposite antibody was used no immunoprecipitation was achieved
due to the recognition of these antibodies of an epitope within the C-terminal tail (al-

Johi 2005).

Figures 1-10 shows the five Kir6.2/Kir2.1 chimaeras and the full length Kir6.2,
represented with a plus, which were able to co-immunoprecipitate with the
SUR2A-CTC (amino acids 1294-1403) fragment. These chimaeras were as followed;
Tin A, Tin B, Tin C, Tin D, Tin E and full length Kir6.2. The remaining Kir6.2/Kir2.1
chimaeras and full length Kir2.1, represented with a minus, were not able to
co-immunoprecipitate with the SUR2A-CTC fragment. These chimaeras were as

followed; Rao 1, Rao 2, Rao 3, Rao 4, Tin F and full length Kir2.1.

As a negative control for above mentioned co-immunoprecipitation, an equivalent
amino acid sequence of non-interacting polypeptide MRP1 (amino acids 1280-1389,
MRP1-CTC) to SUR2A-CTC (amino acids 1294-1403) was investigated with the
Kir6.2/Kir2.1 chimaeras. The results showed no interaction between MRP1-CTC and

Kir6.2/Kir2.1 chimaeras as expected.

Altogether, this study suggested that the interaction domain on Kir6.2 for
NBD2 (1294-1358) of SUR2A is located within the 75 amino acids of the C-terminal

tail beyond residue 315.
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Figure 1-12 Schematic design of the Kir6.2/Kir2.1 chimaeras used in

co-immunoprecipitation experiments with SUR2A-CTC fragment.

The full-length Kir6.2 subunit is presented in red and the non-interacting Kir2.1 in
blue. The numbers indicate the amino acid sequence incorporated in each Kir6.2
chimaera. (+) represents the co-immunoprecipitation of maltose binding protein-
SUR2A-CTC constructs with Kir6.2/2.1 chimeras and (-) represent the absence of
co-immunoprecipitation. The results revealed the interaction domain on Kir6.2 to be

located beyond residue 315 in Kir6.2, Tin F (Al-Johi PhD thesis, 2005).
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1.9 Summary of aims

The general aim of this project was to study structure-function relationships in
ATP-sensitive potassium channels. Specifically, characterization and identification of
cytoplasmic interactions between the two heterologous subunits which are responsible

for the assembly and allosteric communication were investigated (figure 1-13).

This study can be summarized by the three following aims:

1. To identify the cognate interaction domain on Kir6.2 for SUR2A using

mutagenesis and co-immunoprecipitation.

2. Toinvestigate allosteric information transfer between heterologous subunits

using electrophysiological techniques.

3. To express and purify the cytoplasmic domains of Kir6.2 for structural analysis

of the interaction between the two heterologous subunits.
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Figure 1-13 Allosteric information transfer through inter-subunit contacts in

ATP-sensitive potassium channels.

Katp channels comprise hetero-octamers of four pore-forming Kir6 and four accessory
SUR subunits. Inhibitory ATP binding occurs on the Kir6 subunits, while regulatory
nucleotide and potassium channel drug binding is mediated by SUR subunits. The aim
of this study was to characterize and identify possible cytoplasmic interactions between

these two heterologous subunits which are involved in allosteric information transfer.
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Chapter 2

Methods and Techniques
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2.1 Biochemistry

2.1.1 Protein Expression

2.1.1.1 In Vitro

Wild type Kir6.2 and mutant constructs (provided by Dr Dave Lodwick, co-supervisor)
were expressed in vitro, using the TNT® Quick Coupled Transcription/Translation
System from (Promega). The reaction components were assembled in a 0.5 ml
microfuge tube to a final volume of 50 pl as following; 40 pl TNT® Quick Master Mix,
6 pl plasmid cDNA templates (0.5ug/pl), 1 pul methionine (ImM), 2 ul [*°S]-
Methionine (specific activity: > 1000 Curie (37 TBq, terabecquerel)/mmol, Perkin
Elmer) and finally 1 pl canine pancreatic microsomal membranes. The reactions were
mixed gently by pipetting and incubated at 30 °C for 90 min. Following this, 1 pl of
Protease Inhibitor Cocktail Set 111 (CALBIOCHEM®) was added to each reaction.

These samples were used for co-immunoprecipitation (section 2.1.5)

2.1.1.2 In Vivo

For expression of TM1070-Kir6.2NC fusion protein, a heat shock transformation
method (as described in 2.1.8) was used to transform the plasmid DNA

(Pleics-05/6.2NT-TM1070-CT) in to the Arctic Express competent cells.
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A single colony was inoculated to 3 ml Lysogeny Broth (LB, Appendix A)-ampicillin
(1000:1, ampicillin stock solution is 100 mg/ml in dH,0) medium. The culture was
incubated at 37 °C with shaking at 230 rpm overnight. The next morning, the cells were
subcultured in 20 ml tubes with 1:100 inoculation, 100 pl of starter culture to the new

LB-ampicillin medium. The cultures were incubated at 37 °C with shaking at 230 rpm.

TM1070-Kir6.2NC fusion expression was induced with different concentrations of
Isopropyl-beta-D-thiogalactopyranoside (IPTG) 0.1 mM, 0.3 mM and 1 mM, when the
absorbance reached 0.8. Various concentrations of IPTG were used to optimise the
induction and one incubation received no IPTG as a negative control. After induction
the cultures were incubated at 13 °C with shaking at 230 rpm for 24 and 48 hrs to
optimise the yield of expression. The cells were harvested by centrifugation at 4000 x g
for 20 min at 4 °C. The medium were discarded and the pellets were stored at -20 °C.
The expression was analysed by Coomassie blue staining and Western blot (section

2.1.4).
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Fusion Protein

Plasmid Vector | Amino Acid Numbers Junctions Linker Regions Tag
Construct
MBP-SUR2A-CTC o
_ Maltose binding
fragment (amino pMal-c2x SUR2A 1294-1403 MBP 387 — )
. protein (MBP)
acids 1294-1403)
1. Kir6.2 1-73
(N-terminal) TEV protease site o
: Polynhistidine-tag
TM1070-Kir6.2 NC (ENLYFQG) (hex histidine-
exa histidine-tag,
(C-terminal-His6 pLEICS 05 2. TM10701-114 — _ J
(without N- and C-terminal) ) His6 tag) placed on
tag) TEV protease site )
the C-terminal
(ENLYFQG)

3. Kir6.2 167-390
(C-terminal)

Table 2-1

Plasmid vector information for the fusion protein constructs used for co-immunoprecipitation and structural studies.

The MBP-SUR2A-CTC construct was used for co-immunoprecipitation full length wild type and mutated Kir6.2 and

TM1070-Kir6.2 NC (C-terminal-His6 tag) fusion protein for the structural study of the cytoplasmic domains of Kir6.2.

The plasmid vector maps for these fusion protein constructs can be found in the Appendix B.

65



Chapter 2

2.1.2 Bradford Protein Assay

Bradford protein assay was used to assess the protein concentration of samples.
Coomassie brilliant blue (CBB) G-250 based reagent (Pierce) was used as dye and in
response to various concentrations of protein a differential colour change was
measured. Bovine serum albumin (BSA) (1 mg/ml stock) was used as a standard

solution.

Absorbance of diluted BSA from stock solution with a range of 0 — 30 pg in a volume
of 200 pl was measured at 595 nm wavelength using Ultrospec 111 Pharmacia as
spectrophotometer to establish a standard curve. Samples with unknown protein
concentrations were diluted with dH,O to a volume of 200 pl (1:10, 1:100, 1:200). The
spectrophotometer was warmed up (15 min) before use and all samples with known and
unknown protein concentration were incubated with 1 ml CBB G-250 reagent at room
temperature for 10 min before measurement. In order to measure the protein
concentration of unknown samples the absorbance values of the unknown were read

against the standard curve (figure 2-1).
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Bradford Protein Assay
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Figure 2-1 Bradford protein assay standard curve.
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2.1.3 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Following determination of protein concentration by Bradford protein assay the protein
mixtures were analysed by SDS-PAGE. Polyacrylamide (10%, 1.5 mm thick minigels
were poured between two glass plates using Bio-Rad casting kit and allowed to
polymerize; 10% resolving (separation) gel (see Appendix A) was polymerized for a

minimum of 20 min and stacking gel (see Appendix A) of 10 min.

The samples were denatured after 20-30 min treatment with 4:1 of 4 x Laemmli sample
buffer (10% w/v SDS, 1 M Tris-HCI (pH 7.5), 100 mM EDTA, 50% v/v glycerol, 0.3M
dithiothreitol (DTT) and 0.05% w/v bromophenol blue dye) at room temperature. Then
the samples were loaded into wells in the stacking gel. The gels were placed in the
electrophoresis tank (Bio-Rad) and filled to the top with 1x SDS-PAGE running buffer
(25 mM Tris-base, 192 mM glycine and 0.1% SDS (w/v)). The electrophoresis unit was
connected to a power pack and the samples were migrated for about 80 min at 120 V at

room temperature until the ion front reached the bottom of the gel.

2.1.4 Western Blot

Following SDS-PAGE, the Western blot technique was used to transfer the separated
proteins from polyacrylamide gels to Amersham Hybond ECL nitrocellulose membrane
(GE Healthcare) and the membrane was probed with specific antibody for antigen
detection. The gel and the membrane were pre-wet with 1x transfer buffer (25 mM Tris
(pH 8.3), 192 mM glycine and 10% v/v methanol) for 10 min. Then the electroblotting
cassette was assembled and placed in the blotting unit. Protein transfer occurred at 4 °C

at 100 V for 70 min or overnight at 30 V. Following transfer the membrane was
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removed from the sandwich and blocked with blocking buffer (5% (w/v) nonfat milk in
TBS-T (Tris-buffered saline: 10 mM Tris (pH 7.6), 150 mM NaCl and 0.1% v/v Tween
20) at room temperature for 2 hrs. Then the membrane was probed with desired
antibody for each experiment (see below) and detected by Enhanced
Chemiluminescence (ECL) detection system (see Appendix A).

The membrane was probed with primary antibody at room temperature for 2 hrs or in
the cold room overnight with gentle agitation on a shaker. The incubation time for
secondary and tertiary antibodies was 1 hr at room temperature with gentle agitation.
The membrane was washed 6 x 5 min with 1x TBS-T buffer after each incubation with

antibody.

2.1.5 Co-immunoprecipitation of MBP-rSUR2A-CT-C

Fragment with Various Mutant Constructs of Kir6.2

Co-immunoprecipitation was used to identify interaction between MBP-rSUR2A-CT-C
and the full length Kir6.2 subunit. A schematic illustration of co-immunoprecipitation
between MBP-SUR2A-CTC fragment (as described previously in Rainbow et al. 2004)
and various Kir6.2 mutant constructs is shown in figure 2-2. Mutant Kir6.2
polypeptides were expressed in vitro from cDNA cloned from rat and encoding mutant
Kir6.2 subunits using the TNT® Quick Coupled Transcription/Translation Systems with
procine microsomal membranes. The Kir6.2 polypeptides were solubilised in Triton X-
100 solubilisation buffer and the protein-protein interaction with MBP SUR2A-CTC
probed by co-immunoprecipitation with anti-Kir6.2 antibody and the immune-complex
captured on protein A-Sepharose. The anti-kir6.2 used in this study was characterized in

our laboratory (Singh et al. 2004) and also used in our initial work (Rainbow et al.
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2004, Al-Johi PhD thesis, 2005). The polyclonal site-directed antiserum was raised to
peptide corresponding to the C-terminal domain of rat Kir6.2 (accession number
D86039), amino acid residues KAKPKFSISPDSLS (residues 377-390, Research
Genetics Inc. Huntsville, AL, USA). To facilitate conjugation, cysteine residues of the
C-terminal were added to the peptides Keyhole Limpet Haemocyanin carrier protein.
Following, antiserum was raised against peptide carrier protein conjugates in New
Zealand White Rabbits (Research Genetics Inc., Singh et al. 2004). Western blot
analysis of the anti-Kir6.2 antiserum confirmed that the anti-Kir6.2 antiserum
recognized its polypeptide and immunoprecipitation study revealed this antiserum to be
specific to Kir6.2 isoform of Katp channel pore (Singh et al. 2004). It is worth
mentioning the polyclonal anti-Kir6.2 was first tested and optimised against
cardiomyocytes from adult rat (gift from Department of Cell Physiology and

Pharmacology, University of Leicester) before use.

The immunoprecipitated complexes were analysed by Western blot using mouse, anti-
MBP antibody to detect immunoprecipitated MBP-SUR2A-CTC and the bands were
visualized using an ECL detection system. Blots were subjected to autoradiography to
detect the presence of [*°S] Met-Kir6.2 polypeptides. The ECL immunodetection and
autoradiography from the co-immunoprecipitation were quantified by densitometry.
The amount of immunoprecipitation of MBP-SUR2A-CTC was normalised to the
amount of [*°S] Met-Kir6.2 immunoprecipitated, to control for different levels of input
of Kir6.2 mutants in each experiment. The normalised MBP-SUR2A-CTC
immunoprecipitation was then expressed as a percentage of that obtained with the wild

type [*°S] Met-Kir6.2 subunit to permit comparison.

The co-immunoprecipitation reactions were mixed in pyrex tubes (20 pl) and all

solutions were made in 100 mM Tris-HCI (pH 7.4). Three microliters of wild type and
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each mutant constructs which were expressed in vitro (section 2.1.1.1) was added to 5
ng of MBP-rSUR2A-CTC fragment (3 pl of 1.68 pug/ml) and 14 pl of 100 mM Tris-
HCI (pH 7.4) to make a final volume of 20 pl for each reaction. A control reaction was
made for each incubation. For control reactions MBP-rSUR2A-CT-C only was added

tol17 ul of Tris-HCI.

The pyrex tubes were placed in an ice-water bath and the samples were sonicated using
a Soniprep 150 (MSE) at 4 °C, 8 times for 15 s with 20 s setting. After sonication the
mixtures were incubated at 37 °C for 1 hr and then at room temperature for an
additional hour. Twelve microliters of 3% Triton X-100 was added to the mixtures,
which were transferred from pyrex tubes to 0.5 ml microfuge tubes and all mixtures
were incubated at 4 °C for 30 min. The samples were centrifuged at 10,000 x g for 15
min at 4 °C. The supernatants were transferred to new 0.5 ml microfuge tubes and 4 pl
of anti-Kir6.2 antibody were added to each tube and all samples were incubated at 4 °C
with rolling for 30 min. Antibody bound protein complex was immobilized on protein
A-Sepharose beads which were pre-blocked, as follows: Protein A-Sepharose (Sigma,
from Staphylococcus aurous) was swelled with dH,0, washed three times and
equilibrated twice with 100 mM Tris-HCI (pH 7.4). The swollen Protein A-Sepharose
(100 mg/ml) was then pre-blocked in 5% BSA, 0.5 M KCI and 100 mM Tris-HCI (pH
7.4) then incubated at room temperature with rolling for 2 hrs. Then the blocked protein
A-Sepharose was washed 3 times with 100 mM Tris-HCI (pH 7.4) before adding 50 pl
to co-immunoprecipitation reactions as a 1:1 slurry and incubated overnight at 4 °C

with rolling.
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Figure 2-2 Schematic illustration of co-immunoprecipitation assay.

The various Kir6.2 mutant constructs were expressed in vitro and the
MBP-SUR2A-CTC fragment-Kir6.2 construct complexes were probed by co-
immunoprecipitation using anti-Kir6.2. The protein complex was captured by protein
A-Sepharose. After washing to remove non-specifically adsorbed proteins, the MBP-
SUR2A-CTC fragment-Kir6.2 construct complexes were eluted and analysed by SDS-
PAGE followed by Western blot using mouse, anti-MBP antibody. ECL detection was
used to visualize immunodetected bands. At the end of the experiment the membrane

was exposed to the film at -80 °C for autoradiography to normalize the results.
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The next morning, samples were centrifuged at 10,000 x g for 1 minute at 4 °C;
supernatants were removed with a syringe and discarded. Pellets were washed by
centrifugation at 1,000 x g 4 times with 0.5 ml IP (immunoprecipitation) buffer (20 mM
Tris-HCI (pH 7.4), 0.1% Triton X-100). Then samples were incubated with 20 pl of
Laemmli denaturation buffer at room temperature for 30 min. Samples were centrifuged
at 10,000 x g for 5 min and supernatants were electrophoresed by SDS-PAGE followed
by Western blot. The membrane was probed with monoclonal anti-maltose binding
protein (SIGMA) as primary antibody (1:5000) and then anti-mouse IgG horseradish-
peroxidase conjugate (from sheep, Sigma, 1:2000) and detected using the enhanced

chemiluminescence (ECL) detection system.
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2.2 Molecular Biology

2.2.1 The Polymerase Chain Reaction (PCR)

Target DNA sequence was amplified using polymerase chain reaction (PCR). PCR is
the most common method for the rapid amplification of a DNA fragment. Site-directed
mutagenesis based on PCR was used in order to make a Kir6.2 D323K + K338E double
mutant. In this method, any base difference between the amplification primer will be

incorporated in the future template through PCR.

For construction of the Kir6.2 D323K + K338E double mutant four oligonucleotide
sequences were used. Two of these primers were mutagenesis primers which were
reverse complements of one another. They were designed to introduce the desired
mutation and anneal to the same position on the template as one another but in different
directions. Another two primers were designed to link the two fragments together to
form the complete fragment with the mutation. Schematic drawing of Kir6.2 D323K +

K338E double mutant construction by overlap PCR is shown in figure 2-3.
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PCR Primers Sequence (5 to 3" Direction)
62C1 GCGTCACAAGCATCCACTC
PCR1
DK2 TAGCGGCCCTTCTCCTCGGCCACGATGG
DK3 GCCGAGGAGAAGGGCCGCTATTCTGTGGACT
PCR2
JRO4 CGTAGAATTCCCCCAGCACTCTACATACCG
62C1 GCGTCACAAGCATCCACTC
PCR3
JR04 CGTAGAATTCCCCCAGCACTCTACATACCG
Table 2-2  Sequences of PCR primers used for construction of Kir6.2

D323K + K338E double mutant.

In PCR 1, 62C1 primer was used as 5 prime terminus forward primer and DK2 as

reverse mutagenesis primer and in PCR 2, DK3 as forward mutagenesis primer and

JRO4 as 3 prime terminus reverse primer. In overlap PCR (PCR3), 62C1 was used as 5

prime termini forward primer and JR04 as 3 prime terminus reverse primer.
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PCR 1 PCR 2
\ 62C1 DK3
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Figure 2-3 Schematic overview of Kir6.2 D323K + K338E double mutant

construction by overlap PCR.
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For construction of the Kir6.2 D323K + K338E double mutant, pcDNA3.1/myc/
HisA/rKir6.2 K338E was used as a template DNA for PCR1 and PCR 2. 62C1, DK2,
DK3 and JR04 represent the primers used for amplifying the cDNA. Primers DK2 and
DK3 were used to introduce the mutation and primers 62C1 and JR04 were used to

introduce the overlap.

All PCR were performed using a PCR Sprint The