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ABSTRACT

ATP sensitive potassium channels (K^yp) are an octameric assembly of four 

pore forming Kir6.0 and four Sulphonylurea receptor (SURl, SUR2A or SUR2B) 

subunits. They form a link between cellular metabolism and electrical excitability in a 

wide range of tissues.

The central questions addressed in the thesis relate to bow these subunits can 

physically interact with each other to form the channel. Cloned subunits of the 

channel subunits have been used to express the proteins in heterologous systems. 

Monoclonal stable cell lines have been produced in HEK293 cells expressing different 

combinations of subunits. These lines were used in the characterisation of rabbit 

polyclonal antisera raised to peptides corresponding to various domains on channel 

subunits. It was shown by co-immunoprecipitation that K^jp channel subunits 

physically associate. Chimeras constructed between Kir6.2 and a related protein 

Kir2.1 co-expressed in monoclonal stable lines with an epitope-tagged SURl were 

used in a co-immunoprecipitation experiments to show that a region in the proximal 

C-terminus of Kir6.2 is important for biochemical interaction with SURl. An attempt 

to determine regions on SURl responsible for interaction with Kir6.2 was made using 

C-terminal deletion mutants of SURl co-expressed with Kir6.2 in monoclonal stable 

lines. Co-immunoprecipitation experiments showed that the C-terminus of SURl was 

not necessary for physical interaction with Kir6.2. The effect of the C-terminal 

deletions of SURl on the trafficking of SURl and Kir6.2 to the cell membrane was 

also studied using immunofluorescence microscopy.

The possibility of heteromultimerisation between different subtypes of K̂ yp 

channel subunits was also investigated using stable lines co-expressing Kirb.l with 

Kir6.2 and SURl with SUR2A. Co-immunoprecipitation experiments indicated that 

physical interaction can occur between! the different Kirb.O subunit subtypes but not 

the SUR subtypes.
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Chapter 1 -  Introduction

1.1 Movement of ions across membranes

The regulated flow of ions across cell membranes plays a fundamental role in 

cellular function. The control of ionic concentrations within the cell is vital for the 

regulation of! ^ range of cellular processes such as ATP synthesis, muscle

contraction and transmission of electrical signals along nerve fibres. The 

hydrophobicity of biological membranes prevents uncontrolled movement of 

potassium ions by simple diffusion down concentration gradients. Proteins located 

in the plasma membrane control ion movement across membranes. These proteins 

fall into two broad categories, ion channels and transporters. The latter type can 

either actively pump ions often against their concentration gradient using energy 

provided by the hydrolysis of ATP or couple the exchange of ions using ionic 

gradients. Examples of ion transporters are the Nâ -K"  ̂ATPase that plays a role in 

maintaining a high concentration of Na^ outside the cell and a high concentration of 

inside the cell using energy generated by the hydrolysis of ATP (Cantley 1981) 

and the Na^-H^ exchanger that couples the efflux of to the import of Na^ and 

regulates intracellular pH (Grinstein and Rothstein, 1986).

An ion channel forms a selective pore in the membrane that allows ions to 

flow down concentration gradients. A feature of many ion channels is their high 

selectivity for a particular ion or group of ions. For example potassium channels are 

of the order of 10,000 times more permeable to ions than Na^ ions (Hille, 1992). 

A “selectivity filter” situated within the pore achieves this. The recent high- 

resolution crystal structure of the KcsA bacterial potassium channel confirms the 

presence of this selectivity filter (Doyle et. al., 1998, see below). The opening and 

closing of ion channels can be regulated by multiple factors such as membrane 

potential and a wide variety of ligands and intracellular second messengers.
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1.2 The importance of Potassium channels in cellular function

Potassium channels have a fundamental role in the normal functioning of a 

cell. They are one of the largest families of ion channels and play important roles in 

a wide variety of tissues. In most cells the concentration of potassium outside the cell 

is approximately 40 times less than the concentration inside the cell, mainly due to 

the active uptake of potassium into the cell via the Na^ K^-ATPase. Potassium 

currents are the predominant ionic current observed in most non-excitable cells and 

as a result the flow of ions through these channels is important for setting the 

resting membrane potential of the cell, which is close to the reversal potential for 

potassium ions (usually -70 to -80mV), as defined by the Nemst equation.

In excitable tissues, a spectrum of^oltage-gated and Ca^  ̂activated potassium 

channels control the length and frequency of action potentials in excitable cells such 

as neurons by repolarisation of the membrane potential, as shown in Figure 1.1 (Hille 

1992). Potassium channels also have important physiological roles in non-excitable 

cells. For example, they have an important role in epithelia where they regulate the 

movement of solutes between body compartments (Hille, 1992). In glial cells 

0  potassium channels remove excess extracellular potassium ions away from active 

neurons (Newman 1986). Potassium channels are also present in endomembranes 

(Szewcyzk 1998). For example, in the sarcoplasmic reticulum they are involved in 

compensating for the release of Ca^  ̂ions by preventing the development of diffusion 

potentials. In mitochondria, potassium channels have a role in the regulation of 

organelle volume, which affects mitochondrial activity (Garlid 1996).

The fundamental importance of potassium channels to an organism has been 

illustrated by the growing number of mutations in potassium channel genes that have 

been linked with disease. Examples of diseases arising from either mutations in 

potassium channels or altered regulation of channel function include Bartter’s 

syndrome, long-QT syndromes and familial persistent hyperinsulinaemic 

hypoglycaemia of infancy (PHHI). These diseases will be discussed in more detail 

later in this chapter.
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Figure 1.1 Role of potassium channels in the repolarisation of the action potential.

llie diagram above shows how sodium and potassium channels regulate the shape of the action potential in 

a repetitively stimulated neuron. The membrane is depolarised by an inllux of Na"̂  ions through rapidly 

activating and inactivating Na"^channels (I^J, which drives the membrane potential towards the equilibrium 

potential for sodium ions (E^J. Rapidly activating and inactivating voltage-gated channels 

repolarise the membrane (IJ. The 1̂  current (a voltage-gated current) is activated by the hyperpolarisation 

of the membrane by and acts to lower the frequency of action potential firing. Calcium activated 

channels (I^c, current) are activated by the Ca^  ̂influxes that occur during each action potential and during 

prolonged stimulus these channels gradually slow the rate of firing until it eventually ceases. Inward rectifier 

potassium channels conduct outward K" current but only at potentials a few mV more positive than and 

they act to buffer the membrane potential around E^, the reversal potential for ions. Inward rectifier currents 

also influence paeemaker depolarisation.
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1.3 Types of Potassium channels

As mentioned in Section 1.2, potassium channels are an extremely diverse 

group of proteins. The role of the main types of channels in the repolarisation of the 

membrane potential is shown in Figure 1.1. Potassium channels can be classified 

into several families on the basis of the fimctional properties of potassium selective 

currents observed using electrophysiological methods. The main categories of 

potassium currents are categorised as voltage-gated (Kv family of channels), 

inwardly rectifying (Kir family of channels) and calcium-activated family of 

channels) currents. Another class of currents, knovm as background or leak current, 

has been described but is poorly characterized.

Potassium channels can also be classified on a structural basis as deduced 

from their primary amino acid sequence. Potassium channels classified in this way fall into 

three groups; six transmembrane domain one-pore channels (voltage gated 

channels), two transmembrane domain one-pore channels (inwardly rectifying 

channels) and four transmembrane domain two-pore channels (the two pore 

channels TWIKs), which are thought to be responsible for the majority of 

background conductances observed. The structures of the different types of 

channel are shown in Figure 1.2.

The remainder of this chapter will consider the characteristics of the different 

classes of potassium channels. Emphasis will be placed on general themes such as 

the assembly and trafficking of potassium channels. Issues relating to structure, 

function and assembly of ATP-sensitive potassium channels, the type of potassium 

channel studied in this thesis, will be dealt with in detail in the final section of this 

chapter.

Voltage gated and Ca^^ activated Potassium channels.

Cloning and characterisation: - This family of channels was the first type of 

potassium channel to be cloned. Before cloning and elucidation of the primary 

structure of these channels they were characterised by their activation at depolarised
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membrane potentials (see Figure 1.1). Some currents inactivated upon prolonged 

depolarisation. The biophysical properties of channel gating vary widely. A 

mutation in Drosophila, which causes its legs to shake when under anaesthesia, was 

mapped to a chromosomal location known as the Shaker locus (Papazian et. al.,

1987). DNA fragments from this locus were used to clone cDNA which when 

transcribed into mRNA and injected into oocytes expressed a voltage gated 

potassium conductance. A hydropathy plot derived from the amino acid sequence 

predicted a protein with six transmembrane segments with cytoplasmic N and C- 

termini • Comparison with the predicted membrane topology of Na^ and Ca^  ̂

channels, which have twenty-four transmembrane segments arranged in four groups 

of six, led to the prediction that these channels frmctioned as tetrameric 

assemblies. The crystal structure of the bacterial KcsA channel has provided 

definitive proof that this is indeed the case (Doyle et. al., 1998). Oligonucleotide 

probes corresponding to regions of the ShakeriyHK sequence were subsequently 

used to clone other closely related channel proteins. Three Shaker-\]ik.Q channels 

were cloned from Drosophila using this approach: Shal, Shab and Shaw (Butler et. 

al., 1990).

Types o f voltage-gated potassium channels: - A large number of homologous 

voltage-gated potassium channel genes were cloned in mammals. The diversity of 

these types of channels in Drosophila and mammals is achieved in different ways. In 

Drosophila diversity arises due to alternative splicing of the large number of exons in 

the channel gene. In mammals, there are a larger number of genes encoding for 

channel subunits (Wei et. al., 1990). The possibility of heteromultimerisation 

between different channel subunits contributes to a potentially enormous diversity of 

channel types. Several sub-families of voltage-gated potassium channels have been 

identified in humans based on their equivalence to the four types found in 

Drosophila. Kvl type channels are equivalent to Shaker, the Kv2 type is equivalent 

to Shab, the Kv3 type is equivalent to Shaw and Kv4 type channels are equivalent to 

Shal. More distantly related voltage-gated channels have also been cloned which 

can be classified into different subclasses, such as the HERG and KCNQ type 

channels. Ca^^-activated channels are often considered to be a subfamily of 

voltage-gated channels. They fall into three categories, large conductance

14



channels (BK channels), intermediate, and small conductance channels (SK 

channels). These channels differ in their single channel conductance, their 

mechanisms of calcium sensing and their sensitivity to calcium

Functions o f  voltage-gated potassium channels: -Genetic diseases arising 

from dysfunction of this class of channels illustrate the important physiological role 

of voltage-gated channels. It has been shown that mutations in HERG and 

KCNQl channels cause Long QT syndromes, which are characterised by 

irregularities in ventricular repolarisation (Curran et. al., 1995; Wang et. al., 1996). 

This increases the risk of sudden death due to cardiac arrythmias. Episodic 

ataxia/myokymia, characterised by uncontrolled muscle rippling when the body is 

under mental or physical stress, is linked to a dysfunction of the K vl.l channel 

(Browne et. al., 1994; Adelman et. al., 1995).

Inwardly rectifying potassium channels

Cloning and characterisation: - Members of this family of channels were initially 

cloned by expression cloning of mRNAs from rat kidney (Ho et. al., 1993) and mouse 

macrophages (Kubo et. al., 1993). Briefly, mRNA isolated from a tissue and size 

fractionated by sucrose density gradient centrifugation was microinjected into 

Xenopus oocytes and any potassium conductance expressed was examined 

electrophysiologically. The “pool” of size-fractionated mRNA that produced the 

current was used to construct a cDNA library. This cDNA library was then screened 

for functional channels by transcribing and injecting the mRNA into Xenopus 

oocytes. In this manner a cDNA clone corresponding to the channel was obtained. 

Fragments of these cDNA clones were subsequently used as oligonucleotide probes 

to screen numerous tissues for other inwardly rectifying potassium channels, which 

were then isolated and expressed. It should be noted that screening cDNA libraries 

with channel probes corresponding to voltage-gated channels did not lead to the 

cloning of any of these types of channels.

These channels had a distinct set of functional properties, which are discussed 

below. The conductance of an inwardly rectifying channel at a given potential was 

discovered to be dependent upon the external potassium ion concentration. At high
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concentrations of external potassium the conductance of the channel is increased. In 

addition the current-voltage relationship of the channel was dependent upon the 

equilibrium potential for (E^) not on the membrane potential per se. At potentials

negative to the inward current is higher than the equivalent outward current at

potentials positive to E^. This property is known as inward rectification. It has been 

shown that this rectification is dependent upon the presence of intracellular Mg^  ̂ions 

and polyamines such as spermine and spermidine (Picker et. al., 1994; Lopatin et. al., 

1994). The inwardly rectifying potassium channels cloned so far can be classified 

into seven subfamilies by their amino acid identity. Channels within subfamilies 

have greater than 60% amino acid identity and the family of channels as a whole 

share between 20-40% amino acid identity.

Structure o f  inwardly rectifying potassium channels : - After the expression 

cloning of the first inwardly rectifying channels, the amino acid sequences 

obtained predicted a channel structure with cytoplasmic N and C-termini and two 

transmembrane domains (designated M l and M2) joined by a pore region 

(designated H5). A schematic representation of inward rectifier channel structure is 

shown in Figure 1.2. The channel structure is similar to the portion of the voltage- 

gated channel containing S5, H5 and S6. The pore region is highly conserved 

between all potassium channels due to its critical importance in determining 

selectivity of the channel. A three amino acid motif within this pore region (GYG) 

has been shown to be critical for ion selectivity and is knovm as the channel 

signature sequence (Heginbotham et. al., 1994). The sequence shows very little 

variation between different types of channels, although variations of the GYG 

sequence do exist. For example, in Kir6.2 the sequence is GFG. The amino acid 

sequences of different members of inward rectifier channel subfamilies are most 

variable at the N and C-terminal regions as well as at the putative extracellular loop 

joining M l to the H5 region (Doupnik et. al., 1995). Site-directed mutagenesis 

studies have shovm that the degree of inward rectification of the channel is largely 

determined by the nature of specific amino acid residues that interact with 

polyamines and Mg^  ̂ions that block the channel pore firom the intracellular side. 

These residues are at particular positions in the M2 domain and the C-terminus 

(Yang et. al., 1995a; Taglialatela et. al., 1995). The strong inward rectifier Kir2.1 has
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negatively charged aspartate and glutamate residues at the M2 (D172) and C-terminal 

(E224) positions respectively that contribute to a binding site for Mg^  ̂and 

polyamines. The intermediate inward rectifier, Kir3.2 has a negatively charged amino 

I  acid at only one of the two equivalent positions and Kir6.2, which is a weak inward 

rectifier has neutral amino acids at both equivalent positions (N160 and S212). 

Mutation of D 172 to an asparagine or glutamine residue in Kir2.1 reduces inward 

rectification by decreasing the affinity for Mg^  ̂and polyamines (Stanfield et. al.,

1994). Conversely mutation of the asparagine at the equivalent position in the weak 

inward rectifier Kir 1.1 to aspartate (N171D) converts the channel to a strong inward 

rectifier (Wible et. al., 1994). Kir6.2 can be converted to a strong inward rectifier by 

N160D or N160E mutations (Shyng et. al., 1997a). Experiments using mutated 

channels with different rectification properties have been used to establish that, like 

their voltage-gated counterparts, inward rectifier channels function as tetramers 

(Yang et. a l, 1995b)

Functions o f inwardly rectifying potassium channels: -The electrical 

characteristics of inward rectifier channels allow them to play an important role in 

the control of membrane potential and cellular excitability. The degree of 

rectification of an inward rectifier is a strong determinant of its physiological role.

For example, a strong inward rectifier (e.g. Kir2.0 subfamily members) will allow 

prolonged depolarisations in tissues such as the heart to be energetically favourable 

by preventing massive efflux during the action potential. The physiological 

functions of the inward rectifier channel subfamilies along with a description of 

their particular characteristics will be considered individually in the rest of this 

section.

Types o f inwardly rectifying potassium channels : - 1) Kir 1.0 subfamily - 

ROMKl was cloned by Ho and colleagues in 1993 from rat kidney and was 

designated K irl.l, using the nomenclature adopted by Chandy and Gutman (Chandy 

and Gutman 1995). The name ROMKl comes from the fact that the mRNA used for 

the expression cloning was obtained from the renal outer medulla. It was the first 

inwardly rectifying K  ̂channel to be cloned. Since the discovery of ROMKl, several 

splice variants of the channel have been discovered with differing lengths of N- 

terminus. These variants have been designated Kirl.la-e. K irl.l channels display
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weak inward rectification and are expressed predominantly in the kidney where they 

are thought to play a role in the regulation of renal electrolyte transport. The splice 

variants of K irl.l are expressed in different portions of the renal tubes and they also 

show differential distribution in epithelial cell membranes despite identical 

electrophysiological characteristics (Boim et. al., 1995). This appears to indicate 

specific functional roles for the splice variants. There is evidence that K irl.l is 

expressed in the brains of rats where its function is unknown (Ho et. al., 1993; Kenna 

et. al., 1994). A distinguishing feature of this subfamily is the presence of a putative 

ATP binding site in the C-terminus, which is thought to confer ATP regulation on 

the channel (Ho et. al., 1993). Mutations in K irl.l have been found in patients 

suffering from Bartter’s syndrome, a disease characterised by hypokalemia, salt 

wasting, metabolic alkalosis, hypercalciura, hypereninism and hyperaldosteronism 

(Karoyli et. al., 1998; Simon and Lifton 1998; Simon et. al., 1996; Derst et. al.,

1997).

2) Kir2.0 subfamily - IRKl was discovered by expression cloning from the 

J774 murine macrophage cell line by Kubo and colleagues in 1993 and it was 

designated Kir2.1. Kir2.1 and three other members of this subfamily (Kir2.2, Kir2.3 

and Kir2.4) have been cloned from brain and heart cDNA libraries (Takahashi et. al., 

1994; Morisighe et. al., 1994; Raab-Graham et. al., 1994; Topert et. al., 1998). They 

are characterised by their strong inward rectification mediated by intracellular Mg^  ̂

ions and polyamines. Kir2.0 channels may constitute the current that keeps the 

resting potential close to the E^, the equilibrium potential for potassium ions. also 

plays a vital role in shaping the cardiac action potential. When the cell is depolarised 

during an action potential the I î channels will not pass any outward current, which 

results in a prolonged depolarisation phase. The repolarisation is initiated by the 

activation of voltage-gated channels whose large rapidly inactivating outward 

currents cause the membrane potential to reach membrane potentials just positive to 

Ek at which point the I î channels pass a small amount of outward current to set the 

resting potential again. Kir2.0 channels are also widely expressed in brain where the 

subtypes have a differential distribution that suggests specific functions for each of 

them in electrical signaling in the brain (Horio et. al., 1996).
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3) Kir3.0 subfamily'. - GERKl was cloned from rat heart and was designated 

Kir3.1 (Dascal et. al., 1993). Three other members of this family have subsequently 

been cloned and designated Kir3.2, Kir3.3 (Lesage et. al., 1994) and Kir3.4 (Ashford 

et. al., 1994). All members of this subfamily express strongly inwardly rectifying G- 

protein activated channels. The channels are directly activated by the G(3y subunit 

of the heterotrimeric G-protein complex (Reuveny et. al., 1994). The channels are 

activated via G-proteins by ligand binding to several receptors including receptors 

for acetylcholine, adenosine, dopamine, 5-HT and opioids. Kir3.1 and Kir3.4 co- 

assemble to form heteromultimeric channels which form the muscarinic receptor 

activated cardiac IK^ch current which slows the heart rate in response to acetylcholine 

(Krapivinsky et. al., 1995). These channels are also expressed in the central nervous 

system and the brain where they may play roles in the control of cellular excitability 

in response to neurotransmitters. For example Kir3.1 and Kir3.2 form a neuronal 

channel (Velimirovic et. al., 1996; Liao et. al., 1996). Heteromultimeric channels that 

contain Kir3.1 and Kir3.3 have identical properties to those containing Kir3.1 and 

Kir3.4 (Jelacic et. al., 1999).

4) Kir4.0 and KirS.O subfamilies : - Two groups cloned Kir4.1 independently 

in 1994 and 1995 (Bond et. al., 1994; Takumi et. al., 1995). Bond and colleagues 

also cloned Kir5.1. Kir4.2 was identified in the Down syndrome chromosome region 

1 (Gosset et. al., 1997), Kir5.1 will not produce functional channels in heterologous 

systems unless co-expressed with a Kir4.0 subunit. Co-expression of Kir5.1 with 

Kir4.1 'm Xenopus oocytes increases the size and single channel conductance of 

currents observed compared with those seen with Kir4.1 alone (Pessia et. al., 1996). 

Kir4.1/4.2/Kir5.1 heteromultimeric channels have been suggested to form an acid- 

sensitive channel (Pessia et. al., 2001). Kir4.1, like K irl.l, has an ATP-binding 

motif in its C-terminus (Isomoto et. al., 1997).

5) Kirô.O subfamily : -The uKATP-1 channel was cloned from |a rat pancreatic 

P-cell cDNA library by using oligonucleotide probes containing sequence from K irl.l 

and was designated Kir6.1 (Inagaki et. al., 1995a). The full length cDNA sequence of 

Kir6.1 was used to screen a human genomic library and from this the sequence of 

Kir6.2 was obtained. Anjoligonucleotide corresponding to part of the Kir6.2 sequence 

was then used to clone Kir6.2 from the cDNA library of the insulin-secreting cell
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line, MIN6 (Inagaki et. al., 1995b). The sequence identity between Kir6.1 and Kir6.2 

is 71% and the channel subtypes differ in their observed single channel conductance 

(Takano et. al., 1998). The channel signature sequence, which is usually GYG, is 

GFG in both Kir6.1 and Kir6.2, although the potassium ion selectivity is not affected. 

A feature of these channels is that co-expression with a sulphonylurea receptor is 

required for efficient functional expression in heterologous systems (Inagaki et. al., 

1995b). Kir6.2 subunits can form functional channels when expressed alone but co

expression with a sulphonylurea receptor increases functional expression by more 

than 35-fold (John et. al., 1998). The sulphonylurea receptor (SUR) is a member of 

the ATP binding cassette (ABC) superfamily of proteins (Aguilar-Bryan et. al.,

1995). The co-expression of Kirô.O subunits with SUR produces weakly inwardly 

rectifying potassium channels known as ATP-sensitive potassium channels (K^jp) 

that are sensitive to the levels of adenine nucleotides in the cell. These channels are 

thought to form a link between the membrane potential and the metabolic activity of 

the cell. Kirô.O and SUR subunits are expressed in a large number of tissues 

including pancreas, heart, brain, skeletal muscle and smooth muscle. The best- 

characterised physiological role of K^jp is in the pancreatic p-cell where it is 

involved in the regulation of glucose induced insulin secretion (Cook and Hales 

1984; Rorsman and Trube, 1985; Misler et. al., 198ô). The characteristics of this 

channel can be reproduced in heterologous systems by co-expression of Kirô.2 with 

SURl (Inagaki et. al., 1995b). The structure and functions of ATP-sensitive K  ̂

channels will be discussed at length in Section 1.5 of this chapter.

6) KirV.O subfamily : - This is the most recent inward rectifier subfamily to be 

discovered. The only member of the subfamily cloned so far is KirT.l which was 

cloned firom a brain cDNA library (Krapivinsky et. al., 1998; Partiseti et. al., 1998). 

The nearest “relation” in the inward rectifier family is K iri.3, which has a 38% 

sequence identity. The channel has very unusual properties; a very low single 

channel conductance (50fs compared to 10-80ps for other members of the family) 

and weak inward rectification that has no dependence on internal Mg^  ̂block. It has 

been proposed to form a background K  ̂current that may help to set the membrane 

potential. There is also a shallow dependence of the conductance on external K .̂ The 

channel is expressed at high levels in the small intestine and at lower levels in the
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stomach, kidney and brain. The channel has been proposed to functionally couple 

with the Na^ ATPase by recycling (Nakamura et. al., 1999).

Two pore domain potassium channel family (2-PK channels).

Cloning and characterisation. : - The first member of the twin pore inward rectifier 

family was cloned and characterised from a human kidney cDNA library and is 

known as TWIK-1 (Lesage et. al., 1996). When expressed m Xenopus oocytes the 

channels formed are weakly inwardly rectifying, the rectification being dependent 

upon the presence of Mg^  ̂ions. The channel also appears to be inhibited by 

decreases in intracellular pH albeit indirectly given that acidification of the bathing 

solution when channel currents are being measured in the excised patch configuration 

has no effect on channel activity. The TWIK-1 channels are ubiquitously distributed 

with particularly high expression in the heart and brain. It has been speculated that 

TWIK-1 along with other members of the family form the basis of background K  ̂

conductances observed in most tissues. The recent sequence of the C.elegans 

genome has shown these types of twin-pore channels are very common, making up 

over half of the total complement of K  ̂channels (Wei et. al., 1996).

Since the cloning of the first member of this family a number of proteins of 

the same type have been discovered; TREK (Fink et. al., 1996a), TASK (Duprat et. 

al., 1997), TASK2 (Reyes et. al., 1998), TWIK2 (Chavez et. al., 1999) and TRAAK 

(Salinas et. al., 1999).

Structure o f  two pore channels. : - Hydropathy plots derived from the 

primary amino acid structure of TWIK-1 showed a unique structural arrangement as 

shown in Figure 1.2. Four transmembrane domains and two P-loops were identified 

(Lesage et. al., 1996). The potassium selectivity sequence in the second P-loop 

comprised GLG instead of GYG. The overall structure is similar to a tandem repeat 

of two fused inward rectifier channel subunits and as such the channels are believed 

to function as dimers.

Functions o f two pore channels. : - This class of channels is thought

to comprise the majority of the so-called background potassium currents observed in 

a wide range of tissues. There is also evidence that the channels are involved in
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oxygen sensing in neuroepithelial cell bodies, where an oxygen sensitive current 

is carried by a TASK-1 type channel (O’Kelly et. al., 1999).
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1.4 Assembly and Trafficking of Potassium channels.

The studies described in this thesis attempt to answer questions related to the 

assembly and trafficking of ATP-sensitive potassium channels. It is worthwhile 

considering the general themes of potassium channel assembly and trafficking as a 

background to my studies.

Potassium channels are generally assembled in a tetrameric arrangement, the 

four channel subunits contributing to the channel pore and selectivity filter. These 

pore forming subunits (known as alpha subunits) can assemble with auxiliary 

proteins that can alter the trafficking and functional properties of the channel (known 

as beta subunits). In this section the assembly of potassium channels will be 

discussed with reference to alpha-alpha subunit interactions and alpha-beta subunit 

interactions. The functional consequences of co-assembly will also be discussed.

Alpha-Alpha subunit interactions.

The tetrameric arrangement of potassium channel pore-forming subunits 

raises several issues when assembly is considered. Firstly, can different potassium 

channel gene products co-assemble to form heteromultimeric channels with unique 

properties? The answer to this question for some potassium channel subunits is yes 

and examples will be discussed below. Secondly, what governs whether particular 

potassium channel subunits will assemble with each other? The answer to this 

question is slightly more complicated and will also be discussed in this section. The 

first question has been addressed by studies presented in this thesis for the pore- 

forming subunits of the ATP-sensitive channel (see Chapter 7).

The assembly of potassium channel subunits from the same subfamily to 

form homomultimeric channels readily occurs in most cases. However, there is good 

evidence from both heterologous systems and native tissues that in some cases 

different potassium channel gene products will co-assemble to form 

heteromultimeric channels. In the case of voltage-gated potassium channel family, 

co-assembly of different gene products corresponding to alpha subunits has been
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observed in native tissues. Voltage-gated potassium channels have a large number of 

subfamilies, usually with several members! in each subfamily. The Kvl {Shaker), 

Kv2 {Shab), Kv3 {Shaw) and Kv4 {Shal) subfamilies are all closely related as evident 

from their cloning from Drosophila using a Shaker cDNA probe. These different 

channel subtypes display different activation and inactivation kinetics. It is clear that 

heteromultimerisation has the potential to greatly increase diversity of potassium 

channels by allowing the formation of channel complexes with intermediate 

properties. The assembly of Kv channel subfamilies has been the focus of intensive 

study and can be used to make general observations about potassium channel 

assembly. Studies indicated that functional co-assembly could occur between 

members of subfamilies but not between members of different subfamilies (Christie 

et. al., 1990; Isacoff et. al., 1990; Ruppersberg et. al., 1990; Covarrubias et. al., 1991; 

Li et. al., 1992; Po et. al., 1993.). For example, a heteromultimer of K vl.2 and 

Kvl .4 was proposed to constitute a functional current in rat brain on the basis of co- 

immunoprecipitation studies (Sheng et. al., 1993). However, other studies have 

shown that co-assembly between members of different subfamilies is possible 

(Shahidullah et. al., 1995; Chen et. al., 1996). Several studies involving a 

combination of biochemical in-vitro studies and functional studies with dominant 

negative mutants attempted to determine regions of the channel responsible for co

assembly. A domain in the N-terminus of these channels composed of approximately 

100 amino acids was implicated as a mediator of assembly of these channels (Li et. 

al., 1992; Shen et. al., 1993; Lee et. al., 1994; Babila et. al., 1994; Hopkins et. al., 

1994; Xu et. al., 1995). This domain was termed the T1 or NAB domain and 

expression of this domain alone in-vitro shows that it forms a tetramer consistent 

with it functioning as an assembly domain (Abbott et. ak, 1997). It can also be 

thought of as a compatibility domain, which prevents channel subunits interacting 

with subunits from different subfamilies. The T1 domain is also important in the 

mediation of alpha-beta subunit interactions as discussed later. However, it should 

be noted that other studies have shown that the T1 domain is not solely responsible 

for channel assembly (Tu et. al., 1996; Peled-Zehavi et. al., 1996; Sheng et. al.,

1997). Indeed, some subfamilies of the jvoltage-gated potassium channel family do 

not contain a T1 domain. Study of the molecular assembly of KCNQ and eag
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families of potassium channel suggests the existence of C-terminal assembly 

domains (Ludwig et. a l, 1997; Schmitt et. al., 2000).

The identification of the T1 domain as a self oligomerizing assembly motif 

led to studies aimed at elucidating the molecular basis of the channel assembly 

mediated by this domain. The structure of the tetrameric T1 domain fi'om the Shaker 

and Shaw subfamilies was determined by x-ray crystallography (Kreusch et. al.,

1998). Each monomer has a “core” region, which is composed of amino acids 

conserved between T1 domains firom different Kv subfamilies, suggesting that this 

region forms a scaffold for tetrameric assembly, and a “variable” region that forms a 

polar interface between interacting domains. It can be assumed that residues in the 

“variable” region are responsible for the specificity of channel subunit assembly.

The crystal structure also provides an insight into the molecular nature of interactions 

between subunits. Residues at the interfaces of the T1 domains are largely polar and 

interactions between domains are predominantly salt bridges and hydrogen bonds 

between side chains. A large number of interacting sites are present and are spread 

across the whole interface area.

In the case of the inwardly rectifying family the best-characterised example of 

a heteromultimeric channel is the acetylcholine activated potassium channel 

expressed in cardiac myocytes (IxACh), which has been shown to be a heteromultimer 

of Kir3.1 and Kir3.4 (Krapivinsky et. al., 1995). Kir3.1 and Kir3.2 heteromultimerise 

to form a neuronal channel (Velimirovic et. al., 1996). Co-assembly between 

members of different subfamilies has also been observed in several cases. As 

mentioned earlier KirS.l forms heteromultimeric channels with Kir4.1 and Kir4.2 

(Pessia et. al., 1996; Pessia et. al., 2001). There is also evidence that Kir4.1 forms 

functional heteromultimeric channels with Kir2.1 and Kir 1.1 (Glowatzki et. al.,

1995; Fakler et. al., 1996). In addition Kir3.4 has a dominant-negative effect on 

Kir4.1 currents (Tucker et. al., 1996). In contrast, other studies have shown that 

homomultimerisation is highly favoured by Kir2.1 subunits that do not co-assemble 

with even the closely related homologue, Kir2.2 (Tinker et. al., 1996; Raab-Graham 

and Vandenberg 1998). The heteromultimerisation of inward rectifier channels 

appears to be case specific and cannot be predicted by comparing structural or 

functional homology. Identifying the regions of inwardly rectifying potassium
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channels responsible for assembly has been the subject of extensive study. The N- 

terminus, transmembrane regions and proximal C-terminus have all been implicated 

in subunit interactions (Fink et. al., 1996b; Tucker et. al., 1996; Tinker et. al., 1996; 

Woodward et. al., 1997). Unlike the Kv potassium channel subfamily, no assembly 

domain has been conclusively identified, although it is likely that the M2 

transmembrane segment and the proximal C-terminus forms a domain which is 

important in co-assembly of inward rectifier subunits and in determining 

compatibility between subunits, whilst the N and C-terminal regions and other 

transmembrane segments are involved in non-specific stabilisation of the tetramer.

The assembly of twin pore potassium channels has not been quite as 

extensively studied. It is assumed that fimctional channels operate as dimers. In 

TWIK, a cysteine residue in a large extracellular domain between the first 

transmembrane domain (Ml) and the first P region (PI) has been implicated in the 

formation of a covalent disulphide bond between monomeric channels (Lesage et. al.,

1996). This cysteine residue is not present in TASK so it is not a general mechanism 

of assembly in the family. The extended C-terminus of TASK could possibly act as 

an alternative assembly motif although this hypothesis has not been tested 

experimentally.

In summary, the “rules” governing assembly between potassium channel 

pore-forming subunits differ depending upon the type of channel being considered. 

The assembly of some types of Voltage-gated potassium channels, particularly the Kv 

subfamilies appears to be largely dependent upon a T1 tetramerisation domain, which 

also determines compatibility between members of a subfamily. On the whole

heteromultimerisation between members of the same Kv subfamily can occur but not 

between members of different Kv subfamilies. This is probably due to the “variable” 

region on the T1 domain, which is poorly conserved between different Kv 

subfamilies. However, the observation that other types of voltage-gated potassium

channels such as the HERG subfamilies do not possess a T1 domain and can still
i

form functional tetrameric channels provides evidence for the role of other regions 

in determining compatibility. The M2 and proximal C-terminus of inward rectifier 

potassium channels has been postulated to play a similar role in assembly as the T1 

domain in Kv channels. Heteromultimerisation between inward rectifier channels
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from different subfamilies can occur but the rules governing compatibility are 

unclear at present and appear to be case-specific.

Alpha-Beta subunit interactions.

The preceding section discussed the assembly of pore-forming (alpha) 

subunits. A further consideration when looking at potassium channel assembly is the 

interaction of the pore-forming subunits with auxiliary proteins (beta subunits), 

which can alter the functional properties of the channel or affect trafficking.

Beta subunits have a diverse range of structures and are unrelated to each 

other, although some multigene families of beta subunits do exist (see below). They 

range from soluble cytoplasmic proteins to large transmembrane proteins. Examples 

of the structures of beta subunits are shown in Figure 1.3. Unlike alpha subunits, 

which exist only in a predefined stoichiometry (i.e. tetramers), different beta subunits 

can interact with alpha subunits in a range of stoichiometries. For example the 

interaction of the beta subunit KCNEl with KCNQl can occur in different 

stoichiometries, which appears to have different functional consequences in terms of 

modulation of voltage-dependent gating (Wang et. al., 1998). In contrast, the 

interaction of the sulphonylurea receptor with Kirb.O subunits is tightly controlled to 

ensure that only complexes with a 1:1 stoichiometry form functional channels 

(Zerangue et. al., 1999).

A family of beta subunits were identified which interact with the Kv family 

of alpha subunits and are known as Kvp subunits (Rettig et. al., 1994). They are 

soluble cytoplasmic proteins and several different isoforms exist (Scott et. al., 1994; 

England et. al., 1995; Fink et. al., 1996c). Assembly of these beta subunits can alter 

the inactivation properties of Kv channels and increase cell surface expression. KvP 

subunits greatly increase the spectrum of properties of Kv potassium channels, which 

allows finer control of functions such as repolarisation of the action potential. Kvpl 

subunits have been shown to interact with the T1 domain of a Kv subunit (Sewing et. 

al., 1996; Yu et. al., 1996). However, there is also evidence that Kvp4 subunits 

interact with the C-terminus of Kv2.2 (Fink et. al., 1996c). Interactions between KvP 

subunits and Kv channels shows subunit specificity. For example, Kvpi and Kvp2
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interact with Kvl but not Kv2 channels (Nakahira et. al., 1996). The crystal structure 

of Kvp2 alone (Gulbis et. al., 1999) and Kvp2 complexed with the XI domain of 

K vl.l (Gulbis et. al., 2000) has been elucidated. Four contact loops in the tetrameric 

XI domain contact a relatively flat contact surface on the tetrameric P subunit. These 

contact loops have been postulated to form the basis of subunit specific alpha-beta 

interactions given that they are conserved within a given Kv subfamily but not 

between subfamilies. The importance of Kvp subunits in the correct functioning of 

some voltage-gated K  ̂channels is underscored by the existence of the hyperkinetic 

mutant in Drosophila^ which is caused by a mutation in a KvP subunit (Chouinard et. 

al., 1995).

Two other types of cytosolic beta subunit, which interact with the Kv family 

of alpha subunits have been described. The KChIP family contains three members 

corresponding to three different gene products. They have been shown to specifically 

bind to the C-terminus of Kv4 type channels and when co-expressed with Kv4.2 they 

increase current density (a possible positive effect upon membrane trafficking), shift 

voltage activation to more hyperpolarized potentials and slow inactivation. The C- 

terminus of these subunits contains four EF hand motifs, which are implicated in 

calcium binding. Mutations of these motifs appear to abolish functional but not 

biochemical interaction (An et. al., 2000). The KChAP family of beta subunits 

contains only one member at present and is thought to act as a molecular chaperone 

that increases surface expression of some types of Kv channels (Wible et. al., 1998). 

KChAP is thought to exert its chaperone effect by direct interaction with the N- 

terminus of the Kv channel.

Other members of the voltage-gated potassium channel subfamily also have 

their own unique beta subunits. For example, the KCNQ and eag family of channels 

have beta subunits with similar structures, which form the KCNE family. The KCNE 

family of beta subunits are characterised by their simple structure, containing one 

transmembrane domain with extracellular N and intracellular C-termini (see Figure 

1.3B). They interact with voltage-gated K  ̂channels of the KCNQ and eag 

subfamilies where they profoundly alter channel properties (Barhanin et. al., 1996; 

Sanguinetti et. al., 1996; Abbott et. al., 1999), The mechanism of these profound 

modulatory effects is not clear and is the subject of considerable study. It has been

28



demonstrated that the C-terminus of KCNEl interacts directly with the pore of 

KCNQl (Romey et. al., 1997).

Ca^^-activated potassium channels are also modulated by beta subunits. The 

large conductance Ca^^-activated potassium channel (BK channel) interacts with the 

KCNMB family of beta subunits which have two transmembrane domains (Knaus et. 

al., 1994). Co-expression of the BK channel with the beta subunit KCNMB 1 

enhances the calcium and voltage sensitivity of the channel (McManus et. al., 1995). 

A putative extra transmembrane domain present at the N-terminus of BK channels 

has been shown to be a key component in interactions with the beta subunit (Wallner 

et. al., 1996).

Inwardly rectifying potassium channels interact with members of the ATP 

binding cassette (ABC) transporter superfamily. These proteins can be considered a 

beta subunit for inward rectifier pore-forming subunits. The best example of a 

complex between an inward rectifier and an ABC transporter protein is the ATP- 

sensitive potassium channel, which is formed from an octameric complex of Kir6.0 

subunits and sulphonylurea receptor (SUR) subunits in a 1:1 stoichiometry (Clement 

IV et. al., 1997). It is the investigation of how these subunits assemble that forms a 

large portion of the data presented in this thesis. The structure and function of ATP- 

sensitive potassium channels will be considered in depth in the next section of this 

chapter. Co-assembly of Kir6.0 subunits with SUR subunits is required for efficient 

functional expression and it has been suggested that SUR plays a chaperone type role 

in trafficking the channel complex to the plasma membrane (Inagaki et. al., 1995b; 

John et. al., 1998). SUR also modulates the properties of the channel itself, 

sensitising the channel to ATP and conferring MgADP activation on the channel 

(Nichols et. al., 1996; Gribble et. al., 1997; Tucker et. al., 1997). It also bestows on 

the channel sensitivity to a variety of pharmacological agents including the 

sulphonylurea class of potassium channel inhibitors (e.g. glibenclamide and 

tolbutamide) and potassium channel openers such as diazoxide and pinacidil (Gribble 

et. al., 1997; Inagaki et. al., 1995a). SUR has been postulated to act as a receptor for 

an endogenous channel regulating protein, alpha-endosulfine, which can inhibit 

channel opening (Heron et. al., 1998). A SUR subtype, SURI has been suggested to 

couple with Kirl.O inward rectifiers and with inward rectifiers endogenous to
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Xenopus oocytes (Ammala et. al., 1996). Another member of the ABC transporter 

superfamily, the cystic fibrosis transmembrane conductance regulator (CFTR) has 

been shown to interact functionally with Kir6.1 and K iri.2 (McNicholas et. al., 1996; 

Ruknudin et. al., 1998; Ishida-Takahashi et. al., 1998).

In summary, the interaction of beta subunits with pore forming alpha subunits 

further increases the potential for diversity of physiologically observed potassium 

currents by modulating the characteristics of current carried by pore-forming 

subunits. In addition to the often profound modulatory effects beta subunits have on 

channels, these subunits have been implicated in the enhanced trafficking of pore- 

forming subunits to the plasma membrane in many cases. The diverse nature of 

different beta subunits and the absence of generally conserved structural motifs (such 

as the XI domain on alpha subunits) make it difficult to make generalisations about 

how beta subunits interact with alpha subunits. It is important for the understanding 

of the molecular mechanism of the modulatory effects of these beta subunits that the 

manner of interaction with the alpha subunit is elucidated. In the absence of 

crystallographic data in almost all cases, biochemical studies defining interacting 

regions are an important first step in understanding the molecular mechanism of 

channel function. By the same token, it is important to define the regions on the 

pore-forming subunits responsible for interaction with auxiliary beta subunits. In the 

case of voltage-gated potassium channels (namely the Kv subfamily), the XI domain 

appears to determine interactions between alpha and beta subunits. However, in the 

case of other types of potassium channel the situation is not so clear and biochemical 

studies are required on a case-by-case basis to ensure whether similar rules apply.

The studies described in Chapter 5 of this thesis have attempted to identify the 

regions on Kir6.0 subunits responsible for interaction with SUR subunits. These 

studies will give an insight into how the channel might function at a molecular level 

and also provides a test of the hypothesis that the M2 region and proximal C- 

terminus of inward rectifiers plays a similar role to the XI assembly domain in 

voltage-gated channels in determining alpha-alpha and alpha-beta subunit 

interactions.
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Figure 1.2- Stmcture o f channels.

The schematic diagrams above show the structure and topology of the three types 

of channel. A shows the voltage-gated charmel structure. Note the presence of the 

S4 voltage sensing transmembrane domain not present in the other types. The P region 

contributes to the pore and is largely responsible for selectivity. B shows the inward 

rectifier channel structure with two transmembrane domains (Ml and M2) and the P 

region (also known as the H5 region). C shows the structure of the most abundant 

class o f K channels, the twin pore channels. Note the presence o f four transmembrane 

domains and two P regions (PI and P2). Four P regions contribute to the channel pore, 

therefore voltage-gated and inwardly rectifying channels function as tetramers, whereas 

the twin pore channels function as dimers.
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.3 Structure of potassium channel beta subunits.

Beta subunits have a div erse array of structures. They can be cytosolic proteins (K\ P, KChlP or KChAP subunits) or integral membrane 
proteins (KCNE andl^CNMBfamily). One of the most complex modulator} subunits is the Sulphonylurea receptor, a member of the 
ATP-binding cassette superfamily of proteins. It complexes with Kirb.O subunits to form an ATP-sensitive potassium channel complex.
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1.5 ATP-sensitive potassium channels.

This thesis describes studies investigating issues relating to the molecular 

assembly and trafficking of ATP-sensitive potassium channels (K^jp)- This section 

gives an overview of the structure and fimction of these channels as well as outlining 

the issues investigated in this thesis.

Initial identification ofK^TP-

An ATP-sensitive, inwardly rectifying current was first observed in 

ventricular and atrial myocytes isolated fi'om guinea pig and rabbit hearts (Noma 

1983). This current was enhanced by metabolic inhibition or hypoxia and inhibited 

by intracellular ATP. A potassium current with similar characteristics was also 

described around the same time in guinea pig ventricular myocytes (Trube and 

Hescheler 1983). Since that initial identification, channels have been observed 

in skeletal and smooth muscle (Spruce et. al., 1985; Standen et. al., 1989), pancreatic 

p-cells (Cook and Hales, 1984) and in the central nervous system (Ashford et. al., 

1988; Ashford et. al., 1990) as well as in mitochondrial membranes (Inoue et. al., 

1991).

The characteristics of ATP-sensitive channel currents observed in different 

tissues can differ due to differences in molecular composition of the channel 

complex, as explained later. However, the main characteristics of the channels are 

that they are inhibited by intracellular ATP and activated by MgADP. channels 

from different tissues vary in the extent to which they are regulated by these and 

other intracellular factors. K̂ ^̂ p chaimels are also affected by a variety of 

pharmacological agents. Sulphonylureas such as glibenclamide and tolbutamide 

inhibit channel activity and a diverse set of compounds known as potassium channel 

openers (KCO’s) stimulate channel activity. Examples of KCO’s are diazoxide, 

cromakalim and pinacidil. K^^p channels fi'om different tissues often have 

differential sensitivities to these agents due to differences in molecular composition 

of the channel complex.
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Functions o f

The best-characterised physiological function of ATP-sensitive potassium 

channels is in the pancreatic P-cell where it is involved in the regulation of glucose 

induced insulin secretion. The P-cell K^tp channel sets the resting potential of these 

cells in the absence of high levels of glucose, confirmed by Kir6.2 knockout mice 

where the membrane potential of P-cells is permanently depolarised by 

approximately 40mV (Miki et. al., 1998). Depolarisation of p-cells has been shown 

to cause insulin secretion (Dean and Matthews, 1968). When the levels of glucose in 

the bloodstream rise (for example after a meal), glucose is transported into the p-cell 

via a glucose transporter. The increased levels of glucose in the P-cell stimulate 

glycolysis and consequently increase ATP production with a concomitant decrease in 

the levels of MgADP. This change in the levels of nucleotides in the cell causes the 

closure of channels, which leads to a depolarisation of the plasma membrane. 

The depolarisation activates L-type i yoltage-gated Ca^  ̂channels and the increase in 

cytoplasmic Ca^  ̂levels stimulates exocytosis of insulin-containing vesicles. After 

insulin has stimulated uptake of glucose from the bloodstream, glucose levels in the 

pancreatic p-cell will fall and the adenine nucleotide ratio will revert back to the 

fasting level. Inhibition on channels will thus be lifted and the membrane will 

be repolarised leading to cessation of insulin release. This process is summarised in 

Figure 1.4. Defects in K^tp» a result of mutations in channel genes, can cause 

persistent hyperinsulinémie hypoglycaemia of infancy (PHHI), a disease 

characterised by constitutive insulin secretion in newborns despite severe 

hypoglycaemia (Thomas et. al., 1995; Kane et. al., 1996; Dunne et. al., 1997). It 

should be noted that mutations that result in increased activity of glucokinase and 

glutamate dehydrogenase also cause hyperinsulinism by increasing the rate of 

metabolism (Glaser et. al., 1998; Stanley et. al., 1998). Somewhat surprisingly 

neither Kir6.2 or SURl knockout mice displayed the PHHI phenotype despite the 

absence of K^^p currents in pancreatic P-cells (Miki et. al., 1998; Seghers et. al., 

2000). It has been suggested that this paradox may be due to differences between 

insulin secretory responses to glucose in mouse and human p-cells (Seghers et. al.,
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2000). It is clear from the knockout studies that there are K^yp-independent pathways 

that regulate insulin secretion.

The role of K^yp channels in smooth muscle is also well characterised. The 

observation that glibenclamide causes vasoconstriction of various arteries showed 

that K^yp channels play an important role in the maintainance of resting membrane 

potential and vascular tone (Clapp and Gurney 1992; Samaha et. al., 1992; Daut et. 

al., 1994; Nagao et. al., 1996).

The function of K^yp channels in other tissues is the subject of some debate 

and controversy. The general consensus is that K^yp plays a protective role in a 

variety of tissues during metabolic impairment. In myocytes, K^yp channels can be 

opened by exposure to hypoxic or ischaemic conditions (Noma et. al., 1983). The 

outward current carried by these channels will serve to reduce the duration and 

frequency of the action potential, which will reduce Ca^  ̂influx, decrease muscle 

contraction and therefore conserve cellular ATP levels. Opening of K^yp channels in 

neurons may also serve a similar protective function. For example, studies using the 

Kir6.2 knockout mouse have shown that K^yp channels in the substantia nigra pars 

reticulata of the brain play a protective role in seizures induced by metabolic stress 

(Yamada et. al., 2001). Activation of K^yp channels by hypoxia decreases the firing 

rate of the neurons in this brain region, thus preventing seizures. Several studies 

have shown that KCO’s can exert profound cardioprotective effects, for example by 

minimising ischaemia reperfusion injury (Lamping et. al., 1985; Grover et. al., 1989; 

Grover et. al., 1990a; Grover et. al., 1990b; Grover et. al., 1991). Cardiac K̂ yp 

channels have been suggested as a therapeutic target in the treatment of myocardial 

ischaemia (Grover and Garlid 2000). A role of K^yp channels in the phenomenon of 

ischaemic preconditioning has been postulated, though the precise molecular 

mechanism remains uncertain. Ischaemic preconditioning describes a phenomenon 

observed in the heart whereby a short period of ischaemia protects the organ from a 

subsequent prolonged bout of ischaemic insult (Murry et. al., 1990). One of the most 

likely explanations for the physiological mechanism of this phenomenon involves 

activation of mitochondrial Kŷ yp (mitoKy^yp) channels as proposed by Garlid and 

colleagues in 1997. The evidence for the involvement of mitoKy^yp is largely 

pharmacological, with studies showing that compounds specific for mitoKy^yp can
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mimic preconditioning. For example, the KCO diazoxide has been shown to mimic 

ischaemic preconditioning in isolated rat hearts at concentrations that have no effect 

on plasma membrane K^jp (as assessed by the lack of action potential shortening) but 

have been shown to activate mitoK^yp in isolated mitochondria (Garlid et. al., 1997). 

The mechanism by which activation of mitoKŷ -pp causes preconditioning is unclear at 

the present time. However, mitoK^TP has been implicated in the maintenance of 

mitochondrial volume and it has been suggested that mitoK^yp plays a role in 

maintaining mitochondrial architecture and preserving function to ensure that cellular 

ATP levels are not depleted during ischaemia (Garlid 2000). The signal for opening 

mitoK^yp during ischaemia is still not fully understood although it is thought to 

involve activation of Protein kinase C by adenosine A1 receptors (Grover et al.,

1992; Hu et. al., 1996). There is evidence for similar protective effects exerted by 

K̂ PP channels in other tissues. For example, K^^p channel opening has been shown 

to be protective in cerebral and skeletal muscle ischaemia (Heurteaux et. al., 1995; 

Pang et. al., 1997).

K^pp channels play a role in the glucose sensing of glucose responsive 

neurons in the ventromedial hypothalamus. In the presence of low levels of glucose, 

the K^pp channels are activated leading to a decrease in the firing rate of the neuron 

(refer to Figure 1.1), which leads to a stimulation of glucagon secretion. Studies on 

the Kir6.2 knockout mouse showed a lack of glucose responsiveness in a subset of 

glucose-sensitive hypothalamic neurons which resulted in impaired glucagon 

secretion (Miki et. al., 2001).

The role of K̂ pp channels in skeletal muscle has not yet been clearly defined. 

However, the opening of channels with KCO’s such as cromakalim has been shown 

to abolish spontaneous twitches in disease states such as myotonia congenita and 

periodic paralysis (Spuler et. al., 1989; Quasthoff et. al., 1990). This suggests that 

skeletal muscle K̂ pp channels may play a role in the regulation of muscle 

excitability. There has also been a suggestion from studies with Kir6.2 knockout 

mice that skeletal muscle K^pp channels may be involved in glucose transport (Miki 

et. al., 1997; Miki et. al., 1998). As mentioned above, K^pp channel opening in 

skeletal muscle may exert a protective effect during ischaemia.
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Figure 1.4 Role oI’Katp in insulin secretion.

The schematic diagrams above show the events proposed to lead to insulin secretion in a pancreatic beta-cell in response to elevated blood glucose. At low levels of blood 

glucose Katp hyperpolarises the membrane, keeping voltage-gated calcium channels closed. At high levels of blood glucose, for example after a meal, the increased 

concentration of glucose in the cell (transported into the cell via a glucose transporter) causes an increase in the rate of glycolysis resulting in increased ATP generation 

with a concomitant decrease in ADR This change in the ratio of adenine nucleotides causes K^. channel closure. Closure of channels depolarises the cell to a 

potential that falls within the threshold of activation of voltage-gated Câ  ̂channels. The subsequent calcium influx stimulates exocytosis of insulin containing granules 

(blue circles on the diagram). The secretion of insulin causes glucose levels in the bloodstream to fall resulting in reopening of beta-cell channels. The subsequent 

hyperpolarisation of the membrane inactivates voltage-gated Câ * channels and results in cessation of insulin secretion.
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Molecular identity o f Ky^fp.

Initial studies of K̂ -̂p concentrated on the electrophysiological and 

pharmacological characterisation of ATP-sensitive potassium currents in various 

tissues. It was clear that the identification of the protein or protein complex 

responsible for forming the channel was a matter of vital importance. It had long 

been known that sulphonylurea compounds had a depolarising effect on pancreatic P- 

cells, which enhances insulin secretion (Dean and Matthews, 1968). Indeed, 

sulphonylureas such as tolbutamide had been used in the treatment of non-insulin 

dependent diabetes mellitus. Further studies showed that low doses of these 

compounds were specific blockers of channels (Sturgess et. al., 1985). The high 

affinity sulphonylurea receptor was purified from a pancreatic p-cell line, HIT-T15, 

using a multi-step purification strategy (Aguilar-Bryan et. al., 1995). The N-terminal 

sequence from the purified protein was used to construct several oligonucleotides 

encoding the peptide sequence. These nucleotides were used to screen cDNA 

libraries of HIT-T15 and RINm5F insulin secreting cell lines, derived from hamster 

and rat respectively. In this manner, cDNA corresponding to hamster and rat SUR 

was obtained. Transfection of this cDNA into C0Sm6 cells resulted in expression of 

a high affinity sulphonylurea binding protein, confirming the identity of the cDNA. 

This protein was eventually designated SURl after the cloning of different subtypes 

(see below). The SURl protein contained 1582 amino acids and was identified as a 

member of the ATP-binding cassette (ABC) transporter superfamily of proteins. The 

putative structure of SUR is shown in Figure 1.3D. However, injection of SURl 

mRNA alone into Xenopus oocytes did not produce an ATP-sensitive 

conductance, nor when co-injected with mRNA corresponding to Kiri .1 and Kir3.4. 

This finding led to the suggestion that another component of K^jp, namely an 

inwardly rectifying pore-forming subunit, was still to be discovered. Kir6.1, which 

had recently been cloned, was expressed in pancreatic islets but not insulin-secreting 

cell lines and a homologous channel was postulated to be expressed in p-cells 

(Inagaki et. al., 1995a). Consequently, a human genomic library was screened for
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homologous proteins with full-length cDNA corresponding to Kir6.1. This screening 

yielded a cDNA sequence encoding a similar protein, designated Kir6.2. Co

expression of Kir6.2 and SURl in COS-1 and C0Sm6 cell lines dinà. Xenopus 

oocytes produced conductances with the main characteristics of the 

conductance observed in P-cells (Inagaki et. al., 1995b). This provided compelling 

evidence that (in pancreatic P-cells) was a heteromeric complex of an inwardly 

rectifying potassium channel, Kir6.2 and an ABC transporter protein SURl.

As mentioned in the section above, the pancreatic p-cell K^xp channel was 

identified as a complex of Kir6.2 and SURl. To date, Kir6.1 and Kir6.2 are the only 

members of the Kir6.0 subfamily. Further studies resulted in the cloning of other 

subtypes of sulphonylurea receptor using SURl oligonucleotides. The SUR2 

subtype was cloned from a rat brain cDNA library and when co-expressed with 

Kir6.2 reconstituted a conductance with similar properties to that observed in 

cardiac and skeletal muscle tissue (Inagaki et. al., 1996). Another SUR2 subtype was 

cloned from a mouse heart cDNA library and was found to differ from the other 

SUR2 clone only by the 42 C-terminal amino acids (Isomoto et. al., 1996). These 

proteins were named SUR2A and SUR2B respectively and are encoded by the same 

gene; the difference in C-termini arises from the use of two alternative final exons. 

Another variety of SUR2 has been described which contains a deletion of 35 amino 

acids near the first nucleotide-binding domain of the protein and has been designated 

SUR2C (Chutkow et. al., 1996). A splice variant of SURl has also been cloned from 

a hypothalamic cDNA library (Sakura et. al., 1999). It lacks exon 33 and the resultant 

frameshifr causes truncation of the protein before the second nucleotide binding 

domain (NBD2).

The Kir6.0 subunits have the typical structure of an inwardly rectifying 

potassium channel as shown in Figure 1.2, with two transmembrane domains, a 

conserved pore (H5) region and cytoplasmic N and C-termini. The Kir6.2 and Kir6.1 

subunit subtypes differ in their single channel conductance, Kir6.1 has a conductance 

of around 35pS, whereas Kir6.2 has a conductance between 70-80pS. The difference 

in conductance observed between the two channel subtypes is due to differences in 

extracellular regions of the proteins adjacent to the pore regions, which possibly 

cause steric effects on ion conduction (Konds et. al., 1998; Repunte et. al., 1999).
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The SUR subunits are members of the ABC transporter superfamily of 

proteins. These types of proteins are characterised by the presence of two nucleotide 

binding domains (NBDs) which contain Walker A and Walker B motifs involved in 

nucleotide binding and hydrolysis (Walker et. al., 1982) and an ABC signature motif 

located between the Walker motifs (Klein et. al., 1999). The Walker motifs are 

regions that are homologous between distantly related proteins that employ ATP in 

catalysis. The Walker A motif forms a flexible loop structure with the sequence Gly- 

X-Gly-X-Gly followed by a lysine residue that has been postulated to bind the a- 

phosphate of ATP. The Walker B motif forms a hydrophobic beta-sheet structure 

with an adjacent aspartic acid residue that is proposed to interact with the magnesium 

ion of MgATP. It has been shown that mutations in amino acid residues in these 

motifs profoundly affects the nucleotide regulation of the channel complex (see 

below). The proteins also contain 2-3 membrane-spanning domains each containing 

several transmembrane helices. SUR belongs to a subfamily of ABC transporters 

that includes the Cystic fibrosis transmembrane regulator (CFTR) and the multidrug 

resistance proteins (MDR) as determined by sequence similarities (Klein et. al.,

1999). Predictions from the primary amino acid sequence and topological studies 

have yielded a putative structure for SUR as shown in Figure 1.3D. SUR is predicted 

to contain 17 transmembrane helices (in a 5+6+6) arrangement along with the two 

NBD’s and has a similar topology to the yeast cadmium factor (YCFl) and human 

multidrug resistance-associated protein (MRP) which are also in the MDR/CFTR 

subfamily (Tusnady et. al., 1997).

Assembly and trafficking o f  channel complexes.

After identification of the molecular components of ATP-sensitive potassium 

channels some of the key issues were how these subunits assembled to form a 

functional ion channel and how the functional channel complex was delivered to the 

plasma membrane.

A direct physical interaction between the channel subunits was suggested and 

the studies of Terzic and colleagues confirmed this by showing direct physical 

interaction between Kir6.2 and SURl or SUR2A using an in-vitro translation system
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(Lorenz et. al., 1998; Lorenz and Terzic 1999). Studies described in later chapters of 

this thesis confirm the findings of these investigations (see Chapter 4). The 

stoichiometry of K^tp channels was elucidated in several studies. It was observed that 

Kir6.2:Kir6.2:SURl fusion proteins required co-expression with monomeric SURl 

subunits for functional expression (Clement IV et. al., 1997). In the same study it 

was shown that complexes of Kir6.2 and SURl migrated at a molecular weight 

corresponding to an octamer through a sucrose density gradient. Co-expression of 

mutant Kir6.2 subunits with altered rectification properties with SURl and wild type 

Kir6.2 produced channels with intermediate sensitivities to block with spermine 

consistent with a tetrameric pore (Shyng and Nichols 1997). In the same study, 

Kir6.2-SUR1 fusion proteins were shown to form functional channels and co

expression with monomeric Kir6.2 produced a dominant negative effect that could be 

reversed by additional expression of SURl. These data indicated that channel 

subunits are required in a 1:1 stoichiometry to form a functional channel that is 

octameric. The Kir6.0 subunits are assumed to form a central tetrameric pore 

surrounded by four sulphonylurea receptor subunits. A large proportion of the studies 

presented in this thesis aim to determine how the Kir6.2 and SURl channel subunits 

interact with each other (see Chapter 5).

A consequence of the octameric assembly of channels is the possibility

of the formation of heteromultimeric channels containing more than one type of 

channel subunit subtype. As will be discussed later in this chapter, subunit subtypes 

possess different characteristics and heteromultimeric channels will result in 

channels with intermediate properties. Potentially, heteromultimeric channels may be 

physiologically important. One of the aims of the work in this thesis was to examine 

whether formation of heteromultimeric channels was possible (see Chapter 7). At 

the present time it is not totally clear whether SUR subunits form a homomeric 

complex or whether they only form heteromeric interactions with the Kirb.O 

subunits. However, a purified SURl NBDl fusion protein was shown to exist as a 

tetramer and deletion of NBDl from SURl half-molecules abolished self-assembly 

suggesting a possible role in formation of SUR homomultimers (Mikhailov and 

Ashcroft, 2000; Mikhailov et. al., 2000).
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The observation that full-length Kir6.2 subunits do not form functional 

potassium channels unless they are co-expressed with a SUR subunit led to 

speculation that SUR acted as a molecular chaperone that ensured trafficking and 

insertion of Kir6.2 into the plasma membrane. The C-terminal truncation mutant of 

Kir6.2 described by Tucker and colleagues expressed current without a requirement 

for co-expression with a sulphonylurea receptor (Tucker et. al., 1997). This finding 

has two possible explanations; the first is that full length Kir6.2 can traffic and insert 

into the plasma membrane but requires a sulphonylurea receptor subunit to relieve 

pore block by the C-terminus of Kir6.2. The second explanation is that Kir6.2 

contains some sort of intracellular retention signal that is masked by association with 

SUR in the endoplasmic reticulum (ER). The experimental evidence supports the 

latter possibility. Comparison of the localisation of Kir6.2 expressed with and 

without SURl in COS cells showed that the distribution of Kir6.2 was changed on 

CO -expression with SURl indicating that SURl plays a role in the trafficking of 

Kir6.2 (Lorenz et. al., 1998). Ribalet and colleagues showed that a Kir6.2 fusion 

with green fluorescent protein (GFP) could form functional potassium channels at the 

plasma membrane, however co-expression with SURl resulted in a dramatic increase 

in the number of channels at the cell surface with a concomitant decrease in 

intracellular fluorescence signal. This suggested that SURl promotes trafficking of 

Kir6.2 from the ER or Golgi apparatus (John et. al., 1998). In contrast to these 

findings, another study by Makhina and Nichols using GFP tagged SURl and Kir6.2 

subunits showed that SURl had no effect on the cellular distribution of Kir6.2 and 

trafficking to the plasma membrane could occur in the absence of SURl (Makhina 

and Nichols 1998). An ER retention signal in the C-terminus of Kir6.2 (an RKR 

three amino acid motif) that when mutated allowed surface expression of Kir6.2 has 

also been described (Zerangue et. al., 1999).

The sulphonylurea receptor has also been shown to possess an RKR ER 

retention signal and the study by Zerangue and colleagues showed a profound 

enhancement of surface expression of SUR on co-expression with Kir6.2 (Zerangue 

et. al., 1999). The proposed mechanism of channel subunit trafficking based on 

the results of this study involved the masking of these ER retention motifs only in 

fully assembled octameric channel complexes. This allows only properly assembled
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K^tp channels to exit the ER and insert into the plasma membrane. The C-terminus 

of SURl has also been suggested to contain an anterograde signal that promotes ER 

export (Sharma et. a l, 1999). The trafficking of K^tp channel subunits is investigated 

in Chapter 6 using a quantitative immunofluorescence trafficking assay.

Nucleotide regulation o f K ^ f p  channels.

The fimction of each component of the channel in relation to the regulation of 

the channel by adenine nucleotides has been the focus of extensive study. As 

expected, the Kir6.0 subunit forms the ion conducting pore, although due to the fact 

that Kir6.0 subunits do not form fimctional channels when expressed alone (Inagaki 

et. al., 1995b) confirmation was only obtained by mutagenesis studies where site- 

directed mutations in residues important for inward rectification or potassium 

selectivity were shown to produce channels with altered rectification properties or 

non-fimctional channels (Shyng et. al., 1997a). Definitive proof was obtained when 

a truncated mutant of Kir6.2 where 36 C-terminal amino acids were removed was 

found to express current with the same conductance as the heteromeric channel 

(Tucker et. al., 1997). Furthermore, it was found that ATP"*" inhibited the potassium 

current carried by the C-terminal truncation mutant, without any requirement for 

Mg^ ,̂ suggesting that the inhibitory effect of ATP is independent of ATP hydrolysis. 

Therefore, the site for ATP inhibition is present on the Kirô.O subunit. Further 

evidence was provided by studies showing that azido derivatives of ATP directly 

bind to Kir6.2 (Tanabe et. al., 1999; Tanabe et. al., 2000.) and that mutations in 

Kir6.2 decrease ATP inhibition of the Kir6.2 C-terminal truncation mutant (Reimann 

et. al., 1999). The putative site for ATP binding on Kir6.2 is located on the C- 

terminus (Drain et. al., 1998), although there is evidence that the N-terminus is also 

involved in ATP-mediated inhibitory gating (Babenko et. al., 1999a; Roster et. al.,

1999). The consensus is that ATP binding stabilises a closed state of the channel 

(Enkvetchakul et. al., 2000). The effect of ATP on the channel also depends upon the 

Kirô.O subtype, for example co-expression of Kir6.2 with SUR2B results in a 

channel that is sensitive to ATP, whilst co-expression of Kirô.l with SUR2B 

produces a channel that has a much lower ATP sensitivity (Yamada et. al., 1997).
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Although the site for ATP inhibition resides on Kir6.2, co-expression of the Kir6.2 

C-terminal truncation with SURl increases channel sensitivity to ATP inhibition 

(Babenko et. al., 1999b) and co-expression of Kir6.2 with a SUR2 subunit decreases 

channel sensitivity to ATP (Inagaki et. al., 1996) compared to SURl, indicating that 

the SUR subunit also plays a role in ATP inhibition.

The stimulatory effect of ADP on channel activity is mediated by the SUR 

subunit and requires the presence of magnesium ions (Nichols et. al., 1996). In the 

absence of magnesium ions, ADP has an inhibitory effect on channel activity. 

Presumably the inhibitory effect of ADP is mediated via the ATP-binding site on 

Kir6.0 subunits. The nucleotide binding domains of SUR are critical for MgADP 

activation. Mutations in either NBDl or NBD2 of SURl disrupt or abolish MgADP 

activation (Nichols et. al., 1996; Gribble et. al., 1997; Shyng et. al., 1997b). The 

requirement of Mg^  ̂ions for ADP activation of the channel suggests that hydrolysis 

at the NBD’s is involved. The effect of MgADP on channel activity is

dependent on the type of sulphonylurea receptor subunit present in the channel. It has 

been shown that SUR2A is less sensitive to MgADP activation than either SURl or 

SUR2B due to differences in the distalC-terminus of the channel (Matsuoka et. al.,

2000). MgATP also appears to have a stimulatory effect on channel activity due to 

binding to NBD’s of SUR, which is masked by the inhibitory effect mediated by the 

Kir6.0 subunit (Gribble et. al., 1998).

Pharmacology o f channels.

channels are sensitive to a range of pharmacological agents, some of 

which are used clinically. The site of action of most drugs is the SUR subunit. The 

sulphonylurea class of compounds such as glibenclamide and tolbutamide bind to 

SURl and SUR2B with high affinity (in the nanomolar range for glibenclamide and 

the micromolar range for tolbutamide) and to SUR2A with approximately 500 times 

lower affinity (Aguilar-Bryan et.al., 1995; Inagaki et. al., 1996; Isomoto et. al.,

1996). The binding site for sulphonylureas has been identified in studies using 

chimeras between SURl and SUR2A as the C-terminal set of transmembrane 

domains (transmembrane helices 12-17). The mechanism of the inhibitory action is
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thought to involve a stabilisation of the closed state of the channel via coupling to the 

N-terminus of the Kirô.O subunit (Babenko et. al., 1999c). There is also evidence 

that sulphonylurea binding also uncouples the stimulatory effect of MgADP and 

MgATP on the channel given that tolbutamide binding enhances the inhibitory effect 

of adenine nucleotides (Babenko et. al., 1999c). Sulphonylurea compounds are used 

in the treatment of non-insulin dependent diabetes mellitus, where their inhibitory 

action on the channel stimulates insulin secretion.

The potassium channel opening compounds (KCO’s) increase channel 

activity. The KCO’s can be classified into four main categories according to their 

chemical structure; benzopyrans (e.g. cromakalim), pyridines (e.g. pinacidil), 

pyrimidines (e.g. minoxidil sulphate) and benzothiadiazines (e.g. diazoxide). The 

SUR subtypes display differential sensitivity to some of these agents as discussed 

below. As with sulphonylureas, KCO’s exert their action by binding to the 

sulphonylurea receptor subunits (Schwanstecher et. al., 1998; Tucker et. al., 1997). 

The KCO diazoxide can activate K^yp channels containing SURl and SUR2B but is 

over a thousand fold less effective on channels containing SUR2A. The stimulatory 

effect of diazoxide requires the presence of cytoplasmic Mg^  ̂and hydrolysable 

nucleotides (Larsson et. al., 1993). Mutations in the Walker motifs of the NBD’s of 

SURl that prevent nucleotide hydrolysis affect diazoxide activation of the channels 

(Gribble et. al., 1997; Shyng et. al., 1997b), suggesting that nucleotide hydrolysis is 

required for diazoxide activation of the channel. The lack of effect of diazoxide on 

channels containing SUR2A, which only differs from SUR2B in its distal C-terminus 

was initially interpreted to mean that the diazoxide binding site was present in this 

region of the SUR. However, swapping this region for that of SURl does not confer 

diazoxide sensitivity and studies on other chimeras between SURl and SUR2A 

indicated that transmembrane domains 6-11 and NBDl of SURl mediate diazoxide 

activation (Babenko et. al., 2000). Another study has suggested that the C-terminal 

region of SUR2A exerts an inhibitory effect on diazoxide activation mediated by 

NBD2 (Matsuoka et. al., 2000). It is clear that the mechanism and binding of 

diazoxide to K^tp channels is a complicated process. In contrast to diazoxide, 

pinacidil, cromakalim and nicorandil all activate channels containing SUR2 but not 

SURl. An investigation using chimeras between SURl and SUR2B showed that
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transmembrane domains 16-17 and the cytoplasmic linker region between 

transmembrane domains 13-14 are required for the action of levcromakalim and 

pinacidil (Uhde et. al., 1999). Two amino acid residues in the last transmembrane 

domain of SUR2A were shown to be critical for pinacidil, cromakalim and nicorandil 

activation and swapping of these residues confers activation by these compounds on 

SURl (Moreau et. al., 2000). In many ABC transporters the transmembrane domains 

form binding sites for substrates for transport. When these sites are occupied by 

substrate they can affect ATP hydrolysis at nucleotide binding domains, which 

induces a conformational change in the protein that is coupled to substrate transport 

(Higgins 1992). Although there is no evidence that sulphonylurea receptors transport 

a substrate it may be that drug action involves binding to similar sites in the protein, 

modulating activity of nucleotide binding domains. The change in the activity of 

nucleotide binding domains can cause conformational changes in the protein that are 

transmitted to the Kirô.O channel subunit thus affecting channel activity. Indeed, it 

has been shown shown that the ATPase activity of SUR in sarcolemmal membranes 

is enhanced by potassium channel openers (Bienengraeber et. al., 2000).

The work examining biochemical interactions between channel subunits 

described in this thesis will help to shed light on the mechanism of transmission of 

modulatory signals between SUR and Kirô.O subunits (see Chapter 5).

Investigations o f the biochemistry o f  channels.

My investigations into the biochemistry of K^tp channels are mainly 

concerned with issues of assembly and trafficking. Antibodies to K^^p channel 

subunits are important tools in these investigations. We have developed several K^^p 

channel antibodies which have been characterised by three well-established 

techniques;\Yestem blotting , immunoprécipitation and immunofluorescence 

microscopy. The characterisation studies are described in detail in Chapter 3.

Cloned K^jp channel subunits were stably expressed in the HEK293 cell line 

and biochemical studies were done using this system. This approach is 

advantageous, providing an over-expressed source of protein for biochemical study. 

Expression of cloned K̂ ^̂ p channel subunits in heterologous systems also allows
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manipulation of channel cDNA by a variety of molecular biological techniques to 

produce chimeric constructs between different proteins and epitope tagged proteins.

The K^jp channel complex is a model of an assembly between an ion channel 

and an ABC transporter. There are other examples of ABC transporters that regulate 

ion channel activity. As well as acting as a Cl' channel, CFTR can modulate the 

activity of amiloride-sensitive Na^ channels (Stutts et. al., 1995) and outwardly 

rectifying Cl channels (Gabriel et. al., 1993). There is evidence that CFTR exerts its 

modulatory effect on Na^ channels via a direct protein-protein interaction (Ismailov 

et. al., 1996; Kunzelmann et. al., 1997). As mentioned earlier in this chapter there is 

additional evidence that CFTR can interact functionally with the inwardly rectifying 

potassium channels, Kirô.l and Kiri .2. In exocytic vesicles there is evidence of an 

ATP-sensitive potassium channel that is regulated by an mdr-1 like protein 

(Thevenod et. al., 1996). It is possible that there is a general assembly domain that 

determines the interaction between an ion channel and an ABC transporter. It has 

been shown that the second transmembrane domain and proximal C-terminus of 

inwardly rectifying potassium channels is primarily responsible for determining 

interactions between other channel subunits (Tinker et. al., 1996). In the case of 

voltage-gated potassium channels, the N-terminal T1 assembly domain of the 

channel is responsible not only for assembly of the tetrameric pore, but also for 

assembly of the channels with auxiliary beta-subunits. We hypothesised that the 

region responsible for specificity of inwardly rectifying potassium channel assembly 

was also responsible for interaction of the channel with modulatory subunits. The 

study of Kunzelmann and colleagues implicated the intracellular domains of CFTR 

as being responsible for interaction with sodium channels. Using this as an analogy,

I have tested the hypothesis that the cytoplasmic C-terminus of SURl is important 

for interaction between SURl and Kir6.2.

As well as using the K^tp channel complex as a model of interactions between 

ion channels and ABC transporters it is also important understand how Kirô.O and 

SUR subunits interact in order to understand how these proteins “talk” to one another 

at the molecular level. Knowledge of the regions responsible for interaction would 

shed light on how binding/hydrolysis of adenine nucleotides and various
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pharmacological agents to the sulphonylurea receptor are transmitted to the pore- 

forming subunit to cause changes in channel activity.

The studies described in Chapter 4 had the aim of demonstrating a specific 

physical interaction between K^jp channel subunits using the techniques of co- 

immunoprecipitation, co-affinity purification and immunofluorescence co

localisation. The work in this chapter was important in the development of a reliable 

biochemical assay for reporting interactions between channel subunits. The 

determinants on Kir6.2 responsible for assembly with SURl were investigated by co- 

immunoprecipitation studies done on stable HEK293 cell lines co-expressing 

chimeric proteins of Kir6.2 and Kir2.1 with SURl. The role of the C-terminus of 

SURl in the assembly of the K^jp channel complex was investigated in a similar 

manner using stable lines co-expressing C-terminal deletion mutants of SURl with 

Kir6.2. These studies are described in Chapter 5.

Another important issue that has been discussed in this introductory chapter is 

the multi-subunit nature of potassium channels and the potential for diversity that 

arises through possible heteromultimerisation between channel subunits. I have 

mentioned several examples of inwardly rectifying potassium channels that form 

heteromultimers (e.g. members of the Kir3.0 subfamily - see Section 1.4). The 

octameric stoichiometry of the K^jp channel complex raises the possibility of 

heteromultimeric complexes with intermediate properties. For example, 

heteromultimerisation between Kir6.1 and Kir6.2 would be expected to produce 

channels with intermediate conductance whilst heteromultimerisation of SUR 

subunits would affect the pharmacology and sensitivity to adenine nucleotides.

There are examples of tissues where more than one subunit subtype is expressed and 

it is likely that any heteromultimerisation observed in heterologous systems will be 

physiologically relevant. In Chapter 7 ,1 have investigated the possibility of physical 

heteromultimerisation between channel subunits in HEK293 stable lines, again using 

the well-characterised co-immunoprecipitation approach, in conjunction with the 

subtype specific antibodies developed in Chapter 3.

Apart firom the profound functional effects SUR subunits confer on the pore- 

forming Kirô.O subunits. I have discussed in this chapter a number of studies that 

have shown that Kirô.O and SUR subunits require correct co-assembly for expression
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at the plasma membrane. I have tested the hypothesis that co-expression of a Kirô.O 

and SUR subunit is required for enhancement of plasma membrane expression using 

a quantitative immunofluorescence assay. Using this assay, I have also tested the 

hypothesis that the C-terminus of SURl, containing a putative anterograde 

trafficking signal, is required for trafficking of channel complexes to the plasma 

membrane. These studies are described in Chapter 6.

The molecular composition of intracellular ATP-sensitive potassium channels 

such as mitoK^Tp and the ATP-sensitive channels observed in secretory vesicles is 

unknown. However, several studies have provided evidence that Kirô.l is present in 

mitochondria (Suzuki et. ah, 1997; Zhou et. al., 1999) and the pharmacological 

profile of mitoK^TP corresponds to a channel complex of Kirô.l and SURl (Liu et. 

al., 2001). Using the subunit antibodies, I have tested the hypothesis that Kirô.l 

forms an intracellular potassium channel. I have investigated the trafficking of Kirô.l 

in the HEK293 cell line and the effect of co-expression with the sulphonylurea 

receptor subunit SUR2B. In addition the subunit antibodies were used to look for 

endogenous K^^p channel subunits in a human hepatocellular carcinoma cell line, 

HepG2. The presence of mitoK^ ĵp channels has been demonstrated in rat liver 

mitochondria, making the HepG2 line a good model for initial studies of the 

subcellular localisation of Kirô.l (Inoue et. al., 1991).
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Chapter 2

Materials and Methods
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2.1 Molecular Biology.

The data presented in this thesis relies upon being able to manipulate cloned 

cDNA encoding channel subunit proteins. In this section, the techniques 

involved will be described and the principles behind them will be discussed. Later in 

this section, how these techniques are used in conjunction with each other in the 

manipulation of cDNA fragments will be explained.

Expression o f cloned genes in plasmid vectors.

Plasmids are double stranded closed circular DNA molecules that are naturally 

found in a range of bacterial species. They often encode genes that confer 

advantageous characteristics on the host cell (e.g. antibiotic or heavy metal 

resistance). Plasmids replicate and drive mRNA transcription independently of the 

host genome. However, they do require the transcription and translation machinery of 

the host cell.

These naturall>occurring plasmids have been genetically manipulated ! allowing 

them to act as effective vectors for the introduction of foreign genes into either 

bacteria or eukaryotic cells. The basic anatomy of a typical vector is shown in Figure 

2.1, using the pcDNA3 family of vectors as an example. All of the cDNA constructs 

used throughout the course of this thesis were subcloned into this family of plasmid 

vectors. Plasmid DNA is introduced into bacteria by the process of transformation, as 

described later in this section. Transfection describes the process of introducing 

plasmid DNA into eukaryotic cells such as the HEK293 cell line (see Section 2.3).

Basic Molecular Biology Procedures

Restriction digestion o f DNA molecules.

Double stranded DNA can be manipulated using type II restriction enzymes, 

which contain a restriction endonuclease activity that cleaves DNA at specific
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nucleotide sequences (Sambrook et. al., 1989). Many of the restriction sites for 

restriction enzymes contain a two-fold axis of symmetry. Some types cleave the DNA 

at the axis of symmetry whilst others cut in a staggered fashion on opposite sides of 

the symmetrical axis. This point is illustrated in Figure 2.2.
It can be seen from the diagram that enzymes such as BamHl and Apal

produce cleaved products with protruding 5’ or 3’ single-stranded overhangs, referred 

to as cohesive ends, depending upon which side of the axis of symmetry the enzyme 

cuts. It can be seen from the diagrams that any DNA fragment digested with a 

particular enzyme that produces cohesive ends can be ligated with another fragment 

digested with the same enzyme to produce a recombinant DNA molecule. Two DNA 

fragments cut with blunt cutting enzymes such as Eco47III can also be spliced 

together. However, ligating the fragments together is less efficient. The process of 

ligation is explained in a later sub-section. Different restriction enzymes require 

different conditions for optimal activity. Generally, the nianufacturers ' supply the 

enzyme with a lOx stock of a particular incubation buffer that ensures maximum 

activity. In some cases enzymes require the presence of bovine serum albumin (BSA) 

for maximal activity in which case the enzyme is also supplied with a lOOx BSA stock 

solution. I often dilute this stock 1:10 in distilled water to produce a lOx stock 

solution which avoids the pipetting of small volumes. The components in a typical 

restriction digest are listed below;

5 pi DNA

2pl lOx BSA stock solution (final concentration lOOpg/ml)

2pl 1 Ox Reaction buffer

10.5pl molecular biology grade water (Sigma, Poole, UK)

0.5pl Restriction enzyme (2-10 units)

A unit is typically defined as the amount of enzyme required to digest Ip g o f l  DNA 

in 1 hour at 37°C in a total reaction volume of 50pl. Restriction digests were generally 

incubated for 1-3 hours at the appropriate temperature (37°C for most enzymes). In 

some cases, larger amounts of DNA were digested and final reaction volumes of 30- 

50pl were routinely used with appropriate dilution of reaction buffer and BSA. In 

some cases two restriction enzymes were used in a digest. This was routinely done  ̂

when subcloning DNA molecules from one plasmid vector to another. Some
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restriction enzymes can work in the same reaction buffer with optimal activity. If that 

was the case then both enzymes were co-incubated in the same reaction mixture. 

However, when two enzymes were used where the buffer requirements were 

incompatible a sequential digest had to be performed. The first digest is done with the 

enzyme that requires the lower salt conditions in a 20pl volume and after the desired 

period of digestion the second enzyme is added along with distilled water, the 

appropriate amount of reaction buffer and BSA (if required) to give a reaction volume 

of 60pl for the second digest. For ease of reference the supplier of a restriction 

enzyme will be indicated alongside the restriction enzyme name when mentioned in 

the text.

Agarose gel electrophoresis

DNA fragments can be separated from each other on the basis of size using 

electrophoresis through a gel made of either agarose or polyacrylamide. DNA is 

negatively charged at neutral pH and will therefore migrate under the influence of an 

electrical field. The gel forms a matrix, the pores of which sieve the DNA fragments 

on the basis of their size. The separation of proteins using SDS-PAGE works on a 

similar principle (Section 2.8). The migration rate of linear double stranded DNA 

molecules through an agarose gel is proportional to the logarithm of the number of 

base pairs (Helling et. al., 1974). It should be noted that the migration rate differs 

depending on the conformation of the DNA - supercoiled circular, nicked circular and 

linearised DNA molecules all migrate at different rates (Thome 1966; Thome 1967).

In my studies DNA fragments that were applied to agarose gels were linearised by 

digestion with restriction enzymes (see above). Agarose gels were used for separation 

of DNA fragments in my studies. Agarose gels can separate DNA fragments over a 

wide size range and are relatively easy to prepare, although the resolving power is less 

than with polylacrylamide gels. Polyacrylamide gels are more difficult to prepare and 

are more useful for separating small DNA fragments. As will be seen later in this 

section it is more appropriate to use polyacrylamide gels for DNA sequencing where 

high resolving power and separation of small fragments of DNA is important. DNA 

bands can be visualised using an intercalating dye, namely ethidium bromide, which is
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added to the agarose gel, loading buffer or electrophoresis buffer. Ethidium bromide 

interacalates between base pairs and is fluorescent under ultra-violet light (Sharp et. 

al., 1973).

The electrophoresis system used in my studies was in the horizontal slab gel 

configuration. In the majority of cases, 0.7% (w/v) agarose gels were used to separate 

DNA fragments given that the effective range of size separation is between 0.8 and 10 

kilobase pairs (kb) (Sambrook et. al., 1989). On occasions, usually when separating 

PCR fragments, 1 to 1.5% (w/v) gels were used which can separate fragments as small 

as 0.5kb. For a 0.7% (w/v) gel, 420mg of electrophoresis grade agarose (Gibco Life 

Technologies, Paisley, UK) was added to 60ml of a Ix TAB solution (see below for 

composition of TAB). The agarose-TAB mixture was microwaved until the agarose 

was completely dissolved. Ethidium bromide was added from a lOmg/ml aqueous 

solution (Sigma, Poole, UK) to a final concentration of 0.16pg/ml. The molten gel 

was poured into a plastic tray sealed at both ends with masking tape. Wells were 

created by plastic combs inserted into the tray. The gel was allowed to set at room 

temperature and was subsequently stored at 4°C wrapped in cling film until required 

for use. Gels were used within 3 days of pouring.

Samples were prepared for loading by addition of gel loading buffer. Gel 

loading buffer was added to the sample from a 6x stock (typically 4 pi of 6x gel 

loading buffer was added to a 20pl sample). The composition of 6x gel loading buffer 

is as follows; 0.25% (w/v) bromophenol blue, 0.25% (v/v) xylene cyanol FF, 30% 

(v/v) glycerol, all reagents from Sigma, Poole, UK. The tray containing the agarose 

gel was placed into the electrophoresis tank containing the running buffer, Ix TAB. 

TAB was added to solutions from a 5Ox concentrated stock that was composed of 2M 

Tris Base, 50mM BDTA (pH8.0) and 5.71% (v/v) glacial acetic acid. Tris Base 

(Trizma base) was obtained from Sigma (Poole, UK) and both disodium BDTA and 

100% glacial acetic acid from BDH (Poole, UK). The Ix TAB working solution was 

obtained by 1:50 dilution of the concentrated stock in distilled water. Samples were 

loaded into the appropriate wells and an electrophoresis voltage of 80-120V was 

applied across the electrodes (corresponding to a voltage of 2.6-4V/cm in my 

apparatus). The migration distance of samples was judged by observing the migration 

of the bromophenol blue and xylene cyanol tracker dyes. After the samples had

54



migrated the appropriate distance, the gel was viewed under ultra-violet (UV) light 

(312nm wavelength) in a UVP dual intensity transilluminator (Upland, California, 

USA) equipped with a digital video camera. The transilluminator/camera set up was 

linked to a black and white monitor (Sony SSM-121CE) and photographs of the gel 

image were printed by a video graphic printer (Sony UP-890CE).

Extraction and purification o f DNA fragments from agarose gels.

Gel electrophoresis can be used to separate specific DNA fragments from a 

mixture of digested fragments. The separated fragments can be individually purified 

by extracting them from the agarose gel followed by a purification step. Several 

methods exist to extract DNA from agarose gels. DNA can be electrophoresed onto a 

DEAE-cellulose membrane, electro-eluted into a dialysis bag or recovered from gels 

poured with agarose that melts at low temperatures. However, a commercially 

available kit is available that can extract and purify DNA from an agarose gel with 

high efficiency. The kit, the QIAEXII gel extraction kit (Qiagen, Crawley, Sussex, 

UK), is able to solubilise agarose and selectively adsorb DNA fragments onto a resin 

of silica-gel particles under high salt conditions. Contaminants are removed by a 

series of washes and purified DNA is eluted from the resin using distilled water. The 

procedure employed is described below.

The DNA fragment of interest was identified on the gel under UV light (see 

above) and excised using a clean scalpel and placed into a pre-weighed eppendorf 

tube. The gel slice and tube were then weighed and the weight of the gel slice 

calculated. The agarose was dissolved by incubation in a buffer with high chaotropic 

salt concentration (QXl buffer) at 5OU for 10-15 minutes. For DNA fragments less 

than 4kb in size 3 volumes of QXl buffer per 1 volume of gel slice was used for 

solubilisation, whilst for those fragments greater than 4kb in size 3 volumes of QXl 

and 2 volumes of distilled water was used. lOpl of QIAEX II resin was then added to 

the solubilised mixture to bind the DNA. The binding was allowed to proceed for 10 

minutes at 50°C with regular vortexing to keep the resin in suspension. The resin was 

subsequently pelleted at maximum speed in a microcentrifuge for 30 seconds and the 

supernatant removed. The pellet was washed by resuspension and subsequent
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pelleting with 500|il QXl followed by two additional washes in SOOpl buffer PE (a 

low salt buffer containing ethanol supplied with the kit) to remove residual salt 

contaminants. After air-drying the washed pellet at room temperature for 20-30 

minutes, bound DNA was eluted by addition of 20|il distilled water followed by 

vortexing to resuspend the pellet. The suspension was incubated at room temperature 

for 5 minutes. When eluting DNA fragments greater than 4kb in size the suspension 

was incubated at 50®C for 5 minutes. The resin was pelleted by centrifugation and the 

eluate transferred to a clean eppendorf tube. To increase the yield of DNA the elution 

process was repeated and the eluates combined. This process yielded approximately 

40pl of purified DNA for use in ligation reactions (see later).

Ligation o f DNA fragments.

A DNA fragment and a vector digested with restriction enzymes can be 

spliced together in a ligation reaction. The ease with which a particular DNA 

fragment can be spliced into a particular vector is dependent upon the nature of the 

termini produced by the restriction enzyme digests (see Figure 2.2). In the most 

straightforward case, the vector and DNA fragment are digested with the same set of 

two restriction enzymes which produce compatible cohesive termini. These termini 

can therefore anneal to one another and the cleaved phosphodiester bond can be 

resealed by DNA ligase. However, in certain circumstances, there are not appropriate 

sites for staggered cutting restriction enzymes. If blunt cutting restriction enzymes are 

used the fragments can still be joined although the ligation reaction is of lower 

efficiency. When staggered cutting enzymes are used that generate incompatible 

cohesive termini the recessed 3’ termini can be filled or partially filled using the 

Klenow fragment of DNA polymerase I. This allows the fragments to be joined. In 

the case of ligations described in this thesis, fragments containing compatible 

cohesive ends were generally produced if possible. However, there are examples of 

situations where blunt-cutting enzymes were used.

The ligation reaction itself involves the formation of new phosphodiester 

bonds between phosphate residues located at the 5’ terminus of the DNA fragment 

and hydroxyl groups located at the 3 ’ end. DNA ligase catalyses the formation of a
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|phospodiester bond between the termini. Re-ligation of the termini of a digested 

vector can be prevented by removal of the 5’ phosphate groups with the enzyme calf 

intestinal phosphatase (CIP). This step is especially important when only one 

staggered cutting restriction enzyme is used producing identical cohesive termini that 

are highly likely to religate. However, in my experiments CIP was added to digested 

vectors as a matter of course as I found that it reduced the prevalence of background 

(probably due to the prevention of the religation of partially digested vector). After 

digestion of the vector with tiie appropriate enzymes, 10 units of CIP was added to the 

digest mixture (corresponding to a 1 pi volume of enzyme) and incubated for a further 

1 hour at 37°C. The CIP used in my studies was obtained from New England Biolabs, 

Hitchin, UK. It should be noted that treatment with CIP means that there will be 

single-stranded nicks in the DNA even after successful ligation. The absence of 5’ 

phosphate groups on the vector DNA means that phosphodiester bonds will not be 

able to form with the hydroxyl moieties on the 3 ’ termini of the inserted fragment.

The nicked DNA can still be transformed into bacteria, where the nicks are sealed 

once in the host cell. Two types of DNA ligase are available, E.coli DNA ligase and 

Bacteriophage T4 DNA ligase (Panasenko et. al, 1977; Weiss et. al, 1968). The use 

of T4 DNA ligase is preferable given that it is more efficient at ligating blunt ended 

termini. T4 DNA ligase requires Mĝ  ̂and ATP as co-factors. The substrates for the 

ligation reactions were digested DNA fragments separated by agarose gel 

electrophoresis, extracted from the gel and purified using the methods described 

above. Ligation reactions were set up in parallel with an appropriate control for self

ligation of the CIP-treated vector. The components of a typical set of reactions are 

described below;

Control reaction Ligation reaction

5pi CIP-treated digested vector 5pi CIP-treated digested vector

12pl distilled water 12pl digested DNA fragment

2pi lOx ligation buffer 2pl lOx ligation buffer

1 pi T4 DNA ligase (1 unit) 1 pi T4 DNA ligase (1 unit)

Total volume 20pl Total volume 20pl
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These amounts of DNA were typically used as starting points - if the ligation 

was unsuccessful (i.e. no colonies observed after transformation in X o E -C o l i  see next 

subsection) further ligations were set up using larger quantities of gel extracted DNA. 

The T4 DNA ligase was obtained from Roche Molecular Biochemicals, Mannheim, 

Germany with the manufacturer stating that 0.005 units of enzyme is able to join more 

than 95% of 1 pg Hindlll digested IDNA in a 20pl ligation reaction. The lOx ligation 

buffer was also obtained from the same manufacturer and at working strength 

contained 66mM TrisHCl, 5mM MgClj, ImM jdithiothreitol and ImM ATP, pH7.5. 

Ligation reactions were incubated at 16°C overnight or at 4”C for 48 hours. The 

ligated DNA was subsequently introduced into competent E.coli by the process of 

transformation, which will be described in the next section.

Production o f competent E.coli and transformation o f DNA.

The process of introducing foreign DNA into bacteria is known as 

transformation. By specially treating bacteria with a variety of buffers they can be 

made “competent”. Competent bacteria are in such a state that they more readily take 

up foreign DNA. There are two main methods of introducing foreign DNA into 

bacteria, chemical transformation and electroporation (Mandel and Higa, 1970; Dower 

et. al., 1988). In the case of chemical transformation, bacteria are treated with a series 

of ice-cold buffers containing either CaClj or RbCl to make them competent. The 

DNA to be transformed is incubated with competent bacteria and the mixture briefly 

heated to induce uptake of the DNA. The mechanism of DNA uptake is still 

unknown. Bacteria are prepared for electroporation by a series of washes in low-salt 

buffer. An electrical pulse permeabilises the bacterial cell membrane and allows entry 

of DNA. For practical reasons, chemical transformation was used to introduce plasmid 

DNA into competent E.coli in my studies. The procedure used to produce competent 

E.coli is described below, along with the method of transformation.

Two different strains of E.coli were used in transformation experiments, DH5a 

and ToplO. DH5a is a widely used all-purpose strain of E.coli (Hanahan et. al., 1983), 

whilst ToplO E.coli allow stable replication of high copy number plasmids (Grant et. 

al., 1990). Both strains were stored as glycerol stocks at -80°C. The DH5a glycerol
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stock was already available in the laboratory when I began my studies, whilst the 

ToplO glycerol stock was purchased from Invitrogen (Groningen, Netherlands). Both 

strains were streaked onto Lennox L broth (LB broth) agar plates from the glycerol 

stock using a sterile inoculating loop. Plates were incubated at 37®C for 12-16 hours 

and stored at 4°C thereafter for a maximum of 4 weeks. LB broth is a widely used 

culture medium for E.coli, containing (in grams per litre): 10 Tryptone, 5 Yeast 

extract, 5 NaCl. The LB broth was supplied in tablet form from Sigma (Poole, UK) 

and was dissolved in distilled water before autoclaving. LB agar plates were made by 

adding agar (Sigma, Poole, UK) to LB broth at a ratio of 1.5g per 100ml of broth.

The agar was dissolved into the broth by microwaving and the mixture allowed to 

cool at room temperature before pouring into 90mm petri dishes. Plates that contained 

antibiotic were produced by addition of the antibiotic from a lOOOx stock into the 

molten agar just before reaching the setting temperature. Carbenicillin (disodium salt 

obtained from Sigma, Poole, UK) was generally added from a lOOmg/ml stock in 

distilled water to a final concentration of lOOpg/ml in the agar. The agar was allowed 

to set and plates were stored at 4°C until required for use. Individual colonies were 

picked from streaked plates using a sterile pipette tip and grown in 2.5ml LB broth in 

a shaking incubator set at 225rpm at 37°C for 14-20 hours. This starter culture was 

diluted 1:400 in 200ml LB broth and incubated in a 37°C incubator shaker until the 

culture reached log phase growth. The growth of the culture was monitored at regular 

intervals by measurement of the absorbance of a small aliquot of culture at 550nm.

As the cells grow, the turbidity of the culture increases resulting in an increase in 

absorbance. The culture was adjudged to have reached log phase when the 

was between 0.45 and 0.55 absorbance units (for the ToplO strain) and between 0.28 

and 0.30 absorbance units (for the DH5a strain). The differences in the absorbance 

values at which log phase is reached is due to strain-related differences in the number 

of viable cells per millilitre. The suppliers stated the absorbance value at which log 

phase growth was reached. After log phase growth was reached cells were transferred 

into sterile pre-cooled 50ml centrifuge tubes and incubated on ice for 30 minutes. The 

cultures were then centrifuged at 4,000g for 15 minutes at 4°C. The supernatant was 

removed and discarded and the cell pellet resuspended either by vortexing in sterile- 

filtered (through a 0.22pm filter) lOOmM MgClj (for DH5a) or buffer RFl (for
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ToplO). Both buffers were ice cold when added to the cells. The MgClj and RFl 

resuspension buffers were added to pellets in ratios of 10ml and 5ml per 50ml of 

original culture respectively. Buffer RFl consisted of lOOmM RbCl, 50mM MnCl ,̂ 

30mM potassium acetate, lOmM CaClj and 15% (w/v) glycerol (all reagents from 

Sigma, Poole, UK). The pH of buffer RFl was adjusted to 5.8 with 200mM acetic 

acid (Merck-BDH, Lutterworth, UK). The cell suspensions were incubated on ice for 

15 minutes before repelleting by centrifugation at 2,500g for 15 minutes at 4°C. DH5a 

cells were then resuspended in lOOmM CaClj (10ml per 50ml culture volume) and 

incubated on ice for 25-30 minutes before centrifugation at 2,500g for 15 minutes at 

4°C. The resultant pellet of DH5a cells was resuspended in a 7ImM CaClj, 14.2% 

(w/v) glycerol solution at a ratio of 3.5ml per 50ml of initial culture. ToplO cells 

were resuspended in buffer RF2 (lOmM RbCl, lOmM MOPS, 75mM CaClj. 15%w/v 

glycerol, pH adjusted to 6.8 with 200mM NaOH) at the same ratio. The resuspended 

cells were incubated on ice for a further 15 minutes before dividing into 200pl 

aliquots by pipetting into eppendorf tubes pre-cooled at -80°C. Competent cells were 

stored at -80°C until required for use. A strain of dam' méthylation deficient E.coli, 

GM48, were used in some circumstances to allow digestion of plasmid DNA with 

certain enzymes (see Chapter 3 Figure 3.9). Competent GM48 cells were prepared in 

the same manner as described for the DH5a strain.

At the start of the transformation procedure, a lOOpl aliquot of competent cells 

was incubated with 1-lOpl volume of DNA (Ip lo f purified plasmid DNA or lOpl of a 

ligation reaction) and mixed gently by pipetting. The mixture was then incubated on 

ice for 30 minutes before a heat shock step at 42°C for 90 seconds. Immediately after 

the heat shock, the mixture was cooled on ice for 2 minutes before addition of 800pl 

LB broth. This small culture was then incubated in a 37°C shaking incubator (set at 

225rpm) for 30 minutes to allow the cells time to express the antibiotic resistance 

gene encoded by the plasmid DNA (see Figure 2.1). The transformation mixture is 

plated onto LB plates containing the appropriate antibiotic (usually lOOpg/ml 

carbenicillin) in a lOOpl volume. When transforming plasmid DNA, lOOpl is taken 

directly from the transformation mixture and plated. When transforming ligation 

mixtures the cells in the transformation mixture are pelleted by centrifugation at 

10,000g for 1 minute and resuspended in lOOpl fresh LB broth before plating. The
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plate is then incubated at 37°C for 12-16 hours after which time discrete colonies are 

usually observed that are assumed to have arisen from a single transformed bacterium.

Purification o f plasmid DNA.

After producing a plasmid DNA construct and transforming it into bacteria by 

the methods described above, it is necessary to purify the plasmid DNA so that it can 

be sequenced or digested with restriction enzymes to check that it has been produced 

correctly. Once the correct sequence has been confirmed, the plasmid DNA is often 

retransformed into bacteria and amplified in a large-scale culture to provide large 

yields of plasmid DNA that can be used in the transfection of mammalian cell lines 

(see Section 2.3). This sub-section describes how plasmid DNA is purified from 

transformed bacteria.

Individual colonies from a plate of transformed bacteria were picked using a 

sterile pipette tip and grown in 2.5ml LB broth containing the appropriate antibiotic 

(usually lOOpg/ml carbenicillin) overnight in a 37°C shaking incubator set at 225rpm. 

A 1ml aliquot of this culture was removed and the plasmid DNA purified using a 

standard minipreparation kit (Qiagen, Crawley, UK). The rest of the culture was 

stored at 4°C for a maximum of two weeks. The remainder of the culture was kept in 

case it was necessary to inoculate a larger scale culture. The plasmid purification 

protocol was based upon a modification of the standard alkaline lysis procedure, 

followed by binding of the plasmid DNA in the lysate to a silica resin in high salt 

conditions (Bimboim and Doly, 1979; Vogelstein and Gillespie, 1979).

The aliquot removed from the culture was centrifuged at 10,000g in a benchtop 

microcentrifuge to pellet the cells. The supernatant was removed and discarded and 

the pellet resuspended in 250pl resuspension buffer (Buffer PI - SOOmM TrisHCl, 

lOmM EDTA, lOOpg/ml RNaseA). The cells were then lysed by addition of 250pl 

alkaline lysis buffer (Buffer P2 - 200mM NaOH, 1% SDS) and mixed by inversion. 

Immediately after lysis, 350pl neutralisation buffer (Buffer P3 - 3.0M potassium 

acetate, pH5.5) is added and the solutions mixed by inversion. The addition of 

neutralisation buffer precipitates the SDS in the lysis buffer and traps chromosomal 

DNA and other large molecules in salt-detergent complexes. The plasmid DNA
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remains in solution. Precipitated SDS is removed from the solution by centrifugation 

for 10 minutes at 10,000g. The resulting supernatant was then applied to a QIAprep 

spin column in a 2ml collection tube. The columns were then centrifuged at 10,000g 

for 30 seconds and the resulting flow-through discarded. Contaminants were removed 

from the column by application of 750p,l wash buffer (Buffer PE - a low-salt wash 

buffer) to the column followed by a 30 second spin at 10,000g. The flow-through was 

discarded and the columns respun to remove any residual wash buffer. The washed 

spin column was then placed in a clean 1.5ml eppendorf tube. The bound plasmid 

DNA was eluted by addition of 50)il molecular biology grade water (1 Smegohm - 

obtained from Sigma, Poole, UK) followed by centrifugation at 10,000g for 1 minute. 

It should be noted that to allow maximum elution efficiency the water was incubated 

on the column for 1 minute before centrifugation. The eluted DNA (known as a 

“miniprep”) was usually digested with restriction enzymes and analysed by agarose 

gel electrophoresis. The pattern of bands obtained was compared with what would 

have been expected from the restriction maps of the plasmid and any cDNA it 

contains. Some of the minipreps that appeared correct from the restriction digests 

were sequenced. Once a miniprep of a particular plasmid DNA construct had been 

shown to be correct it was usually desirable to get a larger preparation of this DNA. 

This was done by purifying the plasmid DNA from a larger culture by Midi or 

Maxipreparation, as described below.

A large culture of bacteria expressing the appropriate plasmid DNA could be 

obtained by inoculation of 100ml or 250ml LB broth containing the appropriate 

antibiotic (lOOjig/ml carbenicillin) with the small culture used to produce the original 

miniprep at a 1:200 dilution. Alternatively, the miniprep could be retransformed into 

E.coli, a discrete colony picked, grown overnight in 2.5ml LB broth with antibiotic, to 

produce a starter culture to inoculate the larger one. The larger culture was incubated 

overnight in a shaking 37°C incubator set at 225rpm. Plasmid DNA was purified from 

this culture using a QIAGEN plasmid Midi/Maxi kit (QIAGEN, Crawley, UK). 100ml 

cultures were purified using the Midi kit, whilst 250ml cultures were purified using 

the Maxi kit. This kit worked on the same general principle as the minipreparation kit. 

However, the plasmid DNA was purified on a DEAE anion exchange column unlike 

the minipreparation kit, which used a silica resin. The cells from the culture were
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pelleted by centriftigation at 6000g for 15 minutes at 4°C. The pellets were 

resuspended in a total volume of 4ml (for Midi) or 10ml (for Maxi) resuspension 

buffer (Buffer PI). Cells were lysed by addition of 4ml (Midi) or 10ml (Maxi) 

alkaline lysis buffer (Buffer P2). The cells were incubated for 5 minutes at room 

temperature before neutralisation buffer was added in a 4ml (Midi) or 10ml (Maxi) 

volume (Buffer P3 - chilled to 4“C before use). The solution was mixed immediately 

by inversion after addition of both buffers P2 and P3. The mixture was incubated for 

15 minutes on ice to ensure that all the SDS was precipitated. Precipitated SDS was 

subsequently removed from the solution by filtration through Whatman No.l filter 

paper. Whilst the solution was being filtered, a QIAGEN-tip 100 (Midi) or QIAGEN- 

tip 500 (Maxi) was equilibrated by application of 4ml (Midi) or 10ml (Maxi) 

equilibriation buffer (Buffer QBT - 750mM NaCl, 50mM MOPS pH7.0, 15% (v/v) 

isopropanol, 0.15% (v/v) Triton X-100). Equilibration buffer was allowed to flow 

through the column by gravity flow. Once the column was equilbriated, the filtrate 

containing the plasmid DNA was applied to the column and allowed to run through by 

gravity flow. The column was then washed twice with 10ml (Midi) or 30ml (Maxi) 

wash buffer (Buffer QC - l.OM NaCl, 50mM MOPS pH7.0, 15% (v/v) isopropanol). 

After washing, bound plasmid DNA was eluted into a 50ml polycarbonate centrifuge 

tube with 5ml (Midi) or 15ml (Maxi) elution buffer (Buffer QF -1 .25M NaCl, 50mM 

TrisHCl pH8.5, 15% (v/v) isopropanol). Any DNA in the eluate was precipitated by 

addition of 0.7 volumes of isopropanol. The precipitated DNA was pelleted by 

centrifugation at 15,000g for 40 minutes at 4°C. The pellet was then resuspended in 

500pl molecular biology grade water and reprecipitated by addition of 50pl sodium 

acetate (pH5.2) and 1ml cold (-20°C) 100% ethanol. The DNA was left to precipitate 

for at least 30 minutes at -80°C. After sufficient incubation the precipitating mixture 

was allowed to thaw before centrifuging at 20,800g for 30 minutes at 4°C to pellet the 

DNA. The supernatant was aspirated and discarded. The pellet was washed once with 

1ml of cold (4°C) 70% (v/v) ethanol and recentrifuged. The supernatant was removed 

and care was taken to leave no residual ethanol behind. The resultant pellet was air- 

dried at room temperature for 1-2 hours before it was resuspended in either 250pl 

(Midi) or 500pl (Maxi) molecular biology grade water.
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The concentration of purified DNA was measured by recording the absorbance 

of a 1ml solution of molecular biology grade water containing between 1 and 5 pi of 

plasmid DNA at 260nm in a Shimadzu spectrophotometer. The spectrophotometer 

was zeroed using 1ml molecular biology grade water alone. Using the relation 1 

absorbance unit = 50pg/ml double stranded DNA, the amount of DNA in the 

preparation could be calculated (Sambrook et. al., 1989). The typical DNA yields 

obtained were 25-50pg for a miniprep, 125-250pg for a midiprep and 250-500pg for a 

maxiprep. All preparations of plasmid DNA were stored at -20°C when not in use.

Theory and use o f the Polymerase chain reaction.

A technique that I have widely used in my thesis is the manipulation of cloned 

cDNA using the polymerase chain reaction (PCR). It is used to amplify segments of 

DNA between regions of known sequence (Sambrook et. al., 1989). Given that all the 

cDNA constructs used in this thesis have full sequences deposited in the Genbank 

database (see Chapter 3 Table 3.3), this technique can be used to amplify any portion 

of the DNA sequence when desired by design of appropriate oligonucleotide primers. 

In this section I will give a brief overview of the technique and describe the procedure 

I used.

The principle of the polymerase chain reaction is illustrated in Figure 2.3.

Two oligonucletides, with nucleotide sequences complimentary to sequences that lie 

on the opposite strand of the double stranded DNA molecule, flank the region of DNA 

sequence to be amplified. These oligonucleotides act as primers for a DNA 

polymerase which catalyses the synthesis of a new strand of DNA using the opposite 

strand as a template. The double stranded DNA molecule is denatured by heating to 

95°C and cooled to a temperature of around 55°C to allow the primers to anneal to 

each strand. A special temperature resistant DNA polymerase {Taq or Vent DNA 

polymerase, see later in this section) then synthesises a new DNA strand at 72°C.

This cycle of dénaturation and reannealing is usually repeated 25-30 times and results 

in an exponential amplification of the DNA sequence flanked by the oligonucleotide 

primers.

64



The technique can be used in a variety of ways to manipulate cDNA 

molecules. A feature of the technique is that it allows nucleotide sequences to be 

added at the 5’ end of primer molecules which are then incorporated into the DNA 

sequence during PCR. The principle of this is illustrated in Chapter 3 Figure 3.8 

where I have used the process to engineer the nucleotide sequences of a particular 

epitope (for example, the FLAG epitope) into the sequence of channel cDNAs. 

PCR fragments can also be engineered in a similar manner to contain appropriate 

restriction enzyme sites by addition of sites onto the 5’ ends of primers so that it can 

be inserted into a particular cDNA sequence (see Chapter 5 for examples of this 

approach as applied to the production of Kir2.1/Kir6.2 chimeras). Another powerful 

application of PCR that I have utilised in my studies is the technique of splicing by 

overlap extension (SOEing), which is explained in Chapter 5 Figure 5.1. It allows the 

splicing together of two separate cDNA sequences at any position by design of 

primers with overlapping 5’ extensions. I have used this technique to generate 

chimeric Kir6.2/Kir2.1 cDNA molecules (see Chapter 5).

The components of a typical reaction mixture are given in the table below; 

Component Amount

DNA template (SURl in pcDNA3) 1 pi of a 1:10 dilution (approx 50-100ng)

F orward primer 5.0 pmoles

Reverse primer 5. Opmoles

“Thermopol” buffer 5 pi

dNTP mixture (25mM dATP, dCTP, 1 pi

dTTP, dOTP)

Molecular biology grade HjO to 50 pi

Vent DNA polymerase 2 units

The reactions were overlaid with 3-4 drops of mineral oil (Sigma, Poole, UK) before 

thermal cycling to prevent evaporation of the sample. The cycling steps were done 

using an programmable thermal cycler (Biometra Trio Thermoblock, G ttingen, 

Germany). The cycling protocol is given overleaf.
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Cycling protocol Step 1 94°C 4 minutes Initial dénaturation.

Step 2 94®C 1 minute Dénaturation.

Step 3 55°C 1 minute Annealing of primers to ssDNA.

Step 4 72°C 1 minute Elongation of nascent DNA.

Step 5 72°C 10 minutes Final elongation

Step 6 Hold at 4°C until needed.

Cycle from Step 2 to Step 4 for 25 cycles.

The Vent DNA polymerase was obtained from New England Biolabs (Hitchin, 

UK) and was used due to its higher fidelity compared to Taq DNA polymerase. The 

primers were synthesised commercially by Sigma-Genosys (Pampisford, UK). The 

dNTPs were purchased separately from New England Biolabs as lOOmM solutions 

and mixed in 1:1 ratios to produce a 25mM primer stock.

If a PCR fragment was to be digested with restriction enzymes, it was 

necessary to extract the DNA by a phenol-chloroform extraction procedure. This was 

to remove the DNA polymerase and any other contaminating proteins that may 

interfere with subsequent enzymatic steps, as well as removing any contaminating 

mineral oil. The extraction was done using a phenol:chloroform:isoamyl alcohol 

mixture (25:24:1 ratio). The mixture was made by mixing equal volumes of phenol 

and chloroform : isoamyl alcohol (24:1) (all molecular biology reagents from Sigma, 

Poole, UK). The PCR mixture was transferred into a clean eppendorf tube. Care was 

taken to minimise transfer of mineral oil. The volume of the PCR mixture was made 

up to 300pl by addition of molecular biology grade water. To the mixture was added 

33pl 3M sodium acetate (pH3.2) and 330pl phenol : chloroform : isoamylalcohol 

(25:24:1). The mixture was then vortexed for 20 seconds and centrifuged at 10,000g 

for 1 minute. The mixture partitioned into aqueous and organic phases. The upper 

aqueous phase was transferred to a clean tube and re-extracted with 330pl 

phenol : chloroform : i soamy 1 alcohol by vortexing and centrifugation in the manner 

described above. The aqueous phase obtained from that step was finally re-extracted 

with 330|il chloroform:isoamylalcohol only (to remove any contaminating phenol). 

The DNA present in the aqueous layer from the final step was precipitated by addition
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of 660|j.l 100% cold (-20°C) ethanol followed by an incubation of at least 30 minutes 

at -80°C. The precipitating mixture was thawed briefly at room temperature before 

centrifugation at 20,800g for 30 minutes at 4°C to pellet precipitated DNA. The 

supernatant was removed, the pellet washed with 1ml cold (4°C) 70% (v/v) ethanol 

and recentrifuged at 20,800g for 10 minutes at 4°C. After removal of the supernatant, 

the pellet was air-dried at room temperature for 1-2 hours. Once the pellet was 

completely dry it was resuspended in an appropriate volume of molecular biology 

grade water (usually 40pl if the PCR fragment is to be digested for subcloning.)

Sequencing o f plasmid DNA.

When manipulating cDNA using the techniques described in this section, it is 

important to check that the nucleotide sequence has not been altered, for example, due 

to misincorporation of nucleotides during PCR. Sequencing of plasmid DNA was 

achieved using a procedure based on the dideoxy nucleotide-mediated chain- 

termination method (Sanger et. al., 1977). An oligonucletide primer is designed to the 

5’ end of the strand of plasmid DNA to be sequenced. The primer and DNA to be 

sequenced are incubated in a reaction mixture containing deoxynucleotides (dNTPs) 

and dideoxynucleotides (ddNTPs) and a DNA polymerase. The synthesis of a new 

DNA strand is initiated at the point where the primer anneals and the nascent DNA 

strand is elongated by the DNA polymerase using the dNTPs as substrates. The 

incorporation of ddNTPs into the nascent chain terminates elongation since the lack of 

a hydroxyl group at the 3’ position of the dideoxynucleotide prevents formation of a 

phosphodiester bond with the 5’ phosphate group of the next nucleotide in the chain. 

The concentration of ddNTPs in the reaction mixture is adjusted to ensure that chain 

termination is both specific and infrequent. The reaction products will be a series of 

oligonucleotide chains of different sizes terminated by a ddNTP. The nature of the 

terminating base will be dependent upon the nucleotide that is normally present at that 

point in the sequence. The differentially sized oligonucleotide chains can be separated 

from each other using polyacrylamide gel electrophoresis. The oligonucleotide chains 

are identified either by incorporation of fluorescently labelled or radioactive 

nucleotides. As mentioned earlier in this Chapter, polyacrylamide gels are superior to
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agarose gels in the resolution of small size differences between fragments. Indeed, 

polyacrylamide gels have the potential to resolve size differences of as little as one 

base, an essential requirement for sequencing.

In the method of sequencing I employed, a specialised thermo-stable DNA 

polymerase was used. Thermo Sequenase II DNA polymerase, that is a chemically 

modified form of the bacteriophage T7 DNA polymerase. The fact that this enzyme is 

heat-stable means that double stranded plasmid DNA can be sequenced directly using 

a thermal cycling protocol with steps of dénaturation, annealing and elongation in a 

similar manner to the polymerase chain reaction (see earlier in this section).

However, unlike PCR there is only a linear increase in the number of products 

obtained from each cycle given that only one primer is used on a single stranded 

template.

The reaction products were loaded onto an extremely thin polyacrylamide gel 

(approximately 0 .2mm thickness) mounted on an automated sequencer and 

electrophoresed until the products had run off the bottom of the gel. As all of the 

oligonucleotides have a fluorescent label they are excited by a laser that scans a small 

window across the length of the gel near the bottom. As an oligonucleotide passes 

through this window the laser excites the attached fiuorophore and the emitted light is 

detected and processed by an attached computer. Each ddNTP terminator has a 

different fiuorophore attached with a different wavelength of excitation and emission. 

The identity of the terminating ddNTP can then be identified and corresponded with 

its position in the nucleotide sequence. The principle of automated sequencing is 

shown in Figure 2.4 and the technical details of the procedure employed are given 

below.

The sequencing gel itself was poured between two 48cm plates spaced with 

0 .2mm plastic spacers using a gel injection device mounted on the bottom of the 

plates. Plates were pre-cleaned with Alconox detergent (Alconox Inc, New York, 

USA - obtained from Merck-BDH, Lutterworth UK), rinsed with warm water and 

rinsed with distilled water and left to air dry before use. Gels were poured from the 

bottom up to ensure that any dust on the plates did not collect in the bottom portion of 

the plate where it may affect the detection of fluorescent oligonucleotides. A 4.2% 

sequencing gel was made up by mixing 54ml distilled water with 10.4ml of a 40%
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(w/v) solution of 19:1 acrylamide:bisacrylamide (Ultrapure reagent - Anachem,

Luton, UK) and dissolving 36g urea (electrophoresis reagent from Sigma, Poole, UK) 

in it. After the urea had dissolved, the solution was deionised by addition of Ig 

Amberlite MB-1 resin (Fisher scientific, Loughborough, UK) followed by stirring for 

10-15 minutes. After deionisation, the solution was filtered through a 0.22pm sterile 

filter. Sterile filtered lOx Tris-borate EDTA electrophoresis buffer (TBE - 90mM 

Tris-borate, 2mM EDTA, pHS.O - all electrophoresis reagents from Sigma, Poole,

UK) was then added to the gel mixture in a 10ml volume. The ^el mixture was left 

open to the air for 20-30 minutes to de-gas (air inhibits the polymerisation reaction - 

see Section 2.8) before polymerisation was initiated by addition of 500pl (w/v) 

ammonium persulphate and 70pl N’,N’,N’,N’-| tetramethylethylenediamine [TEMED) 

(both electrophoresis reagents from Sigma, Poole, UK). The gel was poured in a 

cassette according to the manufacturer’s instructions using a specialised gel injection 

device at the bottom of the gel. Once the gel had reached the top of the plates a plastic 

comb was inserted in between the plates to form a large well. The gel was allowed to 

set for at least 3 hours before loading onto the automatic sequencer. The gel and 

cassette were fixed into the automatic sequencer apparatus (an ABI Prism 377 

automatic sequencer, PE biosystems, Warrington, UK). Immediately before the gel 

was mounted onto the apparatus, the plastic comb was reversed so that the teeth of the 

comb just contacted the gel surface. This allows each sample to be loaded into one of 

36 wells formed by the comb.

The kit used for automated DNA sequencing was the Thermo Sequenase II 

dye terminator cycle sequencing reaction kit (Amersham-Pharmacia biotech. Little 

Chalfont, Buckinghamshire, UK). As mentioned above, it contained a specialised 

DNA polymerase (Thermo Sequenase II) that is thermostable and has a high 

processivity (i.e. the probability of dissociation from the template before incorporation 

of a ddNTP is low). The stability of the polymerase at high temperatures means that 

products can be generated in multiple thermal cycles (see above), increasing yields 

and signal strength of the sequence. The polymerase, deoxynucleotides, 

dideoxynucleotides and reaction buffer are all included in a “pre-mix” supplied with 

the kit that can simply be added to the DNA template and sequencing primer.
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Sequencing reactions were set up as follows;

1 pg plasmid DNA 

Spmols sequencing primer 

4pi Thermo Sequenase II reagent premix 

Molecular biology grade water to 20pl final volume

The reaction mixture was mixed gently by pipetting, overlaid with 3-4 drops of 

mineral oil and subjected to the following thermal cycling protocol;

Step 1 96”C 1 minute

Step 2 96°C 30 seconds

Step 3 50°C 15 seconds

Step 4 60°C 1 minute

Cycled from Step 2 to Step 4 for 25 cycles.

After thermal cycling, the reaction mixture was removed to a fresh pre-chilled 

eppendorf tube containing 2pl of sodium acetate/EDTA buffer (1.5M sodium acetate 

pH>8.0, 250mM EDTA, supplied with the kit). The sequencing products were 

precipitated by addition of 60pl 100% cold (-20°C) ethanol followed by incubation on 

ice for 15-20 minutes. The reaction was then centrifuged at 20,800g for 30 minutes at 

4°C to pellet the precipitated DNA. The supernatant was aspirated and discarded and 

any remaining unincorporated oligonucleotides were removed by washing the pellet in 

1ml 70% (v/v) ethanol. The DNA was repelleted by a centrifugation step at 20,800g 

for 10 minutes at 4°C, the supernatant aspirated and the pellet allowed to air dry for 

20-30 minutes. Immediately prior to loading on the sequencing gel, the sample was 

resuspended in 4pl formamide loading dye (supplied with the kit) and denatured by 

heating to 70°C for 2 minutes. A 1.5pl aliquot of the sample was then loaded onto a 

lane of the sequencing gel. The gel was also loaded at both ends and in the middle 

with samples from a control sequencing reaction (single stranded DNA from the 

bacteriophage M13mpl8 sequenced with a control primer - both supplied with the 

kit). This was to done as a check of the efficacy of the sequencing reagents and as a 

guide to allow tracking of each lane on the gel.

Before loading of samples, upper and lower buffer reservoirs were filled with

the electrophoresis running buffer, Ix TBE) and a cooling plate assembled onto the
front of the gel. The gel was then pre-run at IkV for 20 minutes until the gel had
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reached operating temperature (50°C). After flushing the wells with electrophoresis 

buffer (using a needle and syringe), samples were loaded onto the gel. An 

electrophoresis voltage of 1.65kV was applied across the gel for 7 hours. As the 

fluorescently labelled oligonucleotides present in each sample pass through the laser- 

scanned window the fluorophores on each oligonucleotide are identified and recorded 

by the analysis software as a series of differently coloured peaks. The first peaks 

represent the smallest oligonucleotides (i.e. those that run through the scan window 

first), whilst the last peaks represent the largest oligonucleotides.

Summary o f the subcloning process.

The manner in which the various procedures I have discussed fit together is illustrated 

in Figure 2.5.
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Promoter - Contains a binding site for RNA polymerase II, which usually binds 
co-operatively with general transcription factors. The pcDNA3 
vector contains a vii al CMV promoter (from Cytomegalovirus). 
Viral promoters are often used due to their effectiveness in initiating 
RNA transcription in a w ide variety of cell tv pes.

3

pcDNAS
5.4 kb

T t h l l l l

AThar* W *n ATQ 
of the X b a  I ste

p#t«*m

MCS - The multiple cloning site is a synthetic DNA sequence 
which encodes a series o f unique restriction 
endonuclease recognition sites, to allow convenient 
cloning o f cDNA into specific positions.

Selectable markers - can encode for drug resistance genes, as in the 
pcDNA3 vectors or auxotrophic genes which 
allows cells to synthesise an essential component 
in deficient media. The pcDNA3 vectors contain 
selectable markers for both prokaiy otic (ampicillin) and 
eiikaiy otic (neomycin, hygromyciu or zeocin) systems.

Figure 2.1 Plasmid vector structure using pcDNA3 series as an example.
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BamHI restriction enzyme
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Figure 12  Illustration of restriction enzyme cleavage

The examples shown above illustrate the Aree main ways in which a restriction en^me can 
cut a double stranded DNA molecule. The recognhian sequence ccnlains a twofold axis of 
symmetry (indicated ly  tiie vertical line) and tiie restriction m ^m e can cut either at ti&ef 
side of the axis (e.g. BamHI), the 3' side (Apal) or at the axis (Eco47IIQ. All the examples 
shown above are enzymes tW  recognise a six nucleotide sequence. There are ensymes that 
recognise four and five nucleotide sequences. Others recognise a she with two-fold symmetry 
sq)arated by S-8 random nucleotides (e.g. the Sfil restriction enzyme recognises the sequence 
QQCCNNNNNGOCC, where N can ̂  aiQr nucleotide). Other en^rmes cleave at a distimce 
from the recognition sequence.
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Figure 2.3 Theoretical basis of the Polymerase chain reaction.

Only the lirst two steps of the reaction are shown. The primers are labelled F and R. Tlie first few 

products are heterogenous in size. Ffowever, after multiple cycles the stretch of DNA flanked by 

primers F and R is amplified and becomes the predominant reaction product. For the sake of simphcity 

tlie template shown represents the whole piece of DNA.
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Figure 2.4 Theoty of automated DNA sequencing.
For Ae sake of sinqiUcity only four possible oHgonudeotides are shown - in reality Aere will be ig) to 600 oligonucleotides eadi dififering by one 
pair in size.



Step 1 Restriction enzyme digest of vectors

Target
vector

cDNA construct digested from other vector OR 
PCR fragment digested with appropriate enzymes.

Digested vector (often witli cohesive ends). 5' phosphate groups removed by CTP 
to prevent self-ligation.

Step 2 A garose Gel electrophoresis and  purification  o f DNA fragm en ts

Ezcue gel fiagmeotB 
and purify.

Step 3 L igation  o f DNA fragm ents

O E>
T4 DNA ligase 

Mg^
ATP O

cDNA ligated into vector to produce 
recombinant DNA molecule.

Step 4 T ran sfo rm atio n  o f ligation p roducts into E.coli.

° o \  l^ck colonies and extract plasmid DNA

Check DNA by restriction enzyme digest and 
sequencing.

Colonies representing a single transformant 
form on agar plate containing appropriate 
selection antibiotic.

Figure 2.5 Procedure for subcloning cDNA and PCR fragments between plasmid vectors.
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2.2 General Cell Culture

The majority of the data presented in this thesis was obtained from studies 

performed on immortalised eukaryotic cell lines. In this section details of the methods 

of culturing are given for cell lines used.

The HEK293 cell line.

The HEK293 cell line (obtained from Dr L Y Jan, UCSF) is an immortalised 

human cell line derived from primary embryonic kidney cells transformed with 

sheared adenovirus type 5 DNA (Graham et. al., 1977).

Growth conditions.

HEK293 cells were cultured in Minimum Essential Medium (MEM) with 

Earles’ salts and L-Glutamine (Gibco Life Technologies, Paisley, UK) supplemented 

with 10% Foetal Bovine Serum (of European origin, Gibco Life Technologies,

Paisley, UK) and 1% Penicillin-Streptomycin (from a stock of 10,000 units/ml 

penicillin and 1 mg/ml streptomycin, Gibco Life Technologies, Paisley, UK). Cells 

were grown at 37°C in a humidified atmosphere of 95% air/5% COj adhered to the 

surface of tissue culture flasks treated with vacuum gas plasma (Falcon products, 

Becton Dickinson, Franklin Lakes, New Jersey, USA).

Method of subculture and maintenance.

Cells were typically subcultured when at approximately 90% confluence. The 

culture medium was removed and the cells washed twice with Câ ,̂ Mĝ  ̂free 

Dulbeccos’ phosphate buffered saline (Gibco Life Technologies, Paisley, UK). Cells 

were detached from the culture surface of the flask by addition of 0.25% Trypsin in 

Dulbeccos’ phosphate buffered saline followed by a 1-2 minute incubation at room 

temperature. Trypsin was diluted in phosphate buffered saline from a 2.5% (w/v)
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stock in saline solution (Gibco Life Technologies, Paisley. UK). After the cells had 

detached an excess of culture medium containing serum was added to inhibit the 

tryptic activity. The cell suspension was centrifuged at 340g for 3 minutes. Pelleted 

cells were resuspended in fresh culture medium at a density of 1.5x10  ̂ viable 

cells/ml.

An aliquot of 7.5x10  ̂cells was subsequently used to inoculate another flask. 

The doubling time of HEK293 cells was typically 24-36 hours in log phase growth 

and as a consequence subculturing was done once weekly. The culture medium on 

HEK293 cells was generally removed and replaced with fresh medium once every 3-4 

days.

Production/revival o f frozen stocks

Frozen stocks were produced by subculturing 80-100% confluent cells as 

described above but after centrifugation the cells were resuspended in culture medium 

containing 10% steriledimethyl sulphoxide (Sigma, Poole, UK) at a density of 1.5x10  ̂

cells/ml. Cells were aliquoted into suitable vials for cryogenic storage in 1ml aliquots 

before being gradually cooled at 4°C for 30 minutes, -20°C for 30 minutes and -80°C 

for 30 minutes prior to being transferred to liquid nitrogen for long-term storage.

Cells were revived by rapid thawing of an aliquot at 37°C before inoculation of a flask 

containing fresh pre-warmed culture medium. Cells were incubated under normal 

conditions for between 6 and 18 hours before culture medium was removed and 

replaced with fresh culture medium.

The HepG2 cell line.

The HepG2 cell line (obtained from Dr G Bellingham, Department of 

Medicine, UCL) is a permanent cell line derived from a human hepatocellular 

carcinoma (Knowles et. al., 1980).
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Methods of subculture, maintenance and production/revival of frozen stocks.

Cells were subcultured in the same manner described for HEK293 cells. The 

doubling time of HepG2 cells was 12-24 hours in log phase growth and therefore cells 

were subcultured twice weekly. The culture medium on HepG2 cells was removed 

and replaced with fresh medium every 1 to 2 days. The procedure for the production 

and revival of frozen stocks was the same as the one employed for HEK293 cells.

The 9E10 Hybridoma cell line.

The 9E10 cell line (obtained from Dr S Moss, UCL) is a mouse hybridoma 

cell line that secretes a monoclonal antibody recognising the amino acid sequence 

EQKLISEEDL that is part of the carboxy-terminal domain of human c-myc, a 

transcriptional activator.

Growth conditions

9E10 cells were cultured in identical growth medium and under identical 

conditions to those used for HEK293 cells. The cells were grown both adhered to 

tissue culture flasks and in suspension culture using spinner bottles to ensure adequate 

aeration of the cells.

Method of subculture

Cells grown adhered to tissue culture flasks were subcultured twice weekly.

As 9E10 cells are semi-adherent they were subcultured when at 50% confluence (at 

confluence > 50% cells detached from the growth surface). The culture medium was 

removed and replaced with fresh medium. The cells were removed from the surface 

of the flask by gentle tituration. The cell suspension was then used to inoculate 

another flask containing fresh medium at a 1:10 dilution. Suspension cultures were 

initiated with a 1:10 dilution of cell suspension from a 50% confluent flask and could

79



be maintained for 2-3 months in suspension before a new culture was initiated with 

fresh cells. Cells in suspension culture were subcultured at a 1:10 dilution once 

weekly by removal of culture medium and replacement with fresh medium. When 

growing cells in suspension for subsequent harvest of monoclonal antibody from the 

supernatant, cells were grown for 2-3 weeks without subculture with twice weekly 

additions of fresh culture medium.

Production/revival o f frozen stocks.

Frozen stocks of 9E10 cells were produced from 50% confluent adherent 

cultures. Cells were removed from the growth surface in the manner described above 

and pelleted by centrifugation at 340g for 3 minutes before resuspension in fresh 

culture medium containing 10% ̂ imetliyl sulphoxide (DMSO). Cells were gradually 

cooled and frozen in liquid nitrogen for long term storage as described in the earlier 

section. Frozen 9E10 cells were revived in the same manner as HEK293 cells.

Counting viable cells using the Trypan Blue exclusion assay.

Viable cells were counted using a trypan blue exclusion assay in conjunction 

with a haemocytometer. A 500pl aliquot of cell suspension was removed and mixed 

with 500pl 0.4% (w/v) Trypan Blue staining solution (Sigma, Poole, UK). A small 

amount of this suspension was added to the central well of a haemocytometer 

(Neubauer 0.100mm depth), a coverslip applied and the two chambers allowed to fill 

by capillary action. The haemocytometer was then observed under the microscope and 

the number of viable cells in each 1mm square was counted and the mean value taken. 

Non-viable cells were classified as those that had taken up the Trypan Blue stain. 

Given that the volume of the 1mm square is 0.1 mm  ̂ or 10 ‘̂ ml (the depth is stated as 

0 .100mm), the number of cells per ml can be calculated using the expression;

No. of cells/ml = Mean count/mm^ x 10,000 x 2 

where 2 is the dilution factor of the cell suspension in Trypan Blue solution.
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2.3 Transfections.

To allow the study of K^tp channel subunits in heterologous systems such as 

the HEK293 cell line it is necessary to introduce plasmid DNA encoding the 

appropriate protein into the cells where it can direct over-expression of the protein of 

interest. The process of introducing plasmid (or any other form of foreign) DNA into 

a cell line is known as transfection and this section will outline the principles of 

transfection and also discuss the method of transfection employed for experiments 

described in this thesis.

There are several methods that can be used to transfect plasmid DNA into a 

cell line. The most commonly used methods are calcium phosphate co-precipitation 

(Graham and Van der Eb, 1973) and liposome mediated gene transfer (Itani et. al., 

1987). Other methods of transfection mediated by DEAE-Dextran (McCutchan and 

Pagano, 1968), Polybrene (Kawai and Nishizawa, 1984) and bacterial protoplasts 

(Schaffher, 1980) can also be used. All of these methods involve the formation of a 

complex between DNA and the mediator of the transfection. This complex can ftise 

with the plasma membrane of the cell and the DNA enters the cytoplasm. Once in the 

cytoplasm the DNA is trafficked to the nucleus and proteins(s) encoded by the DNA 

can be expressed using the transcriptional and translational machinery of the cell. The 

schematic diagram in Figure 2.6 illustrates the principle. Details of plasmid structure 

were given in Figure 2.1.

Other methods exist for directly introducing plasmid DNA into a cell, without 

formation of a plasmid-mediator complex. These include electroporation (Potter et. 

al., 1984) in which a high voltage pulse reversibly permeabilises the cell membrane 

allowing DNA to enter, scrape loading (Fechhiemer, 1987) where cells are stimulated 

to take up DNA by mechanically injuring them and microinjection of DNA directly 

into the nucleus of the cell (Capecchi, 1990). A relatively new technique involves 

firing plasmid DNA coated with gold particles directly into the cell using a “gene 

gun”. DNA can also be introduced into cells by infecting them with recombinant 

vaccinia viruses (Karschin et. al., 1992).
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In the studies described in this thesis all transfections were done using a lipid 

based transfection method. This method was chosen because efficient transfection 

could be achieved with relatively small quantities of DNA (typically between 0.5 and 

1.5p,g) and the methods are simple and well characterised. The experimental 

procedure is described in the next section.

Liposome based transfection procedure

Cells were subcultured as described in Section 2.2 and seeded into tissue 

culture plates with wells of 35mm diameter (Falcon products, Becton Dickinson, 

Franklin Lakes, New Jersey, USA) at a cell density of 2x10  ̂cells per well. The cells 

were subsequently incubated overnight under normal conditions to allow them to 

adhere to the growth surface and to recover from trypsinisation.

Lipid-plasmid DNA complexes were prepared just prior to transfection as 

follows; for each transfection 5pi of 2mg/ml Lipofectamine (Gibco Life 

Technologies, Paisley, UK), a liposome formulation of cationic and neutral lipids (a 

3:1 w/w ratio of the polycationic lipid DOSPA and the neutral lipid DOPE in sterile 

water), preincubated for 10 minutes in lOOpl Optimem serum free medium (Gibco 

Life Technologies, Paisley, UK) was added to a tube containing 0.8-1.5pg of total 

plasmid DNA in lOOpl Optimem. The lipid-DNA mixture was incubated for 30 

minutes at room temperature to allow lipid-DNA complex formation. After the 

incubation period the volume of the transfection mixture was adjusted to 1ml with 

Optimem. Cells were briefly washed with Optimem to remove contaminating serum 

proteins before the transfection mixture was added to the cells. Charged proteins 

present in foetal bovine serum may interfere with the transfection process by 

sequestering lipid-DNA complexes and preventing fusion with the target cells. The 

cells were incubated with the transfection mixture under otherwise normal growth 

conditions for 5 hours before the transfection mixture was removed and replaced with 

normal culture medium.

Transfected cells were incubated for 24 hours prior to either selection for 

stably transfected cells or experiments on transiently transfected cells (the difference 

between transient and stably transfected cells is explained in Section 2.4).
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Figure 2.6 The principle o f lipid based transfections.

The diagram above shows how a mixture of cationic and neutral lipids can be used to 

introduce foreign DNA into mammalian cells. Complexes between positively 

cliarged Upids and negatively charged DNA can be formed which can then fuse to the 

plasma membrane o f tlie target cell, facilitating the uptake o f DNA into the cell by an 

endocytic process (the exact mechanism is unclear). Serum-free medium is used 

throughout the transfection process as serum proteins can interfere with complex 

formation. The same principle o f complex formation applies to other methods of 

transfection using cationic facilitators such as DEAE and polybrene.
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2.4 Selection and maintenance of monoclonal stably transfected cell lines

Once plasmid DNA encoding proteins of interest is transfected into a cell line 

it is transferred to the nucleus where it can replicate and act as a template for the 

production of mRNA. To allow large scale culturing of cells expressing the protein of 

interest with subsequent large yields of protein for use in biochemical study it is 

necessary to isolate cells that permanently express the protein of interest (i.e. cells 

which are stably transfected). This section will explain how this was done to produce 

stable lines expressing K^tp channel subunit constructs.

Principles o f stable and transient transfections

As mentioned earlier, once plasmid DNA enters the cell it is trafficked to the 

nucleus where it can initiate expression of the genes it contains. Most plasmids can 

replicate themselves independently using the DNA replication machinery of the host 

cell. However, this replication cannot occur indefinitely and eventually the plasmid is 

lost from the cells as they continue to divide with concomitant loss of expression of 

the protein(s) of interest. In a transient transfection, the plasmid drives protein 

expression for a few days before the plasmid is lost as the cells continue to divide. In 

a stable transfection the plasmid can either continue replicating independently of the 

host DNA (episomal replication, a property not all plasmid vectors possess) and 

produce copies of itself to be transferred from mother to daughter cell as it divides or 

the plasmid itself can become randomly integrated into the genome of the cell and 

therefore be replicated and passed on from generation to generation. The latter 

mechanism is the way in which stable lines are produced in this thesis. The plasmid 

usually contains a gene which when expressed confers resistance on the cell to a 

specific antibiotic (see Figure 2.1). Stably transfected cells can be selected by 

treatment with this antibiotic.
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Selection o f stably transfected cells by antibiotic selection.

All channel subunit cDNA constructs intended for expression in stable 

cell lines in HEK293 cells were subcloned into one of three mammalian expression 

vectors; pcDNA3, pcDNA3.1/zeo and pcDNA3.1/hygro (Invitrogen, Groningen, 

Netherlands). The structure of the pcDNA3 family of vectors is shown in Figure 2.1 

along with an explanation of their important features. The details of the how the 

constructs were produced is given where appropriate in later chapters. These vectors 

contain selectable marker genes encoding for resistance to a specific antibiotic that 

will kill non-resistant cells. It should be noted that all of the pcDNA3 vectors also 

contain an ampicillin resistance gene that allows selection of transformed bacteria 

(Figure 2.1). The pcDNA3 and pcDNA3.1/zeo vectors contain genes encoding for 

resistance to Neomycin (Geneticin) and Zeocin respectively. The pcDNA3.1/hygro 

vector contains a gene encoding for resistance to Hygromycin. Therefore, cells stably 

expressing these plasmids can be selected for using these antibiotics. Selection for 

cells containing the pcDNA3 vector was done using Geneticin, an aminoglycoside, 

which causes inhibition of cell growth and eventually cell death by interfering with 

ribosome function. The Neomycin resistance gene present in the vector encodes for 

proteins with aminoglycoside phosphotransferase activities, which render the cell 

resistant to Geneticin. Cells transfected with the pcDNA3.1/zeo plasmid are selected 

with Zeocin, which causes death in non-resistant cells by DNA cleavage. The Zeocin 

resistance gene in the plasmid encodes a protein that binds stoichiometrically to 

Zeocin and inhibits its DNA strand cleavage ability. The Hygromycin resistance gene 

present in pcDNA3.1/hygro confers resistance to Hygromycin, another 

aminoglycoside antibiotic that kills cells by inhibition of protein synthesis, by 

encoding a protein that detoxifies the antibiotic by phosphorylating it.

Optimisation o f antibiotic concentration for selection.

Before the antibiotics were used for the selection of stably transfected cell 

lines it was necessary to determine the appropriate concentration of antibiotic required
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to kill non-transfected cells. Pilot experiments showed that exposure of non

transfected HEK293 cells to either 727pg/ml Geneticin (Life Technologies, Paisley, 

UK), 344pg/ml Zeocin (Invitrogen, Groningen, Netherlands) or 400pg/ml 

Hygromycin B (Life Technologies, Paisley UK) killed all cells within 14 days of 

exposure.

Use o f monoclonal stable lines.

The majority of the cell lines described in this thesis are monoclonal (i.e. they 

have theoretically arisen from a single parental cell). The reason for predominantly 

using monoclonal lines is to ensure that uniform levels of expression of transfected 

proteins will be obtained. The mechanism of stable expression of proteins contained 

in the pcDNA3 family of vectors is not totally clear. However, it is thought that the 

vector containing the antibiotic resistance gene and the cDNA of interest stably 

integrates into the genome of the host cell. The level of protein expression as well as 

the probability of loss of expression will therefore be dependent upon the point of 

integration in the host genome. A polyclonal line would be a mixture of several 

populations of cells each having different points of integration within the genomic 

DNA. This can potentially cause differences in stability and levels of protein 

expression. A monoclonal line on the other hand would consist of a homogenous 

population of cells each containing recombinant DNA at the same point of integration 

in the genome.

Selection o f monoclonal stably transfected HEK293 cell lines.

HEK293 cells were transfected as described in Section 2.3 and were incubated 

for 24 hours to allow them to recover. Cells were then subcultured in the manner 

described in Section 2.2 from the 35mm diameter wells into 75cm  ̂flasks containing 

culture medium with the appropriate antibiotic at the appropriate concentration.

Flasks were then incubated under normal conditions for 14-21 days with twice weekly 

changes of culture medium until discrete colonies of cells could be observed on the
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growth surface of the flask. On occasions the density of cells subcultured from the 

35mm diameter wells was too high for discrete colonies to be observed. In these 

cases the cells were subcultured again at dilutions of between 1:100 and 1:1000 until 

discrete colonies were observed. Each of these colonies (termed clones) was 

transferred from the flask, using a sterile cotton bud, to a well of a 12-well tissue 

culture dish (Falcon products, Becton Dickinson, Franklin Lakes, New Jersey, USA) 

containing selection medium. It was assumed that the discrete nature of the colonies 

meant that each clone had arisen from a single parental cell. Clones were grown for a 

further 7-14 days until 90-100% confluent. Once confluent each clone was 

subcultured into two 25cm  ̂tissue culture flasks (Falcon products, Becton Dickinson, 

Franklin Lakes, New Jersey, USA). One flask was used in a screening process to 

check for expression of the desired protein(s). The screening process was usually 

Western blotting, although electrophysiological methods were also used as a screening 

tool (courtesy of other members of the laboratory) where appropriate. The other flask 

was used to produce a permanent frozen stock of the line if it was found to contain the 

protein(s) of interest, using the method described in Section 2.2.

Maintenance o f stably transfected cell lines

Once cells had been confirmed as stably transfected they were cultured in the 

same manner as described for non-transfected cells (see Section 2.2) except that the 

culture medium contained the appropriate antibiotic. In most cases, cells were 

cultured using culture medium containing 727pg/ml Geneticin, 344pg/ml Zeocin 

and/or 400)Lig/ml Hygromycin B in the appropriate combinations, which are sufficient 

to kill any cells which no longer contain the appropriate resistance gene.

Production o f doubly and triply transfected monoclonal stable lines.

In most cases it was desirable to produce stable lines co-expressing one or 

more types of channel subunit. In stable lines co-expressing two types of 

subunits, cDNA constructs were subcloned into the pcDNA3 and pcDNA3.1/zeo 

plasmid vectors and both components were co-transfected simultaneously. Cells co
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expressing both constructs were selected using media containing 727pg/ml Geneticin 

and 344pg/ml Zeocin. Attempts were made to co-express three types of construct 

with a simultaneous triple transfection with the third construct in the pcDNA3.1/hygro 

vector and subsequent selection with 727pg/ml Geneticin, 344pg/ml Zeocin and 

400pg/ml Hygromycin containing growth media. This strategy was unsuccessful 

however, probably due to a combination of the stress of the exposure to three different 

antibiotics and the poor condition of the cells after the triple transfection. An 

alternative approach whereby a doubly stably transfected line was established and 

subsequently transfected with the appropriate cDNA construct in the pcDNA3.1/hygro 

vector was employed with more successful results. In all co-transfection experiments 

care was taken not to use more than 1.5|ig total DNA as higher concentrations of DNA 

can be toxic to the cells.

2.5 Production of Polyclonal antibodies

To facilitate biochemical study of ATP-sensitive potassium channels, 

antibodies were generated by synthesising peptides corresponding to sequences in the 

channel subunits. These peptides were used to illicit an immune response in rabbits.

This section describes the procedures involved.

Synthesis o f antigenic peptides

Peptides were synthesised and linked to carrier molecules according to 

standard methods by Dr R. Campbell (Wolfson Institute for Biomedical Research,

UCL). The choice of peptide sequences are discussed in Chapter 3 and the sequences 

themselves are listed in Chapter 3 Table 3.2. All peptides were synthesised with an 

additional cysteine on the C-terminal end, which was used to link the peptide to the 

carrier molecule Keyhole Limpet Haemocyanin (KLH). Approximately 50% of the 

peptide produced was not coupled to KLH and was used for analysis of test bleeds and 

affinity purification.



Antiserum production protocol.

The immunisation of rabbits with linked peptides was done by Regal Group 

Limited (Great Bookham, Surrey, UK). The detailed immunisation schedule is given 

in Chapter 3 Table 3.1. Before immunisation, samples of pre-immune serum were 

removed from each rabbit. Rabbits were immunised with 12.5pg/ml peptide 

emulsified in Freund’s complete adjuvant. The rabbits were kept for a 17-week 

period with 4 boost immunisations at 4-week intervals. The terminal bleed was 

carried out at week 17 and serum was prepared and delivered to the laboratory for 

subsequent purification and characterisation.

2.6 Analysis of Test bleeds from Immunised rabbits.

Test bleeds obtained from immunised rabbits were tested for reactivity with 

antigen by two different methods, dot blotting and antibody capture assay. The next 

two sub-sections will be devoted to detailing these two techniques.

Antibody Capture Assay.

The presence of specific antibodies in a serum sample can be detected by 

immobilisation of the antigen on a solid surface, such as a microtiter plate. Incubation 

of the serum with the immobilised antigen will result in the binding of any antibodies 

recognising the antigen. Bound antibodies can be detected by incubation with an anti

immunoglobulin antibody conjugated with an enzyme such as horseradish peroxidase 

(HRP) or alkaline phosphatase. Addition of appropriate substrates of the enzyme that 

produce coloured reaction products can be used for spectrophotometric detection of 

bound antibody. This form of assay is known as an antibody capture assay, as first 

described by Miles and Hales in 1968. A main advantage of this technique is that it 

can be used to titrate test bleeds to calculate | titres of antisera. It also requires 

relatively small amounts of antigen, which was an advantage in my studies given that
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only small amounts of peptide antigen were available. It should be noted that the lack 

of availability of a suitable plate reader for detection of coloured products limited the 

usefulness of the technique for quantification purposes in our case. Positive reactions 

were judged by eye and by comparison with parallel plates processed using pre- 

immune serum.

Serial dilutions of the peptide between 20|Lig/ml and 0.2ng/ml were prepared in 

phosphate buffered saline (PBS, lOmM phosphate buffer, 2.7mM KCl, 137mM NaCl, 

pH7.4, prepared from tablets supplied from Sigma, Poole, UK). Each peptide dilution 

was added in a 50pl volume to a well of a 96-well polystyrene plate (Falcon products, 

Becton Dickinson, Franklin Lakes, New Jersey, USA) and incubated at room 

temperature for 2 hours to allow the binding of the peptide. In this manner a plate was 

produced with a series of wells containing between 1 pg and O.lng of peptide. After 

peptide binding the plate was washed twice with PBS. Non-specific binding sites 

were blocked by incubation of each well with SOOpl 5% Non-fat milk (Marvel, 

Premier Brands, UK) in PBS for 2 hours at room temperature. Test bleeds, diluted 

1 ;200 in blocking solution were added in a 50pl volume to each well and the whole 

plate was incubated at 4°C for 2 hours. After incubation with the test bleeds plates 

were washed 4 times with PBS. Each well was then exposed to 50pl of a 1:10,000 

dilution of donkey anti-rabbit IgG conjugated with Horseradish peroxidase 

(Amersham-Pharmacia Biotech, Little Chalfont, UK) in PBS for 1 hour at room 

temperature. The signal due to bound enzyme-linked antibody was detected using a 

method described by Harlow and Lane (in Antibodies: a laboratory manual pg 593).

A 50pl aliquot of detection solution (0.01 mg/ml 3’ 3’ 5’ 5’ tetramethylbenzidine in 

O.IM sodium acetate, pH6.0 with 0.01% hydrogen peroxide, prefiltered through 

Whatman No.l filter paper -  all chemical reagents from Sigma, Poole, UK) was 

added to each well and incubated for 30 minutes at room temperature. After the 30- 

minute incubation period wells containing bound enzyme-linked antibody appeared 

bright blue. To obtain permanent results, 50pl of IM H2SO4 (made up in distilled 

water from a concentrated stock obtained from Merck-BDH, Lutterworth, UK) was 

added to each well, converting the bright blue to a bright yellow colour. The results 

of the assay could be obtained by measuring the absorbance of each well in the plate 

at 450nm using a plate reader. However, due to the lack of availability of a plate
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reader reactivity was judged by eye (see Chapter 3 Figure 3.5C for more details). For 

each test bleed assayed, a parallel assay was done using the pre-immune serum 

obtained from the same rabbit for comparison.

Dot blotting.

Dot blotting works on an identical principle as the antigen capture assay 

(Hawkes, 1986). In this case known amounts of peptide antigen are immobilised on a 

nitrocellulose sheet and incubated with test bleeds/antibody and secondary antibody in 

a similar manner to the antigen capture assay. The chief advantage of this form of 

analysis is that it is very simple to perform and is more analogous to the technique of 

Western blotting in that denatured antigens can be used and nitrocellulose is used as 

the solid support for the antigen (see Section 2.8). Due to the practical difficulties of 

the antigen capture assay outlined above, dot blotting was the preferred technique for 

the analysis of test bleeds.

The sensitivity of an antibody/test bleed for a particular antigen can be 

approximated using dot blotting. Serial dilutions of peptides were prepared between 

2mg/ml and 2p.g/ml in PBS. Each peptide stock was denatured by addition of an 

equal volume of 2x Laemmli gel loading buffer (4% (w/v) SDS, 0.02% (w/v) 

bromophenol blue, 20% glycerol (v/v) in lOOmM TrisHCl pH6.8 -  all reagents from 

Sigma, Poole, UK) containing 200mM ditliiothreitol (Sigma, Poole, UK) followed by 

boiling at 100°C for 3 minutes. A Ipl sample of each stock was then applied to a strip 

of nitrocellulose (Hybond-N, Amersham-Pharmacia Biotech, Little Chalfont, UK) and 

allowed to dry. The strips were then incubated for 1 hour at room temperature with 

5% Marvel in PBS + 0.1% Tween-20 (Sigma, Poole, UK) on a shaking platform to 

block any non-specific protein binding sites on the nitrocellulose. After blocking, 

strips were washed 3 times with PBS + 0.1% Tween before incubation with antibody. 

Test bleeds were prepared in blocking solution at a 1:200 dilution. The strips were 

incubated with antibody solution for 12-16 hours at 4°C on a shaking platform. Any 

unbound antibody was removed by 3 washes with PBS + 0.1% Tween. The 

secondary antibody (donkey anti-rabbit IgG conjugated with horseradish peroxidase, 

Amersham-Pharmacia Biotech, Little Chalfont, UK) was applied to the strips as a
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1:10,000 dilution in PBS + 0.1% Tween. The secondary antibody was incubated with 

the strips for 1 hour at room temperature on a shaking platform. Any excess 

secondary antibody was removed with three PBS + 0.1% Tween washes. The bound 

secondary antibody on the strips was detected using the ECL Western blotting system 

(Amersham-Pharmacia Biotech, Little Chalfont, UK) according to the manufacturers 

instructions. Results were visualised using Hyperfilm ECL (Amersham-Pharmacia 

Biotech, Little Chalfont, UK).

2.7 Affinity Purification of Polyclonal antibodies

To ensure that only antibodies specifically reacting with the peptide antigen 

are used in experiments it is necessary to affinity purify the antibodies present in the 

terminal bleed. The most commonly used method of achieving this is by 

immunoaffinity purification against the peptide antigen coupled to a solid support. 

This section describes how antibodies were immunoaffinity purified using the 

appropriate peptide antigen.

Coupling peptides to a solid support.

Peptides were coupled to Affi-Gel 10 gel (Bio-Rad Laboratories, Hemel 

Hempstead, UK), which is an N-hydroxysuccinimide ester of a cross-linked matrix of 

agarose gel beads that can couple any ligand with a primary amino group. A solution 

of the peptide to be coupled was prepared in lOOmM HEPES (Sigma, Poole, UK), pH 

7.4 at a concentration of 1 mg/ml. The total amount of peptide used in each coupling 

reaction was 1.5mg. Note that the “free” peptide was used and not the KLH linked 

peptide to ensure that only antibodies raised to the peptide antigen itself were purified. 

A 1ml sample of Affi-Gel 10 (supplied by the manufacturer as a 1:1 slurry in 

isopropanol) was prepared for coupling by two washes in ice-cold distilled water 

before incubation with peptide solution. The peptide/gel mixture was incubated with 

gentle rotation for 1 hour at room temperature before a further 12-16 hour incubation 

at 4°C. The gel was then separated from the solution by centrifugation at 16,000g for 

1 minute at 4"C and resuspended in an equal volume of Tris buffered saline (50mM
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Tris base, 150mM NaCl, 5mM KCl, pH7.4, ail reagents from Sigma, Poole, UK) 

containing 0.01% (w/v) sodium azide (Merck-BDH Limited, Lutterworth, UK) and 

applied to a Poly-Prep chromatography column (Bio-Rad Laboratories, Hemel 

Hempstead, UK) where it was stored at 4°C until required for the immunoaffinity 

purification process. The extent of peptide coupling was monitored by measuring the 

protein concentration of the peptide solution before and after incubation with the gel 

using a standard protein assay kit (Bio-Rad Laboratories, Hemel Hempstead, UK).

The protein assay is based upon the method of Bradford (Bradford, 1976). 

Bovine serum albumin (Fraction V, Sigma, Poole, UK) was used to construct a 

standard calibration curve. In all cases a minimum coupling efficiency of 50% was 

achieved.

Immunoaffinity Purification o f antiserum on peptide antigen column

The peptide column (prepared as described in the preceding section) was 

washed with the following prior to use; 10 column volumes lOOmM NaHCOj, 4 

column volumes IM NajCOj, 4 column volumes distilled water, 4 column volumes 

300mM GlycineHCl (pH2.0) and 6 column volumes Tris buffered saline (TBS- recipe 

as before). All reagents were obtained from Sigma, Poole, UK. These wash steps 

removed any residual contaminants present on the peptide column. The serum 

prepared from the terminal bleed (usually about 100-170ml volume, depending on the 

size of the rabbit) was spun at 1300g for 20 minutes at 4°C to pellet any remaining 

blood cells and other debris. The resulting supernatant was applied to the column and 

allowed to pass through by gravity flow. The run-through subsequently obtained was 

re-applied to the column to ensure maximum yields of antibody were obtained. After 

re-application of the run-through the peptide column was washed with the following; 

10 column volumes Tris buffered saline, 20 column volumes TBS + 0.2% Triton X- 

100 (Sigma) and again with 10 column volumes TBS. Fractions (1ml volume) were 

eluted using an acidic buffer (200mM NaCl, 200mM GlycineHCl, pH 2.5) and each 

fraction collected in a tube containing lOOpl 2M TrisHCl, pH 8.5. The absorbance of 

each fraction at 280nm was measured using a Shimadzu spectrophotometer and those 

fractions that contained 90% of the total eluted protein were pooled together. In a
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typical purification this meant pooling 3-4 fractions. The pooled fractions were 

subsequently transferred to dialysis bags (8000 dalton cutoff; Biodesign Inc., New 

York, USA) and dialysed against 500ml TBS + 0.01% sodium azide for 24 hours at 

4°C with three changes of dialysis buffer. After dialysis the antisera were centrifuged 

at 100,000g (corresponding to a speed of 45,00 r.p.m. in a TLA 100.2 rotor in a 

Beckman TL-100 ultracentrifuge) to remove any aggregated material. The antisera 

were then aliquoted and stored at -80°C for subsequent use in experiments.

2.8 SDS polyacrylamide gel electrophoresis and Western blotting

The effective use of antibodies in the study of channel biochemistry requires 

methods of observing and resolving proteins. One of the methods employed is that of 

SDS polyacrylamide gel electrophoresis followed by Western blotting. The following 

section discusses the principles behind the method followed by a technical description 

of how it was done in experiments described in later chapters.

Theory o f SDS polyacrylamide gel electrophoresis using a discontinuous buffer 

system.

SDS polyacrylamide gel electrophoresis (SDS-PAGE) is a common method of 

resolving proteins from complex mixtures on the basis of their molecular weight. A 

mixture of polypeptides can be denatured using a Tris buffer containing SDS (2-6%), 

bromophenol blue (for visualisation purposes), glycerol (to increase the density of the 

sample) and dithiothreitol (a reducing agent to break any disulphide linkages between 

proteins), followed by boiling for a few minutes. SDS, an ionic detergent unfolds 

proteins as discussed in a later section of this chapter (see Section 2.9). The unfolded, 

denatured polypeptides bind SDS and therefore become negatively charged. In this 

manner all polypeptides in the mixture will be given a uniform negative charge and 

can be separated solely on the basis of their molecular weights.

The denatured mixture of polypeptides is separated on a polyacrylamide gel 

that also contains SDS. The polyacrylamide gel is a cross-linked matrix of two
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monomers, acrylamide and bisacrylamide. The polyacrylamide gel acts as a molecular 

sieve in that it allows smaller polypeptides to pass through it more readily than larger 

polypeptides. The size range of polypeptides that can be resolved on a gel is 

dependent on the amount of monomer used in the gel and on the ratio between 

acrylamide and bisacrylamide. A solution of monomeric acrylamide and 

bisacrylamide is polymerised into a gel matrix by the addition of a cross-linking 

reagent (TEMED) and a source of free radicals for the polymerisation reaction 

(Ammonium persulphate).

Most SDS-PAGE is done using a discontinuous buffer system (Omstein, 

1963; Davis, 1964; Laemmli, 1970). Two layers of polyacrylamide gel are used; the 

lower layer (known as the resolving gel) is made from polyacrylamide buffered with 

TrisHCl to pH8.8 and the smaller upper polyacrylamide layer (the stacking gel) is 

buffered to pH6 .8 . The denatured polypeptides are loaded onto the surface of the 

stacking gel and an electrical voltage applied (anode at the top, cathode at the bottom). 

The whole gel is immersed in a Tris-glycine running buffer containing SDS. The 

chloride ions in the sample and the stacking gel form the leading edge of a moving 

boundary with the trailing edge composed of uncharged glycine molecules from the 

running buffer. There is a zone of low conductivity and steep voltage gradient that 

sweeps the polypeptides into the gel and deposits them onto the surface of the 

resolving gel. The higher pH of the resolving gel causes ionisation of glycine 

molecules to produce negatively charged glycinate ions that migrate through the 

polypeptides and travel through the resolving gel in a thin band just behind the 

chloride ions. The polypeptides are thus no longer swept along in a moving boundary 

and move through the resolving gel in a zone of uniform voltage and pH. Therefore, 

in the resolving gel the distance of migration is dependent upon the molecular weight 

of the polypeptide and in this manner polypeptides of different sizes are resolved from 

one another. The actual migration distance of a given protein in a polyacrylamide gel 

is related to the logarithim of its molecular weight. To accurately determine the 

molecular weight of a protein from a polyacrylamide gel its mobility must be 

compared with those of several standard “marker” proteins of known molecular 

weight. The gel can be stained with Ponceau S or India Ink (Hancock and Tsang 

1983) and the migration distance of the standard proteins can be measured. It should
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be noted that the pre-stained molecular weight markers used in my studies were only 

used as an approximate guide as there is evidence that molecular weights are changed 

significantly and unpredictably by covalent coupling to dye molecules (Garfin 1990). 

The normalised migration distance (known as the Rf value) is calculated by dividing 

the migration distance of each standard protein from the top of the resolving gel by the 

distance travelled by the loading dye front. A semi logarithmic plot of the 

log(molecular weight) of the standards against the Rf values can then be constructed. 

The molecular weight of the protein of interest can be calculated by interpolation on 

the standard curve. The issue of molecular weight of channel subunits will be

discussed in more detail in Chapter 3.

Theory o f Western blotting.

To allow visualisation of bands of polypeptides on a polyacrylamide gel using 

antibodies it is necessary to transfer the polypeptides resolved by SDS-PAGE onto a 

support where they can be exposed to the appropriate antibodies. This is achieved by 

transferring the polypeptides from the polyacrylamide gel to a support such as 

nitrocellulose, PVDF,activated-nylon or other types of activated-paper membranes 

using an electrical current. Nitrocellulose was used as the support of choice in my 

studies mainly due to the fact it was readily available in our laboratory and has a high 

binding capacity for proteins (lOOpg protein per cm )̂. Despite the disadvantages 

associated with it i.e., the non-covalent binding of proteins to it and its brittleness, it 

proved to be satisfactory for our experiments. Nitrocellulose has the property of 

binding proteins non-specifically (Towbin et. al., 1979) in a non-covalent manner.

The exact mechanism of binding is unknown. After running a gel it can be 

sandwiched with a sheet of nitrocellulose and subjected to an electrical field. Since the 

polypeptides on the gel will be negatively charged due to their SDS coating they will 

migrate under the influence of the electrical field and be deposited onto the surface of 

the nitrocellulose. The electrophoretic method of transfer is considered the most 

efficient method compared to other methods such as simple diffusion or vacuum- 

assisted solvent flow. There are two main methods of electrophoretic transfer, semi

dry and wet transfer (Towbin et. al., 1979; Kyhse-Andersen, 1984). The diagram in
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Figure 2.7 gives a comparison of these two methods. The method of wet transfer was 

used in our Western blotting studies, largely due to its compatibility with the mini-gel 

electrophoresis system used (Bio-Rad Laboratories, Hemel Hempstead, UK). After 

transfer, the nitrocellulose is treated with a blocking agent (such as bovine serum 

albumin, non-fat milk. Tween or Horse serum), which binds to sites on the 

nitrocellulose filter not already occupied by proteins transferred from the 

polyacrylamide gel, therefore preventing non-specific binding of antibodies. The 

nitrocellulose filter is then probed with an appropriate primary antibody. Bound 

primary antibody is detected using an enzyme linked secondary antibody. Soluble 

substrates of the enzyme linked to the secondary antibody usually produce 

luminescent or coloured products that can be used to visualise reactive bands. The 

principle of western blotting is illustrated in Figure 2.8.

Procedure for SDS-PAGE.

It should be noted that all reagents used were tested for their suitability in 

electrophoresis applications by the manufacturer and were designated electrophoresis 

reagents. All SDS-PAGE and subsequent Western blotting procedures were done 

using a mini gel system (Bio-Rad Laboratories, Hemel Hempstead, UK).

Production o f polyacrylamide gels.

The components of stacking and resolving gels used for SDS-PAGE analysis 

are listed in the table overleaf. The Acrylamide : Bisacrylamide solution was obtained 

from Bio-Rad Laboratories, Hemel Hempstead, UK.
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Gel type -> 8%

Resolving

10%

Resolving

12%

Resolving

Stacking

Gel components 4-

30% solution of 29:1 

AcrylamideiBisacrylamide

5.3 ml 6 .6ml 8 .0ml 1.3ml

0.5M TrisHCl, pH 6.8 - - - 2.5ml

1.5M TrisHCl, pH8.8 5.0ml 5.0ml 5.0ml -

10% SDS (w/v) 0 .2ml 0 .2ml 0 .2ml 0 .1ml

Distilled Ĥ O 9.5ml 8.2ml 6 .8ml 6 .1ml

Final volume 20 .0ml 2 0 .0ml 20 .0ml 10.0ml

Gel mixtures were left open to the air for approximately 20 minutes to de-gas 

(air inhibits the polymerisation reaction) before polymerisation of the resolving gel 

mixture was initiated by addition of 1 50|l i1 20% (w/v) Ammonium Persulphate in 

distilled water (anhydrous powder- Sigma, Poole, UK) and 20pl N,N,N’,N’- 

Tetramethylethylenediamine (TEMED; Sigma, Poole, UK). After gentle mixing by 

inversion the mixture was poured into the gel apparatus (Mini-gel system, Bio-Rad 

Laboratories, Hemel Hempstead, UK) and overlaid with a small amount of 

isopropanol (Merck-BDH, Lutterworth, UK) to prevent exposure of the upper portion 

of the polymerising gel to the air. The gel is poured between two glass plates 

separated by plastic spacers. Once the gel had polymerised, the isopropanol was 

removed and the polymerisation of the stacking gel was initiated with 7 5 pi 20% 

Ammonium Persulphate and 13pi TEMED. After gentle mixing, the polymerising 

mixture was overlaid on the resolving gel and used to fill to the top of the plates. A 

10 or 15-well plastic comb was then inserted into the plates to create wells where the 

samples could be loaded. The gel was left to stand for at least 30 minutes before use. 

If not required the gel apparatus was wrapped in Saran-wrap and stored at 4°C until 

use. All gels were poured with a thickness of 1.5mm.
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Preparation of samples for SDS-PAGE

Samples to be run on polyacrylamide gels were denatured by addition of an 

equal volume of 2x Laemmli gel loading buffer (4% (w/v) SDS, 0.02% (w/v) 

bromophenol blue, 20% (v/v) glycerol, lOOmM TrisHCl pH6.8 - all electrophoresis 

reagents from Sigma, Poole, UK) containing 200mM Dithiothreitol (Sigma, Poole, 

UK) and boiled at 100°c for 3 minutes. If the sample was too viscous to be easily 

loaded onto the gel (due to cell lysis releasing genomic DNA) it was sonicated for 5 

seconds using a Soniprep 150 probe sonicator (MSB) at half power (corresponding to 

an amplitude of 18 microns on the sonicator). Denatured protein samples were stored 

at -20°C until required.

Loading and running polyacrylamide gels

Before loading, the combs in the gel were removed and the wells washed 

thoroughly with distilled water. The whole gel apparatus was then immersed into a 

tank containing fresh running buffer (25mM Tris, 250mM glycine, 0.1% SDS, pH8.3) 

and samples were loaded into the appropriate wells. 5 pi of pre-stained broad range 

molecular weight markers (Bio-Rad Laboratories, Hemel Hempstead, UK) were 

loaded into at least one lane of the gel as an aid to estimation of the molecular weights 

of proteins of interest as well as a visible marker of the efficiency of transfer to 

nitrocellulose. For 15-well and 10-well gels a maximum of 25pl and 40pi of sample 

was typically loaded respectively. The rest of the electrophoresis cell was assembled 

and voltage was applied using a power pack (Powerpac 300; Bio-Rad laboratories, 

Hemel Hempstead, UK). The samples were run through the stacking gel at a constant 

voltage of 40V and through the resolving gel at 80V. The applied voltage was 

removed once the dye front had reached the bottom of the glass plates.

99



Transferring proteins to nitrocellulose

A freshly run gel containing separated proteins was removed from the glass 

plates and immersed in transfer buffer (48mM Tris, 39mM Glycine, 0.037% (w/v) 

SDS, 20% (w/v) Methanol, pH8.3) immediately after running. The gel formed the 

centre of a sandwich made up of nitrocellulose (Hybond ECL, Amersham-Pharmacia 

Biotech, Little Chalfont, UK), filter paper (Whatman Number 1) and fibre pads 

enclosed in a specialised cassette. The arrangement of the transfer sandwich is shown 

in Figure 2.7B. Once the transfer sandwich was assembled it was placed into the 

transfer apparatus and immersed into a reservoir containing transfer buffer. A 

constant current of 250mA was applied across the apparatus for 2 hours which was 

sufficient to transfer the majority of the proteins on the gel to the nitrocellulose, as 

judged by the transfer of the pre-stained molecular weight markers. The entire 

transfer system (i.e. the gel tank) was placed on ice during the transfer to ensure that 

minimal excess heat was generated by the electrical current, which can cause the 

formation of air bubbles between the gel and nitrocellulose. On some occasions 

transfer was done at 50mA for 12-16 hours at room temperature with equal quality of 

results. If the protein detection procedure was not done immediately after transfer, 

nitrocellulose sheets were kept at 4°C wrapped in Saran wrap moistened with PBS +

0.1% Tween.

Detection o f proteins on nitrocellulose using antibodies

The detection protocol was adapted from the instructions provided with the 

ECL Western blotting analysis system (Amershan-Pharmacia Biotech, Little Chalfont, 

Buckinghamshire, UK).

Nitrocellulose membranes were incubated in 5% (w/v) Non-fat milk (Marvel, 

Premier brands, UK) in PBS + 0.1% Tween (PBS-T) for 1 hour on a shaking platform 

at room temperature. Membranes were then washed three times with PBS-T for a 

total of 20 minutes. The primary antibody was applied to the membranes at a typical 

dilution of 1:2000 in sterile filtered PBS-T containing 0.01% (w/v) sodium azide.
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Sodium azide was added to ensure that antibody solutions did not become 

contaminated. Membranes were incubated with primary antibody solution for 12-16 

hours at 4°C on a shaking platform. After incubation with primary antibody, 

membranes were washed three times with PBS-T for a total of 20 minutes. The 

secondary antibody ([horseradish peroxidase linked anti-mouse or anti-rabbit IgG 

antibody) was then applied at a 1:10,000 dilution in PBS-T to the membranes 

followed by a 1 hour incubation at room temperature on a shaking platform. 

Membranes were subsequently washed with PBS-T three times for a total of 20 

minutes before reactive bands were visualised using ECL reagents and 

chemiluminescence film (Hyperfilm ECL - Amersham-Pharmacia Biotech) according 

to the manufacturers instructions. It should be noted that due to the finite amounts of 

some of the channel subunit polyclonal antibodies available, antibody solutions were 

routinely reused 4-5 times with no observable loss in sensitivity. As stated above, the 

dilution of primary antibody used was typically 1:2000 , however on some occasions 

different dilutions were used where stated in figure legends. When the 9E10 

hybridoma supernatant was used as the primary antibody, 50ml of culture supernatant 

was used. The supernatant was typically obtained from a sample of suspension 

culture and was centrifuged at 1300g to remove cells and cell debris.
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A. Semi-dry
Direction o f transfer

Wet

B
Direction of transfer

H  absorbent paper soaked in transfer buffer

G 3  nitrcKellulose 
■■ negative electrcxle
H  positive electrode
m  fibre pads

Figure 2.7 Comparison o f semi-dr\ and wet electrophoretic transfer.

The semi-dr\ system (A) does not require immersion o f the whole array in transfer buffer.

The sheets o f absorbent paper are soaked in transfer buffer prior to assembly o f the 

sandwich and electrodes are placed directly onto the stack. This method gives even and 

rapid transfer. The wet system (B) requires assembly o f a sandwich, which additionally 

contains two fibre pads. Tire whole sandwich is placed into a plastic cassette, which is in 

turn inserted into a electrode assembly with positive and negative faces. This whole 

assembly is submerged into a tank containing transfer buffer and a constant current is applied. 

The conditions for wet transfer can vary , yet none can offer complete transfer o f all proteins 

to the nitrocellulose membrane. However, the mini gel 

s\ stem used for our wet transfer yielded satisfactory results.
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Figure 2.8 Western blotting procedure
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2.9 Methods of looking at Proteln-Protein interactions.

As discussed in Chapter 1, the profound effect of the sulphonylurea receptor 

on the regulation and trafficking of the pore forming subunit, Kir6.0, in the formation 

of a functional channel, is indicative of an interaction between the two. 

Investigating the nature of this interaction forms a large proportion of the data 

presented in this thesis. In this section, an overview will be given of the various 

methods used to investigate protein-protein interactions.

Powerful methods of examining interactions between two or more proteins are 

based upon co-purification methods whereby one component of an interacting system 

can be purified on the basis of a unique physical or structural characteristic, with 

concomitant co-purification of any interacting proteins. One of the most important and 

widely used examples of this type of method is co-immunoprecipitation (co-IP). This 

is a technique that has been extensively used in the study of ion channel assembly.

The basic principle of the technique is that an antibody specific for a given protein can 

be used to precipitate an immune complex of that protein along with any interacting 

proteins, as illustrated schematically in Figure 2.9. When the precipitating antibody is 

incubated with a mixture of proteins, it will bind to proteins containing the epitope it 

recognises. When immunoprecipitating membrane proteins, they must first be 

solubilised with detergent, as explained later in this chapter. The overall efficiency of 

immunoprécipitation can be increased when using polyclonal antibodies, which 

potentially recognise multiple epitopes on the same protein or with monoclonal 

antibodies that recognise epitopes that are repeated throughout the protein. The 

antibodies in solution are then precipitated onto a solid matrix along with the 

antigenic protein and any other proteins physically associated with it. The products of 

the immunoprécipitation reaction can be analysed byWestem blotting to confirm 

immunoprécipitation of the appropriate protein and of any interacting proteins. 

Another method used for examining protein-protein interactions, similar to that of 

immunoprécipitation, is affinity chromatography. It operates on the same principle,

i.e. that a complex of interacting proteins can be purified on the basis of an affinity 

one of the proteins has to a particular ligand. For example, purification of the
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sulphonylurea receptor can theoretically be achieved on the basis of its affinity for the 

K^tp channel blocker glibenclamide. This strategy could be extended to examine 

proteins that co-purify with SURl. When working in heterologous systems epitope 

tags which facilitate purification can be added onto proteins of interest (e.g. the His  ̂

tag, which facilitates affinity purification by metal chelate chromatography, a 

technique described in this thesis). The Hisg tag has been used previously in the 

affinity purification of the sulphonylurea receptor (Nelson et. al., 1996).

Techniques such as sucrose density gradient centrifugation and gel-filtration 

chromatography can also be used to look at co-association between proteins. Using 

the former technique co-migration of proteins through the gradient can be taken as 

evidence that they are in some way physically complexed, especially if there is a 

difference in migration when the individual proteins are expressed alone. A similar 

principle underlines [gel filtration chromatography except in this case the volume at 

which the proteins are eluted is important rather than the migration difference.

Sucrose density gradient centrifugation has been used in experiments elucidating the 

subunit stoichiometry of channels (Clement IV et. al., 1997).

Another powerful technique for looking at protein-protein interactions that 

combines genetic and molecular approaches is the Yeast Two-Hybrid system (Fields 

and Song, 1989). This approach has been used in the study of subunit interactions in 

the Shaker voltage-gated potassium channel family where it was used to show the 

important role of the T1 domain in channel assembly (Xu et. al., 1995). It can also be 

used to “fish” for proteins that interact with a particular protein domain by screening 

cDNA libraries. A limitation of this technique is that membrane domains of proteins 

cannot be used owing to the requirement of the assembled transcription factor to 

traffic to the nucleus.

Immunoprécipitation and metal chelate affinity chromatography were the main 

techniques used for looking at interaction between channel subunits. The main 

reason for choosing these methods was the requirement for a reliable biochemical 

assay to report protein-protein interactions in our expression system. The initial 

priority was to establish a methodology for examining protein-protein interactions that 

can be applied to studies further defining the nature of K^tp channel subunit 

interactions. These initial studies will be described in Chapter 4.
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Antibody
Protein A

Protein X ) Protein Y)

Solid Matrix
(i.e. sepharose) Epitope

Figure 2.9 Principle o f co-inununoprecipilation.

The schematic diagram above shows the basic principle o f co-immunoprecipitation. Protein X physically interacts with Protein Y. In a complex mixture o f proteins 

(e.g. a cell lysate). Protein X can be specifically purified from the mixture using an antibod) recognising an epitope on i t . Tliis antibody can be added to the protein 

mixture either alone or already preadsorbed to a solid matrix containing Protein A, which binds the immunoglobulin chains o f most antibodies with liigh affinity. The 

Protein A matrix can be added after incubation with antibody to adsorb the whole immune complex. Protein X is therefore precipitated from solution onto the solid 

matrix and can be separated easily by centrifugation. An interacting protein. Protein Y, will also be precipitated if the physical interaction between itself and X is 

strong enough. Precipitated products can be removed from the matrix using denaturing conditions. The eluted products can be analysed by SDS-PAGE and western 

blotting.
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2.10 The use of detergents in co-purification experiments.

This section is devoted to a discussion of the mechanism of solubilisation of 

membrane proteins with particular reference to the preparation of solubilised samples 

for use in immunoprécipitation and metal chelate affinity purification experiments.

Preparation o f detergent lysates for co-purification experiments.

As discussed in Chapter 1, channel subunits are integral membrane 

proteins, which therefore require solubilisation before immunoprécipitation can be 

achieved. The technical details of preparation of the solubilised homogenates are 

given later in this section. In this section a few of the theoretical details which led to 

the adoption of our particular method of preparing cell homogenates will be 

considered. It should be noted that the points discussed in this section are equally 

relevant to the preparation of detergent lysates for immunoprécipitation and affinity 

purification experiments.

There are two steps in the production of lysates, fragmentation of the cells and 

solubilisation with detergent. A glass-on-glass Dounce homogeniser was used to 

fragment cells. The homogenisation process can liberate cellular proteases and to 

protect against protein degradation a cocktail of protease inhibitors was added which 

inhibited a broad range of common proteases (see Section 2.11). It should be noted 

that no metalloprotease inhibitors were added and EDTA was not included in the 

homogenisation buffer. There is evidence that EDTA can destabilise protein-protein 

interactions by chelating metal ion co-factors (Helenius and Simons 1975), which may 

be important for channel subunit association. To further minimise possible 

protease activity, samples were kept at 4“C at all times.

The choice of detergents for the solubilisation of homogenates was essentially 

an empirical process. Generally speaking, ionic detergents such as SDS are regarded 

as harsh treatments, breaking protein-protein interactions and often denaturing 

proteins. At the opposite end of the scale are the non-ionic detergents, which are 

considered milder and preserve protein-protein interactions. The buffer used for
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solubilisation of samples in immunoprécipitation experiments is often used as the 

wash buffer in subsequent steps. In immunoprécipitation studies SDS is often used as 

part of a stringent wash buffer (for example RIPA buffer, which also contains 

deoxycholate and Triton X-100; Gilead et. al., 1975) if problems are observed with 

non-specific co-immunoprecipitation, as it will break all but the strongest protein- 

protein interactions. However, it is a fine balance between removing non-specifically 

bound proteins and removing genuinely interacting proteins, as some protein-protein 

interactions are relatively weak. Zwitterionic detergents, such as CHAPS are a 

compromise between using an ionic or non-ionic detergent, although they can still be 

effective at breaking protein-protein interactions and can be denaturing at higher 

concentrations. After these considerations were taken into account, it was decided to 

use a non-ionic detergent (Triton X-100) to solubilise cell homogenates as this was a 

relatively mild method and we had no prior knowledge of the strength of any protein- 

protein interactions between subunits. Indeed, earlier work showed that Triton X-100 

was capable of effectively solubilising the sulphonylurea receptor and has also been 

used in immunoprécipitation studies of inward rectifier potassium channel assembly 

(Tinker et. al., 1996; Nelson et. al., 1996). Control experiments were undertaken in an 

attempt to show specificity of co-immunoprecipitation, as described in the results 

section of Chapter 4. If these control experiments had showed any non-specific 

interactions then steps could be taken to increase the stringency of wash conditions, 

for example, by using RIPA buffer. Membrane proteins are considered solubilised 

when they are still present in the supernatant after ultra-centrifugation at 100,000g for 

1 hour. However, in my co-purification studies detergent lysates were only spun at 

20,800g for 30 minutes to remove large aggregates. Control experiments on 

combinations of non-interacting proteins were done to ensure that aggregation 

artefacts were not occuring.

Use of detergents in the solubilisation o f membrane proteins.

Given the essential role of detergents in my analysis of the biochemistry of 

Katp channels, it is appropriate to give a brief background into the nature and action of
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detergents on membrane proteins, particularly emphasising the consequences for co

purification studies.

Detergents are amphipathic molecules that is, they possess a hydrophilic 

“head” and a hydrophobic “tail”. Detergents fall into one of four categories 

depending on the nature of the head group; Non-ionic detergents (e.g. Triton X-100) 

which have an uncharged hydrophilic head group, Ionic detergents which have a 

charged head group (e.g. SDS), Zwitterionic detergents which have charged head 

groups but the molecule itself lacks a net charge (e.g. CHAPS) and Bile acid salts (e.g. 

sodium deoxycholate) which are usually kidney shaped molecules with polar and non

polar faces. In fact, detergents can be considered as a specialised group of lipids. As 

mentioned earlier, the detergent of choice for studies described in this thesis was 

Triton X-100, which has the molecular structure shown in Figure 2.10. The molecular 

properties of detergents allow them to be soluble in water, their polar heads hydrogen 

bonding with water, whilst their hydrophobic tails aggregate together. At high enough 

detergent concentrations, monomeric detergent molecules cluster together to form 

spherical structures known as micelles, which are defined as thermodynamically 

stable colloidal aggregates (Helenius and Simons, 1975). The lowest concentration of 

detergent above which monomeric detergent molecules can associate to form micelles, 

is known as the critical micelle concentration (CMC). The CMC differs according to 

the length and saturation of the hydrophobic tail - a detergent with a long, saturated 

alkyl chain will have a lower CMC than one with a shorter, unsaturated chain. The 

CMC can also be influenced by the ionic strength of the solution (generally the CMC 

decreases as the ionic strength increases) and by the presence of molecules that disrupt 

the water structure such as urea (which causes an increase in the CMC). Triton X-100 

has a CMC of approximately 0.24|o,M, the precise value being dependent upon the 

conditions in which it is used. For immunoprécipitation and affinity purification 

studies, Triton X-100 was used at a concentration of 1% (v/v) (equivalent to 

approximately 17mM, assuming the average molecular weight of Triton X-100 is 625) 

to solubilise cell homogenates with a typical protein concentration of 0 .8mg/ml (see 

Section 2.11). Assuming that the weight of detergent solubilisable material is 

approximately half the total mass of homogenate (probably an underestimation) then 

0.4mg of membranes will be solubilised with lOmg of detergent which generates a

109



detergent:membrane ratio of 25:1. Studies have shown that membrane proteins, such 

as the IgE receptor solubilised from eukaryotic cell lines, show a sigmoidal 

relationship between the amount of solubilised material and the detergent 

concentration (Rivnay and Metzger 1982).Therefore the use of such a high 

concentration of detergent will ensure that almost all of the membrane protein will be 

solubilised.

The proposed sequence of events leading to the solubilisation of membrane 

proteins is summarised in Figure 2.11 and is an integration of models for interaction 

of detergents with lipid bilayers and with membrane proteins. When using a mild 

detergent, such as Triton X-100, protein-protein interactions will be maintained. 

Initially proteins will be extracted from the membrane as mixed micelles containing 

both phospholipid and detergent and as the detergent concentration rises detergent 

molecules will exchange for the lipids still binding to the protein. The displaced 

lipids will be taken up into detergent/lipid mixed micelles. Non-ionic detergents like 

Triton X-100 only bind to hydrophobic regions of the protein, almost mimicking the 

membrane environment. Therefore, the solubilisation process can be summarised (at 

least in the case of preparation of detergent lysates for experiments described in later 

chapters) as an exchange of microenvironments of a protein from a phospholipid 

milieu to a detergent milieu, whilst preserving any protein-protein interactions.
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Figure 2.10 Chemical structure of Triton X-100 and SDS.

The molecular structures of Triton X-100 and SDS are shown above with their 

amphipathic characteristics emphasised. The non-ionic detergent, Triton X-100 

has a head group comprising an ethylene polymer and a hydrophobic tail region 

comprising an octylphenol group. X represents an average of 9.5 ethylene oxide 

subunits per molecule.. SDS, an anionic detergent has a negatively charged 

sulphate head group and a hydrocarbon tail.
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Two interacting integral membrane proteins 
present in phospholipid bilayer.

2. At low concentrations o f  detergent, 
intercalation o f  detergent molecules into the 
bilayer occurs. This causes a disruption o f  
membrane structure (e.g. Triton X -100  
introduces curvature into the membrane).

3.

T

As more detergent m olecules intercalate, 
the lipid bilayer becomes unstable and 
dissociation o f  the bilayer occurs. Detergent 
and phospholipid molecules bind to 
hydrophobic regions o f  the proteins forming 
protein-rich mixed micelles. Homogenous 
detergent and phospholipid-detergent mixed 
micelles also occur. At high detergent 
membrane ratios the proportion o f  detergent 
micelles will be higher

4.

At high concentrations o f  detergent, 
phospholipid bound to the protein is displaced 
by detergent and sequestered in detergent 
micelles. Membrane proteins are solubilised  
in detergent m icelles. When using mild 
detergents such as Triton X-100 protein- 
protein interactions are maintained. On some 
occasions addition o f  exogenous phospholipid 
is required to maintain functionality.

Figure 2.11 Theoretical sequence o f  events in the solubilisation o f  integral membrane proteins.

The putative scheme illustrated above shows the events in protein and membrane solubilisation 
using mild non-ionic detergents such as Triton X-100.
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2.11 Immunoprécipitation.

In this section some of the theoretical aspects of immunoprécipitation are 

discussed and the procedure employed in my studies is described.

Use o f antibodies in Immunoprécipitation.

Specific precipitation of antibodies in solution is achieved by the use of 

immunoadsorbents derived from proteins expressed in Staphylococcus aureus (Staph 

A). A protein called Protein A is found on the cell walls of some strains of this 

bacterium, which binds to the Fc region of antibodies of several different types of 

immunoglobulin (Ig) subclass (Kessler 1975). Heat-killed and fixed Staph A itself can 

be used as an effective immunoadsorbent. The isolated Protein A molecule can be 

used coupled to a solid matrix such as sepharose or agarose. The inert nature of these 

types of solid matrix minimises non-specific adsorption of proteins. The interaction 

between Ig and Protein A is extremely strong with removal of immune complex from 

Protein A requiring treatment in denaturing conditions such as boiling with SDS or 

urea (Kessler 1975), There are two Protein A binding sites present on an antibody 

found in the constant regions of the heavy chain (see Figure 3,2 for antibody 

structure). Certain subclasses of Ig and Ig’s from different species bind only very 

weakly to Protein A (for example, mouse IgGJ and some do not bind at all (all 

chicken and goat-derived antibodies) (Kessler 1976; Kronvall et, al,, 1970; Ey et, al., 

1978; Richman et, al,, 1982), Generally speaking, most of the antibodies produced 

when a polyclonal serum is raised in an animal are of the IgG class, IgM is the main 

class of antibody produced during the primary immune response, IgG the main class 

during the secondary response -  refer to Chapter 3 for more details on the immune 

response.

The binding of Kŷ p̂ channel subunit antisera to Protein A does not present a 

problem given that they are rabbit polyclonal antibodies that will contain antibodies 

belonging to a range of Ig subclasses, some of which will bind strongly to Protein A,

The use of the myc mouse monoclonal antibody in immunoprécipitation
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experiments presented a problem given that the hybridoma cell line which secretes it 

(the 9E10 hybridoma cell line - see Section 2.2) only secretes antibody of the IgG, 

subclass. As mentioned earlier, this IgG subclass from mouse binds only very weakly 

^®t*rotein A Sepharose (Ey et. al., 1978) and without modification would be 

unsuitable for use in the immunoprécipitation experiments. There were three possible 

approaches to solve this problem. The first involved the use of a “bridging” antibody 

that would bind to both Protein A and to mouse IgG, (e.g. a rabbit anti-mouse IgG, 

polyclonal antibody). A second possible solution would be the use of Protein G, a type 

III Fc-receptor found in beta-hemolytic streptococci (Kronvall 1973; Bjorck and 

Kronvall 1984), which binds to IgG subclasses that have a weak affinity for Protein A. 

Protein GSepharose however is expensive. The third solution is to bind the IgG, 

antibody to Protein A under high salt conditions where the affinity of the antibody to 

Protein A is increased (Ey et. al., 1978). The latter method was the one employed to 

allow the use of the myc 9E10 monoclonal antibody in immunoprécipitation studies 

and the procedure is described later in this section.

Another factor that must be taken into consideration when designing 

immunoprécipitation protocols is the presence of immunoglobulin chains in the eluted 

products from the immunoprécipitation experiment, released during the dénaturation 

step. For example, when a rabbit antibody is used for the immunoprécipitation and a 

rabbit antibody is used to probe the subsequent Western blot of the products the 

presence of the heavy and light chains of the precipitating antibody will be observed. 

This will cause a problem if the protein of interest is of a similar size to either of these 

antibody chains. There are several ways to overcome this problem. The most obvious 

way is to use a precipitating antibody derived from a different species to the antibody 

used to probe the We stem blot. Another option is to use milder elution conditions, for 

example, it has been suggested that proteins bound to the antibodies can be eluted 

using SDS containing buffer without a reducing agent (such as I dithiothreitol or (3- 

mercaptoethanol). The lack of reducing agent preserves the disulphide linkages 

between the heavy and light chains and minimises their release. Antibodies can also 

be covalently linked toiProtein A Sepharose to prevent release on elution, a method 

employed with K̂ p̂ channel subunit antisera for some experiments (see Chapter 7).
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Non-covalent coupling of monoclonal antibodies tofrotein A Sepharose

The mouse myc monoclonal antibody will not bind to Protein A given that it is 

of the IgG, subclass. Therefore, it is necessary to couple the antibody to| Protein A 

under high salt conditions where the affinity of the myc IgG antibody for [Protein A is 

increased.

A suspension culture of 9E10 hybridoma cells (typically 300-400ml, cultured 

over a period of 2-3 weeks, see Section 2.2) was centrifuged at l,300g for 20 minutes 

to remove cells and any debris. The supernatant was collected and the NaCl 

concentration was adjusted to 3.3M by addition of solid and allowed to dissolve. A 

l/5th volume of 0.5M sodium borate, pH8.9 (Merck-BDH, Lutterworth, UK) was then 

added. The supernatant was subsequently applied to a Protein A column containing 

50mgProtein A Sepharose CL-4B (Amersham-Pharmacia Biotech, Little Chalfont, 

UK) and allowed to run through by gravity flow. The column was prepared by 

applying a 1:1 suspension ofProtein A Sepharose in Tris buffered saline (TBS - see 

Section 2.7 for composition) to a poly-prep chromatography column (Bio-Rad 

Laboratories, Hemel Hempstead, UK) followed by washes with 10 column volumes 

3.CM NaCl, 50mM sodium borate pH8.9 (wash buffer A) and 10 column volumes 

3.0M NaCl, lOmM sodium borate pH8.9 (wash buffer B). After application of the 

supernatant to the column, any contaminants were removed by washes with 10 

column volumes wash buffer A and 10 column volumes wash buffer B. The Protein 

ASepharosewas then resuspended in TBS + 0.1% Triton X-100 to give a 1:1 

suspension that was aliquoted and stored at 4°C until required for 

immunoprécipitation experiments. An extension of this procedure was used to 

affinity purify myc antibody for use in immunofluorescence experiments and is 

described in Section 2.13.
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Covalent coupling of affinity purified polyclonal antibodies to protein A sepharose.

Approximately lOpg of affinity-purified rabbit polyclonal antibody (as 

assessed by the Bio-rad protein assay - see Section 2.7) was incubated with lOmg 

Protein AjSepharose CL-4B (Amersham-Pharmacia Biotech, Little Chalfont, UK) at a 

concentration of lOpg/ml in Tris-buffered saline for 1 hour at room temperature with 

gentle rotation. TheSepharose pellet was collected by centrifugation at 3000g for 5 

minutes at 4°C and washed twice with coupling buffer (200mM sodium borate, 

pH9.0). After washing, the pellet was resuspended in coupling buffer containing 

20mM dimethylpimelimidate (Sigma, Poole, UK) and incubated for 30 minutes at 

room temperature with gentle rotation. The coupling reaction was stopped by 

collecting the Sepharosepellet by centrifiigation and washing it with stop buffer 

(200mM ethanolamine, pHS.O). TheSepharose pellet was then incubated for a further 

2 hours in stop buffer at room temperature with gentle rotation. The pellet was 

collected by centrifugation and washed with lOOmM glycine (pH3.0) to remove any 

antibody molecules non-covalently bound to theProtein A Sepharose. The washed 

pellet was finally resuspended in Tris buffered saline to produce a 1:1 suspension.

The antibody-JProtein A suspension was stored at 4°C ready for subsequent use in 

immunoprécipitation experiments.

Immunoprécipitation procedure

Stable lines expressing the protein(s) of interest were cultured in a 500cm  ̂

tissue culture dish (Nunc plasticware -  Gibco Life Technologies, Paisley, UK) until 

100% confluent. Once confluent, cells were washed twice with 25ml ice-cold Tris 

buffered saline (TBS) and harvested into 10ml cold TBS using a sterile cell scraper 

(Costar, High Wycombe, UK). A small aliquot of harvested cells (200pl) was 

removed and homogenised and used to quantify the amount of protein present using a 

standard protein assay kit based on the Bradford assay (Bio-Rad laboratories, Hemel 

Hempstead, UK). Harvested cells were aliquoted into O.Smg aliquots and stored at 

-80°C until use. Immediately prior to use in an immunoprécipitation reaction, the
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aliquots of cells were thawed at room temperature and centrifuged at 10,000g for 3 

minutes at 4°C to pellet the cells. The cell pellet was resuspended in SOOpl Tris 

buffered saline containing a cocktail of protease inhibitors (lOpg/ml benzamidine, 

Ipg/ml antipain and 2pg/ml aprotinin - all obtained from Sigma, Poole, UK). The 

sample was homogenised in a tight-fitting glass-on-glass Dounce homogeniser 

(Wheaton, USA) for a minimum of 50 strokes (or until homogenate contained no 

visible cell fragments). A small sample of the homogenate (40-50pg) was lysed with 

2x Laemmli gel loading buffer containing 200mM Dithiothreitol (see Section 2.6) for 

analysis by SDS-PAGE and Western blotting as a check for expression of the 

appropriate protein(s). The remainder of the sample was solubilised by addition of a 

5% (v/v) Triton X-100 solution in TBS to give a final solubilisation mixture 

containing 1% (v/v) Triton X-100 (Triton X-100 was obtained from Sigma, Poole, 

UK). The solubilisation mixture was incubated for 2 hours at 4°C, with regular 

vortexing. After the solubilisation period the sample was centrifuged for 30 minutes 

at 20,800g to remove any aggregated material. The supernatant was “pre-cleared” 

with 3mg oiProtein A SepharoseCL-4B for a minimum of 1 hour at 4°C with gentle 

rotation. ThejSepharosewas pelleted by centrifugation at 3000g for 5 minutes at 4°C 

and discarded. A 1:1 suspension of antibody coupled to Protein A (produced as 

described in the previous two sections) was subsequently applied to the “pre-cleared” 

supernatant in a 5-lOpl volume. The mixture was incubated for 12-16 hours at 4°C 

with gentle rotation. After incubation with antibody the Sepharose pellet was 

recovered by centrifugation and washed 4 times with 1ml solubilisation buffer (TBS + 

1% Triton X-100) followed by a final wash in 1ml TBS. The final wash buffer served 

to remove the Triton X-100, which can interfere with the migration of proteins in 

SDS-PAGE. Any proteins still bound to the antibodyiSepharosewere eluted by 

addition of 70pl 2x Laemmli gel loading buffer followed by incubation at 100°C for 3 

minutes. The denatured samples were centrifuged at 20,800g for 5 minutes at room 

temperature to remove the protein ASepharose and any aggregated material. Sample 

supernatants were analysed by SDS-PAGE and Western blotting as described in 

Section 2.8. A variation on this procedure was employed where the precipitating 

antibody was used without precoupling to Protein A|Sepharose. In this case 1 pi of 

antibody was added to the pre-cleared solubilised extract and incubated in the manner

117



described above to allow immune complexes to form. Before the washing steps, Img 

of Protein A sepharose was added to the reaction mixture to bind the immune 

complexes and the incubation was continued for a further 2 hours. Washing and 

elution of bound proteins was then performed in the same manner as described above.

2.12 Metal chelate affinity chromatography.

Metal chelate affinity chromatography was used in an assay examining 

protein-protein interaction between channel subunits. This section will give a 

little background into the technique, whilst also describing the practical details of the 

experiments performed using this technique.

The basis for purification is the chelation of histidine residues by an 

immobilised cobalt ion attached to a resin. Figure 2.12 gives an overview of the 

structure of the affinity resin and a simplified version of the chemistry involved in the 

electrostatic interaction between histidine residues and the cobalt affinity resin. Strong 

interaction with the resin requires the presence of histidine rich sequences in the 

protein, namely several consecutive histidine residues. Kir6.2 and SURl channel 

subunit cDNAs engineered to contain six consecutive histidine residues at their C- 

termini were available in our laboratory (refer to Table 3.3).

Procedure for metal chelate affinity purification.

The growth of stable cell lines and preparation of detergent lysates was 

identical to that described in the previous section for immunoprécipitation.

The TALON affinity purification resin (Clontech, Basingstoke, UK), supplied 

as a slurry in 20% ethanol was prepared for use by centrifugation at 700g for 2 

minutes at room temperature. The supernatant was removed and the resin was washed 

with 2-3 volumes of Tris buffered saline (TBS). The detergent lysate was then added 

directly to the resin. Approximately 50p,l of pellet resin was used for each sample, 

which has the capability of binding a maximum of 250pg of protein (given the 

manufacturer’s claim that the resin has a 5mg/ml protein binding capacity). Samples 

were subsequently incubated for 20 minutes with gentle rotation at room temperature.
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The resin was then collected by centrifugation for 5 minutes at 700g. The supernatant 

was removed and discarded and the remaining pellet was washed 4 times with TBS 

containing 10-20mM Imidazole (obtained from Sigma, Poole, UK) and 1% (v/v) 

Triton X-100. A final wash with TBS + 10-20mM Imidazole was also performed to 

remove Triton X-100. Any proteins bound to the resin were eluted by incubation with 

lOOjil IM Imidazole in TBS for 10 minutes at room temperature with gentle rotation. 

The resin was collected by centrifugation at 700g for 5 minutes and the supernatant 

removed and denatured with 2x Laemmli gel loading buffer containing 200mM 

Dithiothreitol. The denatured products were analysed by SDS-PAGE and Western 

blotting.
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Tetradentate chelator

His,-taggedSolid Matrix 
Sepharose

Histidine side chains

Figure 2.12 Principle o f metal chelate affinity chromatography.

The schematic diagram above shows the principle of metal chelate afhnity chromatography using an immobilised cobalt ion. The cobalt ion is held in position on a 

solid matrix (usually sepliarose) with a chelating agent with four points o f co-ordination on the cobalt ion. This strong chelation prevents dissociation o f the ion 

from the resin. A protein epitope tagged with six histidine residues will bind to the resin with high affinity, due to interaction between the imidazole nitrogen 

and the cobalt ion. The imidazole nitrogen shares electrons with electron deficient orbitals in the Co^ ion. Proteins are eluted from the resin by treatment with 

buffer containing liigh concentrations o f imidazole, which has the same stmcture as the histidine side chain. Protonation o f the imidazole ring by treatment with 

low pH buffer will also elute specifically bound proteins.
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2.13 Immunofluorescence Microscopy

Fluorescence microscopy can be used for a variety of applications in biology, 

ranging to the staining of organelles and other cellular structures with fluorescent 

dyes, e.g. DAPI staining of DNA and plant cell walls, to the detection and localisation 

of just a few protein molecules using fluorescently labelled antibodies. 

Immunofluorescence microscopy was developed in 1941 by Coons and colleagues 

and involves the labelling of antigens by fluorescently labelled antibodies. In this 

section the principles of immunofluorescence microscopy will be explained and 

practical details of how the studies were performed will also be given.

Basic physics o f fluorescence.

Before describing the technique of immunofluorescence microscopy, it is first 

necessary to give a brief background of the physics of fluorescence. The basic 

molecular mechanism of fluorescence is illustrated in Figure 2.13.

Arrangement of the fluorescence microscope

The precise arrangement of a fluorescence microscope can vary, however there 

are some general features which will be considered in this sub-section along with the 

more specific features of the microscope used in my studies.

The majority of modem fluorescence microscopes illuminate the specimen 

using epi-illumination, that is the specimen is illuminated from the same side as the 

objective lens. In some cases the illuminating light rays pass through the objective 

lens onto the sample. Epi-illumination requires the presence of a dichroic (or 

dichromatic) mirror, which has the property of reflecting excitatory light onto the 

specimen whilst transmitting the emitted light to the eyepieces or detection device. 

This form of illumination has several advantages over dia-illumination (where the 

specimen is illuminated from the opposite side to the objective). The relative intensity 

of the image is greater when using epi-illumination, especially when using objectives
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with high numerical aperture. Additionally the illumination is concentrated upon the 

field of view, therefore minimising fading in other parts of the specimen. Quantitative 

analysis of fluorescence is only possible using epi-illumination. This is because at 

high fluorophore concentrations when the excitation light is passing through the 

sample, as in dia-illumination, the observed fluorescence intensity will be lowered due 

to reabsorption of emitted light by the specimen. Epi-illumination does not have this 

disadvantage and is therefore the preferred method (Benson and Knopp 1984). All the 

immunofluorescence studies presented in this thesis were done using a microscope set 

up for epi-illumination.

In addition to the dichroic mirror, the excitatory and emitted light can be 

flitered by optical filters that only allow transmission of light of certain wavelengths. 

The set of filters used depends upon the fluorophore being studied. The excitation 

filter ensures that only light of the appropriate wavelength is incident upon the 

specimen and the emission filter ensures that only light emitted from the sample 

reaches the eyepieces or detection device. Generally speaking the dichroic mirrors 

and filters can be assembled into a single unit which can be interchanged when 

working with different fluorophores. Multiband excitation and emission filters exist 

where multiple “windows” of transmission are observed at appropriate wavelengths 

and can be used for work with different fluorophores, without the necessity for 

changing filter arrangements (see later in this section for a description of filters of this 

type). An additional level of control of incident light is provided by the use of a 

monochromator which can illuminate the specimen with a beam of light consisting of 

a narrow range of wavelengths.

The diagram in Figure 2.14 shows the arrangement of the fluorescence 

microscope used in studies that will be described in later chapters.

Principles ofpreparation o f samples for Immunofluorescence microscopy.

The immunofluorescence studies described in this thesis were done on 

immortalised cell lines, but the principles can be applied to primary cultures (e.g. 

myocytes) or tissue slices. However, in the case of tissue slices, bound antibody is

1 2 2



often detected by production of coloured reaction products, which can be viewed 

under the conventional light microscope.

The initial step in the process of staining cells for immunofluorescence 

involves the fixation of live cells with an appropriate fixative. Cells are generally 

grown on the microscope slide itself or on coverslips depending on requirememts. The 

aim of the fixation process is to immobilise antigens whilst maintaining the cellular 

structure and architecture, which may be degraded as the cells begin to die. There are 

two main classes of fixative; cross-linking fixatives, such as formaldehyde, that create 

a network of interlinked antigens and coagulant fixatives, such as methanol, which 

render cellular components insoluble by denaturing them. It is thought that fixatives 

like formaldehyde cross-link by reaction of aldehyde groups with amino groups on 

proteins. The coagulant fixatives are not known to have a specific chemical action, 

they simply denature proteins. A formaldehyde solution containing methanol 

(formalin) was used for fixation in our studies as this combined the two types of 

fixation. It has been noted that permeabilisation with non-ionic detergent after 

formaldehyde fixation may cause reversal of cross-linking (Harlow and Lane 1988). 

Therefore, given the necessity for permeabilisation of the cells to allow antibodies 

access to intracellular epitopes (see next paragraph), the formalin solution was used to 

ensure proper fixation of antigens by both cross-linking (which under our conditions 

may be reversible) and dénaturation.

If antibodies are used which recognise intracellular epitopes it is 

necessary to permeabilise the cells in some way to allow access of the antibody to its 

epitope. In the case of the channel subunit antisera and the myc antibody, the 

epitopes recognised were all on cytoplasmic regions of the protein (see Chapter 3). 

Permeabilisation can be achieved by treatment of the cells with a non-ionic detergent 

such as Triton X-100 after fixation or using organic solvents such as acetone as a 

fixative. The use of methanol in our fixative may already permeabilise the plasma 

membrane, but to make certain cells were additionally treated with Triton X-100.

After fixation and permeabilisation of the cells non-specific protein binding 

sites are blocked in a similar manner to the Western blotting procedure (see Section 

2.8). The blocking solution used in our immunofluorescence staining procedure was 

slightly different to that used for Western blotting, containing Bovine Serum Albumin
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(BSA) and goat serum. The BSA serves the same purpose as the non-fat milk used for 

Western blot blocking. The goat serum is added because fluorescently labelled goat 

secondary antibodies were used and the serum will block any sites on the sample that 

have a particular affinity for goat immunoglobulins (which will be present in the 

serum). As a general rule, the serum added to the blocking solution should be derived 

from the same species as that of the secondary antibody.

After blocking, the cells are incubated with primary antibody. The primary 

antibody can be directly conjugated with a fluorophore such as rhodamine or 

fluorescein. However, in our procedure we used an unconjugated primary antibody 

followed by an incubation with a fiuorophore-conj ugated secondary antibody for 

practical reasons. Coupling primary antibodies to fluorophores is a relatively simple 

procedure. However, with only finite amounts of most of the antibodies available it 

was more prudent to use small quantities of unconjugated antiserum and a 

commercially available fluorophore conjugated with a secondary antibody. Generally, 

the concentration of primary antibody used is determined empirically. Dilutions of 

1:20 to 1:1000 are generally used and in our studies 1:500 dilutions of antibody 

appeared to minimise backgrounds. If an unconjugated antibody is used a secondary 

antibody conjugated to a fluorophore must be used to detect bound primary antibody. 

If commercially available secondary antibodies are used they are best used at the 

concentrations recommended by the manufacturer. To further minimise backgrounds 

all antibodies are diluted in blocking solution and cells are washed in between 

antibody incubations with buffer to minimise rebinding of non-specifically bound 

antibody molecules. Another measure commonly adopted to reduce background is to 

centrifuge antibody solutions before use to remove any large aggregates. Incubation 

times can vary and essentially are an empirical choice. In our procedure, incubation 

with both the primary and secondary antibody was for one hour, however overnight 

incubations with primary antibody were done in double staining experiments (see 

later). The incubation times in our procedure were kept as short as possible to 

minimise possible backgrounds.

After incubation with antibodies, the cells are prepared for viewing with the 

fluorescence microscope. This generally involves mounting the cells with a suitable 

mounting medium. The jmediiim must be transparent to all wavelengths of light
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being used for either excitation or emission and of course, non-fluorescent. Another 

desirable property of thej medium is that it acts to minimise the bleaching of 

fluorophores under excitation, generally by having an anti-oxidant effect. A coverslip 

is then applied to the slide (or vice-versa if the sample was processed on a coverslip) 

and held in place by a form of adhesive (nail varnish is often effective for this 

purpose!).

The procedure for preparation of samples for immunofluorescence microscopy 

is summarised in Figure 2.15.

Procedure for antibody staining o f cells for immunofluorescence microscopy.

In this sub-section the procedure for preparation of slides for 

immunofluorescence microscopy will be described in detail. The technical details of 

imaging and viewing the cells will be explained in the next sub-section.

The cells to be stained were subcultured as described previously (Section 2.2) 

and plated onto multispot glass microscope slides (C.A. Hendley-Essex Limited, UK) 

at a density of 0.5x10  ̂cells per well of the slide. The slides were pre-treated by 

incubation with a 0.01% (w/v) solution of poly-L-lysine (Sigma, Poole, UK). A 

lOOpl aliquot of poly-L-lysine solution was applied to each well of the slide and 

incubated for 15 minutes at room temperature after which the solution was removed 

and the slides allowed to dry at room temperature before use. The cell-coated slides 

were incubated in a moist chamber under normal incubation conditions (see Section 

2 .2) for 16-20 hours prior to immunofluorescent staining.

All steps in the fixing and staining process were done at 4°C unless otherwise 

stated. Cell-coated slides were briefly washed in phosphate buffered saline (PBS) 

(lOmM phosphate buffer, 2.7mM KCl, 137mM NaCl, pH 7.4 obtained in tablet form 

from Sigma, Poole, UK) before incubation with 4% (v/v) formalin solution prepared 

from a 37% formalin solution (that also contained 10-15% methanol) for 10 minutes 

at 4°C to fix the cells. Formalin solution was obtained from Sigma (Poole, UK). Slides 

were given two washes (10 minutes per wash) with large volumes of PBS before a 20 

minute incubation with PBS + 0.2% (v/v) Triton X-100 (Sigma, Poole, UK) to 

permeabilise the cells. After permeabilisation the slides were washed twice with PBS
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(10 minutes per wash) and then incubated with an excess volume of blocking solution 

(2% (w/v) fraction V bovine serum albumin, 5% (v/v) goat serum, 0.1% (v/v) Triton 

X-100 in PBS, all reagents from Sigma, Poole, UK) for 1 hour. During the blocking 

step, primary and secondary antibodies were prepared in blocking solution (at 

dilutions stated in figure legends where appropriate) and centrifuged at 20,800g for 10 

minutes at 4°C to remove any aggregated material. The two secondary antibodies I 

routinely used were rhodamine and fluorescein conjugated goat anti-rabbit or anti

mouse IgG antibodies (Molecular Probes, Eugene, Oregon, USA) After blocking, 

50pl of primary antibody was layered onto the slide which was subsequently 

incubated for 1 hour in a moist chamber followed by four 10-minute washes in PBS. 

The secondary antibody was then applied to the slide in a 50pl volume and incubated 

for 1 hour in a moist darkened chamber at room temperature. After a final set of 

washes in PBS (four washes with 10 minutes per wash) the slides were air dried in 

darkness. When slides had fully dried they were prepared for viewing under the 

microscope by mounting with Vectashield, a non-fluorescent anti-fade specialised 

mouting medium (Vector Laboratories Inc, Burlingame, USA), and coverslips 

(Thickness No. 0 13mm diameter coverslips - Merck-BDH, Lutterworth, UK). 

Coverslips were held in position with commercially available clear nail varnish.

Slides were stored at 4°C before use. In double-staining experiments slides were 

incubated with the first primary antibody and the appropriate secondary antibody for 1 

hour each as described above. After washing, the second primary antibody was 

applied overnight and the appropriate secondary antibody was applied the following 

day for 1 hour (the wash protocols remaining the same).

Viewing and imaging fluorescently labelled cells using epifluorescence illumination

In this sub-section, the procedure for viewing and imaging cells using the 

fluorescence microscope is described, along with technical details of the hardware and 

software involved.

Slides were viewed under epi-fluorescence illumination using a Zeiss Axiovert 

lOOM microscope (Zeiss Instruments, Jena, Germany). Samples were viewed at either 

400x or 63 Ox magnification using Zeiss 40x (Plan-Neofluar oil immersion) and 63 x
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(Plan-Apochromat oil immersion) objectives with lOx eyepieces. Both objectives had 

numerical apertures of 1.414. The 63x objective, despite being corrected for 

chromatic aberration, was not transparent to light in the ultra violet region of the 

spectrum. The microscope was equipped with a filter set, comprising excitation and 

emission filters and a dichroic mirror, which allowed specimens double labelled with 

rhodamine and fluorescein conjugated fluorophores to be observed without 

requirement for changing the filter set (XF66-1 multiband filter. Omega Optical, 

Brattleboro, Vermont, USA). The emission filter was fitted into a filter wheel 

(LUDL, Hawthorne, New York, USA). The microscope was equipped with a 

monochrome digital CCD camera (C4742-95, Hamamatsu, Japan) with the facility to 

divert the light path fully to the camera aperture. Specimens were illuminated by a 

Xenon short arc lamp (Ushio Inc., Japan) integrated with a Polychrome II 

monochromator (T.I.L.L., Photonics GMBH, Planegg, Germany) linked to the 

microscope via a specially designed epi-fluorescence condenser. The wavelength of 

excitatory light was controlled by analogue voltage. A schematic diagram showing 

the arrangement of the microscope is given in Figure 2.14.

The microscope and associated components are fully automated and are 

connected to a Macintosh computer by means of a MAC 2002 automation controller 

(LUDL, Electronic products, Munich, Germany). Images were analysed using the 

Improvision system equipped with Openlab software (Version 2.2.5, Improvision, 

Warwick, UK).
Cells stained with rhodamine-conjugated antibodies were imaged using an excitatory 

wavelength of 570nm (emission maxima 590nm), whilst those stained with fluorescein- 

conjugated antibodies were excited using 485nm light (emission maxima 515nm).

The myc mouse monoclonal antibody secreted by the 9E10 hybridoma cell 

line (Section 2.2) was used in my immunofluorescence studies. Rather than use the 

crude tissue culture supernatant to stain cells, I decided to purify the antibody on a 

Protein A sepharose column. As mentioned in an earlier section, the myc monoclonal 

antibody was of the mouse IgG, subclass, which only binds to Protein A with high 

affinity under high salt conditions (Section 2.11). The myc antibody was purifed on a 

Protein A sepharose column under high salt conditions as described in Section 2.11. 

However, instead of leaving the antibody bound to the Protein A sepharose, it was
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eluted with 1ml 200mM NaCl, 200mM GlycineHCl (pH2.5). The eluate was 

collected in a tube containing lOOpl 2M TrisHCl (pH8.5). The eluate was transferred 

to a length of dialysis tubing (8000 dalton cutoff; Biodesign Inc., New York, USA) 

then dialysed against 500ml Tris buffered saline + 0.01% (w/v) sodium azide for 24 

hours at 4°C with three changes of buffer. The dialysed antibody was stored at 4°C 

until required for immunofluorescence staining.

Procedure for co-staining experiments with organelle-specific dyes.

Cells were co-stained with K^tp channel subunit antibodies and reagents that 

specifically stain mitochondria and endoplasmic reticulum (ER). The procedure for 

co-staining with mitochondrial and ER specific markers will be described below.

The mitochondria-specific dye Mitotracker red (Molecular probes Inc., 

Eugene, Oregon, USA) was used for staining of mitochondria. Cells were subcultured 

onto multispot glass microscope slides and incubated as described earlier in this 

section. Immediately prior to the staining procedure, cells were incubated under 

normal conditions with culture medium containing 250nM Mitotracker red for 45 

minutes. The Mitotracker red was added from a ImM stock in dimethylsulphoxide. 

The stock solution was stored in small aliquots at -80°C. After the 45 minute 

incubation period, cells were stained with the appropriate antibody in the manner 

described earlier.

The endoplasmic reticulum was stained using a fluorescein conjugate of 

concanavalin A (obtained from Molecular probes Inc., Eugene, Oregon, USA). The 

cells were stained with the appropriate antibody in the manner described previously in 

this section before staining overnight with 50pl of a lOOpg/ml solution of 

concanavalin A-fluorescein conjugate in blocking solution. The concanvalin A- 

fluorescein conjugate was stored in small aliquots at -80°C as a lOmg/ml stock 

solution in lOOmM sodium bicarbonate, ImM MnCl, ImM CaClj, pH8.3 (all reagents 

from Sigma, Poole, UK). After staining with the concanavalin A conjugate, slides 

were washed 4 times in PBS (10 minutes per wash) followed by a brief final wash in 

distilled water. Slides were then prepared for viewing under the fluorescence 

microscope in the manner described earlier.
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1. 2.

Excited state |  ̂
E2

Ground state V
El

Fluorophore

Absorption of a photon of light of energy X 
raises a fluorophore molecule from the ground 
elctronie energy state (El ) to a higher 
vibrational energy level in an excited electronic 
state

The “excited” fluorophore in a vibrational level 
of an excited energy state.

3. 4.

The fluorophore “relaxes” into the lowest vibrational 
energy state by emission of heat. Fluorophore now 
resides in the lowest vibrational level of the excited 
electronic state. The lifetime of the excited state is of 
the order of 1 to 10ns

Electronic energy state (E) 

Vibrational energy state (V)

The excited fluorophore then “relaxes” 
to the ground state with the concomitant 
emission of a photon of light of energy Y 
that will have a lower energy than the one 
initially abosrbed (X) due to loss of energy 
as heat from vibrational relaxation. The 
molecule can relax into a ground vibrational 
energy level before returning to the ground 
electronic state.

Figure 2.13 - Molecular mechanism of fluorescence.
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Specim en

O b jective

E xcitation  filter

Excitatory light

D ich roic mirror
E m ission  filter

I
I

Light source equipped  
w ith m onochrom ator

D etection  d ev ice  
(ey ep ieces or cam era)

Figure 2.14 Arrangement o f  an epifluorescence m icroscope.

The schem atic diagram above shows the arrangement o f  the fluorescence m icroscope used in 

studies described later in this thesis. The excitatoiy light is reflected by the dichroic 

mirror onto the sample and the emitted light is transmitted by the dichroic mirror and filtered 

by an excitation filter before passing through a system  o f  mirrors to the eyepieces or an 

im aging sy stem.
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1. Fixation/Permeabilisation 2. Incubation with primary antibody

Formaldehyde/ 
organic solvent

detergent

A
V

Antigens within the cell fixed either by cross-linking reagent 
or organic solvent. If antigen is in cell interior membrane 
must be permeabilised with detergent treatment.
A = antigen

4. Cells viewed under 
epifluorescence illumination

V '
Cells incubated witli primary' antibody 
where they w ill bind any antigen present. 
Y = antibody

3. Incubation with secondary antibody.

Secondary antibody conjugated 
with a fluorophore (*) applied.

I

Figure 2.15 Overv iew  o f  the procedure for staining cells for im munofluorescence microscopy.
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2.14 Radioligand binding.

Procedure fo r  tritiated-glibenclamide binding assay to cell homogenates.

Stable cell lines were grown to 100% confluence in a 500cm^ tissue culture 

dish as described in previous sections (see Sections 2.2, 2.11). Cells were washed 

twice with 25ml ice-cold binding buffer (50mM TrisHCl, pH7.4) before harvest in 

10ml binding buffer using a cell scraper. Cells were aliquoted into 1ml aliquots and 

stored at -80°C until required. Cells were thawed at room temperature just before use 

and centrifuged at 10,000g for 3 minutes at 4°C to pellet the cells. The supernatant 

was removed and the cell pellet resuspended in 1ml binding buffer containing 

protease inhibitor cocktail and homogenised in a tight-fitting glass-on-glass dounce 

homogeniser (see Section 2.11). A small aliquot of homogenate (20pl) was used in an 

assay to determine protein concentration (Bio-Rad protein assay kit) to enable specific 

binding activities to be calculated. A fraction of the homogenate was used directly in 

each binding reaction (corresponding to 60fxg of protein). Binding reactions were 

done in the presence of 0-20nM ^H-glibenclamide (37MBq/ml, DuPont NEN, 

Brussels, Belgium) to assess specific binding. Non-specific binding was determined 

by parallel incubations in the presence of 2pM unlabelled glibenclamide added from a 

lOmM (w/v) stock in dimethylsulphoxide (Sigma, Poole, UK). The final reaction 

volume was 750pl. Binding reactions were allowed to come to equilibrium for 2 

hours at room temperature with gentle rotation before the reaction was stopped by the 

addition of 1ml ice-cold binding buffer. Immediately after the reaction was stopped 

bound ligand was separated from unbound ligand by vacuum filtration through 

Whatman GF/B filters. Filters were washed four times with 2ml ice-cold binding 

buffer before radioactivity bound to the filters was determined by liquid scintillation 

counting in 10ml Ultima Gold MV scintillation fluid (Packard, Groningen, 

Netherlands) using a Beckman LS6000TA liquid scintillation counter. Each binding 

reaction was counted in triplicate, that is, each binding reaction was separated into 

three equal aliquots before each was stopped and filtered individually.

Ligand depletion was estimated empirically using a centrifugation-binding 

assay (Hulme 1992). A binding reaction was set up and incubated in the manner
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described above. The bound radioactivity was separated from the unbound by 

centrifugation at 10,000g for 3 minutes at 4°C. The radioactivity in the supernatant 

and pellet was measured by liquid scintillation counting as described above. The 

centrifugation assay was done at the lowest concentration point (where ligand 

depletion will have most effect) and only those binding curves where depletion was 

less than 2 0 % were selected for analysis.

Analysis o f  binding data.

The raw data obtained from liquid scintillation counting expressed 

radioactivity bound to filters in counts per minute (c.p.m.) rather than disintegrations 

per minute (d.p.m.). Data expressed in counts per minute are not corrected for the 

inefficiency of the counter in detecting individual disintegration events. D.p.m. can be 

defined as the number of atoms of a radioactive substance decaying, resulting in the 

emission of ionising radiation, per minute. The detection efficiency of the counter 

should be calculated by calibration against a standard of known activity (1 becquerel 

is defined as 1 disintegration per second). Once the detection efficiency of the counter 

is known it can be used to convert counts per minute into disintegrations per minute. It 

is preferable to express raw binding data in disintegrations per minute as it gives a 

direct measure of the amount of bound radioactivity (assuming the specific activity of 

the radioactive ligand is known). However, in my binding experiments I was unable 

to calibrate the scintillation counter due to the absence of appropriate standards for 

tritium. As a result of this practical difficulty, counts per minute were converted to ^H- 

glibenclamide bound using a calibration curve constructed from a plot of amount of 

glibenclamide against counts per minute. The ^H-glibenclamide (of known specific 

activity) was added directly to scintillant and counted in triplicate as described above. 

The calibration curve was repeated for every new batch of ̂ H-glibenclamide used.

The points on the curve were fitted by linear regression using the Graphpad Inplot 

(v3.1) charting package.

For each binding experiment two sets of data were obtained corresponding to 

total binding and non-specific binding. As mentioned above all concentration points 

on the curves were done in triplicate. For the non-specific binding curve the mean
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values were plotted and fitted by linear regression using the Graphpad software. The 

values of non-specific binding at each concentration point were taken by interpolation 

fi"om this line to obtain the “correction factor”. The triplicate values obtained at each 

concentration point for total binding were each converted to specific values by 

subtraction of the appropriate “correction factor”. These corrected data values were 

fitted to the following equation;

y= Vmax. x

(Kd + x)

where Kd is the binding activity, Vmax is the maximal amount of glibenclamide 

bound, y  is the amount of glibenclamide bound and x  is the concentration of 

glibenclamide in the binding reaction. Data fitting was done using the Graphpad 

Inplot software package.

The Hill co-efficient of binding was calculated from the gradient of a plot of 

log(P/l-P) against log(ligand concentration), where P is the fractional occupancy. The 

fi*actional occupancy was calculated by dividing the mean of the specific counts per 

minute at a given concentration point by the maximal occupancy (Vmax), as 

calculated from the binding curve.
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Chapter 3

Characterisation of Katp subunit antisera using 
cloned subunits stably expressed in HEK293 cells.
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Chapter 3 -  Characterisation of subunit antisera using cloned subunits 

stably expressed in HEK293 cells.

In this chapter the production of monoclonal stable lines stably expressing 

combinations of channel subunits in the HEK293 cell line will be described. The 

subsequent use of these lines in the characterisation of subunit antisera by

I  Western blotting, immunofluorescence microscopy and immunoprécipitation will also 

be discussed. The use of characterised channel subunit antisera is of vital importance 

in my investigations of the biochemistry and cell biology of K^tp channels, which will 

be described in later chapters of this thesis.

3.1 Introduction

The Immune response.

Before discussion of the characterisation of the channel subunit antisera,

it is necessary to give some background into the basics of the immune response. The 

diagram in Figure 3.1 shows a simplified scheme detailing the stages of the immune 

response. The initial stage of the response when the immune system encounters a 

foreign antigen for the first time involves the phagocytosis and subsequent digestion 

of the antigen by antigen presenting cells (APCs) and “virgin” B-cells of the immune 

system (B-cells are so named because they are produced in the bone marrow). Unlike 

antigen presenting cells, the uptake of antigen by a particular “virgin” B-cell is an 

antigen specific process since these cells possess at their surface a modified membrane 

bound antibody that recognises a specific epitope on the antigen. In both cases, 

fragments of the digested antigen are then displayed on the surface of the cells by 

class II major histocompatibility complex (MHC) molecules, which contain a peptide- 

binding cleft. The antigen-MHC class II complex displayed on the surface of APCs 

stimulate proliferation of a specific population of Helper T-cells that possess a surface 

antigen receptor that recognises the complex. Proliferation is stimulated by secretion 

of interleukin growth factors from the APC and the T-cell itself (IL-1 and IL-2) in 

response to cell-cell interaction. Helper T-cells will then bind to “virgin” B-cells
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displaying the antigen-class II MHC complex they recognise. This binding of helper 

T-cells stimulates proliferation and differentiation of B-cells by inducing the synthesis 

of interleukins (IL-4 and IL-5) in the B-cell, The B-cells proliferate and differentiate 

into two forms; a large population of short-lived (3-4 days typically) antibody 

secreting B-cells (known as “plasma” B-cells) and a smaller population of long-lived 

“memory” B-cells which do not secrete antibody but remain part of the immune 

system ready for proliferation on a subsequent exposure to the antigen. This forms the 

basis of the stronger, faster secondary immune response observed upon subsequent 

exposures to the antigen. The mechanism of the secondary response is similar to that 

of the primary response.

Antibody structure and antibody-antigen interactions.

Antibodies are glycoproteins with a Y-shaped structure. The basic Y-structure 

is composed of four polypeptides, two heavy chains and two light chains. The N- 

termini of the heavy chains form the arms of the Y along with the light chains. 

Disulphide linkages hold the heavy and light chains in the arms together. The stem of 

the Y is composed of the C-termini of the heavy chains. A flexible “hinge” region 

linking the arms and stem allows free movement of the arms therefore allowing the 

antibody to bind antigens in different conformations. The structure of an antibody is 

outlined in Figure 3.2.

The antigen binding sites are situated on the arms of the “Y” and are 

contributed to by amino acid sequences in variable regions of the light and heavy 

chains. The enormous diversity of antigen binding sites is generated by DNA 

rearrangements and mutations in variable regions of light and heavy chain genes. The 

C-termini of the heavy chains (the “stem” of the “Y”) determine the role of the 

antibody in the immune response. For example, IgG antibodies have y heavy chains 

and are important in the secondary immune response, whereas IgM antibodies have p 

heavy chains and are important in the primary immune response.

Antibody binding to antigen involves non-covalent interactions between amino 

acids in the antibody binding site and the antigen. The region of the antigen that 

interacts with the antigen-binding site is known as an epitope. An epitope can consist
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of as little as three amino acids or as much as a whole domain of a protein involving 

multiple contacts with the antigen-binding site. The binding of antigen to antibody is 

a reversible process that follows the kinetics of a bimolecular interaction. The amount 

of antigen bound at equilibrium is dependent upon the affinity of the antibody. The 

overall strength of binding (avidity) is additionally dependent on the presence of 

multivalent interactions. The presence of multivalent interactions is dependent upon 

the properties of both the antibody and the antigen. For example, antibodies of the 

IgG subclass are bivalent (as they contain only one “Y” unit) whilst IgM antibodies 

are decavalent, comprising five “Y” units. Antigens may contain multiple epitopes 

that are recognised by different antibodies present in a polyclonal serum or contain a 

repeating epitope that can be recognised by a monoclonal antibody. Multivalent 

interactions are very important in techniques such as immunoprécipitation given that 

the more antibodies attached to a protein, the higher the likelihood of the protein 

being precipitated. The high probability of multivalent interactions occurring when 

using polyclonal antisera makes their use desirable in immunoprécipitation 

experiments, although as will be seen later I have also used a monoclonal antibody 

with successful results (see Chapters 4 and 5).

Monoclonal and polyclonal antisera.

Most of the antibodies I have used are affinity purified from polyclonal 

antiserum. A polyclonal antisemm contains a heterogenous population of antibodies 

recognising different epitopes. After affinity purification of the polyclonal antiserum 

against the antigen used to elicit the immune response the purified antibodies will all 

recognise epitopes on the antigen used for the affinity purification. However, they will 

not all recognise the same epitope on the antigen. If a homogenous antibody 

population is desirable then a monoclonal antibody has to be produced. A monoclonal 

antiserum only contains antibodies that recognise a particular epitope. The difference 

between monoclonal and polyclonal antisemm is illustrated in Figure 3.3. The 

production of a monoclonal semm is technically more difficult than producing a 

polyclonal semm as explained below. The plasma B-cells, which are specialised for 

high-level expression of antibody, secrete antibodies present in the circulation. An
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individual plasma B-cell will only secrete one type of antibody (i.e. one that only 

recognises one epitope) and are produced from a “virgin” B-cell that is stimulated to 

proliferate when it comes into contact with an antigen bearing the appropriate epitope, 

a process explained in the previous sub-section. Plasma B-cells only survive for 3-4 

days under normal circumstances. However, certain types of tumours known as 

myelomas consist of a population of plasma B-cells that continue to proliferate. Some 

of these myelomas consist of B-cells that no longer continue to secrete antibody.

These myeloma cell lines can be fused with plasma B-cells from an animal (usually a 

mouse) immunised with the antigen of interest (Kohler and Milstein, 1975). Fusions 

secreting the appropriate antibody can be selected by an immunological screening 

method such as an antigen capture assay. Once a fusion has been selected it can be 

maintained using standard tissue culture techniques where it will secrete antibodies 

recognising a single epitope indefinitely. One of the biggest advantages of 

monoclonal antibodies, if the hybridoma cells are available, is that they are effectively 

an infinite resource of antibodies. The 9E10 hybridoma cell line, which secretes a 

monoclonal antibody recognising an epitope on the transcriptional regulator cmyc has 

been used in studies described in this thesis (see Chapter 2 Section 2.2). Polyclonal 

antibodies are suitable for most applications including Western blotting, 

immunofluorescence microscopy and immunoprécipitation. Their binding to more 

than one epitope on an antigen increases the overall strength of binding with a given 

protein (i.e. the avidity), which is particularly important in immunoprécipitation. 

Monoclonal antibodies may not work as well in these applications depending on the 

nature of the epitope recognised and sometimes a pool of monoclonal antibodies is 

required to obtain good results. Polyclonal antibodies were chosen for use in the 

study of KŷTp channel subunits for reasons that are summarised below. The 

production of monoclonal antibodies is a costly and time-consuming process. One of 

the main advantages of monoclonal antibodies is that antibodies with very high 

affinity and specificity to complex antigens (i.e. a whole protein) can be selected 

during the screening process, which minimises the prevalence of unwanted cross

reactions. However this advantage of monoclonal antibodies does not apply when 

relatively small antigens, such as small peptides, are used for immunisation given that 

there will be fewer possible interactions between antibody binding site and the
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antigen. For reasons that will be explained later, small peptides were the preferred 

antigens for immunisation in our studies. Therefore, a monoclonal serum will offer no 

advantage over polyclonal serum using the antigens selected for the immunisation 

schedule.

Strategies employed in the production o f Ky^TP channel subunit antisera.

Polyclonal antisera were produced by immunisation of rabbits with short 

peptides corresponding to regions on channel subunits. Short peptides were used to 

raise antisera rather than large domains or even the purified protein itself. The 

synthesis of short peptides is much simpler than purification of large domains or 

whole proteins in quantities required for a full immunisation schedule and affinity 

purification process (approximately 0.2mg is required for a 17 week immunisation 

schedule on two rabbits -  see Table 3.1). One of the important requirements of the 

antiserum produced is that it is specific to the channel subunit subtype in question.

By immunisation with a short peptide the number of epitopes that will be recognised 

are minimised and by choosing peptide sequences that are not conserved between 

different subtypes the chances of the resultant antiserum being subtype specific are 

increased. In contrast, when a large domain or whole protein is used for immunisation 

then a large number of epitopes will be recognised by antibodies within the serum. As 

mentioned in the Chapter 1, all of the subunit subtypes contain regions where the 

amino acid sequence is very similar. Antibodies recognising epitopes in these 

conserved regions will be very likely to cross-react with other subunit subtypes. Steps 

can be taken to pre-adsorb cross-reacting antibodies with the cross-reactive subunit 

subtypes but the process is time-consuming and there is no guarantee of obtaining a 

usable antiserum after this process. The production of a monoclonal antisera would 

allow selection of clones that are specific for a particular subunit, however for reasons 

discussed earlier the production of a polyclonal sera is easier on a practical level.

Knowledge of the mechanism of the immune response can be used to design 

the best possible strategy for production of antisera. All of the Kŷ p̂ channel subunit 

antisera used in this thesis were designed to short regions of amino acid sequence. A 

disadvantage of using short peptides to raise antisera is that they may not be very
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immunogenic (i.e. not very good at eliciting an immune response). A possible reason 

for this is that the peptide binding cleft on MHC class II molecules cannot recognise 

small peptides and as a consequence the injection of a small peptide may not result in 

the display of the antigen on the surface of the antigen presenting cell. It is important 

to note that in the case of the “virgin” B-cell the site on the antigen that is recognised 

by the membrane bound antibody (i.e. the epitope which can be just 3 or 4 amino 

acids) is not necessarily the same as the site on the fragmented antigen recognised by 

the MHC class II peptide binding cleft. This problem can be solved by attaching the 

peptide to a large carrier protein such as Keyhole Limpet Haemocyanin or Bovine 

Serum Albumin which when digested by the antigen presenting cell will produce 

fragments large enough to be recognised by MHC class II molecules. However, 

antibodies will also be produced to epitopes on the carrier protein, which is a problem 

that can be solved by affinity purification of the antisemm using the free peptide 

antigen. As described in Chapter 2 Section 2.5, the peptides used for immunisation 

were coupled to Keyhole Limpet Haemocyanin (KLH), a commonly used carrier 

protein. The peptide-carrier protein complex can be injected into an animal as an 

emulsion in an adjuvant. The use of adjuvants produces a non-specific stimulation of 

the immune response. The adjuvant used in our immunisations was the commonly 

used Freund’s adjuvant. Freund’s adjuvant is a mixture of water and mineral oils that 

also contains heat-killed bacteria {Qith&Bordatella pertussis or Mycobacterium 

tuberculosis). The adjuvant and soluble antigen are mixed together to form an 

emulsion, which can be used for immunisation of the animal. Adjuvants induce the 

formation of a non-metabolisable, easily ingested deposit at the injection site that can 

stimulate the immune response by increasing the amount of antigen ingested by APCs 

and “virgin” B-cells. In addition, the presence of heat-killed bacteria causes a non

specific stimulation of the immune response as components of the bacteria (for 

example, muramyl dipeptide from M. tuberculosis) induce the production of 

lymphokines that stimulate antigen-processing activity (Ellouz et. al., 1974). The 

immunisation schedule shown in Table 3.1 describes the use of complete and 

incomplete Freund’s adjuvant -  this refers to the presence (in complete) or absence (in 

incomplete) of the heat-killed bacteria. The use of complete Freund’s adjuvant is 

typically only used for the initial immunisation to ensure a large primary response.
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Boost immunisations use incomplete Freund’s adjuvant due to the more profound 

secondary response not requiring an extra stimulation and the decreased pathogenic 

effect.

A number of factors were taken into consideration in the design of the 

antigenic peptides. The recognition of the subunit in its native, non-denatured state is 

desirable if the antibodies are to be used for techniques such as immunoprécipitation. 

In this case the epitope needs to be on a portion of the protein that is easily accessible 

to the antibody. Hydrophilic stretches of amino acids are more likely to be on the 

exterior of the protein than hydrophobic stretches, which typically either form part of 

a transmembrane domain or are buried deep in the interior of the protein. The 

presence of proline in a stretch of amino acids can also be an indicator of a region that 

may act as a good epitope due to its disruption of the folding of a protein. A more 

specific consideration relates to the desirability of producing antisera that are specific 

to a particular subunit subtype. The Kirô.O subunits have 71% amino acid identity 

(Inagaki et. al., 1995b). The regions of these subunits that are most divergent in 

sequence are the distal N and C termini, which are also cytoplasmic regions. The core 

regions of the subunits (i.e. the two transmembrane domains and the pore forming 

region) are highly conserved between the two subunits. As a result of these factors, 

peptides corresponding to regions on the N and C termini of Kir6.1 and Kir6.2 were 

used for antibody production as they fulfilled the criterion of non-identity between 

subunit subtypes and were also in (putatively) freely accessible regions of the protein. 

The situation with the SUR subunits is slightly more complicated. SURl has a 68% 

amino acid identity with SUR2A (Inagaki et. al., 1996), whilst SUR2A and SUR2B 

differ by the differential usage of one of two exons at the 3’ end of the same gene, 

which results in a difference only in the last 42 amino acids of the protein (Isomoto et. 

al., 1996). The main cytoplasmic regions of the proteins are the nucleotide binding 

domains (NBDl and NBD2) that share similarities in all SUR subunits such as the 

characteristic ATP binding motifs (Walker A and B motifs). However, these regions 

also contain stretches of non-conserved amino acids that can be used to design 

specific antibodies to SURl subunits. Similarly, SUR2 specific peptides can also be 

designed to stretches of NBDl and NBD2. However, to attempt to distinguish

142



between SUR2A and SUR2B subtypes the only possible region to which subunit 

specific peptides can be designed is the distal C-terminus.

A table showing the sequences of the antigenic peptides and the location of 

these sequences in the actual proteins are given in Figure 3.4 and Table 3.2.
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Stages in the primary antibody response

1. Antigen presentation by B-cells and APCs

B < e ll

Foreign antigen encounters 
antigen presenting cell or “virgin” B-cell 
(with membrane bound antibodies on surface)

Phagocytosis of antigen Digestion of antigen in Antigen presentation by 
lysosome MHC Class II molecule

2. Stimulation of proliferation of helper T-cells by APCs

T-cell
A P C (T -c e l l \

S - 3
Specific T-cell receptors recognise 
the MHC II antigen complex on the APC.

IL-I JL-2

T-cell
T-cell

T -cell

Binding of T-cell to APC stimulates interleukin 1 (IL-I) secretion from 
APC. IL-I induces synthesis of interleukin 2 (IL-2) and IL-2 receptors 
in bound T-cell. IL-2 stimulates proliferation and differentiation of T-cells.

3. Stimulation of proliferation and differentiation of B-cells by Helper T-cells

> /•

B -cell

Specific T-cell receptors recognise the 
MHC II antigen complex on the “virgin” 
B-cell

IL-5

■ B -cell \ T-cell

IL-4

Binding of T-cell to B-cell stimulates lL-4 and lL-5 secretion by the 
T-cell which induces proliferation and differentiation of the B-cell into 
antibody secreting plasma cells and long-lived “memory” cells which are 
primed for proliferation on subsequent exposure to the antigen.

Figure 3.1 Simplified sequence of events in the inunune response.
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Fab region

7 1
‘Hinge” region

Fc region

Disulphide linkage 
Variable region 
Heavy chain 
Light chain

Figure 3.2 Antibodv structure

A schematic diagram showing the basic stmcture o f an antibody molecule is shown above.

The Fab region contains the antigen binding site which is contributed to by variable regions in 

the light and heavy chains. The Fc region is made up o f the C-termini o f  the two heavw chains 

and determines the functional consequences o f antigen binding. For example, some ty pes of 

heayw chain can cause activation o f  complement. The light and heavy chains are held together 

by disulphide linkages and the N and C-tenninal portions o f  the heavy chains are held together by 

a flexible “hinge” region which allows free movement o f the Fab region in all directions.
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V
Polyclonal antiserum Monoclonal antiserum

Figure 33 niustratioii of the dififeitaoe between a monoclonal and a potyclonal andsenmL
The schematic diagram above represents an antigen (large circle) with three possible epitopes (represented by triangles, squares and ellipses). Immunisation of an 
anim al with the antigen will stimulate the formation of antibodies recognising all three epitopes. An immune serum taken fimn tins anim al will contain a 
heterogenous population of antibodies and is known as a polyclonal serum. If plasma B-cells (wfaidi secrete only one type of antibody) are isolated from the 
immunised aninml and fused with an imniartalised B-ceU line, a faybridonm ceU line can be produced and maintained indefmitely in culture. These l^tridotnas 
secrete only one type of antlbotty determined by the plasma B-cell involved in the fusion. The bybridomas can be screened to select a line whidi secretes an 
antibody recognising the desired epitope. The secreted antibo<ty wUl only recognise one epitope and as sudi is known as a monoclonal antibody
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Week Number Procedure

0 Pre-immune bleed (20ml) taken, serum prepared 

and delivered chilled to laboratory. Rabbits 

immunised over 2 intramuscular sites using 

25gg/ml peptide antigen emulsified in 1:1 

suspension of isotonic buffered saline and 

complete Freund’s adjuvant (1ml total volume).

4 First boost immunisation given over 2 

intramuscular and 2 subcutaneous sites using 

25pg/ml peptide antigen emulsion in incomplete 

Freund’s adjuvant.

5 Test bleed 1 (15ml) collected from each rabbit, 

serum prepared and delivered chilled to 

laboratory.

8 Second boost immunisation given (as Week 4)

9 Test bleed 2 (15ml) collected and prepared as 

described previously (Week 5)

12 Third boost immunisation given (as Week 4)

13 Test bleed 3 collected and prepared as described 

previously (Week 5)

16 Fourth boost immunisation given (as Week 4)

17 Terminal bleed carried out (approx 150ml). 

Serum prepared as before and delivered chilled to 

the laboratory.

Table 3 .1  Antiserum production protocol for polyclonal K atp  channel subunit antisera.

The schedule listed above was the protocol used for immunisation of rabbits with 

antigenic peptides linked to Keyhole Limpet Haemocyanin by Regal Group UK (Great 

Bookham, Surrey, UK). A male and a female rabbit (2-2.5kg in weight) were 

immunised according to the protocol above.
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K atp

subunit

subtype

Region 

to which 

antisera 

raised

Antibody

designation

Peptide sequence

Kir6.1 N-

terminus

Kirb.lN RKSnPEEYVLARIAAENLRK

Kir6.1 C-

terminus

Kirb.lC RRNNSSLMVPKVQFMTPEGNQC

Kir6.2 N-

terminus

Kir6.2N EEYVLTRLAEDPAEPRYRC

Kir6.2 C-

terminus

Kir6.2Cl RQLDEDRSLLDALTLASSRGPLRKRSC

Kir6.2 C-

terminus

Kir6.2C2 DALTLASSRGPLRKRSC

SURl NBDl SURINBDI ETVMERKASEPSQGC

SURl NBD2 SUR1NBD2 ETLLSQKDSVFASFVRADKC

SUR2 NBDl SUR2NBD1 DSYEQARRLRPAETEDC

SUR2A NBD2 SUR2ANBD2 PNLLQHKNGLFSTLVMTNKC

SUR2B NBD2 SUR2BNBD1 ESLLAQEDGVFASFVRADMC

Table 3.2 Peptide sequences used to raise Kau> channel antisera 

The table above gives an overview of the peptides used to raise the antibodies whose 

characterisation is discussed in this chapter. The designation according to each 

antibody will be used throughout this thesis. For more information on how the 

peptide sequences were chosen see the Section 3 .1 of this Chapter. NBD is an 

abbreviation of nucleotide binding domain. The C-terminal cysteine residue was 

added for coupling to Keyhole Limpet Haemocyanin.
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SUR

SUR 1NBD2 (1564-1582)

NBD2

SURINBDI (942-955)

Kir6.1

Kir6.1C(399-420)

Kirô.lN (4-24)

Kir6.2

SUR2A/B

SUR2A NBD2 (1528-1546)

SUR2BNBD2 (1527-1545)

SUR2NBD1 (651-666)

Kir6.2C2(357-372)

^  ^r6.2Cl (346-372) 

Kir6.2N( 10-26)

Figure 3.4 Location o f  antigenic peptides in Katp channel subunits.
Note; the numbers after the antibody name refer to the amino acid residues corresponding to the antigenic peptides.
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Section 3.2 Results.

Affinity purification of Ky[ pp subunit antisera.

The methods involved in the production of an affinity purified channel 

polyclonal antiserum from rabbits are described in detail in Chapter 2 Sections 2.5,2.6 

and 2.7. The extent of the immune response to the antigen can vary from animal to 

animal usually due to different repertoires of class II MHC proteins (see Section 3.1). 

For this reason, two rabbits were immunised with Keyhole limpet haemocyanin 

(KLH) linked peptides in parallel to increase the probability of obtaining a good 

antiserum. The schedule for the immunisation is shown in Table 3.1 and was used for 

all antisera produced. A sample of the pre-immune serum, taken from the rabbit 

before the programme of immunisation, was stored in small aliquots at -80°C for use 

in the characterisation of some of the antisera. Test bleeds taken from immunised 

rabbits were analysed by dot blotting and antibody capture assays carried out in the 

manner described in Chapter 2 Section 2.6. Selections of the results of these analyses 

are shown in Figure 3.5 and are typical of the data obtained for other antisera. It 

should be noted that the results of these analyses were only used as a quantitative way 

of checking that an immune response was elicited in immunised rabbits. Only the 

third test bleed was analysed for each rabbit immunised and typically recognised at 

least lOOng of unlinked antigenic peptide as determined from both dot blot and 

antibody capture assays. In all cases, the terminal bleeds from each rabbit were 

affinity purified using the antigenic peptide as described in Chapter 2 Section 2.7 to 

ensure that only those antibodies reacting with epitopes on the antigenic peptide were 

used rather than irrelevant antibodies naturally present in the circulation of the animal 

or antibodies raised against epitopes on the carrier protein. The presence of large 

quantities of irrelevant antibodies will increase the non-specific background obtained 

when using the antibody. Figure 3.6 shows an example of the elution profile obtained 

from a typical affinity purification of a terminal bleed. After affinity purification, the 

antisera were characterised biochemically using monoclonal HEK293 stable lines.
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A.

Pre-Immune

SUR2NBD]

B

lu g  lOOng lOng Ing lOOpg

5 g g  Ig g  lOOng lOng Ing lOOpg

Kir6.2Cl
i-,. «'■'■' I

c

A n tigen ic peptide Signal /1  p g Signal / 1 OOng Signal / lOng
K ir6.2C 2 f 0
K ir6 .2N l + + + ++ 0
K ir b .lC l + + 0
S U R 2 A N B D 2 + - H - + + 0
S U R 1N B D 1 4 -4 -+ + 0
S U R 2N B D 1 + + + + 0

Figure 3,5. Dot blot and antibody-capture assays of test bleeds.

A shows a dot blot of 1 pg-lOOpg unlinked SIJR2NBD1 antigenic peptide probed with the third test bleed and 

pre-immune serum (refer to Table 3 .1). Note the lack of reaction with pre-immune serum. B shows a similar 

blot for the Kir6.2Cl peptide probed with a test bleed from an immunised rabbit. The pre-immune serum from 

the same rabbit was also non-reactive (not shown). A 1:200 dilution of test bleed in PBS+0.1% Tween was 

used to probe each blot. Both blots were exposed to film for 30 seconds. Similar results were obtained with test 

bleeds from rabbits immunised with other peptides. The dot blots were used as a qualitative guide to indicate 

whether a response to immunisation had been obtained. The table in C shows the results of antigen-capture 

assays performed on a selection of test bleeds from rabbits immunised with the peptides stated. The reactivity 

of the sera to different amounts of peptides was observed qualitatively by eye. The + indicates positive 

reaction with peptide and the 0 indicates non-reactivity (the number of +'s indicates the relative strength of 

signal observ ed). Parallel plates incubated with the appropriate pre-immune serum produced no reaction 

with peptides. A 1:200 dilution of serum in blocking solution was used to probe each plate. Refer to 

Chapter 2 Section 2.6 for detailed experimental protocols.
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Figure 3.6 Typical elution profile for affinity purification o f  K.ot channel subunit antisera

The graph above shows the elution profile obtained from an elution o f a peptide-affigel 10 column with 200mM NaCl, 200mM glycineHCL elution buffer (pH3.0). 

Fraction 1 corresponds to the final wash o f the column before elution - no protein was observed in this fraction. Antibody bound to the column was eluted in 1ml 

fractions and the protein content assessed by absorbance measurements at 280nm. The data shown above corresponds to the affinity purification o f  the SUR1NBD2 

(diamonds) and Kirb.lC antisera (squares). In both cases the fractions containing at least 90% o f the eluted protein were pooled together for subsequent dialysis and 

characterisation. The detailed method o f affinity purification employed is described in Chapter 2 Section 2.7.

152



Production of K^ixP channel subunit stable Unes.

The methods employed to produce stably transfected monoclonal stable lines 

in HEK293 are described in Chapter 2 Section 2.4. K^tp channels in different tissues 

have different subunit compositions and stable lines were set up to reflect this (see 

later). Several cDNA clones of K̂ -pp channel subunits were already available in the 

laboratory and were used as starting materials in the production of cDNA constructs 

for transfection into HEK293 cells. All pore-forming constructs (i.e. Kir6.0 subunits) 

were subcloned into the eukaryotic expression vector pcDNA3.1/zeo and all SUR 

subunits were subcloned into the vector pcDNA3. The structure and characteristics of 

these vectors are discussed in Chapter 2 Section 2.1, Figure 2.1. Table 3.3 lists the 

channel subunit cDNAs already available in our laboratory. In this way recombinant 

K̂ PP channels could be produced in HEK293 by transfection of different combinations 

of Kir6.0 and SUR cDNAs (see Chapter 2 Section 2.3). The antibiotics Geneticin and 

Zeocin could then select for lines stably expressing recombinant K̂ pp channels in the 

manner described in Chapter 2 Section 2.4.

At the start of my studies, the K̂ pp channel subunit antisera had not been 

developed. To allow me to proceed with biochemical experiments, epitope tags were 

engineered onto channel cDNAs. Some constructs epitope tagged with combinations 

of myc and His  ̂epitopes were already available in the laboratory (see Table 3.3). I 

engineered a FLAG epitope onto Kir6.2 and a myc epitope onto SURl, as outlined 

below. As well as enabling biochemical recognition of proteins on a Western blot, 

epitopes can also be used as a means of selectively purifying channel components 

either by immunoprécipitation or affinity purification (see Chapter 4). The epitopes 

were engineered onto the C-terminal region of the proteins because this region is 

thought to form a hydrophilic, cytoplasmic domain in both channel subunits and is 

therefore likely to be on the outer portions of the protein where it can be easily 

accessible to antibodies. Addition of epitopes to terminal regions of the proteins also 

minimises the potential for disruption of protein folding. The epitopes were added 

using a PCR-based technique whereby nucleotide sequences encoding the epitope 

were added to the cDNA on the 5’ end of a PCR primer. The principle of this
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technique is illustrated in Figure 3.7 and the sequences of the primers used are given 

in Table 3.4.

Figure 3.8 shows how a FLAG epitope tag was engineered onto the C- 

terminus of Kir6.2. Explanations of the procedures involved are given in Chapter 2 

Section 2.1. The two round PCR process produced a PCR fragment containing the 

DNA sequence of the distal C-terminus of Kir6.2 followed by the sequence of the 

FLAG epitope, a stop codon and an site (Figure 3.8 A). Any components of the 

PCR mixture that may interfere with subsequent manipulations were removed by 

phenol/chloroform extraction of the PCR fragment followed by ethanol precipitation.

Both Kir6.2 in pcDNA3 and the PCR fragment were subjected to an Eco47III/XbaI 

digest and purified from an agarose gel (Figure 3.8B). The 5’ phosphate groups were 

removed from the digested vector by treatment with calf intestinal phosphatase (CIP) 

before purification. The digested PCR fragment was spliced with Kir6.2 in pcDNA3 

by incubating the gel purified digestion products with T4 DNA ligase. The ligation 
products were introduced into DH5a E.coli by transformation and plated onto LB plates 

each containing lOOpg/ml carbeniciUin. Individual colonies were picked 

from the plates were used to inoculate small cultures. From these small cultures 

plasmid DNA was extracted by standard minipreparation and digested with 

Hindlll/Xbal TQStnction enzymes as a check for correct insertion of PCR fragment 

(Figure 3.8C). However, the restriction enzyme digests produced an unexpected 

result. The Hindlll/Xbal digests should result in excision of the Kir6.2CFLAG 

construct from pcDNA3. Instead the plasmid was just linearised. Sequencing of the 

plasmid showed that the FLAG tag had been correctly introduced into the construct. It 

became apparent that the FLAGCXBAI primer had a sequence such that it introduced 

an Xbal site that was sensitive to Dam méthylation, preventing Xbal from cutting at 

that site. To subclone Kir6.2CFLAG from pcDNA3 to pcDNA3.1/zeo the original 

minipreparation was transformed into a Dam E.coli strain, GM48. Plasmid DNA 

from a culture of these cells was obtained by standard minipreparation and could be 

digested v^ithXbal. The GM48 derived Kir6.2CFLAG in pcDNA3 plasmid DNA was 

digested withi/mJ/ZTand along with the pcDNA3.1/zeo vector (Figure 3.8D).

Digests were purified from agarose gels and ligations set up and subsequently! introduced 

into DH5a E.coli by transformation. Small cultures inoculated with individual 1 colonies
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were produced and plasmid DNA purified by standard minipreparation. An Apal 

digest was performed on the purified DNA samples to check correct insertion (j Figure 

3.8D).

Figure 3.9 illustrates the construction of a SURlmyc construct in pcDNA3. A 

two-round PCR strategy was used to construct a PCR fragment containing the 3’ 

sequence of SURl cDNA with a myc epitope, a stop codon and an Apal site at the 3 ’ 

terminus (Figure 3.9A). The PCR fragment was subcloned into pcDNA3 by a 

Notl/Apal àigQsX and the correct insertion was checked by sequencing (Figure 3.9B 

and 3.9C). SURl in pcDNA3 and the epitope tagged vector were subsequently 

digested with Notl so that the remainder of SURl can be subcloned into the vector 

containing the PCR fragment (Figure 3.9D). A complication of this strategy is that 

the rest of the SURl sequence can insert in both orientations (since identical cohesive 

ends are generated by the digest). The correct orientation can be confirmed by 

digestion of the ligated construct with (Figure 3.9D and 3.9E).

Transient transfection of these constructs into HEK293 showed functional 

expression of co-expressed epitope tagged subunits. Stable lines were subsequently 

generated in the manner described in Chapter 2 Section 2.4.

The table below summarises the stable lines constructed for use in studies 

described in this chapter and gives their putative counterparts in native tissues.

Pore-forming subunit SUR subunit Type of K^tp charmel

Kirô.l SUR2B Smooth muscle

Kir6.2 SURl Pancreatic

Kir6.2 SUR2A Cardiac and skeletal muscle

Kir6.2CFLAG SURlmyc Pancreatic

Once the appropriate cDNA-vector constructs had been transfected into 

HEK293 cells, stable transfectants were screened for using a combination of 

biochemical (i.e. Westemblotting) and electrophysiological techniques. Other 

members of the laboratory performed the electrophysiological screening process. 

Epitope-tagged subunits were detected with appropriate antibodies. The K^tp channel 

subunit antisera were also used in screening processes as they became available.
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cDNA construct (species) Genbank accession number Vector

SURl (hamster) L40623 pcDNA3

SUR2A (mouse) D86037 pcDNA3

SUR2B (mouse) D86038 pcDNA3

Kir6.1 (rat) D42145 pcDNA3

Kir6.2 (mouse) D50581- pcDNA3

SURlmycHise pcDNA3

Kir6.2Hise pcDNA3.1/zeo

Kir6.2mycHis6 pcDNA3.1/zeo

Kir2.1His6 (mouse) X73052 pcDNA3.I/zeo

Table 3.3 List of clones available in the laboratory.

The species the cDNA clone is derived from is listed, along with the corresponding 

Genbank accession number and the vector each clone was in. Hamster SURl cDNA was 

the kind gift of Dr J. Bryan (Baylor College of Medicine, Houston, USA). Mouse SUR2A 

and SUR2B clones were the kind gift of Professor Y. Kurachi (Osaka University, Japan). 

Rat Kir6 .1 and mouse Kir6.2 cDNAs were kind gifts from Professor S. Seino (Chiba 

University, Japan). Mouse Kir2.1 cDNA was a kind gift from Professor L. Y. Jan (UCSF, 

USA).
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Round 1 o f  PCR

Forw ard prim er  

5'— — —

!
R everse  prim er 
-con ta in in g  partial seq u en ce  
o f  ep itop e  tag  at 5 ’ end (green ).

R oun d  2 o f  PC R

Forw ard prim er

!
R everse  prim er 
(con ta in in g  rest o f  ep itop e  

tag seq u en ce).

Final product con ta in in g  ep itop e  tag

Figure 3.7 Scheme for production of epitope tagged cDNA constructs.

Nucleotide sequences encoding epitope tags are engineered, in frame,onto a cDNA construct, by a 

two-step PCR strategy. The epitope tag is added in two stages at the 5’ end of one of the PCR primers. 

In the example shown above the tag is added onto the C-tenninus with the additional sequence on the 

5’ end of the reverse primer. Addition of epitope tags on the N-terminus works in a similar manner 

except the additional sequence is added onto the 5’ end of the forward primer. When adding epitope 

tags to the C-terminus the stop codon is removed from the products by appropriate design of the reverse 

PCR primer. When adding epitope tags to the N-terminus a strong translation initation sequence is 

often added along with an alternative start site. Restriction enzyme sites are also added in a similar 

manner to the epitope tags to facilitate subcloning.
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Construct Template Primers 
for Round 
1

Primers for 
Round 2

Primer sequences (5’ to 3’)

Kir6.2CFLAG Kir6.2 in 
pcDNA3

62F956
62FLAGC

62F956
FLAGCXBAI

62F956
GAGATTCTATGGGGGCAG

62FLAGC
CTTGTCATCGTCGTCCTTGTAGTC
GGACAAGGAATCTGGAGA

FLAGCXBAI
TTCTTCTAGATCACTTGTCATCGT
CGTCCTTGTAGTC

Kir6.2His6 Kir6.2 in 
pcDNA3

62F956
62fflS6C

None 62HIS6C
GCATGCTCTAGACTAGTGGTAG
TGGTGATGATGGGACAAGGAATC
TGGAGA

SURlmyc SURl in 
pcDNA3

SUR4100
SURMYC

SUR4100
CMYCR

SUR4100
GCCAGTGCTGAAGCATGTC

SURMYC
GTCTTCTTCAGAAATAAGCTTTTG
TTCCTTGTCCGCACGGACAAAG

CMYCR
TATCCCGGGCCCTACAAGTCTTCT
TCAGAAATAAG

SURlmycHise SURl in 
pcDNA3

SUR4100
SURMYC

SUR4100
CMYCfflS6

CMYCHIS6
TATCCCGGGCCCTAGTGATGGTG
GTGATGATGCAAGTCTTCTTCAG
AAATAA

Table 3.4 Primers used to construct epitope tagged K atp channel subunits.

The production of Kir6.2CFLAG and SURlmyc is described in detail in Figures 3.8 and 

3.9 respectively. Kir6.2His6 and SURlmycHise constructs were already available in the 

laboratory and the primers are given for information only.
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Two-Step PCR to form FLAG-tagged Kir6.2 fragment

- PCR product 
"O liaonucleo tides

Round 1 
Round 1 

tem plate

1 pi 1:50 Kir6.2 in pcI)N A3
Primers

Ip i 62FI.AG C

1 pi 62F956C

I^ound 2 
Round 2 (in duplicate) 

Template

I pi Round I product 
Primers 

lp l62F '956C  

I pi FI.AG XBAI

- PCR product 
-O liaonu cleo tides

g  Subcloning PCR fragment into Kir6.2 in pcDNA3

Eco47Ill/XbaI digest 

PCR fragment Kir6,2 in pcDNA3

3838—

Ligations set up front gei-purified fragments.

Excise arrowed bands 

Purity using QIAtiX II tot

(2 . Purification of plasmid DNA

Purified plasmid DN A  by minipreparation. 

Digest 5pi plasmid DN A  with H indlll/X bal 

(should excise Kir6.2CFLAG).

Xbal d(x;s not cut due to the introduction o f  a dam  

méthylation site.

Transform Mini 3 into GM 48, a dam strain o ï  E .coli 

and repurifv plasmid DNA.

D . Subcloning 62CFLAG from pcDNA to pcDNA3.1/zeo.

■'H

\ \ 6  I 0 8 -------I  1 H i

6 108

1184

Excise arrowed bands

Ilindlll Xbal digest

Gel purity and set up ligations 1 * *3 

Pick colonies and miniprep

.4pat digest o f  minipreps 

As expected, cuts three times to produce 

2 targe fragments o f  sizes -lOOObp and ~5400bp  
CorrecI sequence confirmed b \ sequencing

Figure 3 8 Production o f  Kir6.2CFLAG in pcD NA3.1/zeo.
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A,. I wo steps of PC R to form SUR myc tagged PC R fragment

%
X .

S ize , kb  

982 —  

710 —I PCR product 

Primers

Round I 

Template
Ipl I TO S U R l in pcDN AT

PiTmers 
lu l SU R 4100  
lu l SU R M Y C

Round 1

B .  Sub c lo n in g  PC R  f r a g m e n t  in to  pc I)N A 3

Round 2

I'emplate
l ul Round I product

Pnmers 
Ipi S U R 4100  
lu l  C M Y C R

S U R rayc P C R  fragm en t 

P cD N A 3 Ÿ

S ize , kb

4899—
982—

R xcise a rrow ed  bands. 

lAirily using  QLA EX  II kit.

N otl/A pal digest 

Ligations were set up from gel-purified fragments

C .  Puri f ica t ion  of p lasm id  DNA.

Piuified plasmid DNA by minipreparation

D igested  5pl plasmid D N A  with N otl. prcxiucing a sin g le band with higher m olecular w eight than pcD NA T alone.

S ize , kb
4899—

M ini I , M ini 2 and Mini 3

all appear correct C onlim ied  bv D N A  sequencing

Noll digest
[ )  S u bc lon ing  rest  of  S U R l  into PC R f r a g m e n t  p lasm id

D igested  lAJR fragment plasm id and S U R l in pcD N A 3 w ith N otl Then treated IY_'R fragment p lasm id with 

C I P after d igestion .

L igations w ere set up. C olon ies w ere picked and plasm id D N A  purified.

O nly M ini 16 appears correct.

The others either contain m ultiple 

cop ies  o f  the N o ll SU R l fragment 

(e .g . M ini 12) or the fragment has 

inserted in the wrong orientation  

(e .g . Mini 13).

S ize , kb
8578 —

Kpnl digest

E. C heck diges tions o f  M ini  16.
ligc

X

5p l m ini 16 digested  with K pnl. N otl and EcoR I/X bal

S ize , kb

8578 —

2798 —

Kpnl produces 2 bands one of ~100bp, the other of-lOOOObp 
(too small to be seen). Notl produces 2 bands, one of ~4100bp, 
the other of ~6160bp. EcoRI and Xbal produces 2 bands, one of 
~3700bp, the other of ~6560bp 
Mini 16 appears correct from these diagnostic digests.

Mini 16 digestion

Figure 3.9 Production o f  S U R lm yc in pcDNA3.
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Confirmation o f heterologous expression ofK^ipp channel subunits in HEK293.

A monoclonal stable cell line co-expressing Kii6.2CFLAG with SURlmyc 

was used to show heterologous expression of both proteins by western blotting. The 

original aim was to detect the subunits using the epitope tags engineered onto the C- 

termini of both channel subunits. However, the FLAG antibody obtained from Kodak 

(New Haven, CT, USA) was a hundred-fold less sensitive than anticipated as 

determined from dot blots against the control fusion protein as shown in Figure 3.10. 

The low sensitivity of the FLAG antibody led me to use the first antisera to 

become available, the antibody to the C-terminus of Kir6.2 (Kir6.2Cl), to detect 

expression of Kir6.2. Cell homogenates were prepared in the manner described in 

Section 2.11. The presence of SURlmyc in cell homogenates was detected using 

tissue culture supernatant secreted from the 9E10 hybridoma cell line (containing myc 

monoclonal antibody). Two bands were present in the transfected cell lines that were 

not present in non-transfected cells (Figure 3.11 A). The approximate sizes of the 

bands corresponding to SURlmyc were estimated by comparison by eye with the 

migration distances of proteins of known molecular weight. The amino acid sequence 

of SURl predicts it has a molecular weight of around 178kD. The lower of the two 

bands looks to be around that molecular weight, whilst the upper band appears to be 

slightly bigger. There is evidence that SURl exists in two differentially glycosylated 

forms, a core form and a complex form (Nelson et. al., 1996). The glycosylation of 

SURl is discussed in more detail in Chapter 4. It should be noted that glycosylated 

proteins sometimes do not migrate according to their expected molecular weight 

(Garfin 1990). In a similar manner, the affinity purified Kir6.2Cl antibody detected 

the presence of Kir6.2. Two bands were recognised, the lower of which had an 

estimated molecular weight corresponding to that expected for Kir6.2 from its amino 

acid sequence (around 44kD) (Figure 3.1 IB). The upper band is a protein that 

migrates at a molecular weight of approximately lOOkD and constitutes a background 

band.

These initial studies showed that it was possible to stably express channel 

subunits in HEK293 cells. Related studies by other members of the laboratory showed
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functional co-expression of Kir6.2CFLAG and SURlmyc using electrophysiological 

techniques. Further studies concentrated on the generation of the stable cell lines 

using non-epitope tagged subunits. These stable lines were generated in the manner 

described in Chapter 2 Sections 2.3 and 2.4. Other members of the laboratory 

undertook electrophysiological screening of stable transfectants. The intention was to 

use these lines in the characterisation of subunit antisera. The expression of other 

subunit subtypes was not investigated in these initial studies and it was assumed that 

due to the close relationship between the subtypes the biochemical expression of these 

subunits would be detectable with the appropriate antibodies.

Epitope tagging does not affect function ofKj^pp channel proteins.

Epitopes were added to the C-terminus of the proteins to minimise the risk of 

disruption of function. The consequences of tagging SURl with the myc and His  ̂

epitopes was assessed by radiolabelled glibenclamide binding to cellular 

homogenates. The protocol for these experiments is given in Chapter 2 Section 2.14. 

The results of the glibenclamide binding studies are shown in Figure 3.12. It can be 

observed that tagging SURl with combinations of myc and Hisg epitopes has no 

obvious effect on the or Hill co-efficient of glibenclamide binding compared with 

untagged SURl expressed with or without Kir6.2. Other members of the laboratory 

also assessed the functional consequences of SURl and Kir6.2 epitope tagging using 

electrophysiological techniques and demonstrated that epitope tagging did not affect 

the qualitative responses of the channel complex to diazoxide and tolbutamide.
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Figure 3.10 Dot blot characterisation of anti-FLAG antibody.
The BAP-FLAG control fusion protein was used in the amounts indicated on a dot blot 
probed with FLAG antibody in PBS + 0.1% Tween at the concentrations recommended 
by the manufacturer. Each spot of fusion protein was applied in a 2pl volume. The blot was 
exposed to film for 5 minutes after exposure to ECL reagents. No additional signal was 
obtained after a 15 minute exposure. The antibody should recognise as little as Ing of control 
fusion protein when used at the concentration specified in the manufacturers’ instructions.
This experiment was repeated with other batches of antibody with similar results. The conclusion 
drawn was that the FLAG antibody was not sensitive enough to meet requirements for biochemical 
study of epitope tagged K^p channel subunits
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Figure 3.11 Biochemical expression o f Kir6.2 and SURIcmyc in HEK293 cells.

Western blots o f homogenates o f a monoclonal stable line co-expressing Kir6.2CFLAG +SURlmyc are shown. A shows a Western blot from an 8% polyaciy lamide 

gel probed w ith 50ml o f 9E 10 hydridoma cell tissue culture supernatant. WT indicates a lane containing a homogenate o f  non-transfected HEK293 cells. Two 

specific bands are detected, probably corresponding to difiFeientially glycosy lated forms o f SURl, as indicated by the arrows. B shows a parallelWestern blot 

from a 12% polyacrylamide gel probed with 1:2000 dilution o f affinity purified Kir6.2C 1 antibody in PBS + 0.1% Tween. O f the tyvo bands observed the loyver 

molecular weight band indicated by the arrow corresponds to Kir6.2. 3.5|^g total protein was loaded into each lane and both blots were visualised using ECL with an 

exposure to film o f 30 seconds. The positions of the molecular yveight markers (in kilodaltons) are indicated on the left o f each blot.
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20[Glibenclamide] (nM)
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c
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0.0 [Glibenclamide] (nM)

C
Line Kd (nM) V^ax(pmol'mg) Hill coefficient

SURl, P, 11=4 1.30 ±0.05 14.09±2.21 0.97±0.08

SURl-myc, P, n=4 1.25±0.17 20.43±9.29 1.0±0.13

SURl-mycHls6, P, 
n=4

1.95±0.79 19.15±6.33 0.90±0.il

6.2+SUR, M, n=5 l.4l±0.35 43.l±9.98 0.93±0.I3

Figure 3.12 Glibenclamide binding studies on epitope tagged SURl.
The graph in A shows a typical example o f the data obtained from a binding experiment. Total counts are shown by squares and non-specific counts in the 
presence o f 20|iM unlabelled glibenclamide by diamonds. The non-specific binding curv e was fitted by linear regression and used to calculate the specfic 
counts (see Section 2.14). The graph in B shows examples of data corrected for non-specific binding and converted from counts per minute to pmol/mg of 
protein (see Section 2.14). Corrected data for two different binding experiments are shown, the squares represent the SURlm yc line and the triangles 
represent the SURl line.. The table in C summarises the binding data. The Kd and V„^were calculated by fitting the corrected data to a rectangular binding 
isotherm using the analysis software and the Hill co-efficient was calculated from the gradient of a plot o f log(P/l-P) vs log(ligand concentration) where P 
is the fractional occupancy (see Section 2.14). All data are expressed as mean +!- S.E.M. Note the lack o f effect o f epitope tagging on Kd or Hill-coefficient. 
The difference in V,,^ reflects the difference in expression levels between the lines.
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Characterisation of Kir 6.0 antibodies by ^ estem  blotting

As shown in Figure 3.4, several peptides corresponding to regions on the N 

and C-termini of Kir6.0 subunits were used to raise antisera. After affinity 

purification, initial characterisation was carried out by Western blotting against 

homogenates of monoclonal stable lines expressing Kir6.1 + SUR2B, Kir6.2 + SURl 

and/or Kir6.2 + SUR2A. The Kir6.2 N and C terminal antibodies (Kir6.2N and 

Kir6.2C2) specifically reacted against Kir6.2 compared with Kirô.l as shown in 

Figure 3.13BI and 3.13BII. The Kir6.2Cl antibody was not tested for cross-reactivity 

with Kirô.l but was used to detect expression of Kirô.2 in studies where Kirô.l is 

known not to be present (see Chapters 4 and 5). The Kirô. 1 N-terminal antibody 

(Kirô.lN) was observed to cross-react with Kirô.2 on a Western blot (Figure 3.13AI) 

whereas the Kirô.l C-terminal antibody (Kirô. 1C) did not (Figure 3.13All). It should 

be noted that Kirô.l migrates as a single band and as judged from comparison with the 

migration of the molecular weight standards, was approximately 48kD in size, in close 

agreement with the molecular weight predicted by its amino acid sequence.

Characterisation o f SUR antibodies by\Westem blotting

Figure 3.4 shows that several antibodies were raised to the cytoplasmic 

nucleotide binding domains of SUR proteins. These antibodies were initially 

characterised using Western blotting. The results of these studies are shown in Figure 

3.14 and 3.15. The characterisation of SURl antibodies is shown in Figure 3.14. It 

was observed that the SURINBDI antibody specifically reacted with SURl and 

displayed no cross-reactivity with other SUR subtypes (Figure 3.14A). In contrast, 

the SUR1NBD2 antibody displayed reactivity with both SURl and SUR2B (Figure 

3.14B). Note the presence of two SUR reactive bands in each case, probably 

corresponding to differentially glycosylated forms. When high levels of protein are 

present the doublet cannot always be resolved. Some background bands were 

observed some of which were also present in non-transfected HEK293 cells.
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The characterisation of the SUR2 antibodies is shown in Figure 3.15. It was 

observed that the SUR2ANBD2 antibody specifically reacted with SUR2A, although 

signal was weak (Figure 3.15A). The SUR2BNBD2 antibody appeared to be non

reactive with any of the SUR subtypes (Figure 3.15B) and only a series of background 

bands were observed. The antibody designed to recognise the first nucleotide binding 

domain of both SUR2 subtypes (SUR2NBD1 antibody) specifically recognised both 

SUR2A and SUR2B with no cross-reactivity with SURl (Figure 3.15C). The antibody 

clearly recognised two different-sized forms of the SUR2 protein.

Characterisation o f Kj^jp channel subunit antisera by immunoprécipitation.

After initial characterisation of antibodies by Western blotting, many of the 

antibodies were characterised by the technique of immunoprécipitation. As 

mentioned in Chapter 2, immunoprécipitation is an important technique in the study 

of protein-protein interactions. As will be seen in later chapters, I have used this 

technique extensively in the study of interactions between channel subunits.

Immunoprécipitation tests the ability of an antibody to recognise its epitope in 

the native protein, unlike Western blotting where the protein is in an unfolded, 

denatured state.

A selection of antisera was tested for the ability to specifically 

immunoprecipitate the appropriate subunit subtype. This characterisation is described 

in Chapter 4 and Chapter 7 where studies looking at assembly of K ĵp channel 

subunits are described. However, a summary of the properties of the various 

antibodies for immunoprécipitation is given in Tables 3.5 and 3.6.
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Figure 3.13 Characterisation o f  Kir6.0 antibodies by Western blotting.
A shows Western blots from 10% polyacrylamide gels probed with the Kirô.lN antibody (1) and 
the Kirô. 1C antibody (II). Each lane was loaded with homogenates o f  the monoclonal stable 
cell lines indicated (WT denotes non-transfected cell line homogenate). Reactive bands are 
indicated by the arrows. Note in (I) the presence o f  two reactive bands corresponding to Kirô.l 
and Kirô.2. B shows Western blots from 12% polyacrylamide gels probed with the Kirô.2N (I) 
and the Kirô.2C2 (II) antibodies. The reactive band corresponding to Kirô.2 is indicated by the 
arrow. The presence o f  partially denatured Kirô.2 protein can be observed as the smear at higher 
molecular weights particularly in (II). Positions o f  molecular weight markers are shown alongside 
the blots. All blots were exposed to film for 30 seconds after treatment with ECL reagents. 3.5pg  
total protein was loaded in each lane. All antibodies were used at a 1:2000 dilution in PBS + 0.1% 
Tween. The positions o f  the molecular weight markers and their sizes (in kilodaltons) are shown 
alongside the blots.
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Figure 3.14 Characterisation of SURl antibodies by Westen,blotting.

Both A^estern blots shown above are derived from 8% polyacrylamide gels loaded with homogenates o f the monoclonal stable lines expressing the three main 

SUR subt\'pes and non-transfected cell homogenates (lane marked WT). 8|ig total protein was loaded into each lane and both gels were exposed to film for 

30 seconds after exposure to ECL reagents. The Western blot in A was probed with the SURINBDI antibod) in PBS + 0.1% Tween. Note the specific reaction 

with SURl as indicated by the arrow. The Western blot in B was probed with the SUR1NBD2 antibody in PBS + 0.1% Tween. In this instance there is cross 

reactivity with SUR2B but not SUR2A, Positions o f molecular weight markers (in kilodaltons) are indicated alongside the gel. Primary antibodies were used 

at a 1 ;2000 dilution. The position of the bands corresponding to SUR are show n by the arrow.
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Figure 3.15 Characterisation o f  SUR2 antibodies by Western blotting.
Tlie Western blots shown above were derived from 8% polyacrviamide gels. Each lane was loaded with 
the stable line homogenates indicated. The lanes labelled were loaded with non-transfected cell 
homogenates. The blot in A was probed with the SUR2ANBD2 antibod\ and reactivity was only 
observed against SUR2 A  although the reactiv e bands appeared somewhat smeared. The blot in B was 
probed with the SUR2BNBD2 antibodv and it can be seen that only background bands are present. The 
blot in C was probed with the SUR2NBD1 antibodv and reactiv ity against both SUR2 subtypes can be 
observ ed. 8p.g total protein was loaded onto each lane and all blots were exposed to film for 30 seconds 
after exposure to ECL reagents. All primary antibodies were used at a 1:2000 dilution.
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Characterisation o f Kirô. 0 subunit antisera by immunofluorescence microscopy.

Katp channel subunit antisera were further characterised by 

immunofluorescence studies on the stable lines we generated. An initial experiment 

was undertaken using wild type HEK293 cells incubated with the secondary antibody 

only (a rhodamine linked goat anti-rabbit antibody) as a test of the experimental 

conditions. As shown in Figure 3.16A, no reaction was observed when the primary 

antibody was omitted.

Figure 3.16 shows the characterisation of the Kir6.1N (Figure 3.16B) and 

Kir6.1C (Figure 3.16C) antibodies in this manner. It can be clearly observed that 

there is no reaction with non-transfected HEK293 cells with either antibody or any 

cross-reaction with Kir6.2, whilst there is an observable fluorescence signal from cells 

expressing Kir6.1. In addition a clear decrease in the intensity of staining was 

observed when the Kir6.1C antiserum was pre-incubated with 1 mg/ml antigenic 

peptide. This decrease in staining was not observed when the antiserum was pre- 

incubated with an irrelevant SURl antigenic peptide. The lack of reaction of the 

Kir6.1N antibody with Kir6.2 in these studies was slightly surprising given that it 

cross-reacts with Kir6.2 on a Western blot (Figure 3.13AI). This may be due to the 

epitope responsible for cross-reaction only being recognised in the fully denatured 

protein. The fixation process may not fully denature the protein, therefore preventing 

recognition by the antibody.

Figure 3.17 shows the characterisation of the Kir6.2C2 (Figure 3.17 A) and 

Kir6.2N (Figure 3.17B) antisera. Characterisation was undertaken in a similar manner 

to the Kir6 .1 antiserum. No reaction was observed with either antibody from non- 

transfected HEK293 cells, although the Kir6.2N antibody stained cells showed visible 

signal that appeared to be diffuse and indistinct compared to cells expressing Kir6.2. It 

should be noted that the staining of cells expressing Kir6.2 appears largely 

membranous consistent with the functional currents observed from these cell lines. 

Both the Kir6.2C2 and Kir6.2N antisera react specifically with Kir6.2 expressing 

cells. No reaction was observed with cells expressing Kir6.1. Pre-incubation of the 

Kir6.2C2 antibody with 1 mg/ml of the appropriate antigenic peptide results in a clear
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decrease in fluorescent signal that is not observed when the antiserum is pre-incubated 

with the Kirô.lC antigenic peptide.

Characterisation o f SUR subunit antisera by immunofluorescence microscopy.

The characterisation of SUR subunit antisera by immunofluorescence 

microscopy is shown in Figures 3.18 and 3.19. None of the antisera were observed to 

react with non-transfected HEK293 cells The SURINBDI antiserum specifically 

reacted with SURl but not with SUR2A or SUR2B (Figure 3.18A). The 

SUR1NBD2 antiserum reacted with SURl and SUR2B, consistent with the western 

blot data shovm in Figure 3.14B (Figure 3.18B). The specificity of the SURINBDI 

antibody was further tested by pre-incubation of the antibody with 1 mg/ml antigenic 

peptide (Figure 3.18A). Pre-incubation with antigenic peptide resulted in a decreased 

fluorescent signal.

The SUR2NBD1 antibody appeared to specifically react with stable lines 

expressing either SUR2A or SUR2B, but not lines expressing SURl (Figure 3.19A). 

The SUR2A NBD2 antibody did not appear to react with cells expressing SUR2A, 

with only weakly diffuse staining observed (Figure 3.19B).
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A. Kirô.lC antibody

WT
Kir6.1 +SU R 2B Kir6.2 + SURl

Rhodamine secondary only

Kir6.1 +SU R 2B  
Kir6.1C peptide

B. Kirô.lN antibody.

Kirt.l +SU R 2B  
SURINBDI peptide

WT Kirô.l + SUR2B Kir6.2 + SURl

Figure 3.16 Characterisation of Kir6.1 antibodies by immunofluorescence.
The images in A show the characterisation o f the Kirô.lC antibody by immunofluorescence studies 
performed on the stable lines indicated and a parallel experiment done on the Kirô.l + SUR2B line 
where primary antibody was omitted to show the absence o f non-specifically bound secondary 
antibody. Kirô.lC specifically reacts with Kirô.l as judged by lack o f reaction with Kirô.2 and by 
peptide competition experiments with the antigenic peptide and the SURINBDI peptide. Both 
peptides were pre-incubated with the antibody at a 1 mg/ml concentration. The images in B show 
characterisation o f the Kirô.lN antibody. Note that no reaction with Kirô.2 was observed. Peptide 
controls were not done for this antibody. All images were captured at the same exposure (1 second) 
and magnification (400x) and were not subjected to any forms o f enhancement other than the addition 
of red pseudocolour by the imaging software. The primary antibodies were used at a 1:500 dilution 
and the rhodamine-conjugated secondary antibody was used at a 1:300 dilution. The green scale 
bar represents 5 pm.
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A. Kir6.2C2 antibody

WT

Kir6.2 + SURl Kirô.l + SUR2B

Kir6.2 + SURl 
Kir6.2C2 peptide

Kir6.2 + SURl 
Kirô.lN peptide

B. Kir6.2N antibody

WT Kirô.2 + SURl Kirô.l + SUR2B

Figure 3.17 Characterisation o f Kir6.2 antibodies by immunofluorescence microscopy.
The images in A show characterisation o f the Kir6.2C2 antibody by immunofluorescence studies 
performed on stable HEK293 cell lines. No reaction was observed with non-transfected HEK293 
cells (WT) or cells expressing Kirô.l. Reactivity was abolished by pre-incubation o f the antibody 
with 1 mg/ml antigenic peptide but not with Im^ml Kirô.lN antigenic peptide. The images in B 
show the characterisation o f the Kirô.2N antibody. Reaction with Kirô.2 appeared to be specific given 
that no reactivity was observed against non-transfected HEK293 cells or K iiô .l-expressing cells. 
Non-transfected cells showed a rather diffuse background staining unlike Kirô.2 expressing cells which 
showed a staining pattern consistent with a membrane distribution. Both antibodies were used at a 
1:500 dilution and the rhodamine-conjugated secondary antibody was used at a 1:300 dilution. Images 
were all captured at a 1 second exposure and 400x magnification and pseudocoloured red using the 
imaging software. Images were not subjected to any other forms o f enhancement. The green scale bar 
represents 5 pm.
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A. SURINBDI antibody

Kir6.2 + SURl Kir6.2 + SUR2A

WT

Kir6.1 + SUR2B

B. SUR1NBD2 antibody

Kir6.2 + SURl 
SURINBDI peptide

WT Kir6.2 + SURl

Kir6.2 + SUR2A Kir6.1 + SUR2B

Figure 3.18 - Characterisation o f SURl antibodies by immunofluorescence microscopy.
The images in A show the characterisation o f the SURINBDI antibody against stable HEK293 cell 
lines expressing cloned K̂ tp channel subunits. No reaction with non-transfected cells or cells 
expressing SUR2 subunits was observed whilst reaction with SURl was abolished by pre-incubation 
with 1 mg/ml antigenic peptide. B shows the characterisation o f the SUR1NBD2 antibody in a similar 
manner. Reactivity is observed against SURl and SUR2B but not SUR2A or non-transfected HEK293 
cells. All images were captured at the same exposure (1 second) and magnification (400x) and were 
pseudocoloured red using the imaging software. Primary antibodies were used at a 1:500 dilution and 
the rhodamine-conjugated secondary antibodies were used at a 1:300 dilution. WT denotes 
non-transfected HEK293 cells. The scale bar represents 5pm.
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A. SUR2NBD1 antibody

WT Kir6.1 + SUR2B

Kir6.2 + SURl Kir6.2 + SUR2A

B. SUR2ANBD2 antibody

WT Kir6.2 + SUR2A

Figure 3.19 Characterisation o f SUR2 antibodies by immunofluorescence microscopy.

The images shown in A show the characterisation of the SUR2NBD1 antibody using stably transfected 

HEK293cell lines. Note the reaction with SUR2 expressing lines but not with non-transfected HEK293 

(denoted WT) or SURl lines. The SUR2ANBD2 antibody appeared non-reactive for SUR2A as shown 

in B All images were captured at the same exposure (1 second) and magnification (400x). Images were 

pseudocoloured red using the imaging software. Images were not subjected to any other forms of 

modification before presentation. The primary antibodies were used at a 1:500 dilution and the 

rhodamine-conjugated secondary antibody was used at a 1:300 dilution. The green scale bar represents 

5pm.
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Antibocfy Western blotting Immunofluorescence microscopy Immunoprécipitation.

Kir6.1N Reactive with Kir6.1 and Kir6.2 Reactive with Kir6.1. 

Non-reactive with Kir6.2.

Not tested.

Kir6.1C Reactive with Kir6.1. 

Non-reactive with Kir6.2

Reactive with Kir6.1 (specificity confirmed by peptide competition). 

Non-reactive with Kir6.2.

Immunoprecipitates Kir6.1.

Does not immunoprecipitate Kir6.2.

Kir6.2N Reactive with Kir6.2. 

Non-reactive with Kir6.1

Reactive with Kir6.2. 

Non-reactive with Kir6.1.

Immunoprecipitates Kir6.2,

Does not immunoprecipitate Kirô.I

Kir6.2Cl Reactive with Kir6.2.

Not tested for reactivity with Kir6.1.

Not tested. Not tested.

Kir6.2C2 Reactive with Kir6.2. 

Non-reactive with Kir6.1.

Reactive with Kir6.2 (specificity confirmed by peptide competition). 

Non-reactive with Kir6.I.

Immunoprecipitates Kir6.2.

Does not immunoprecipitate Kirô.I.

Table 3.5 Summary of characterisation studies on Kirô.O antibodies.

Please note that the data for immunoprécipitation studies are taken from Chapter 7. All antibodies were observed to be non-reactive with non- 

transfected HEK293 cells in both [Westernblotting and immunofluorescence microscopy.
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Antibody Western blotting Immunofluorescence microscopy Immunoprécipitation

SURINBDI Specific reactivity with SURl. 

Non-reactive with SUR2A/SUR2B.

Specific reactivity with SURl (confirmed by peptide 

competition).

Non-reactive with SUR2A/SUR2B.

Immunoprecipitates SURl.

No immunoprécipitation of SUR2A/SUR2B.

SUR1NBD2 Reactive with SURl and SUR2B. 

Non-reactive with SUR2A.

Reactive with SURl and SUR2B. 

Non-reactive with SUR2A.

Not tested.

SUR2NBD1 Specific reactivity with SUR2A/SUR2B. 

Non-reactive with SURl.
Specific reactivity with SUR2A/SUR2B. 

Non-reactive with SURl.

Immunoprecipitates SUR2A/SUR2B. 

No immunoprécipitation of SURl.

SUR2ANBD2 Specific reactivity with SUR2A 

Non-reactive with SURl and SUR2B.

Non reactive, only difiuse staining of cells expressing 

SUR2A observed.

Immunoprecipitates SUR2A.

No immunoprécipitation of SURl.

SUR2BNBD2 Non-reactive. Not tested. Not tested.

Table 3.6 Summary of characterisation studies on SUR antibodies.

Please note that the data for immunoprécipitation studies are taken from Chapters 4 and 7. Also note that all antibodies were observed to be non

reactive with non-transfected HEK293 cells in both Western blotting and immunofluorescence microscopy.
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Section 3.3 Discussion.

The data presented in this chapter jshowŝ  it is possible to stably

express different combinations of K̂ yp channel subunits in monoclonal HEK293 cell 

lines. Initial studies used commercially available antibodies which recognised epitope 

tags engineered onto the C-terminal regions of Kir6.2 and SURl. A problem arose 

when the antibody to the FLAG epitope was discovered to be not sensitive enough for 

reliable detection of protein expression (Figure 3.10). The Kir6.2Cl antibody, which 

was the first of the K̂ yp channel subunit antibodies to be raised in rabbits, was used 

instead of the FLAG antibody to detect Kir6.2 in a stable line co-expressing 

Kir6.2CFLAG with iSURlmyc. The myc antibody obtained from the tissue culture 

supernatant of the 9E10 hybridoma cell line was used to detect expression of 

SURl myc. I have also described a protocol for the production of affinity-purified 

K̂ yp channel subunit antisera.

An issue raised by the epitope tagging was whether these “foreign” peptide 

sequences affected the function of the proteins. I believe I have shown that this is 

unlikely to be the case. The characteristics of the binding of glibenclamide, which 

binds to SURl with a nanomolar affinity, did not appear to be affected by addition of 

the myc and Hisg epitopes to the C-terminus (see Figure 3.12). The current evidence 

for the location of the glibenclamide-binding site points to it being in the C-terminal 

set of transmembrane helices (Ashfield et. al., 1999; Babenko et. al., 1999c; Udhe et. 

al., 1999). Therefore, the addition of the myc epitope would not in itself directly 

disrupt the glibenclamide-binding site. However, the fact that addition of the epitope 

has no effect on binding shows that there is no profound disruption of the 

conformation of the protein. An interesting side point of the glibenclamide binding 

studies is that co-expression of Kir6.2 with SURl does not appear to have an effect on 

glibenclamide binding. This implies that interaction between SURl and Kir6.2 does 

not cause a modification of the glibenclamide-binding site. However, a similar 

binding study has shown that co-expression of Kirô.I with SUR2B causes over a 5- 

fold increase in the binding affinity of SUR2B for glibenclamide (Russ et. al., 1999). 

The issue of whether epitope tagging of the Kir6.2 subunit affects fiinction was
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difficult to address using biochemical methods given that no pharmacological agents 

that bind to Kir6.2 are readily available. Other members of the laboratory performed 

electrophysiological studies with stable lines co-expressing epitope tagged Kir6.2 and 

SURl and observed no change in the fimctional properties of the current (Giblin et. 

al., 1999). No qualitative change in the sensitivity of the channel to the channel 

opener diazoxide and the sulphonylurea tolbutamide was observed. The 

electrophysiological studies also showed that C-terminal tagging of SURl with the 

myc and Hisg epitopes did not affect functional coupling with Kir6.2. It has been 

shown that certain epitopes when added to the C-terminus of SURl abolish functional 

coupling with Kir6.2 (Hough et. al., 2000).

Once stable expression of channel subunits in the HEK293 system had 

been demonstrated, lines expressing different combinations of these subunits were 

used to characterise polyclonal antisera raised in rabbits by the techniques of Western 

blotting, immunoprécipitation and immunofluorescence microscopy, although the 

characterisation of a selection of antisera by immunoprécipitation is included in 

Chapters 4 and 7 and is not discussed at any length in this chapter.

Four antisera were produced using peptides corresponding to the cytoplasmic 

N and C-termini of Kir6.1 and Kir6.2. The techniques of Western blotting and 

immunofluorescence microscopy were used to show subtype specificity of the 

Kirô.lC and Kir6.2C2 antibodies. The Kir6.2N antibody is also specific for Kir6.2, 

but the Kir6 . IN antibody cross-reacts with Kir6.2 on a Western blot. A comparison of 

the peptides used to raise the antisera goes some way to explaining the specificity 

patterns of the antibodies. The peptide corresponding to the N-terminus of rat Kir6 .1 

contains an eight amino acid motif IIPEEYVL that is identical to a sequence in the N- 

terminus of mouse Kir6.2. Therefore, it is hardly surprising that cross-reaction is 

observed. The Kir6 . IN antibody can still be used as a universal Kir6 antibody when 

identification of the particular subtype is unnecessary. Given that Kir6 .1 and Kir6.2 

have different molecular weights they can also be distinguished on the basis of size 

using the Kirô.lN antibody. The N-terminal sequence used to raise the Kir6.2N 

antisera contains the EEYVL motif however since no cross-reaction with Kir6 .1 was 

observed it appears that there was not a significant population of antibodies raised to 

this short amino acid sequence. As |will be seen in later chapters, the Kirô.lC,
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Kir6.2N and Kir6.2C2 terminal antibodies were the preferred antibodies for use in 

biochemical studies.

The antisera raised to the first nucleotide binding domain of SURl 

(SURINBDI) was observed to be specific for SURl and comparison of the antigenic 

peptide sequence with the sequence at the homologous position in SUR2A and 

SUR2B shows no sequence identity. The situation with the antisera raised to the 

second nucleotide-binding domain of SURl (SUR1NBD2) is different, with cross

reaction with SUR2B being observed. This cross-reaction is not surprising when it is 

considered that the last forty amino acids of SUR2B show ̂ gh  identity to those of 

SURl. Indeed, the antigenic peptide corresponding to the last 19 amino acids of 

SURl is identical to the equivalent C-terminal sequence of SUR2B at 14 positions. 

Comparison with the C-terminal sequence of SUR2A shows no such i identities .

The SUR2ANBD2 antisera appeared to specifically recognise SUR2A on a Western 

blot, albeit with weak reactivity. It did not work especially well for 

immunofluorescence microscopy and was not characterised fully using this technique. 

The general SUR2 antibody (SUR2NBD1) recognised SUR2A and SUR2B but not 

SURl for both of the techniques used, which is expected given that there are not any 

identical sequences in SURl. The SUR2BNBD2 antibody did not appear to be

useful for biochemical study given that it did not recognise specific bands on a 

Western blot. However the peptide used corresponded to the distal C-terminus of 

SUR2B, which, as mentioned earlier, is highly identical to that of SURl. 

Therefore, it is likely it would have cross-reacted with SURl and thus would have 

fulfilled the same function as the SUR1NBD2 antibody. For biochemical studies, the 

SURINBDI, SUR1NBD2 and SUR2NBD1 were the preferred antibodies.

The main purpose of the studies in this chapter was to characterise a series of 

K^tp channel subunit antisera using assorted biochemical techniques. The results of 

these characterisation studies are summarised in tables 3.5 and 3.6. Some of the panel 

of antibodies characterised can be used for specific applications. For example, the 

Kir6.2N, Kir6.2C2 and Kirô.lC antibodies can be used in studies examining 

heteromultimerisation between Kirô.I and Kirô.2 (see Chapter 7). Similarly the
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SURINBDI and SUR2NBD1 antibodies can be used for heteromultimerisation 

studies involving SURl and SUR2 (see Chapter 7).

It will be seen in laterk^hapters that these antibodies have been used for 

numerous studies of the biochemistry of K ĵp channels. In Chapter 6 , the trafficking 

of channel subunits is investigated using immunofluorescence microscopy and the 

Kirô.lC antibody is used to examine the distribution of endogenously expressed 

Kirô.I in the HepG2 cell line. In Chapter 7 heteromultimerisation of K t̂p channel 

subunit subtypes is investigated using the antibodies whose characterisation is 

described here. The work described in the next two chapters examining the physical 

interaction between channel subunits uses mainly epitope tagged channel subunits. As 

a consequence of this the myc monoclonal and Kirô.lC 1 antibodies were 

predominantly used. It should also be noted that most of the K t̂p channel antisera did 

not become available until after the studies described in Chapters 4 and 5 were done.
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Chapter 4

Examining the interaction between K a t p  ehannel
subunits.
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Chapter 4 - Examining the interaction between channel subunits.

4.1 Introduction.

The profound effect of the sulphonylurea receptor on the regulation and 

trafficking of the pore forming subunit, Kirô.O, is indicative of an interaction between 

the two. Investigating the nature of this interaction forms a large proportion of the 

data presented in this thesis. In this chapter, studies testing the hypothesis that 

channel subunits physically interact using the techniques of immunoprécipitation and 

affinity purification are described. In addition, attempts to show further evidence of 

association by demonstrating co-localisation of subunits using immunofluorescence 

microscopy are also described. The presence of differently sized forms of the 

sulphonylurea receptor and the effect of co-expression of Kir6.2 and Kir2.1 on these 

forms is also discussed.

It was shown in Chapter 3 that channel subunits could be heterologously 

expressed in HEK293 cells. Stable cell lines expressing different combinations of 

subunits were used in the characterisation of a panel of K^tp subunit antibodies. The 

use of the antibodies and stable cell lines was extended to examine the interaction 

between subunits. It is likely that the K^jp channel complex is formed from closely 

associated Kirô.O and SUR subunits (Aguilar-Bryan et. al., 1995; Inagaki et. al., 

1995b). To test this hypothesis it was necessary to develop approaches to enable 

protein-protein interactions between the subunits to be observed. As discussed in 

Chapter 2 Sections 2.11 and 2.12, the methods of immunoprécipitation and metal 

chelate affinity chromatography were the two approaches employed.

4.2 Results.

Use o f antibodies and monoclonal stable cell lines.

Chapter 3 described the production of several monoclonal stable cell lines in 

HEK293. The immunoprécipitation studies initially used the Kirô.2CFLAG + 

SURl myc line (see Chapter 3 Figure 3.11). The monoclonal myc antibody derived
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from 9E10 hybridoma supernatant was used as the precipitating antibody and was 

coupled to Protein A iSepharose under high salt conditions as described in Chapter 2 

Section 2.11. The only subunit antibody available at the beginning of these 

studies was the Kir6.2Cl antibody, which was used for detection of Kir6.2 on 

Western blots. As other affinity-purified antibodies became available 

immunoprécipitation studies were done on the non-epitope tagged lines.

The metal chelate affinity purification process required the presence of a 

histidine tag comprising 6 consecutive histidine residues (Hisg tag). This tag was 

engineered onto the C-terminus of Kir6.2 using a PCR-based approach as described in 

Chapter 3 Figure 3.7. A monoclonal stable line co-expressing Kir6.2mycHiSg with 

SURl myc was constructed for use in co-affinity purification experiments (refer to 

Chapter 3 Tables 3.3 and 3.4 and Figure 3.9).

Several stable lines were also used in control experiments. Lines expressing 

Kir6.2CFLAG alone and SURl myc alone were used as controls for adequate wash 

conditions. In addition, a stable line co-expressing Kir2.1HiSg with SURl myc was 

used as a control for non-specific protein-protein interactions. Kir2.1 was histidine 

tagged at the N-terminus and was constructed for a previous study (see Table 3.3 and 

Tinker et. al., 1996). Kir2.1 was detected biochemically using an antibody to the C- 

terminus of Kir2.1 (Kir2.1C), kindly provided by Dr L Y Jan, UCSF. The peptide 

sequence and Western blot characterisation of this antibody is shown in Figure 4.1. 

Kir2.1 migrates with an approximate molecular weight of 52kD as a single band 

present only in cells stably transfected with Kir2.1.

Co-Immunoprecipitation ofKir6.2 and SURl Kj^pp channel subunits.

To test the suitability of the myc antibody for immunoprécipitation 

experiments, a pilot experiment was performed using a stable line expressing 

SURl myc alone. The result of this experiment is shown in Figure 4.2. It can be 

observed that SURl myc is immunoprecipitated with the myc antibody. Note the 

presence of the heavy and light chains of the precipitating myc antibody migrating at 

approximately 52kD and 25kD respectively. The coupling of myc antibody to protein 

ASepharose using high salt conditions appears to be work sufficiently well as judged
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by the amount of light and heavy antibody chains in the immunoprecipitated fraction. 

It was a concern that when the imyc-Sepharose was transferred from the high salt 

coupling reaction to the low-salt conditions of the storage buffer, dissociation of the 

antibody would occur. The reasons why dissociation does not occur are not clear. It 

may be that a proportion of antibody does dissociate but enough remains bound to 

make experiments feasible. Another possibility is that the high salt conditions may 

cause a slight conformational change in the antibody’s binding site that allows the 

antibody to bind essentially irreversibly to Protein A with high affinity.

Co-immunoprecipitation (co-IP) of Kir6.2 with SURl myc was observed in 

monoclonal stable lines co-expressing different combinations of epitope tagged 

subunits, Kir6.2CFLAG + SURl myc and Kir6.2His6 + SURl myc (Figure 4.3 A and 

4.3B). Before these results could be interpreted as a genuine protein-protein 

interaction, the possibility of non-specific immunoprécipitation had to be eliminated. 

There are two factors that may lead to non-specific co-IP; the first is non-specific 

binding of Kir6.2 to the myc antibody or to Protein A Sepharose and the second is the 

possibility of protein aggregation. To control for the first possibility, 

immunoprécipitation of Kir6.2 was attempted from the stable line co-expressing non

epitope tagged Kir6.2 and SURl. The result of this experiment is shown in Figure 

4.3C and it can be clearly seen from the overexposed Western blot that no Kir6.2 is 

observed in the myc immunoprecipitated fraction. Any possible non-specific 

interaction with Protein A Sepharose is probably eliminated by pre-clearing the 

solubilised lysate with Protein ASepharose before addition of antibody (see Chapter 2 

Section 2.11). To control for non-specific protein-protein interactions arising from 

aggregation, co-IP of Kir2.1, a related channel protein shown not to functionally 

interact with SURl (Giblin et. al., 1999), with SURl myc was attempted from a 

monoclonal stable line co-expressing Kir2.1HiSgand SURlmyc. As can be seen from 

Figure 4.3D, despite immunoprécipitation of SURlmyc, no co-IP of Kir2.1His6 is 

observed. This appears to indicate that the co-IP observed between Kir6.2 and 

SURlmyc is the result of a specific protein-protein interaction. The 

immunoprécipitation methodology characterised in Figure 4.3 could then be applied 

in further studies examining the interaction between channel subunits (see 

Chapters 5 and 7).
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Peptide sequence

CYENEVALTSKEEEEDSENGVPESTSTDSP

116

83
48

33
28

Kir2.1 antibody

Figure 4.1 Western blot characterisation o f the Kir2.1 antibody

The Western blot shown above, derived from a 12% polyacry lamide gel shows the specific reactivity o f the Kir2.1 antibody 

in a homogenate o f a stable cell line expressing Kir2. IHis, + SURlmyc. The lane marked WT was loaded with a homogenate 

o f non-transfected cells. 5pg o f total protein was loaded in each lane and blot was exposed to film for 30 seconds after 

application o f ECU reagents. Kir2.1 antibody w as used at a 1 ;2000 dilution in PBS + 0. l%Tween-20. The sequence o f the 

peptide used to raise the antiserum is given on the left o f the blot and corresponds to amino acid residues 376-405 in the 

C-terminus o f Kir2.1.
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Figure 4.2 Immunoprécipitation o f SU R lm yc with the myc monoclonal antibody.

The Western blot above was probed with 50ml cell supernatant from the 9E10 hybridoma cell line, which contained secreted myc 

mouse monoclonal antibody. It shows the result of a pilot immunoprécipitation experiment using myc antibody coupled to Protein A 

Sepharose under high salt conditions (see Chapter 2 Section 2.11). SU Rlm yc was immunoprecipitated from a monoclonal stable 

line expressing SU R lm yc alone. The lane labelled (L) contains a 3 .5pg sample o f cellular homogenate taken before precipitating 

antibody was added. The lane labelled (IP) contains 50% of the total eluate from the immunoprécipitation reaction. Note the 

immunoprécipitation o f SU Rlm yc and the presence o f the light and heavy chains o f the myc antibody (labelled LC and HC 

respectively). The blot shown was transferred from an 8% polyacrylamide gel and reactive bands were visualised using ECU 

reagents. The blot was exposed to film for 30 seconds. The positions o f the molecular weight markers are shown on the left 

o f the blot (sizes in Kilodaltons). SU Rlm yc was immunoprecipitated with 10 pi o f a 1:1 suspension o f myc antibody coupled to 

Protein ASepharose.
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Figure 4.3 Specific co-immunoprecipitation o f Kir6.2 and SURlm yc witli the myc antibody .

All Western blot exposures arc for 30 seconds unless stated. 8% and 12% polyacry lantide gels were 

used to resolve SURlm yc and Kir6.2/2.1 respectively. The proteins of interest are indicated by the 

arrows. In most o f the figures only the relevant portions o f the blot are shown. The primary 

antibodies used to probe each blot are indicated on the right o f the blot. All antibodies w ere used 

at a 1:2000 dilution in PBS + 0.1% Tween apart from the myc antibody where 50ml of 9E 10 culture 

supernatant was used. Lanes with the designation L contain a 3 .5pg sample o f crude homogenate 

before solubilisation. Lanes with the designation IP contain the 50% of the eluate from the 

iimuunoprecipitation reaction. In A and B co-immunoprecipitation of Kir6.2 with SURlmyc is 

shown in two different stable cell lines, Kir6.2CFLAG+SURlmyc and Kir6.2His6+SURlmyc.

The negative controls for the experiment are shown in C and D. Kir6.2 is not non-specifieally 

immunoprecipitated by the myc antibody as shown in C, where no evidence o f Kir6.2 is visible 

even at the over-exposure shown (5 minutes). Kir2.1, a related cliannel protein that does not 

functionally interact with SURl is not co-immunoprecipitated as shown in D. All 

immunoprécipitation experiments used lOpl o f a 1:1 suspension o f myc antibody coupled to 

Protein ASepharose to precipitate innnune complexes.
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Co-affinity purification ofKir6.2 and SURl channel subunits.

The demonstration of specific co-IP of Kir6.2 and SURlmyc subunits 

indicated a close association between the two, almost certainly due to a direct protein- 

protein interaction. In an attempt to confirm the observations from the co- 

immunoprecipitation experiment, a different approach was used based on co- 

purification of histidine tagged Kir6.2 with SURlmyc.

The experiments were performed on a stable cell line co-expressing 

Kir6.2mycHis6 + SURlmyc. Experiments were also performed on lines expressing 

SURlmyc alone, Kir6.2 + SURl and Kir2.1HiSg + iSURlmyd to confirm the 

specificity of any co-purification observed. In the initial experiment with mild wash 

conditions it was observed that SURlmyc appeared to co-purify non-specifically with 

Kir2.1His6 as shown in Figure 4.4. It was concluded that the wash conditions 

employed in this experiment (lOmM imidazole in Tris buffered saline +1%  Triton X- 

100) were not sufficient to break weak and probably non-specific protein-protein 

interactions. The experiment was repeated using more stringent wash conditions 

(20mM imidazole washes). It was observed that under the more stringent wash 

conditions there was no non-specific binding of SURlmyc to the purification resin or 

co-purification of SURlmyc with Kir2.1HiSg (Figure 4.4B). Under the same wash 

conditions co-purification of SURlmyc with Kir6.2mycHiSg was observed (Figure 

4.4C and 4.4D). Kir6.2mycHiSg was specifically purified by the purification resin 

given that Kir6.2CFLAG was not observed to be purified as shown in Figure 4.4D. It 

was concluded that a specific interaction between Kir6.2 and SURl was detectable 

using the co-affinity purification method.

Co-immunoprecipitation o f other channel subunits.

The studies described in Figure 4.3 describe the characterisation of 

immunoprécipitation methodology using stable lines expressing Kir6.2 and SURl. It 

was mentioned in Chapter 3 that the antibodies raised to K^tp channel subunit peptides 

could also be used in immunoprécipitation studies (see Tables 3.5 and 3.6). These
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channel subunit antisera could be used to demonstrate protein-protein 

interactions between non epitope-tagged channel subunits. Attempts were made to 

show protein-protein interactions between channel subunits co-expressed in the stable 

cell lines generated for antibody characterisation. The Kir6.2C2 and Kir6.2N 

antibodies were used to show co-immunoprecipitation of Kir6.2 and SURl (Figure 

4.5 A), confirming the results of the studies using the epitope tagged stable lines.

Immunoprécipitation studies were also done on the Kir6.2 + SUR2A stable line 

as shown in Figure 4.5B. Kir6.2 was co-immunoprecipitated with SUR2A using the 

SUR2ANBD2 antibody. The specificity of the immunoprécipitation was checked in a 

parallel experiment where the SURINBDI antibody was used as the precipitating 

antibody. In this experiment no immunoprécipitation of either SUR2A or Kir6.2 was 

observed. The presence of the heavy chain is a potential complicating factor when 

using rabbit polyclonal antibodies for immunoprécipitation since it will also be 

recognised by the anti-rabbit IgG secondary antibody. The potential problems can 

clearly be seen in the blots in Figure 4.5 probed with Kir6.2 antibodies where Kir6.2 

is similar in size to the heavy chain. This problem can be solved by covalently 

coupling the antibody to the Protein A Sepharose using the procedure described in 

Chapter 2 Section 2.11. The experiments described in Chapter 7 examining the 

potential for co-assembly of Kirb.l and Kir6.2 used covalently coupled antibodies for 

this reason.
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Figure 4.4 Specific co-aOinity purification of SURlmyc with Kir6.2mycHis,.
The Western blots shown in A show non-specific interaction of SURlmyc with either Kir2. IHis, or the 
metal chelate affinity resin when lOmM imidazole was used for w ashes. The blots in B show tliat 

increasing the concentration o f imidazole in the wash buffer to 20mM abolished non-specific 
interactions. 20mM imidazole was used as the wash buffer for the experiments shown in C and D.
The blot in C shows co-purification o f SURlmyc with Kir6.2mycHis. Note tliat because tliis blot was 
probed by the myc antibody both SURl and Kir6.2 could be detected on the same blot. The blot in D 
confirms purification o f Kir6.2mycHis, and shows that untagged Kir6.2CFLAG does not 
non-specifically bind to the purification resin. The stable lines used for the experiments are stated 
underneath the relev ant blots along with the antibodv used for detection. The lanes designated L w ere 
loaded with 3.5p.g of cmde homogenate before solubilisation and those designated AP loaded with 
50% o f the total eluate from the purification. Western blots derived from 8% polyacrylamide gels 
were probed with 50ml myc 9E10 hybridoma cell supernatant, whilst those deriyed from 12% gels 
were probed with a 1 ;2000 dilution o f either Kir6.2Cl or Kir2.1C antibodies in PBS+0.1% Tween. 
The positions of molecular w eight markers (in kilodaltons) are shown on the left-hand side o f each 
blot.
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Figure 4.5 Co-immunoprecipitation studies on Kir6.2 + SURl and Kir6.2 + SUR2A stable cell lines. 
The Western blots in A show co-immunoprecipitation o f SURl with Kir6.2 using the Kir6.2C2 and 
Kir6.2N antibodies. The heavy chain o f the precipitating antibody is indicated by the arrow labelled 
HC. The Western blots in B show co-immunoprecipitation o f Kir6.2 with SUR2A using the 
SUR2ANBD2 antibody. Note the lack o f immunoprécipitation o f either protein when SURINBDI 
antibodv was used as the precipitating antibody . Blots were probed with 1:2000 dilutions o f the 
antibodv indicated underneath the blots. lOfj.1 o f precipitating antibody was used for these studies. 
The positions o f molecular weight markers are show n on the left- hand side o f the blots and 
proteins o f interest are indicated with the arrows. All blots shown represent exposures o f 30 seconds 
to film after treatment with ECU reagents. The lanes designated PS were loaded with 3.5|ig o f cmde 
homogenate before solubilisation. The lanes designated IP were loaded with 50% of the eluate 
obtained from the immunoprécipitation experiment w ith the antibodv indicated.
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Co-localisation ofKir6.2 and SURl in HEK293 monoclonal stable cell lines.

The immunoprécipitation and affinity purification experiments described in 

the preceding sections are strongly indicative of a direct protein-protein interaction 

between the channel subunits. The evidence for protein-protein interaction 

between Kir6.2 and SURl is particularly strong, having been demonstrated by both 

techniques. A further demonstration of the close co-association between Kir6.2 and 

SURl can be presented by showing cellular co-localisation between the two subunits. 

In a line co-expressing Kir6.2 with SURlmyc, cells were incubated with the Kir6.2C2 

and Protein-A purified myc monoclonal antibodies in the manner described in Chapter 

2 Section 2.13. Bound primary antibodies were detected with rhodamine (Kir6.2C2) 

and fluorescein (myc) linked anti-Ig secondary antibodies. Stained cells were viewed 

under epifluorescence illumination at the appropriate excitatory wavelengths and the 

images obtained at each wavelength were merged using the analysis software. A 

representative result is shown in Figure 4.6A. Extensive co-localisation can be 

observed. In control experiments, one of the primary antibodies was omitted and cells 

were imaged at both excitatory wavelengths. This was to check that the excitatory 

light only induced fluorescence in the desired fluorophore. As can be seen firom 

Figure 4.6B and C the extent of “cross-talk” was not significant, at the exposures used 

for image capture. The data shows that Kir6.2 and SURl are present in the same areas 

of the cell, implying a close functional and physical association. The absence of areas 

of the cell that contain only one of the subunits appears to imply that, at least in our 

system, all SURl is complexed with Kir6.2.
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Figure 4.6 Co-localisation o f Kir6.2 and SURl in a monoclonal stable line.

A stable line co-expressing Kir6.2 and SURlm yc was stained with the antibodies indicated and imaged 
using the methods described in Chapter 2 Section 2.13. The images in A show co-staining o f  Kir6.2 and 
SURlm yc with the Kir6.2C2 and myc antibodies respectively. Bound myc and Kir6.2C2 antibodies were 
detected by fluorescein and rhodamine conjugated secondary antibodies respectively. The images 
obtained were pseudocoloured and overlaid using the imaging software. Clear co-localisation 
(yellow regions) can be observed. The images in B and C show the lack o f  cross-talk between the 
fluorophores used. The images shown represent the same cell imaged at both excitatory wavelengths.
In B the experiment was done in the same manner as in A except the myc antibody was omitted.
Similarly, in C the Kir6.2C2 antibody was omitted. All o f the images shown represent 1 second exposures. 
The green scale bar represents 5|j.m. The images shown in A are deconvolved images obtained from a 
z-stack o f raw images (refer to Chapter 6 Section 6.2), whilst the images in B and C are raw images.
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The appearance o f SURl on\Westem blots.

The sulphonylurea receptor contains two glycosylation sites at Asn-10 and 

Asn-1050. It has been shown that co-expression of SURl and Kir6.2 alters the 

glycosylation state of SURl (Aguilar-Bryan et. al., 1998). At least two glycosylated 

forms of SURl have been reported. The studies of Aguilar-Bryan and colleagues 

have shown that the two forms of glycosylated receptors have molecular weights of 

approximately 140kD and 150-170kD respectively. As mentioned earlier the expected 

molecular weight from the amino acid sequence is 178kD. In my studies 1 have only 

estimated the molecular weight against pre-stained molecular weight markers and it 

appears to be in the 150-190kD range. The complex glycosylated receptor is thought 

to represent the population of SUR present in functional properly assembled channels. 

Indeed, studies in insulin secreting cell lines have shown that only the 150-170kD 

forms are localised to the plasma membrane, whilst the 140kD receptor is only present 

in internal membranes (Ozanne et. al., 1995). Presumably, the core glycosylated 

receptor represents SUR that is retained in the endoplasmic reticulum and the complex 

form SUR that has been subjected to post-ER processing. It has been reported that 

SURl is only fully glycosylated when co-expressed with Kirô.O subunits (Aguilar- 

Bryan et. al., 1998). In my studies, at least two forms of sulphonylurea receptor were 

observed corresponding to the putative differentially glycosylated forms. However, in 

my studies the expression of SURl alone, with Kir2.1 or Kir6.2 did not appear to 

affect the appearance of the receptor on a Western blot. Examples of the appearance of 

SURl when expressed alone and with Kir2.1 and Kir6.2 are shown in Figure 4.7. It 

can clearly be seen that higher molecular weight species are observed even when 

SURl is not co-expressed with a Kirô.O subunit. This implies that SURl can exit the 

ER and undergo further post-translational processing in the absence of an interacting 

Kirô.O subunit. The three Western blots shown in Figure 4.7 also provide good 

examples of how there is often a difference in appearance between SURl subunits on 

different blots. In the blot shown in Figure 4.7A a strong 140kD band can be seen 

with a slightly smeared higher molecular weight band of approximately equal 

intensity. Two species of SURl can also be observed in the blot in Figure 4.7B but in
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this example, the lower and higher molecular weight species form two discrete bands 

with the lower molecular weight species appearing greater in intensity. In the final 

example, the two species are not resolved and merge into one large, smeared band 

(Figure 4.7C). The reasons for these differences are not clear, although they may be 

related to levels of expression or cell-line to cell-line variation in the way in which 

membrane proteins are processed through the membrane trafficking pathway.
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Figure 4.7 The appearance o f SURl on a Western blot.

All o f the Westernblots shown are derived from 8% polyacrylamide gels and are probed w ith either 50ml of myc 9E10 hybridoma supernatant or a 1:2000 dilution o f  

SURINBDI antibody as indicated beneath the blots. It can be obser\ ed in all cases that the appearance o f SURl appears to be unaffected by co-expression with Kir6.2 

or Kir2.1 The putative core glycosylated receptor is indicated with the red arrow and forms the lower moleular weight band (around 170kD). The putative complex 

glycosylated receptor is indicated with the black arrow and forms the higher molecular weight species (around 190kD). In some cases the complex glycosy lated receptor 

does not fonn a discrete band as in the Western blot shown in B, but fomis a smear that may represent a continuum o f differentially glycosylated fomis. All blots shown 

represent 30 second exposures to film after treatment with ECU reagents and were loaded with 3.5|ig o f the cell line homogenates indicated.
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4.3 Discussion.

In this chapter I have shown that Kir6,2 and SURl interact biochemically. 

The technique of immunoprécipitation has shown association of these channel 

subunits in an immune complex. Co-immunoprecipitation has been demonstrated 

between SURlmyc and Kir6.2CFLAG or Kir6.2HiSg using the myc monoclonal 

antibody as the precipitating antibody, as described in Figure 4.3. Co-

immunoprecipitation between non-epitope tagged Kir6.2 and SURl using the

Kir6.2C2 and Kir6.2N antibodies has also been shown (Figure 4.5A). I have also 

shown co-immunoprecipitation of Kir6.2 with SUR2A using the SUR2ANBD2 

antibody (Figure 4.5B).

Further confirmation of biochemical interaction between Kir6.2 and SURl 

came from co-affinity purification experiments. Histidine-tagged Kir6.2 could be 

purified on a metal chelate affinity resin with concomitant co-purification of 

SURlmyc (Figure 4.4C and 4.4D). However, a specific interaction could only be 

detected under more stringent wash conditions due to the fact that SURlmyc co

purified with K ir2 .1H iSg under milder conditions (Figure 4.4A). I have also

demonstrated that Kir6.2 and SURl co-localise in HEK293 cells using

immunofluorescence microscopy (Figure 4.6).

A comparison of the data obtained using the immunoprécipitation and affinity 

purification approaches led me to conclude that the immunoprécipitation approach 

was the most robust and reproducible technique of the two. The immunoprécipitation 

approach became the preferred biochemical assay for the detection of biochemical 

interactions between K^yp channel subunits and is used extensively in studies 

described in later chapters.

The co-purification of Kir6.2 and SURl does not in itself prove that both 

subunits are physically associated. It is possible that there are endogenous proteins 

expressed in HEK293 cells that link the two proteins together. However, evidence in 

the literature argues for a direct protein-protein interaction. It has been shown that 

K^yp channel subunits co-immunoprecipitate when expressed in an in-vitro translation 

system, implying a direct physical interaction between subunits (Lorenz et. al., 1998;
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Lorenz and Terzic 1999). It has also been shown that co-expression of Kir6.2 and 

SURl in Cosm6 cells produces complexes that have a molecular weight consistent 

with an octameric channel composed of four Kir6.2 and four SURl subunits (Clement 

IV et. al., 1997). The study of Lorenz and Terzic also suggests that channel assembly 

occurs co-translationally. This suggestion is supported by the fact that the Kir6.2 and 

SURl genes are clustered on the same chromosome, the Kir6.2 gene being 

immediately 3’ of the SURl gene (Inagaki et. al., 1995b). The co-localisation 

experiments described in Figure 4.6 provide further evidence to support this 

possibility. It can be seen from the merged images that there is very little SURl or 

Kir6.2 not co-localised with each other, an observation that was seen in the majority 

of cells. This implies that Kir6.2 and SURl form a complex at an early stage after 

their synthesis. There is strong evidence that K^jp channel assembly occurs in the 

endoplasmic reticulum (ER). Only when the channel is assembled in the correct 

octameric stoichiometry are ER retention/retrieval signals on both Kir6.2 and SURl 

masked, thus allowing trafficking of the channel complex to the plasma membrane 

(Zerangue et. al., 1999).

The studies described in this chapter provide strong evidence that Kir6.2 and 

SURl physically interact and this interaction can be detected using the co- 

immunoprecipitation and co-affinity purification approaches. The modulatory effect 

of SURl on Kir6.2 can be ascribed to direct physical interactions between the 

subunits. There are other examples of ABC transporters that couple with ion channels. 

For example CFTR has been proposed to functionally couple with K iri.2 to form an 

ATP-inhibitable channel in renal epithelia (McNicholas et. al., 1996; Ruknudin et. al., 

1998). CFTR has also been shown to confer glibenclamide sensitivity on Kir6.1 when 

co-expressed in Xenopus oocytes (Ishida-Takahashi et. al., 1998).

The negative control experiments showed that Kir2.1 could not be co-purified 

with SURl, although there may be a weak, probably non-specific, (Figure 4.3 and 4.5) 

interaction that is detected using the co-affinity purification approach (Figure 4.4). 

This finding is consistent with the proposal that SURl physically and functionally 

couples specifically with Kir6.0 inward rectifiers (Wellman et. al., 1996), 

although there is evidence that SURl can couple with endogenous inward rectifiers in 

Xenopus oocytes (Ammala et. al., 1996).
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In our expression system there does not appear to be a correlation between the 

presence of the higher molecular weight species of SURl and co-expression with 

Kir6.2 (Figure 4.7) that is observed in other systems such as COS cells (Aguilar- 

Bryan et. al., 1998). The higher molecular weight species has been shown to be a 

complex glycosylated form of the receptor (Nelson et. al., 1996). Complex 

glycosylation is proposed to occur in the medial Golgi after core glycosylation in the 

endoplasmic reticulum. The lack of SURl complex glycosylation observed when 

expressed alone has been used as evidence to show that expression of Kirb.O subunits 

is required for proper trafficking of SUR subunits from the ER to Golgi and onto the 

plasma membrane. Indeed, trafficking studies in Xenopus oocytes have shown that 

cell-surface expression of SURl is dependent upon co-expression with Kir6.1 or 

Kir6.2 (Zerangue et. al., 1999). It is possible that over-expression of SURl in my 

HEK293 stable lines may overwhelm the ER retention machinery of the cell and allow 

uncomplexed SURl to be processed into the complex glycosylated form. 

Alternatively, it may be the case that the glycosylation state of the channel is 

dependent upon the system it is expressed in and may not be dependent upon correct 

K̂ xp channel assembly in certain situations. It should be noted that it has been 

demonstrated that proteins containing ER retention/retrieval signals can be retrieved 

from the trans Golgi network (Miesenbock and Rothman 1995). It may be that 

uncomplexed SURl that escapes the ER may undergo further glycosylation by Golgi- 

resident enzymes before retrieval. In Chapter 6 ,1 have investigated the trafficking of 

SURl in stable lines when expressed alone or co-expressed with Kir6.2 using an 

immunofluorescence-based trafficking assay.

The immunoprécipitation methodology in particular can be used to investigate 

how the two subunits interact biochemically. Knowledge of the nature of the 

interaction between Kir6.2 and SURl is important in relating how SURl exerts its 

modulatory effect on Kir6.2. In the next chapter investigations of the interaction 

between Kir6.2 and SURl are described.
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Chapter 5 Investigating the molecular determinants of the biochemical interaction 

between Kir6.2 and SURl.

5.1 Introduction.

Chapter 4 described the development of methodologies for looking at protein- 

protein interactions between channel subunits. As mentioned in that chapter, the 

immunoprécipitation methodology was the most reliable biochemical assay of protein- 

protein interactions. This chapter describes the extension of that method as a tool for 

investigating the regions responsible for interaction between Kir6.2 and SURl.

To investigate the regions on Kir6.2 responsible for interaction with SURl 

chimeric channel subunits were constructed between Kir6.2 and Kir2.1, a channel shown 

not to physically interact with SURl (see previous chapter). A chimeric protein is one 

that contains amino acid sequences spliced together from two different proteins and are 

usually designed to elucidate the function of different regions of a protein. Chimeras are 

usually made between two proteins that have similar structural features (i.e. from the 

same family of proteins) but have different characteristics. The chimeras are designed 

such that the join between the proteins is at a homologous region. Chimeras between 

SURl and SUR2 subunits have been used in an attempt to elucidate binding sites for 

sulphonylureas and potassium channel openers (Udhe et. al., 1999). Chimeras between 

Kir6.1 and Kir2.1 were used in a previous study in an attempt to determine domains 

responsible for incompatibility between inwardly rectifying channel subunits (Tinker 

et. al., 1996).

The chimeric channels were co-expressed in monoclonal stable lines with 

SURlmyc and subjected to immunoprécipitation studies. A series of myc-tagged C- 

terminal deletion mutants of SURl were also produced and co-expressed with Kir6.2 in 

an attempt to determine interacting regions on SURl. Co-localisation between Kir6.2 

and SURlmyc deletion constructs was also investigated in a similar manner as described 

for the wild type channels in Chapter 4 (Figure 4.6).
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5.2 Results.

Production o f chimeras between Kir6.2 and Kir2.1.

Several chimeras were produced between Kir6.2 and Kir2.1 in an attempt to 

delineate a region on Kir6.2 responsible for physical interaction with SURl. The 

chimeras were designed such that segments of Kir6.2 were progressively replaced with 

Kir2.1. The published amino acid sequences of mouse Kir2.1 and Kir6.2 were aligned 

using the PILEUP alignment program on the GCG database (University of Wisconsin). 

The alignments were used to judge the exact boundaries of the chimeras. It was 

important to make the chimera boundaries at equivalent positions in each protein 

otherwise misfolded proteins may have resulted. The chimeras were produced by either 

insertion of PGR fragments into appropriate restriction enzyme sites in the channel

cDNA construct or by the technique of splicing by overlap extension (SOEing) (Higuchi 

et. al., 1988; Horton et. al., 1989). The principle of the SOEing strategy is explained in 

Figure 5.1. The boundaries of the chimeras are shown in Figure 5.2 and Table 5.1 details 

the primers used in their production.

The primer NF contains a restriction enzyme site (AAG CTT). The

reverse primers used to produce the PGR fragments for chimeras A, B and G contain 

Kpnl (GGT AGG in primer NRl), PstI (GTG GAG in primer NR2) and BstEII (GGT G 

AGG in primer NR3) restriction sites respectively. The chimeric constructs are therefore 

produced by digestion of the PGR fragments and Kir6.2 in pcDNA3.1/zeo with the 

appropriate restriction enzymes followed by ligation of the products. The scheme for how 

these chimeras were produced is given in Figure 5.3.

Ghimeras D and E were produced using the technique of splicing by overlap 

extension (see Figure 5.1). The spliced PGR products were subcloned into Kir2.1HiSg in 

pcDNA3.1/zeo using Pflml/Xhol digests. The production of chimeras D and E is 

illustrated in Figure 5.4.
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Chimera F was produced for this study by other members of the laboratory. To 

constmct Chimera F, a PCR fragment was generated corresponding to the distal C- 

terminus of Kir2.1 with a HiSg tag. The fragment also contained EcoRVand EcoRI 

restriction sites at the 5’ and 3’ ends respectively. These sites were used to subclone the 

fragment into pcDNA3.1/zeo. After sequencing to check the correct orientation of the 

fragment, the N-terminal region of Kir6.2 was subcloned in-frame into this vector using a 

HindIII/Eco4 7III digest.

It should be noted that during the planning stage of these experiments chimeras 

were constructed with epitope tags to allow several possible biochemical approaches to 

be used. Kir2.1His6 and Kir6.2CFLAG were used to produce chimeras D and E and 

chimera F was engineered to contain a C-terminal HiSg tag and an N-terminal FLAG tag. 

The chimeras A, B and C were produced at a slightly later period in the study, after the 

biochemical strategy had been settled upon and as a consequence epitope tagging of these 

chimeras was unnecessary. All chimeric constructs were produced in the pcDNA3.1/zeo 

vector.

Biochemical expression of these chimeras was checked in pilot experiments with 

transient transfections. Monoclonal stable lines co-expressing the chimeras with 

SURl myc were subsequently generated.
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Product AB

Approx 25 cycles of PCR

Product CD

5’ 3’
3’ 5’

Round 2 o f  PCR

Primer A Primer D

Set up Round 2 of PCR with products AB and CD 
as templates. Primers A and D are also included as 
Hanking primers.

3’E
5’ r r

5’

5’ overlapping strands are non-productive. 
Pnmers A and Ü use them as templates to 
produce productive strands.

3’ 5’C

5’ I ...... ■  3’ 5’C

—  ̂

3’ overlapping strands can be extended 
by the DNA polymerase to produce spliced 
ÜNA molecule.

5’ 3’iïïMïï

Primers A and D amplify the final product.

Final recombinant DNA product

Figure 5.1 Principle o f splicing by overlap extension (SOEing).
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Chimera ! Template for PCR

B

K ir2.1 in pcDNA3.1/zeo

K ir2.1 in pcDNA3.1/zeo

Strategy employed Primers used (5’ to 3’)
PCR fragment insertion 
into Kir6.2 in 
pcDN A 3 .1/zeo.

NF
CTTCTTAAGCTTACCATGGGCAGTGTGAGAACCAAC
NRl
AGTACGGTACCTAGTCTTGCCATTCCCAAAGCC

PCR fragment insertion 
into Kir6.2 in 
pcDNA 3 .1/zeo. _ _ _ _  _

NF
NR2
CACATCCTGCAGGTACCTCTGTCCCTTCTCACC

D

Kir2.1 in pcDNA3.1/zeo

K ir2.1ffis6inpG EM H E  
Kir6.2CFLAG in pcDNA3

PCR fragment insertion 
into Kir6.2 in 
pcIM./U.]yzeo.
Soeing by overlap 
extension (two round PCR 
process).

NF
NR3
ACCAATGGTCACCTGGGTCTCGATGGAGAA G A G __

1 r s e q ~  ' ............  ...................
TGCGTGTCGGAGGTCAAC
I1622I9R
AATGATCATGCTCTTTCGAAGGTTACCCAC
I162219F
GTGGGTAACCTTCGAAAGAGCATGATCATTAGCGCC
FLAGXHOI
CTAGGCCTCGAGCTACTTGTCATCGTCGTCCTTGTAGTC

Kir2.1H is6inpG EM H E  
Kir6.2CFLAG in pcDNA3

Soeing by overlap 
extension (two round PCR 
process).

IR924
GAGACACTAGTCTTCAG
I162289R
CTCCAGGTCCTGATTGTCAATGTCCTGCTT
I162289F
AAGCAGGACATTGACAATCAGGACCTGGAG
FLAGXHOI

Table 5.1 Oligonucletide primers used for the production of Kir6.2/Kir2.1 chimeras.
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Kir 6.2 I 1390

Kir 2.1
36 to 25

Chm A Q Z Z Z Z Z Z ^ ^ ^ Z
68 to 56

Ohm B
140 to 128

Chm C
219 to 208

Chm D ^ Z Z a S S

Chm E I  

Chm F E

289 to 279

315 to 327

1428

1
1

1

Figure 5.2 Boundaries of Kir6.2/Kir2.1 chimeras.

The boundaries o f Chimeras A-F are show n. The number o f amino acids in Kir6.2 and Kir2.1 

are 390 and 428 respectively. The exact boundaries are indicated above the join point o f each 

chimera. The N and C termini are intracellular, the first transmembrane segment (M l) lies 

between residues 72-93 in Kir6.2 and residues 87-109 in Kir2.1, the pore region (H5) lies 

between 120-136 in Kir6.2 and residues 132-148 in Kir2.1 and tlie second transmembrane 

M2 segment lies between residues 149-169 in Kir6.2 and residues 157-178 in Kir2.1.
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A. PCR to produce Kir2.1 fragments to insert into Kir6.2 in pcDNA3.1/zeo.

PCR product A PCR product B PCR product C

template template Template

I pi K ir2.1 m pcDNA.l. 1 /zeo 1 pi Kir2.1 in pcD N A 3.1/zeo 1 pi Kir2.1 in pcD N A 3.1/zeo

Pnmers 

1 pi pnmer NF 1 

1 pi pnmer NR 1

Primers 

1 pi pnmer NT'' 1 

I pi pnmer NR2

Pnmers 

1 pi primer NF 1 

1 pi primer NR3

B .  Digestion of PCR fragments and Kir6.2 in pcDNA3.1/zeo 

and subsequent ligation of fragments.

S iz e , kb

% ^359

Kpnl/I Imdill Pstl/1 lindlll BstHII/Tlmdlll

c.
Ligations were set up from gel-purified fragments

Check minipreparations by restriction enzyme digests.

Digested 5pi plasmid DNA with EcoRI

%

7 4 2 7 -  
1 8 8 2 -

EcoRI digest
Tlie introduction of the Kir2.1 PCR fragment should result in the loss 
of an EcoRI site in the chimeric DNA. Correct minipreps are shown in 
bold. Mini C2. C3 and C4 represent religated vector with no insertion of 
PCR fragment.
Correct sequence of Mini A3, Mini B1 and Mini Cl was 
confirmed b> automatic DNA sequencing.

Figure 5.3 Production o f Kir6.2/Kir2.1 chimeras A, B and C.
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A. Splicing by overlap extension PCR.

Round 1 Round 2

PCR products are bracketed.

Product D 1 

Template
I p.] Kir2.1 in pGEMHE 

Primers

I pi primer IRSEQl 

I pi primer II6I2I9R

Product D2 

Template
I pi Kir6.2CFLAG in pcDNA3 
Primers

I pi primer 116219F 

I pi primer FLAGXHOI 

Product D3 and D4 (duplicates) for Chimera E
I pi product Dl El primers - I pi IR924 I pi I62289R
I pi product D2 E2 primers - I pi II6289F I pi FLAGXHOI
Ipl primer IRSEQI E3, E4 (duplicates) - I pi IR924 I pi FLAGXHOI
I pi primer FLAGXHOI with 1 pi each o f  products

El and E2 as templates.

B. Digestion of PCR fragments and Kirl.lHis^ in pcDNA3.1/zeo 

and subsequent ligation of fragments.

Kir2 IHis„ in pcDNA3 l/zeo D D 4 D E 4

Ptlm l/Xhol digest 

Ligations set up with gel purified fragments.

C. Check minipreparations by restriction enzyme digests.

S iz e ,  kb
All minipreps look correct according 
to the diagnostic digests. The two upper 
bands on the right hand gel represent a 

partial digest. Mini LE2 and Mini LD2 
were sequenced by automated sequencing 
and confirmed to have correct sequence.

Xhol/Notl digest

Figure 5.4 Production o f Kir2.1/Kir6.2 chimeras D and E.
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Biochemical analysis ofKir6.2/Kir2.1 chimeras.

The data from co-immunoprecipitation experiments performed on stable lines co

expressing Kir2.1/Kir6.2 chimeras with SURlmyc are shown in Figure 5.5. The 9E10 

myc antibody coupled to Protein ASepharose was used to immunoprecipitate SURlmyc. 

Chimeras were detected on Western blots using either the Kir6.2Cl (Chimeras A-E) or 

Kir2.1C (Chimera F) antibodies. Figure 5.5A shows that immunoprécipitation of 

SURlmyc leads to co-immunoprecipitation of Chimera A, Chimera B and Chimera C. In 

addition, Figure 5.5B, 5.5C and 5.5D show that Chimera D and Chimera F, but not 

Chimera E co-immunoprecipitate with SURlmyc. In the case of the stable lines co

expressing Chimeras D and E with Kir6.2 two separate monoclonal lines were tested.

This was to ensure that the results obtained were not due to differences in protein 

expression. In one of the Chimera D + SURlmyc lines co-immunoprecipitation of the 

chimera appeared quite weak despite strong expression (Figure 5.5B, left-hand Western 

blot). However, the same experiment done on another stable line expressing Chimera D 

and SURlmyc showed strong co-immunoprecipitation of the chimera (Figure 5.5B, right- 

hand Western blot). Both Chimera E + SURlmyc lines showed no co- 

immunoprecipitation of SURlmyc (Figure 5.5C). All of the experiments in this study 

were repeated on at least three occasions with similar results. These results implicate a 

domain in the proximal C-terminus of Kir6.2 as being important in biochemical 

interaction with SURl.
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Figure 5.5 Co-immunoprecipitation analysis o f Kir2.1/Kir6.2 chimeras.
The Western blots shown are derived from 8% (probed with 50ml myc 9E10 hybridoma supernatant) and 12% (probed with 1:2000 dilutions o f Kir6.2Cl and Kir2.1C 
antibodies in PBS + 0.1% Tween). Lanes with the designation L were loaded with a 3.5pg sample o f the indicated cell line homogenate to confirm protein expression. 
Lanes with the designation IP were loaded with 50% o f the eluate from the immunoprécipitation experiment. lOpI o f a 1:1 suspension o f myc monoclonal antibody 
coupled to protein A Sepharose was used to immunoprecipitate SURlmyc from solubilised cell line homogenates. Lanes labelled WT HEK293 were loaded with 
3.5pg o f  non-transfected cell line homogenate. A shows that chimeras A, B and C are co-immunoprecipitated with SURlmyc. B shows a similar result for chimera 
D. Due to the relatively weak co-immunoprecipitation o f chimera D in monoclonal line 1, the experiment was repeated using a different monoclonal line where 
stronger co-immunoprecipitation was observed. The blots in C show that chimera E does not immunoprecipitate with SURlm yc in two different monoclonal cell 
lines. The co-immunoprecipitation o f chimera F with SURlmyc is shown in D.
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Production o f SURI deletion mutants.

In an attempt to investigate the regions on SURl responsible for biochemical 

interaction with Kir6.2, deletion mutants of SURl were constructed. Several deletion 

mutants representing progressive deletions of the C-terminus of SURl were produced. 

The C-terminal deletion mutants were produced by a two-step PCR strategy as illustrated 

in Figure 5.6. In the first stage, a PCR fragment is generated containing an Sfil site 

already present in the SURl cDNA at the 5’ end and the first part of the myc epitope 

sequence at the 3’ end. The second stage adds the remainder of the myc sequence 

followed by a stop codon and an Avril site at the 3’ end. The PCR fragment was then 

subcloned into the SURl cDNA to produce the truncated nucleotide sequence. Table 5.2 

gives the nucleotide sequences of the primers used in the construction of the SURl C- 

terminal deletion mutants. The production of one of these mutants is given in detail in 

Figure 5.7.

The deletion mutants correspond to deletions of 101, 145, 196 and 249 amino 

acids from the C-terminus of SURl, as shown in Figure 5.8. Biochemical expression of 

the SURl deletions was checked using transient transfections and monoclonal lines 

expressing the deletion mutants with Kir6.2 were subsequently generated.
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Round 1 of PCR PCR product from round 1

JPG3 ^

5 '| ■  13-

S/;/site JP(i4-7

Round 2 of PCR

JPG3

I |3 '

"^PGS *‘7  ■ * " "
codon site

Final PCR product

Subclone PCR into SURI in pBluescript with Sfil/A vrlI d igests

Figure 5.6 Production o f SURl C-terminal deletion mutants.

In the first round o f  PCR, primer JPG3, the forward primer and one of primers JPG4, JPG5, 

JPG6 or JPG7 produced a PCR fragment containing the partial sequence o f the myc epitope 

(red). This product was tlien used as a template for the second round o f PCR that used JPG3 

as a forw ard primer and JPG8 as a reverse primer. The reverse primer JPG8 (which anneals 

to the myc epitope sequence) contains the rest o f the myc sequence, a stop codon and an 

Avril site at its 5' end. The final PCR product was cloned into SURl in pBluescript by an 

SJil/Avrll digest. The deletion constructs were subsequently cloned into pcDNA3 from 

pBluescript as described in Figure 5.7.
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Deletion mutant Forward primer Backward primer

SURlAC249myc TCTGCTGGCCTGGTGGGCCTGGGC 

CTCACC (JPG3)

CAAGTCTTCTTCAGAAATAAGCTTT 

TGTTCCGAC GGCGCCAG (JPG4)

SURlAC196myc JPG3 CAAGTCTTCTTCAGAAATAAGCT

TTTGTTCGGACTTCCCGCTGCC

(JPG5)

SURlAC145myc JPG3 CAAGTCTTCTTCAGAAATAAG

CTTTTGTTCTCTGATCGTGCCGC

(JPG6)

SURl AGIO Imyc JPG3 CAAGTCTTCTTCAGAAATAAGC 

TTTTGTTCATTCTCCCCTCC (JPG7)

Table 5.2 Oligonucleotide primers used in the production of SURl deletion mutants.

The template for all the reactions in the top table was SURl in pBluescript. The strategy had two steps, the primers for the first step are shown in the table above. The 

products of the first reaction were used in the second reaction with the JPG3 forward primer and a primer with sequence

5’ CTGCATCCTAGGCGCTCACAAGTCTTCTTCAG 3’, known as JPG8. The resulting constructs all possess a myc epitope tag at the C-terminus. The details of their 

production are given in Figure 5.7.
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A. Two-step PCR to produce myc-tagged

C-terminal SUR l PCR fragment.

1 2

492'

3 4 Templates Primers
1 - Igl SURl in pcDNA3 1.2 - JPG3 and JPG5
2 - Ipl 1:50 SURl in pcDNA3 3.4 - JPG3 and JPG8
3 - Ipl product 1

Round 2 4 - Ipl product 2Round 1

B. Subcloning o f PCR-fragment into SURl 

in pBluescript.

492'

PCR product (3,4) SURl in pBluescnpt 

7427.

S fil/A v r ll d igests  

Ligations were set up from gel-purified fragments

C. Purification o f plasmid DNA

Excise arrowed bands and extract DNA using 
the QIAEX II kit

7427,

492'

Mini 2 (in bold) appears correct - the excised fragment 
appears smaller than would be expected from full-length 
SURl Correct sequence of Mini 2 was confirmed by 
sequencing.

S fil /A vril d igests

D Subcloning SURl deletion mutant from  

pBluescript to pcDNA3.

All three minis look correct 
(inserted fragment gives makes 
them bigger in size than vector 
alone.)

pcDNA3 Mini 2

6108 Excise and purify
arrowed bands 

►
Set up ligations 

Purify plasmid DNA

Xhol/Xbal digest Sall/Spel digest Kpnl digests

Figure 5.7 Details o f the production o f SURl A C196m yc deletion mutant.
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SURlm yc N

SURlCZXlOlmyc N

N B D l N BD 2 1582

myc c

1481

g #  myc C

SURlCZyi45myc N
1437

WT-myc C

SURlCA196myc N
1386

myc C

SURlCA249myc N
1333

“|-m yc C

Figure 5.8 Boundaries o f the SURI C-temiinal deletion mutants.

The two putative nucleotide binding domains are represented by the grey shading. The first nucleotide binding domain comprises amino acid residues 697-895 

and the second nucleotide binding domain (NBD2) residues 1359-1582. The Walker A and B consensus sequences in NBD2, which are important in nucleotide 

binding and hydrolysis are indicated by the thick black lines labelled and Wg and comprise amino acid residues 1379-1385 and residues 1503-1507 

respectively. All constmcts were engineered to contain a myc epitope tag at the C-terminus.
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Biochemical analysis o f SURl deletion mutants.

The data from immunoprécipitation experiments performed on stable lines co

expressing SURl deletion mutants with Kir6.2 are shown in Figure 5.9. The expression 

of the components of the lines are shown in Figure 5.9A. Western blots of the eluates 

from immunoprécipitation experiments performed on the lines are shown in Figure 5.9B. 

The myc antibody was used as the precipitating antibody. It can be observed that all the 

myc tagged deletion mutants are immunoprecipitated with concomitant co- 

immunoprecipitation of Kir6.2. The close association of Kir6.2 and the most profound 

deletion mutant, SURlCA249myc was demonstrated using immunofluor^ehce 

microscopy. Cells co-expressing Kir6.2 and SURlCA249myc were co-stained with the 

Kir6.2C2 and myc antibodies (see Figure 4.6) and substantial co-localisation was 

observed, as shown in Figure 5.10.
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Figure 5.9 Co-immunoprecipitation analysis of SURl C-tenninal deletion constructs co-expressed with Kir6.2.

TheWcstcrnblots in A show protein expression of the SURl deletion constructs and Kir6.2 in each of the 
monoclonal lines indicated. SURl and Kir6.2 were resolved on 8% and 12% polyacrv'lamide gels 
respectively. Two species of SUR were observed corresponding to putatively immature and maturely 
glycosylated forms. In this instance two bands were also observed for Kir6.2, the smaller band representing 
a proteolytic fragment or a partially processed form. 8pg of cell line homogenate was loaded into each lane. 
Idle lanes labelled WT were loaded with 8pg of non-transfected cell homogenates. ThesVestern blots in B 
show the results of immunoprécipitation experiments performed on 0.8mg of solubilised cell homogenate. 
lOpl of a 1:1 suspension of mye monoclonal antibody coupled to protein ASepharosewas used to 
immunoprecipitate mye-tagged SURl mutants. Immunoprécipitation of SURl mutants with concomitant 
immunoprécipitation of Kir6.2 can be observed for all lines tested, indicating that the C-terminus of SURl 
is not required for biochemical interaction with Kir6.2. Each lane of the blots in B was loaded with 50% of 
the total immunoprecipitated eluate. Blots were probed with either the SURINBDI or Kir6.2C2 antibodies 
as indicated and represented 30 second exposures to film. Both antibodies were used at a 1:2000 dilution 
in PBS + 0.1% Tween. The positions of molecular weight standards (sizes in kilodaltons) are shown alongside 
the blots.

219



Kir6.2 + SURI C249myc stable line.

Kir6.2C2 antibody Myc antibody Overlay

Figure 5.10 Co-localisation of Kir6.2 and SURl C249myc in a monoclonal stable line.

A stable line co-expressing Kir6.2 with a C-terminal SURl deletion mutant was stained with the antibodies indicated and

imaged using the methods described in Chapter 2 Section 2.13. Bound Kir6.2C2 and myc antibodies were detected with 

rhodamine and fluorescein-conjugated antibodies respectively. Primary antibodies were used at a 1:500 dilution, whilst 

the secondary antibodies were used at a 1:300 dilution. The images were pseudocoloured and overlaid using the 

imaging software. The yellow regions on the overlaid image indicate co-localisation. All of the images shown represent 

1 second exposures and the green scale bar represents 5pm. The images shown are deconvolved images obtained from

a z-stack of raw images (refer to Chapter 6 Section 6.2).
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5.3 D iscussion.

The data presented in this chapter gives important insight into how Kir6.2 and 

SURl “talk” to each other at a molecular level by determination of regions that are 

important in biochemical interaction between the proteins. The experiments described in 

Figure 5.5 provide evidence that the proximal C-terminus of Kir6.2, namely amino acids 

208-279 are important for physical interaction with SURl. Previous biochemical studies 

have shown that a region in the M2 and proximal C-terminus of inward rectifiers 

determines homotypic and heterotypic interactions between channel subunits (Tinker et. 

al., 1996) although other regions have also been implicated (Woodward et. al., 1997; 

Roster et. al., 1998). The proximal C-terminus, along with the second transmembrane 

domain (M2), of Kir6.2 has been shown to be important in physical interaction with 

SUR2A (Lorenz and Terzic 1999). The recent structure of the KcsA bacterial potassium 

channel, although more homologous to the voltage gated channel despite having only two 

transmembrane segments, showed that the M2 region forms an inner helix on the inner 

side of the membrane (Doyle et. al., 1998). The structure of the C-terminus of the KcsA 

channel was not determined as the crystallographic data were obtained using a C-terminal 

truncation of the channel. It has been suggested that regions in the proximal C-terminus 

may form part of the pore of the inward rectifier (Nichols and Lopatin 1997).

The identification of the proximal C-terminus as an important determinant of 

Kir6.2 interaction with SURl is consistent with the idea that this region is responsible for 

determining how a particular inward rectifier interacts with itself and other members of 

the family. Therefore it is proposed that this region acts like a molecular signature that 

determines the other proteins (either pore-forming or auxiliary channel subunits) an 

inward rectifier can interact with. The region involved in determining homotypic and 

heterotypic interactions between members of the voltage-gated potassium channels, also 

governs the possible interactions with auxiliary beta subunits (Li et. al., 1992; Li et. al., 

1993; Yu et. al., 1996).
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The proximal C-terminus contain amino acid residues important for determining 

channel properties such as gating, rectification, permeation and single channel 

conductance and is likely to contribute to the formation of the pore (Yang et. ah, 1995; 

Tagliatela et. al., 1995; Tucker et. al., 1998). The proximal C-terminus also contains 

amino acid residues important for the inhibitory effect of ATP (Tucker et. al., 1998). The 

direct contact between this region and the sulphonylurea receptor may provide a 

mechanism by which the sulphonylurea receptor can directly affect channel fimction via a 

protein-protein interaction.

It is difficult to exclude the possibility that there may be a number of weak 

protein-protein interactions dispersed throughout other regions of Kir6.2, which have 

functional consequences in addition to the strong biochemical interaction that we have 

demonstrated. The model that we have proposed is compatible with other studies that 

have investigated protein-protein interactions with SURl using different methodologies 

(Lorenz and Terzic 1999; Hough et. al., 2000). Another study, using a trafficking based 

diSSdiy'm Xenopus oocytes has suggested that the N-terminus and the Ml region of Kir6.2 

is also important for biochemical interaction with SURl (Schwappach et. al., 2000). 

However, there is evidence that there are anterograde trafficking motifs at non-conserved 

locations in potassium channel proteins, which when removed prevent efficient surface 

expression (Li et. al., 2000). Some of these sequences may have been removed in some of 

the chimeras leading to a decrease of surface expression without affecting co-assembly. A 

similar trafficking based study, also done in Xenopus oocytes, implicated the M2 region 

and the proximal C-terminus as being important for interaction with SURl (Hough et. al., 

2000).

Other members of the laboratory performed functional studies on the chimeric 

K̂ TP channels in an attempt to answer the question; is the presence of a protein-protein 

interaction between SURl and Kir6.2/Kir2.1 chimeras sufficient to allow SURl to confer 

its modulatory effects on the channel? Only three of the chimeras led to functional 

expression in the presence of SURlmyc, namely chimeras A, B and F (Giblin et. al., 

1999). Chimera F contains the distal C-terminus of Kir2.1 and appeared to be insensitive 

to adenine nucleotides, diazoxide and tolbutamide. Chimera F was effectively uncoupled
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from SURI despite biochemical interaction. Chimera A, which contains the proximal N- 

terminus of Kir2.1 (the first 36 amino acids replacing the first 25 amino acids of Kir6.2) 

was observed to form ATP-sensitive channels, although it was around 10-fold less 

sensitive to inhibition by ATP (Kd=550pM compared to wild-type Kd=24.8|LiM).

Chimera A containing channels only displayed MgADP sensitivity in the presence of 

high concentrations of ATP (O.SmM MgADP activated channels in the presence of ImM 

ATP but not O.lmM ATP). The channels were modulated by both tolbutamide and 

diazoxide, although a high concentration of ATP (3mM) was required to observe effects. 

The tolbutamide sensitivty of these channels was similar to wild-type (Kd=12.5pM for 

Chimera A+SURlmyc, Kd=10.5pM for Kir6.2+SUR1). Chimera B, in which the first 56 

amino acids of Kir6.2 are replaced with the first 68 amino acids of Kir2.1, was insensitive 

to ATP inhibition and diazoxide activation. Tolbutamide inhibition of Chimera 

B+SURlmyc channels was observed but with lower potency (Kd=294pM for Chimera 

B+SURlmyc channels compared with Kd=10.5pM for Kir6.2+SUR1 channels). It 

should be noted that transient expression of Chimeras A, B and F without SURl did not 

produce observable currents. This eliminates the possibility that the functional 

uncoupling observed was due to channel complexes that did not contain SURl.

It is clear that even relatively small changes in the N and C termini of Kir6.2 can 

have profound functional consequences. The degree of functional uncoupling observed 

with these chimeras may be due to a series of weak protein-protein interactions that have 

functional importance. It may be that the proximal C-terminal region we have identified 

as being important in the interaction of Kir6.2 with SURl is a strong “scaffolding” 

interaction that allows the two proteins to come into close contact thus presenting other 

sites of weaker interaction in close proximity to each other. Alternatively, the substitution 

of the N and C termini of Kir6.2 with those of Kir2.1 may result in channels that have 

different open channel probabilities causing changes in nucleotide sensitivity (Shyng et. 

al., 1997; Tucker et. al., 1998; Babenko et. al., 1999). The third possibility is that 

chimeric channels may have subtle disruptions in structure that result in either non

functional channels (in the case of Chimeras C, D and E) or channels with profoundly 

altered properties. For example the point of splicing between Kir6.2 and Kir2.1 in

223



Chimera C is in the H5 pore region - even a minor disruption of pore structure would 

result in a non-functional channel.

Data from co-immunoprecipitation experiments with C-terminal deletions of 

SURl show that the C-terminus of SURl is not required for biochemical interaction with 

Kir6.2. This finding is consistent with studies that have demonstrated that the 

transmembrane domains, but not the C-terminus of SURl are important for interaction 

with Kir6.2 (Mikhailov et. al., 2000; Schwappach et. al., 2000). Another study has also 

shown that Kir6.2 can still associate with SURl mutants truncated by 49 and 221 amino 

acids at the C-terminus (Sharma et. al., 1999). Despite not being involved in biochemical 

interaction, the C-terminus of SURl plays an important role in functional coupling to 

Kir6.2. All of the SUR deletion mutants described in this chapter, when co-expressed 

with Kir6.2, produced functional channels. The channel complexes retained normal 

sensitivity to ATP.

However, none of the mutant channels showed any response to diazoxide and in the most 

profound deletion mutant no stimulation is produced by MgADP. In addition, inhibition 

of mutant channel activity by tolbutamide is impaired. The functional data indicates that 

the C-terminus of SURl plays a central role in channel stimulation by MgADP and 

diazoxide, as well as being important in determining the potency of tolbutamide. There is 

a naturally occuring splice variant of SURl, cloned from a hypothalamic cDNA library, 

where exon 33 is missing. This results in a frame shift that causes a deletion of 227 

amino acids from the C-terminus. When co-expressed in Xenopus oocytes with Kir6.2, 

the SURl splice variant formed functional channel complexes. Artificially constructed 

C-terminal truncations of SURl were also constructed in the same study and shown to 

form functional channels in Xenopus oocytes (Sakura et. al., 1999).

Mutations in SURl predicted to cause a truncation of the protein at the C- 

terminus cause persistent hyperinsulinaemic hypoglycaemia of infancy (PHHI), due to 

non-fimctional K̂ yp channels (Dunne et. al., 1997). In addition, there is a cluster of 

mutations in NBD2 that cause PHHI (Meissner et. al., 1999). It has been suggested that 

the C-terminus of SURl contains a putative anterograde trafficking signal, which when 

deleted did not produce functional channels at the plasma membrane (Sharma et. al.,
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1999). Indeed, in this study, deletion of as few as seven amino acids from the C-terminus 

resulted in loss of functional channels. The presence of functional channels, albeit with 

altered properties, with our SURl C-terminal deletion mutants is not consistent with this 

suggestion. It is possible that overexpression of the deletion mutants in stable lines may 

overwhelm the trafficking machinery of the cell and allow expression of channel 

complexes at the plasma membrane. In the next chapter, the development of a novel 

trafficking assay is described which is internally controlled for protein expression. The 

effect of the C-terminus of SURl in the trafficking of channel complexes to the plasma 

membrane can be investigated using this assay.
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Chapter 6

Investigating the trafficking of K a t p  channel
subunits.
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Chapter 6 Investigating the trafficking of channel subunits.

6.1 Introduction.

The trafficking of BCirô.O and SUR subunits from the endoplasmic 

reticulum (ER) to the plasma membrane is an important process and is potentially a 

critical point of control in both channel assembly and in determining the number of 

functional channels that will be present at the cell surface. The assembly of oligomeric 

proteins generally occurs in the ER (Klausner and Sitia, 1990). A key question is 

whether Kir6.0 and SUR subunits can traffic independently to the plasma membrane. It 

has been suggested that SUR can act as a molecular chaperone guiding Kir6.0 subunits 

to the plasma membrane, given that expression of Kir6.2 alone does not result in a 

functional channel (Inagaki et. al., 1995b). Another possibility is that Kir6.0 subunits 

can traffic to the plasma membrane independently and co-assembly with SUR is 

required to convert the channel into an active form. There are examples of auxiliary 

beta subunits that affect alpha subunit trafficking. The voltage-gated potassium 

channel Kvl.2 associates with a beta subunit that promotes its surface expression (Shi 

et. al., 1996). Studies on the effect of SUR expression on the trafficking of lürô.O 

subunits have predominantly concentrated on the pancreatic (3-cell channel 

subunits (Kir6.2 and SURl). Two imaging studies using GFP tagged Kir6.2 and SURl 

constructs in mammalian cell lines have produced conflicting results. In one study it 

was concluded that individual subunits could traffic independently to the plasma 

membrane and co-expression of Kir6.2 with SURl altered the cellular distribution of 

SURl (Makhina and Nichols, 1998). The other study showed that plasma membrane 

expression of Kir6.2 is significantly increased by co-expression of SURl (John et. al., 

1999). Support for the latter study came firom studies done in aXenopus oocyte system 

using a quantitative chemiluminescence assay, which showed that surface expression of 

Kir6.2 and SURl required co-expression of both subunits (Zerangue et. al., 1999). 

Furthermore, this study provided evidence that both Kir6.2 and SURl contained an ER 

retention/retrieval signal (an RKR three amino acid motif) at the C-terminus and on an
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N-terminal cytoplasmic loop respectively, that is exposed in incorrectly assembled 

complexes. They also showed that this retention signal was present in Kir6.1. Export 

from the HR can only be achieved when these ER retention signals are “masked” in the 

correctly assembled octameric complex. Truncation of Kir6.2 at the C-terminus, which 

results in a functional surface channel without a requirement for co-expression with 

SURl, does not contain the ER retention signal. It has also been reported that 

truncations of SURl at the C-terminus prevent surface expression of channels, as 

assessed by rubidium flux experiments and a quantitative chemiluminescence assay 

(Sharma et. al., 1999). The authors suggested that SURl contains an anterograde signal 

residing in the distal C-terminus that promotes ER export of the assembled channel 

complex. However, the ability of the C-terminal deletion mutants to form functional 

K^jp channels with Kir6.2, albeit with abnormal properties, is not consistent with this 

suggestion (see previous chapter). As mentioned in the previous chapter, a cluster of 

mutations in the C-terminus of SURl cause persistent hyperinsulinaemic 

hypoglycaemia of infancy (PHHI). It is possible that mutations in the C-terminus of 

SURl may produce non-functional channels by causing a defect in trafficking of 

channel complexes to the cell surface. Indeed, a recent study showed that deletion of a 

phenylalanine in the C-terminus of SURl (Phel388del) resulted in defective trafficking 

of K^tp channel complexes (Cartier et. al., 2001). One of the aims of this chapter is to 

investigate the role of the C-terminus of SURl in the trafficking of K^tp channel 

complexes to the cell surface using a novel immunofluorescence trafficking assay 

based on the use of the K^jp subunit antibodies.

The consensus in the field at the present time is that co-expression of both K^jp 

channel subunits is required for trafficking to the plasma membrane. The most 

thorough quantitative analysis of K^tp subunit trafficking has been done mXenopus 

oocytes (Zerangue et. al., 1999) but similar qualitative studies done in mammalian 

expression systems have produced conflicting results (Makhina and Nichols 1998; John 

et. al., 1999). In addition there are potentially differences in trafficking between 

Xenopus and mammalian systems. This is illustrated by the example of the deltaF508 

mutation in the cystic fibrosis transmembrane conductance regulator (CFTR), which
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forms a functional chloride channel in Xenopus oocytes but not in mammalian cells.

The explanation is that the trafficking is temperature dependent: it occurs in the 

Xenopus system at 16°C but not in mammalian cells at 37°C (Drumm et. al., 1991; 

Denning et. al., 1992). The effect of co-expression of Kir6.2 and SURl on plasma 

membrane trafficking was investigated using the quantitative immunofluorescence 

assay in an attempt to resolve the apparent inconsistencies.

The other Kir6.0 pore forming subunit, Kir6.1, has been postulated to be part of 

the ATP sensitive potassium channel complex found in mitochondria (mitoK^jp) 

(Suzuki et. al., 1997; Zhou et. al., 1999). MitoK^xp may play a role in the mechanism of 

ischaemic preconditioning (Garlid et. al., 1997). I have used the Kir6.1 C-terminal 

antibody (see Chapter 3) to examine the presence and distribution of Kir6.1 in a human 

hepatocellular permanent cell line, HepG2 (see Chapter 2 Section 2.2). It was shown 

by Zerangue and colleagues (1999) that the C-terminus of Kirô.l, like that of Kir6.2, 

contained an RKR ER retention/retrieval signal. It is therefore probable that co

expression of Kirô.l with a sulphonylurea receptor subunit will result in increased 

plasma membrane expression. I have tested this hypothesis using the quantitative 

immunofluorescence assay on stable lines expressing Kirô.l + SUR2B and Kirô.l 

alone.

6.2 Results.

Development o f a trafficking assay using immunofluorescence quantitation.

The K̂ xp channel subunit antibodies, whose production and characterisation 

was described in Chapter 3, could be used in a trafficking assay based upon the 

Immunofluorescence studies described in Chapter 3 'Section 3.2. In this sub-section 

the assay is explained and some of the theoretical aspects are considered. The diagram 

in Figure ô. 1 explains the principle behind the assay. The assay involves calculating 

the amount of fluorescent signal associated with the membrane region and compares 

that with the total amount of fluorescent signal in the entire cell. This was achieved
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practically by using the imaging software to define a “mask” around the edge of the 

cell. A ftrrther “mask” was then defined by shrinking the original “mask” by 0.4pm in 

each direction. The total fluorescence present in each “mask” was then calculated fi'om 

the mean pixel intensity multiplied by the number of pixels. The membrane-associated 

fluorescence was then calculated by subtracting the two values. The membrane- 

associated fluorescence can then be normalised to the total fluorescence to give the 

fraction of total fluorescence associated with the membrane. The major advantage of 

the assay is that it is internally consistent, i.e. there is no need to compensate for 

differences in protein expression since the intensity of membrane signal is compared to 

the total intensity in the same cell. Measurement of only the protein present at the cell 

surface does not control for expression levels and does not give an indication of the 

relative distribution of the protein within the whole cell.

The images used for analysis represented a focal plane taken through the middle 

of the cell. Scattered and out-of-focus fluorescent signal was removed from the image 

by deconvolution. The image was deconvolved from a z-stack of 31 images with 0.2pm 

spacing, with 15 images above and below the plane of interest, using a nearest 

neighbour algorithm. The deconvolution process involves a mathematical calculation of 

a point spread function (PSF), which describes how the light from a particular point 

source is distorted by the optical system of the microscope (Hutcheon et. al., 2000). A 

particular image can be considered to be composed of many point sources. By 

calculation of the point spread function and application of the reverse operation 

indirectly to the image using algorithms, the image can be enhanced by removal of low- 

level scattered and out-of-focus fluorescent signal. The calculation of the PSF and the 

application of a nearest neighbour algorithm were done using the Openlab 

deconvolution module (Improvision, Coventry, UK).
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Step 1 Measurement o f  total fluorescence

Apply “mask” 
to total area, A

Cell of Area, A
Total fluorescence = Fw»i= A x Mean pixel intensity

Area is expressed as the number o f  pixels present in the "masked" region 

Step 2 Measurement o f  fluorescence minus membrane region

Apply “mask” 
to area A - A^

Area A - Â , is equivalent to Area A 
shrunk in every direction by 0.4fj,m

Cell Internalised lluorescence = -  (A-A^) x Mean pixel intensity

Step 3 Express data as the fraction o f fluorescence 
present at the membrane region

% membrane fluorescence = - F,ntemai) ^ 100
Ftotal

Figure 6.1 The principle behind the immunofluorescence trafficking assay

The circle represents the image o f  a single cell after deconvolution (see text for more details). 

A "mask" defining tlie areas o f the cell where fluorescence intensity is to be measured can be 

created using the imaging software. The “mask” is represented by the black areas on the circle. 

F,^ is detemiined by the product o f the area o f  the cell and the mean fluorescence intensity o f  

a pixel. F„^i is determined in a similar manner using the area o f  the cell minus the area o f the 

membrane region. In practice the “mask” applied in Step 2 was the product o f slirinking the 

“mask” in Step 1 by 4 pixels in each direction. At the magnification used for these studies 1 

pixel was equivalent to 0.1 p.m. For more details refer to the main text.
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Examination o f the trafficking o f Kj^fP subunits using immunofluorescence

microscopy.

I first examined the effect of co-expression of Kir6.2 and SURl on cellular 

trafficking using monoclonal stable lines co-expressing Kir6.2 with SURl and 

expressing Kir6.2 or SURl alone. The results of this study are shown in Figure 6.2.

The Kir6.2C2 and SURINBDI antibodies were used to detect channel subunits. The 

representative images shown in Figure 6.2A and 6.2B indicate that co-expression of 

Kir6.2 and SURl appears to change the distribution pattern from one in which the 

majority of the protein is intracellular to one where there is clear association with the 

membrane region. Quantitative analysis of approximately 20 cells in each experiment 

using the assay described in Figure 6.1 showed that there was a measurable and 

significant increase in membrane-associated fluorescence observed on co-expression of 

the subunits, in keeping with the visual appearance of the cells. The fraction of 

fluorescent signal retained intracellularly upon single expression of a subunit and the 

increase of membrane-associated signal upon co-expression was approximately the 

same when detected with either antibody.

The effect of SUR2B upon the trafficking of Kir6.1 was also examined in a 

similar manner. The results of this study are shown in Figure 6.3. From the 

representative images shown in Figure 6.3A there does not appear to be a discernible 

effect of SUR2B on the membrane trafficking of Kir6 .1. Even when co-expressed with 

SUR2B, Kir6.1 still appears to have a predominant intracellular localization. In keeping 

with the observed appearance of the cells, the quantitative immunofluorescence assay 

also showed that SUR2B did not have a significant effect on the membrane trafficking 

of Kir6.1, as shown in Figure 6.3B. However, the presence of membrane currents 

in the Kir6 .1 + SUR2B line, as observed by other members of the laboratory, indicates 

that there is some Kir6.1 present at the plasma membrane.
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A. Kir6.2C2 antibody

Kir6.2
Kir6.2 + SU R l

B. SURINBDI antibody

C. SU R l Kir6.2 + SUR1

jl
n=20

li
p<0.05 o ^

Kir6.2 Kir6.2 + SUR1

n=26

p<0.05

S U R l K ir6.2 +  SUR1

Figure 6.2 Investigation o f  the effect o f co-expression o f  Kir6.2 and SURl on channel trafficking. 
The images presented in A and B represent a section through a cell that has been enhanced by 
deconvolution. The images were deconvolved using a nearest neighbour algorithm from a z-stack 
o f  31 images with 0.2|im spacing. A shows representative images o f cells expressing either Kir6.2 
alone or Kir6.2 +SUR1 stained with the Kir6.2C2 antibody (1:500 dilution). B shows similar 
representative images o f  cells expressing either SURl alone or Kir6.2 + SURl stained with the 
SURINBDI antibody (1:500 dilution). A rhodamine-conjugated secondary antibody was used in 
all cases at a 1:300 dilution. Images were pseudocoloured red using the imaging software. Note the 
increase in membrane-associated fluorescence when Kir6.2 and SURl are co-expressed. The graphs 
in C show the results o f the quantitative trafficking assay. The * indicates a significant difference 
between the fluorescence associated with the membrane region (P< 0.05). The student's T-test was 
used for statistical analysis.Data are expressed as mean +/- S.E.M. and the number o f  cells analysed 
is indicated above the appropriate bar. The green scale bar represents 5pm.
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A. Kir6.1C antibody

Kir6.

B .
Kir6.1 + SU R 2B

n=22 n=30

i j
I I

25 n

20

15

10  -

5 -

Kir6.1 Kirô.l +SUR2B

Figure 6.3 Investigation o f the effect o f  SUR2B upon membrane trafficking o f Kirô.l 
The images in A represent sections through cells enhanced by deconvolution in the manner 
described in Figure 6.2. Note the predominantly intracellular localisation o f Kirô.l in both 
images. The green scale bar represents 5pm. The graph in B shows the results o f the quantitative 
trafficking assay. There is a slight increase in the percentage o f fluorescence present at the 
membrane when Kirô.l is co-expressed with SUR2B. However, analysis o f the data with the 
student's T-test shows this difference to be insignificant (P=0.704). Data are displayed as mean 
+/- S.E.M. and the number o f  cells analysed is stated above the corresponding bar. The Kirô. 1C 
antibody was used at a 1:500 dilution in conjunction with a rhodamine linked secondary antibody 
at a 1 ;300 dilution.
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Investigation o f  the trafficking o f Kirô.l in HepG2 cells.

There is evidence that Kirô.l is a component of the mitochondrial channel 

(Suzuki et. al., 1997) and the data in Figure 6.3| suggests Kirô.l has a 

predominantly intracellular localisation even when co-expressed with SUR2B. In an 

initial set of studies to determine whether Kirô.l localises to mitochondria I performed 

immunofluorescent staining on HepG2 cells, a liver-derived cell line that is potentially 

rich in mitochondria (refer to Chapter 2 Section 2.2 for further details). The results of 

these studies are shown in Figure Ô.4. Endogenously expressed Kirô.l can be observed

in these cells with the Kirô. 1C antibody and reactivity can 

be eliminated by pre-incubation with the antigenic peptide (Figure Ô.4A). In addition, 

Kirô.l can be observed in cell homogenates on a|Westemblot (Figure Ô.4B). At higher 

magnifications and with images enhanced by deconvolution it can be seen that most of 

the Kirô.l appears to be intracellular, which is consistent with it being a non plasma 

membrane channel (Figure Ô.4C). Endogenously expressed Kirô.2, SURl or SUR2 

subunits were not detected using my antibodies (Figure Ô.4D).

Determination o f the cellular localisation o f Kirô. 1 in HepG2 cells using organelle 

specific dyes.

The studies described above were extended to attempt to determine whether 

Kirô.l actually localised in the mitochondria in HepG2 cells. Cells were double stained 

with the Kirô. 1C antibody and either mitotracker red or a fluorescein-concanavalin A 

conjugate, as described in Chapter 2 Section 2.13. It should be noted that these studies 

were done in collaboration with Professor M. Duchen, Department of Physiology,

UCL. The imaging for these studies was done using a Zeiss LSM 5 confocal 

microscope operated by Professor Duchen. Figure Ô.5A shows characterisation of the 

Kirô. 1C antibody using the confocal microscope. As in Figure Ô.4A, Kirô. 1C reacts 

with HepG2 cells with reactivity being abolished by pre-incubation of the antibody
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with the antigenic peptide but not an irrelevant peptide. Figure 6.5B shows a 

representative image of the co-localisation experiments done on cells co-stained with 

Kirô.lC antibody and mitotracker red. Substantial co-localisation of fluorescent signal 

can be observed. The co-localisation of signal between HepG2 cells stained with the 

fluorescein-concanavalin A conjugate and the Kirô.lC antibody was also investigated 

and the results of these studies are shown in Figure 6.5C. It can be observed that there 

is again significant co-localisation of signal. These data appear to confirm that Kirô.l 

has a predominantly intracellular localisation and may be present in mitochondria and 

endoplasmic reticulum.

Examination o f trafficking o f SUR C-terminal deletion constructs.

The trafficking of deletion constructs of SURl to the membrane was 

investigated using the immunofluorescence assay described above. The results of 

studies using stable lines co-expressing SURlmyc or the most profound deletion 

construct, SURl AC249myc with Kirô.2 are shown in Figure ô.ô. The localisation of 

Kirô.2 was used as a “marker” for trafficking. It was shown in Figure Ô.2 that SURl 

could direct membrane trafficking of Kirô.2 and the aim was to determine whether the 

deletion construct could support membrane trafficking of Kirô.2. The images shown in 

Figure ô.ô A show that the SURl AC249myc deletion construct appears to support 

membrane trafficking of Kirô.2. The quantitative analysis shown in Figure Ô.5B shows 

that there is no significant difference between the membrane region localisation of 

Kirô.2 when co-expressed with either SURlmyc or SURl AC249myc.
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%  Kirô.lC 

B.

Kirô.lC 
Kirô.lC peptide

Kirô.lC 
SURINBDI peptide

52.

C.

Kirô.lC antibody
Kirô. 1C antibody Secondary only

Kirô.2C2 SURINBDI SUR2NBD1

Figure 6.4 identification o f Kirô. 1 in the HepG2 cell line using the Kirô.lC antibody.
The images in A show specific recognition o f  Kirô.l present in HepG2 cells. The Kirô.lC antibody is 
strongly reactive with HepG2 cells. Reactivity is decreased by pre-incubation o f  antibody with 1 mg/ml 
antigenic peptide but not with the SURINBDI peptide. The images were all captured at equal exposure 
(1 second) and magnification (400x). All images in A were obtained from cells stained with a 1:500 
dilution o f  Kirô.lC antibody in conjunction with a 1:300 dilution o f rhodamine-linked secondary 
antibody. The western blot in B shows the presence o f Kirô.l in a homogenate o f  HepG2 cells. The other 
lane on the blot was loaded with Kirô.H SUR2B stable line homogenate. 8pg total protein was loaded 
into each lane. The Kirô. 1 reactive band is indicated by the arrow. The 52kDa molecular weight marker 
is also shown. The left-hand image in C shows HepG2 cells stained with the Kirô.lC antibody and a 
fluorescein linked secondary antibody, imaged at ô30x magnification. Note the apparent intracellular 
localisation o f  Kirô. 1. The right hand panel shows cells imaged in a parallel experiment where the 
primary antibody was omitted. The images in D show HepG2 cells probed with 1:500 dilutions o f  the 
antibodies indicated. There appears to be weak staining o f  cells with the SURINBDI antibody. The 
images in A and D were not subjected to any forms o f enhancement before presentation, other than 
the addition o f  red pseudocolour using the imaging software. The images in C were deconvolved in 
the manner described in Figure 6.2. The green scale bar represents 5p.m.
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Kirô.lC

B.

Kirô.lC Kirô.lC
Kirô.lC peptide SURINBDI peptide

C.
Kirô.lC antibody Mitotracker Red Kirô.lC antibody Concanavalin A

Merged image Merged image

Figure 6.5 Confocal imaging o f the subcellular localisation o f Kirô.l in the HepG2 cell line.

The confocal images in A show characterisation o f the Kirô.lC antibody using peptide competition, 
both the antigenic peptide and the irrelevant peptide were pre-inubated with the Kirô.lC antibody 
for 1 hour at a concentration o f 1 mg/ml. Note the specific loss o f  reactivity caused by 
pre-incubation with the antigenic peptide. The confocal images in B show a representative 
image from a co-localisation study done with the Kirô.lC antibody and mitotracker red. Note the 
co-localisation o f the two signals in the merged image. For these experiments the Kirô.lC  
antibody was used in conjunction with a fluorescein linked secondary antibody used at a 1:300 
dilution. The representative image in C shows data from a co-localisation study done on with the 
Kirô. 1C antibody and a fluorescein conjugate o f concanavalin A, which stains endoplasmic 
reticululum. The Kirô.lC antibody was used in conjunction with a rhodamine linked secondary 
antibody (1:300 dilution). Some co-localisation was observed in the merged image. The Kirô.lC  
antibody was used at a 1:500 dilution for all experiments. Mitotracker A was used at a concentration 
o f 250nM and the fluorescein-concanavalin A conjugate was used at a concentration o f  lOOpg/ml. 
Please refer to Chapter 2 Section 2.13 for full experimental details. The red scale bar represents 10p.m.
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A . K ir6.2C 2 antibody

SURlmyc + Kir6.2 SURl AC249myc + Kir6.2
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SURlmyc + Kir6.2 SURlAC249 myc + Kir6.2

Figure 6 .6  Investigation o f  the effect o f  C-terminal truncation o f  SUR 1 on the trafficking o f  Kir6.2.

A sh ow s im ages representing a section through a cell d econvolved  from a z-stack o f  im ages in the 
manner described in Figure 6.2. C ells w ere stained with the Kir6.2C2 antibody (I ;500 dilution) in 
conjunction with a rhodam ine-conjugated secondary antibody (1:300 d ilution) Raw im ages w ere  
captured at I second exposures. The final deconvolved  im ages were pseudocoloured  red using the 
im aging software. N ote the strong fluorescence associated  with the m em brane region in both im ages. 
B sh ow s the data obtained from the quantitative trafficking assay. The num ber o f  ce lls  
analysed is stated above each bar and data is expressed as mean 4-/- S.E .M . Statistical analysis o f  the 
data w ith the student’s T-test show s there to be no sign ificant difference in the percentage o f  
m em brane associated fluorescence (P = 0 .586), im plying that the SUR  C-term inal truncation construct 
can still support m embrane trafficking o f  Kir6.2.
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6.3 Discussion.

The data presented in this chapter implies that the membrane trafficking of both 

Kir6.2 and SURl is dependent upon their co-expression as assessed by quantitative 

immunofluorescence microscopy of cells stained with either the SURINBDI or the 

Kir6.2C2 antibodies. Truncation of as many as 250 amino acids from the C-terminus 

of SURl does not appear to affect its ability to target Kir6.2 to the plasma membrane. 

In addition I have also presented data suggesting that Kirô.l is an intracellular 

potassium channel whose membrane trafficking was not significantly altered by co

expression with SUR2B.

These results are consistent with the observation that co-expression of Kir6.2 

and SURl is required for efficient surface expression of both subunits (John et. al., 

1998; Zerangue et. al., 1999). The quantitative trafficking measurements revealed that, 

even when the subunits are expressed alone, approximately 16% of signal is 

membrane-associated. It is likely that this signal represents protein associated in sub- 

membranous compartments such as Golgi vesicles. It is known that the ER retrieval 

signals such as those present on Kir6.2 and SURl can operate to retrieve proteins from 

as far down the secretory pathway as the trans-golgi network (Miesenbock and 

Rothman 1995). On co-expression of Kir6.2 and SURl membrane-associated 

fluorescence is increased by 5-8%, which is a relatively small increase. This may in 

part be due to technical issues such as the method of fixation and background 

fluorescence. However, the implication is that a significant proportion of the subunits 

are in the process of trafficking to or from the plasma membrane and only a relatively 

small proportion of total protein is actually forming functional channels at the plasma 

membrane. This is similar to the situation observed with CFTR, where only 25% of 

total protein is fully processed through the biosynthetic pathway (Haardt et. al., 1999). 

The proposed model for the enhancement of surface expression observed upon co

expression of Katp subunits involves the shielding of ER retention motifs, which are 

present in the C-terminus of Kir6.2 and Kirô.l and in the N-terminal cytoplasmic
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domain of SURI, in correctly assembled octameric complexes (Zerangue et. al., 1999). 

There is evidence from the study of John and colleagues that a small but significant 

proportion of Kir6.2 can express fimctional channels at the cell surface even in the 

absence of SURl, although co-expression with SURl greatly increases the number of 

fimctional channels (John et. al., 1998). No fimctional channels were observed in the 

stable line expressing Kir6.2 alone that was used in my studies (unpublished 

observations from other members of the laboratory).

The data obtained from similar studies investigating the trafficking of Kirô.l to 

the membrane showed that co-expression of SUR2B did not appear to cause an increase 

in the membrane localisation of Kirô. 1. This was not due to a lack of expression of 

SUR2B given that it can be detected by Western blotting of homogenates of the stable 

line as shown in Chapter 3 Figures. 15. Complimentary electrophysiological studies 

performed by other members of the laboratory showed that fimctional K^jp channels 

formed from Kirô.l and SUR2B were present at the cell surface whereas none where 

observed when Kirô.l was expressed alone (Cui et. al., 2001 and unpublished data), 

implying that SUR2B did increase surface expression of Kirô.l. The fimctional studies 

are more sensitive than our trafficking assay in detecting small numbers of channel 

complexes at the cell surface. However, the apparent lack of effect of SUR2B 

expression on the intracellular localisation of Kirô.l as detected using the 

immunofluorescence assay shown in Figure Ô.3 may reflect the role of Kirô.l as an 

intracellular potassium channel in some cells. Indeed endogenously expressed Kirô. 1 

observed in HepG2 cells appeared to have an intracellular distribution consistent with 

this possibility (Figure Ô.4). These studies were extended to show extensive co

localisation of Kirô.l to mitochondria with a smaller population of Kirô.l present in the 

endoplasmic reticulum (Figure Ô.5). Previous studies have suggested that Kirô.l is a 

component of the mitochondrial K^jp channel (mitoK^jp) (Suzuki et.al., 1997; Zhou et. 

al., 1999) and our data appears to support this proposal. As discussed in Chapter 1 

mitoKŷ TP has been implicated as an effector mechanism in ischaemic preconditioning 

(Garlid et. al., 1997). One study has shown that the pharmacological characteristics of
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mitoK^TP are similar to that of cloned channels composed of Kirô.l and SURl (Liu et. 

al., 2001), although SURl could not be detected in HepG2 cells (Figure 6.4D).

The C-terminus of SURl was found not to be necessary for trafficking of Kirô.2 

to the plasma membrane as shown in Figure ô.ô. There were no observable differences 

in channel complex trafficking between complexes containing either SURlmyc or 

SURl CA249myc as judged by the immunofluorescence trafficking assay. Some 

mutations that cause cystic fibrosis result in premature truncation of CFTR. It has been 

shown that C-terminal truncations of CFTR traffic normally through the secretory 

pathway and mature normally. However, a C-terminally deleted CFTR is degraded 

more quickly than full-length protein via a novel transport mechanism that occurs from 

the plasma membrane to the proteosome (Haardt et. al., 1999; Benharouga et. al.,

2001). It may be that, in an analogous fashion, the C-terminus of SURl plays a role in 

the control and recycling of the protein to and from the plasma membrane. The 

trafficking assay employed in my studies is relatively simple and may not be sensitive 

enough to detect changes in the rate of forward trafficking from ER to Golgi or changes 

in the rate of degradation of the C-terminal deletion mutant. Further studies will be 

necessary to determine the effect of the C-terminus of SURl on the stability of the 

channel complex in the plasma membrane.
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Investigation of heteromeric assembly of Katp
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Chapter 7 Investigation of heteromeric assembly of K^tp channels.

7.1 Introduction.

The octameric structure of channels raises the possibility of coassembly 

of different subunit subtypes to form unique heteromultimeric channels. In the case 

of voltage-gated potassium channels coassembly can occur only between subfamily 

members as determined by an N-terminal (Tl) compatibility domain (Li et. al., 

1992). In the inwardly rectifying potassium channel family the situation appears 

more complex. It has been shown that some inward rectifiers exist as 

homomultimers even in the presence of other subfamily members in the same cell 

(Tinker et. al., 1996; Raab-Graham et. al., 1998), whilst others function as 

heteromultimeric complexes (Krapivinsky et. al., 1995). The heteromultimerisation 

of Kirô.l and Kir6.2 subunits would produce channels with intermediate single 

channel conductance that may have physiological relevance especially in tissues 

such as smooth muscle where the characteristics of some smooth muscle K^jp 

channels cannot be reconsitituted by expression of homomeric combinations of 

SUR and Kirô.O subunits (Clapp and Tinker 1998). The heteromultimerisation of 

SUR subunits would produce channels with intermediate pharmacology and 

nucleotide sensitivity (see Chapter 1 Section 1.5). It has been suggested that ABC transporters 

can function as either monomers or oligomers to provide different pathways for 

translocation of substrates through the membrane (Higgins 1992). There is 

evidence that SUR can form a tetramer and that NBDl is important in self assembly 

(Mikhailov and Ashcroft, 2000). The issue of heteromultimerisation is therefore an 

important one and if it occurs may contribute to the diversity of nucleotide- 

regulated currents seen in native tissues.

I have used the K^yp channel subunit antisera characterised in Chapter 3 to 

investigate the possibility of heteromultimerisation by the co-immunoprecipitation 

technique. Monoclonal stable lines co-expressing Kir6.2 with Kirô.l and SURl 

with SUR2A were developed for use in these studies.
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7.2 Results.

Production o f monoclonal stable lines for use in experiments.

Monoclonal stable lines were set up in HEK293 cells in the manner 

described in Chapter 2 Sections 2.3 and 2.4. For the Kirô.l + Kir6.2 line, Kirô.l 

was expressed in the pcDNA3 vector and Kirô.2 in the pcDNA3.1/zeo vector. 

Kirô.l was subcloned from pcDNA3.1/zeo into pcDNA3 using a BamHI/Apal 

digest. A stable line expressing SURl, SUR2A and Kirô.2 was also produced by 

transfecting SURl in pcDNA3.1/hygro into the Kirô.2 + SUR2A line. SURl was 

subcloned from pBluescript to pcDNA3.1 /Hygro in the same way as for subcloning 

to pcDNA3 (refer to Chapter 5, Figure 5.7). The Kirô.2 + SURl, Kirô.2 + SUR2A 

and Kirô.l + SUR2B stable lines described in previous chapters were used as 

negative controls as a test of antibody specificity where appropriate.

Examination o f the possibility o f heteromultimerisation between Kirô.l and Kirô. 2.

The strategy employed to examine the possibility of heteromultimerisation 

between Kirô.O subunits was based upon the co-immunoprecipitation strategy first 

described in Chapter 4. However, some practical difficulties were initially 

encountered. When using the rabbit derived channel antibodies the recognition 

of the heavy chain by the secondary antibody caused problems in the identification 

of Kirô.l, which is very similar in size to the heavy chain. This problem was solved 

by covalent coupling of the precipitating antibody to Protein A Sepharose using the 

method described in Chapter 2 Section 2.11. This ensured that the antibody 

remained coupled to Protein A iSepharose even after dénaturation. An example of 

the advantage of using covalently linked precipitating antibodies is shown in Figure 

7.1. It can be seen that immunoprécipitation of Kirô.l can only be clearly observed 

when the antibody is covalently linked to Protein A. The results of the 

immunoprécipitation experiment are shown in Figure 7.2. In the line co-expressing 

Kirô.l and Kirô.2 immunoprécipitation of Kirô.l by the Kirô.lC antibody resulted
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in co-immunoprecipitation of Kir6.2 (Figure 7.2A and 7.2B). The reciprocal 

experiment showed that immunoprécipitation of Kir6.2 with either the Kir6.2C2 or 

Kir6.2N antibodies resulted in co-immunoprecipitation of Kir6 .1 (Figure 7.2A and 

7.2B). The specificity of the antibodies for immunoprécipitation was tested using 

the Kir6.2 + SURl, Kir6.2 + SUR2A and Kirô.l + SUR2B cell lines. Figure 7.2A 

and 7.2C show that the Kirô.lC antibody does not immunoprecipitate Kirô.2 from 

either the Kirô.2 + SURl or the Kirô.2 + SUR2A cell lines, whereas the Kirô.2C2 

and Kirô.2N antibodies do. Similarly, whilst the Kirô.lC antibody can 

immunoprecipitate Kirô.l fi'om the Kirô.l + SUR2B line, the Kirô.2C2 andiKirô.2N 

antibodies cannot (Figure 7.2B, immunoprécipitation of Kirô.l from this line is 

shown in Figure 7.1). Therefore the co-immunoprecipitation of Kirô.l and Kirô.2 

appears to be indicative of a specific protein-protein interaction between the two.

Examination o f the possibility o f heteromultimerisation between SURl and SUR2A.

The co-immunoprecipitation strategy was again used in an attempt to 

determine whether heteromultimers between SURl and SUR2A can be formed. 

Given the large size of the SUR proteins possible interference by the heavy chain of 

the precipitating antibody was minimal. As a result non-covalently coupled SURl 

and SUR2 antibodies were used in these studies. A triple stable line expressing 

Kirô.2, SURl and SUR2A was used in these studies. The results of the studies are 

shown in Figure 7.3. In the control experiments it was shown that SURl was 

immunoprecipitated by the SURINBDI antibody but not by the SUR2NBD1 

antibody (Figure 7.3A, left-hand blot). In similar fashion SUR2A was shown to be 

immunoprecipitated by the SUR2NBD1 antibody but not by the SURINBDI 

antibody (Figure 7.3B, left-hand blot). Once the specificity of these antibodies for 

immunoprécipitation had been demonstrated they could be used in studies 

examining heteromultimerisation. It appears that the SUR2NBD1 antibody cannot 

co-immunprecipitate SURl despite immunoprécipitation of SUR2A when the two 

proteins are co-expressed. In a reciprocal fashion, the SURINBDI antibody cannot 

co-immunoprecipitate SUR2A despite immunoprécipitation of SURl in the triple 

stable line (Figure 7.3A and 7.3B, right-hand Western blots). The presence of two
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separate populations of SUR subunits was confirmed by a sequential 

immunoprécipitation of the supernatants fi'om the SURINBDI and SUR2NBD1 

immunoprécipitation experiments with the SUR2NBD1 and SURINBDI antibodies 

respectively. From the results of these studies it was concluded that SURl and 

SUR2A could not interact directly or indirectly making the presence of 

heteromultimeric SUR containing channels unlikely.

Another possible interpretation of the data was that the reason for the 

presence of two distinct populations of SUR subunits was not due to an inability to 

interact but was due to the presence of two populations of cells only expressing one 

of the SUR subunits. I considered this possibility unlikely due to the fact that a 

monoclonal stable line was used which should be composed of a homogenous cell 

population. However, to confirm that SURl and SUR2A were expressed in every 

cell, the triple stable line was analysed by immunofluorescence microscopy. Cells 

were stained with either the SURl or SUR2A antibodies and imaged in the manner 

described in Chapter 2 Section 2.13. The results of these studies are shown in 

Figure 7.4. It can be seen that SURl and SUR2A appear to be expressed in every 

cell of the stable line, thus discounting the possibility of heterogenous cell 

populations being responsible for the observed lack of interaction between SURl 

and SUR2A.
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Figure 7.1 The problem o f interference with the heavy chain in immunoprécipitation experiments.

The Western blot above was derived from a 10% polyacrylamide gel and was probed with a 1:2000 

dilution o f Kirô.lC antibody. The left hand lane shows expression o f  Kirô.l in the Kirô.l +

SUR2B stable line (a 3.5|ig sample o f homogenate was loaded). The centre lane shows the eluate 

from an immunoprécipitation reaction done on this line using 5 pi o f a 1:1 suspension o f  Kirô.lC  

antibody covalently coupled to Protein ASepharose. Note the absence o f  heavy chain in the eluate. 

The right-hand lane shows the eluate from a parallel experiment where immunoprécipitation was 

done using Ipl o f  the Kirô.lC antibody that was not linked covalently to Protein A. It can be seen 

that any Kirô. 1 immunoprecipitated is obscured by the heavy chain in the eluate. Lanes were 

loaded with 50% o f the total eluate from each immunoprécipitation experiment. The heavy chain 

is indicated by the arrow on the right-hand side of the blot. Kirô. 1 is indicated by the arrow on the 

left-hand side o f the blot. The position o f  the 52kD molecular weight marker is also indicated on 

the left-hand side o f the blot. The blot shown above represents a 30 second exposure to film 

after treatment with ECL reagents.
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Figure 7.2 Kirô.O subunit co-immunoprecipitation experiment.

The Western blot in A, derived from a 12% polyacrylamide gel was probed with a 1:2000 dilution o f  
the Kir6.2C2 antibody. From left to right, the first three lanes show expression o f Kir6.2 in the 
Kir6.2 + SURl cell line and that the Kirô.lC antibody does not immunoprecipitate Kirô.2. The last 
four lanes show the expression o f Kirô.2 in the Kirô.l+Kirô.2 stable line, the co-immunoprecipitation 
o f Kirô.2 with the Kirô.lC antibody and the immunoprécipitation o f Kirô.2 with the Kirô.2C2 and 
Kirô.2N antibodies. The Western blot in B, derived from a 10% polyacrylamide gel was probed with 
a 1:2000 dilution o f the Kirô. 1C antibody. The first four lanes show the expression o f  Kirô. 1 in the 
Kirô.l+SUR2B cell line and the lack o f immunoprécipitation observed with the Kirô.2C2 and 
Kirô.2N antibodies. The last four lanes show expression o f Kirô.l in the Kirô.l+Kirô.2 stable cell 
line, the immunoprécipitation o f Kirô.l with the Kirô.lC antibody and the co-immunoprecipitation 
o f  Kirô.l with the Kir6.2C2 and Kirô.2N antibodies. The Western blot in C, derived from a 12% 
polyacrylamide gel was probed with a 1:2000 dilution o f the Kirô.2C2 antibody and shows expression 
o f Kirô.2 in the Kirô.2+SUR2A stable line, immunoprécipitation o f Kirô.2 with the Kirô.2C2 and 
Kirô.2N antibodies and a lack o f immunoprécipitation with the Kirô.lC antibody. IP-sample o f 50% 
of the eluate o f  the immunoprécipitation reaction. PS=3.5pg sample o f the cell line homogenate 
before solubilisation. HC=heavy chain. All Western blots shown represent 30 second exposures to 
film after treatment with ECL reagents. The proteins o f interest are indicated with the arrow.
Despite covalent coupling, small amounts o f heavy chain were released into the eluate in some cases. 
All precipitating antibodies were covalently coupled to Protein ASepharose and 5 pi o f a 1:1 
suspension was used in each experiment.
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Figure 7.3 SUR co-immunoprecipitation experiment.

The left-hand Western blot in A is derived from an 8% polyacrylamide gel and probed with a 
1 ;2000 dilution o f the SURINBDI antibody. The left-hand lane shows expression o f  SURl in 
the Kir6.2+SUR1 stable line (8pg sample o f homogenate loaded before solubilisation), the 
middle lane shows immunoprécipitation o f  SURl from this line with the SURINBDI antibody 
and the right-hand lane shows a lack o f  immunoprécipitation with the SUR2NBD1 antibody.
The right-hand Western blot in B is also probed with the SURINBDI antibody. The first three 
lanes show expression o f SURl in the Kir6.2+SUR1+SUR2A stable line, immunoprécipitation 
o f SURl with the SURINBDI antibody and a lack o f immunoprécipitation with the SUR2NBD1 
antibody. The final two lanes shows that the SUR2NBD1 antibody does not immunoprecipitate 
any SURl from the supernatant o f  the SURINBDI immunoprécipitation experiment and that the 
SURINBDI antibody immunoprecipitates SURl from supernatant o f the SUR2NBD1 
immunoprécipitation experiment. The left-hand Western blot in B is derived from an 8% 
polyacrylamide gel probed with a 1:2000 dilution o f the SUR2NBD1 antibody. The 
left-hand lane shows expression o f SUR2A in the Kir6.2 + SUR2A stable line, the middle lane 
shows a lack o f  immunoprécipitation with the SURINBDI antibody and the right-hand lane shows 
immunoprécipitation with the SUR2NBD1 antibody. The right-hand Western blot in A was also 
probed with the SUR2NBD1 antibody. The first three lanes show expression o f SUR2A in the 
Kir6.2+SUR1+SUR2A stable line, a lack of immunoprécipitation o f SUR2A with the SURINBDI 
antibody and the immunoprécipitation o f SUR2A with the SUR2NBDI antibody. The final two 
lanes show that the SUR2NBD1 antibody immunoprecipitates SUR2A from the supernatant o f  the 
SURINBDI immunoprécipitation experiment and that the SURINBDI antibody does not 
immunoprecipitate any SUR2A from the supernatant o f the SUR2NBD1 immunoprécipitation 
experiment. The proteins o f interest are indicated by the arrow and only the relevant portions 
o f the blots are shown. Positions o f molecular weight standards are shown to the left o f each blot. 
PS-sample o f cell line homogenate before immunoprécipitation experiment (8pg total protein 
loaded). IP=sample o f 50% o f eluate from the IP experiment done with the antibody indicated. In 
all experiments I pi o f antibody was used for immunoprécipitations. All blots were exposed to 
film for five minutes after exposure to ECU reagents.
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Kir6.2 + SURI + SUR2A stable line

SU R IN B D I antibody SUR2NBD1 antibody Kir6.2C2 antibody

Figure 7.4 Immunofluorescent staining o f the components o f the Kir6.2 + SURl 4- SUR2A triple stable line.

The triple stable line was stained with 1:500 dilutions o f SU R IN B D I, SUR2NBD1 and Kir6.2C2 antibodies in conjunction with a 

rhodam ine-conjugated secondary antibody. All images were captured at the same exposure (1 second) and m agnification (400x) and 

were pseudocoloured red using the imaging software. It can be seen that the majority o f cells in the field o f view  show expression o f each 

component thus suggesting that sub-populations o f cells missing one or more o f the components o f the line are not present.

The green scale bar represents 5pm.
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Section  7.3 D iscussion .

The aim of the studies in this chapter was to determine whether 

heteromultimerisation between different channel subunit subtypes can occur. I 

used the subunit specific channel subunit antibodies developed in Chapter 3 to look 

at the possibility of heteromultimerisation using the co-immunoprecipitation 

approach developed in Chapter 4.

I have shown that Kir6.1 and Kir6.2 can be co-purified in immune 

complexes (Figure 7.2) indicating that heteromultimeric channels potentially exist. 

Other members of the laboratory showed that this physical association had 

functional consequences. Transient transfection of SUR2B into the Kir6.1+Kir6.2 

line produced channels with a spectrum of single channel conductances and a 

Kir6.1-Kir6.2 dimeric construct when co-expressed with SUR2B had a single 

channel conductance intermediate between that of Kir6.1+SUR2B and 

Kir6.2+SUR2B (Cui et. al., 2001). Other studies that used dimeric and tetrameric 

constructs of Kirb.l and Kir6.2 also showed that heteromeric channels had 

intermediate single channel conductances and similar ATP sensitivities (Kono et. 

al., 2000; Babenko et. al., 2000).

Studies using a dominant negative assay found no evidence to support 

Kir6 .1/6.2 coassembly in a different heterologous expression system (A549 cells) 

(Seharaseyon et. al., 2000), although a Kir6.2 dominant negative was able to inhibit 

K^jp currents in a smooth muscle cell line that potentially expresses Kir6.1 (Russ et. 

al., 1997; Lalli et. al., 1998). My biochemical data are supported by trafficking 

studies done in Xenopus oocytes where it was noted that Kir6.1 could alter the 

surface expression of a Kir6.2 deletion mutant (Zerangue et. al., 1999). It may be 

that heteromultimers only form in certain tissues or circumstances. For example, in 

Chapter 6 I have presented data supporting the hypothesis that Kir6.1 may form a 

component of the mitochondrial ATP-sensitive channel in brain, liver and 

skeletal muscle (Suzuki et. al., 1997; Zhou et. al., 1999). The potential for co

assembly in native tissues does exist given that Kir6.1 and Kir6.2 show overlapping 

expression in numerous tissues (Zhou et. al., 1999; Inagaki et. al., 1995b; Karschin
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et. al., 1997). However, it is likely that the K^tp channel complexes observed in 

certain tissues, such as skeletal and cardiac muscle, only contain one type of Kir6.0 

(Kir6.2) and one type of SUR (SUR2A) given the similarity between the channel 

characteristics observed between the native and heterologously expressed channels. 

However, in tissues such as brain and smooth muscle intermediate conductance 

K^tp channels have been observed, implying Kir6 .1/6.2 heteromultimerisaton 

(Ashcroft and Ashcroft, 1990; Clapp and Tinker, 1998; Quayle et. al., 1997; Routh 

et. al., 1997). In cells where Kir6.1 and Kir6.2 are potentially co-expressed and no 

hybrid channels are observed (e.g. skeletal and cardiac muscle) there must be 

mechanisms in place that ensure that unregulated heteromultimerisation does not 

occur. These mechanisms may include trafficking, compartmentalisation or control 

of gene expression. More studies on the cell biology of the channel are required to 

elucidate these mechanisms.

I have also shown that co-expression of SURl and SUR2A does not result in 

biochemical interaction between them (Figure 7.3). There is relatively little known 

about the assembly of SUR molecules, although NBDl has been implicated as 

being important in the assembly of SUR (Mikhailov and Ashcroft 2000; Mikhailov 

et. al., 2000). My data, suggest an incompatibility between different

SUR subtypes. At present studies have not been done examining the possibility of 

heteromultimerisation between either SURl and SUR2B or SUR2A and SUR2B. I 

would suggest that SUR2A and SUR2B would probably heteromultimerise if 

NBDl was responsible for SUR assembly given that their amino acid sequences are 

identical until the distal C-terminus.

The fact that different SUR subunits cannot coassemble gives an insight into 

how K^tp channel subunits form a stable channel complex. It would be expected 

that if each SUR subunit independently assembled with a Kirb.O subunit in a 

tetramer then channels containing more than one SUR subunit would exist. 

However, given that this has been shown not to be the case it appears that specific 

SUR-SUR interactions are an important factor in channel assembly. 

Electrophysiological studies done by other members of the laboratory on the Kir6.2 

+ SURl + SUR2A stable line showed that two separate populations of channels 

existed that only contained one type of sulphonylurea receptor. Channels
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containing SURI can be distinguished from those containing SUR2A by their 

higher sensitivity to glibenclamide, whilst SUR2A containing channels are activated 

by pinacidil unlike SURl containing channels. Heteromeric channels would be 

expected to be responsive to both pharmacological agents and the fact that none 

were observed argues against SUR1/SUR2A heteromultimerisation.

In summary, it appears that the pore-forming subunits of K^yp channels 

(Kir6.0 subunits) can form heteromultimers, whilst subtypes of the modulatory 

subunit (SUR subunits) cannot. The mechanisms underlying the compatibility and 

incompatibility of channel subunits have not yet been elucidated and studies 

delineating the regions on SUR and Kir6.0 subunits responsible for this behaviour 

using chimeric subunits will be important in addressing this question. Studies of 

the cell biology of K̂ -̂p chaimel synthesis, assembly and trafficking will also be 

important in determining whether heteromultimerisation of Kir6.0 subunits is 

obligatory in cells where they are both co-expressed.
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Chapter 8

Summary.
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C h ap ters  Summary.

The studies described in this thesis have provided an insight into how K^tp 

channel subunits assemble to form a channel complex. To allow biochemical 

investigation of the molecular assembly of the channel complex subunits were 

expressed in monoclonal stable lines in HEK293 cells. A series of channel 

antisera were raised in rabbits, affinity purified and characterised by Western blotting 

and immunofluorescence microscopy as described in Chapter 3. Subtype specific 

antibodies to short peptide sequences on the N and C-terminus of Kir6.2 and the C- 

terminus of Kir6.1 were obtained. Antibodies raised to the first nucleotide binding 

domains of SURl and SUR2 also proved to be subtype specific. The development of 

these biochemical reagents was fimdamental for the studies of K^yp channel 

biochemistry described in this thesis and are also an important resource for future 

studies.

The physical interaction between Kir6.2 and SURl was demonstrated in 

Chapter 4 using two approaches based on co-purification. The co- 

immunoprecipitation approach showed that antibodies to one of the components of 

the complex could precipitate immune complexes of Kir6.2 and SURl formed by 

specific interaction between the two. A myc epitope tag was engineered onto the C- 

terminus of SURl allowing SURl to be immunoprecipitated by the myc antibody. 

Kir6.2 and SURl myc were also shown to have overlapping distribution in HEK293 

cells by immunofluorescence microscopy also implying that Kir6.2 and SURl 

associate at an early stage in their biogenesis. The co-immunoprecipitation 

methodology has proved to be a robust and reproducible method of reporting protein- 

protein interactions between channel subunits. The monoclonal myc antibody 

derived from tissue culture supernatant secreted by the 9E10 hybridoma cell line was 

used as the precipitating antibody in a lot of the co-immunoprecipitation studies 

where pore-forming subunits were co-expressed in lines with SURl myc.

The co-immunoprecipitation methodology was used to investigate regions on 

channel subunits responsible for their interaction with each other. These studies were 

described in Chapter 5. Chimeric proteins constructed between Kir6.2 and Kir2.1 

were assayed for interaction with SURlmyc using the myc antibody. From these
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analyses it was shown that a region in the proximal C-terminus of Kir6.2, namely 

amino acid residues 208-279, was responsible for biochemical interaction with 

SURl. This region is also important in determining homotypic and heterotypic 

interactions between different Kir subfamily members (Tinker et. al., 1996). Using a 

similar co-immunoprecipitation strategy it was also shown that the C-terminus of 

SURl was not necessary for biochemical interaction with Kir6.2.

The trafficking of K^tp channel subunits was then studied in Chapter 6 using 

the antibodies developed in Chapter 3. In agreement with the general consensus in 

the field, trafficking of Kir6.2 and SURl to the membrane was dependent on their 

co-expression. I additionally showed that the C-terminus of SURl did not have a 

detectable effect on the trafficking of channel complexes to the plasma membrane. I 

have also shown that the membrane expression of Kir6.1 is not affected by co

expression with SUR2B. Consistent with the suggestion that Kir6.1 is an intracellular 

potassium channel, studies performed on the HepG2 cell line, which shows 

endogenous expression of Kirô.l, showed that Kirô.l co-localises with markers for 

mitochondria and the endoplasmic reticululum.

The heteromultimerisation of channel subunits was studied in Chapter 7, 

using subtype specific antibodies. I showed that biochemical heteromultimerisation 

could occur between Kirô.O subunits but not between SURl and SUR2A subunits. 

The finding that different SUR subunits cannot heteromultimerise, suggests that 

SUR-SUR interactions are important in assembly of the channel complex.

The diagram in Figure 8.1 summarises how some of the findings of this thesis 

relate to a model of channel assembly.
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A. The molecular assembly o f ATP-sensitive potassium channels.

Kir 6.0
Extracellular

(.-tenn

Proximal C-terminusProximal C-ten

The proximal C-temiinus is responsible for 
assembly witJi SURl. The C-lenninus of 
SURl is not necessar>' for molecular 
assembly.

Intracellular

Distal C-tcrminus DistaTC-terminus

B. Inter-subunit compatibilities.

Overhead view of channel complex (taken througli the dotted plane above) 
showing SUR subunits complexed with the proximal C-tennini of Kirb.O subunits

SUR2A-SUR2A interaction 
SURl-SURl interaction 
butnotSURl-SUR2A

Kir6.2-Kir6.2 interaction 
Kir6.1-Kir6.1 interaction 

or
Kir6.2-Kir6.1 interaction

Figure 8.1 Summarv of data described in this thesis relating to the molecular assembly of .ATP-sensitive potassium diannels. 

Note that in B. 1 postulate that the proximal C-terminus is responsible for intersubunit interactions between Kir6.0 subunits.
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kinetic and physical basis of K̂ ŷp channel gating: toward a unified molecular 
understanding. Biophys. J. 78: 2334-2348.

Ey PL, Prowse SJ, Jenkin CR (1978) Isolation of pure IgG,, IgGja, and IgGjb 
immunoglobulins using protein A-Sepharose. Biochemistry 15: 429-436.

Fakler B, Bond CT, Adelman JP, Ruppersberg JP (1996) Heterooligomeric assembly 
of inward-rectifier K"̂  channels from subunits of different subfamilies: Kir2.1 (IRKl) 
and Kir4.1 (BIRIO). Pflugers Arch. 433: 77-83.

Fechheimer M, Boylan JF, Parker S, Sisken JE, Patel GL, Zimmer SG (1987) 
Transfection of mammalian cells with plasmid DNA by scrape loading and 
sonication loading. Proc. Natl. Acad. Sci. 84: 8463-8467.

Picker E, Tagliatela M, Wible BA, Henley CM, Brown AM (1994) Spermine and 
spermidine as gating molecules for inward rectifier K  ̂channels. Science 266: 1068- 
1072.

Fields S and Song O (1989) A novel genetic system to detect protein-protein 
interactions. Nature 340: 245-246.

264



Fink M, Duprat F, Lesage F, Reyes R, Romey G, Heurteaux C and Lazdunski M 
(1996a) Cloning, functional expression and brain localisation of a novel 
unconventional outward rectifier channel. EM BO J  15:6854-6862.

Fink M, Duprat F, Heurteaux C, Lesage F, Romey G, Barhanin J, Lazdunski M 
(1996b) Dominant negative chimeras provide evidence for homo and 
heteromultimeric assembly of inward rectifier channel proteins via their N- 
terminal end. FEBS Lett. 378: 64-68.

Fink M, Duprat F, Lesage F, Heurteaux C, Romey G, Barhanin J, Lazdunski M 
(1996c) A new channel beta subunit to specifically enhance Kv2.2 (CDRK) 
expression. J. Biol. Chem. 271: 26341-26348.

Gabriel SE, Clarke LL, Boucher RC, Stutts MJ (1993) CFTR and outward rectifying, 
chloride channels are distinct proteins with a regulatory relationship. Nature 363: 
263-268.

Garfin DE (1990) One-dimensional gel electrophoresis. Meth. Enzymol. 182: 425- 
441.

Garlid KD (1996) Cation transport in mitochondria: the potassium cycle. Biochim. 
Biophys. Acta. 1275: 123-126.

Garlid KD, Paucek P, Yarov-Yaravoy B, Murray HNM, Darbenzio RB, D’Alonzo 
AJ, Lodge NJ, Smith MA and Grover GJ (1997) Cardioprotective effect of diazoxide 
and its interaction with mitochondrial ATP-sensitive potassium channels: possible 
mechanism of cardioprotection. Circ. Res. 81:1072-1082.

Garlid KD (2000) Opening mitochondrial K^tp in the heart -  what happens, and what 
does not happen. Basic Res. Cardiol. 95:275-279.

Giblin JP, Leaney JL, Tinker A (1999) The molecular assembly of ATP-sensitive 
potassium channels. Determinants on the pore-forming subunit. J. Biol. Chem. 274: 
22652-22659.

Gilead Z, Arens MQ, Bhaduri S, Shanmugan G, Green M (1975) Tumour antigen 
specificity of a DNA binding protein from cells infected with adenovirus 2. Nature 
254:533-536.

Glaser B, Kesavan P, Heyman M, Davis E, Cuesta A, Buchs A, Stanley CA,
Thornton PS, Permutt MA, Matschinsky FM, Herold KC (1998) Familial 
hyperinsulinism caused by an activating glucokinase mutation. N. Engl. J. Med. 338: 
226-230.

Glowatzki E, Fakler G, Brandie U, Rexhausen U, Zenner HP, Ruppersberg JP, Fakler 
B (1995) Subunit dependent assembly of inward-rectifier K  ̂channels. Proc. R. Soc. 
Lond. B. Biol. Sci. 261: 251-261.

265



Gosset P, Ghezala GD, Kom B, Yaspo MC, Poutska A, Lehrach H, Sinet PM, Creau 
N (1997) A new inward rectifier potassium channel gene (KCNJ15) localised on 
chromosome 21 in the Down syndrome chromosome region (DCRl). Genomics. 44; 
237-241.

Graham FL, Smiley J, Russell WC, Naim R (1977) Characteristics of a human cell 
line transformed by DNA from human adenovims type 5. J. Gen. Virol. 36: 59-74.

Grant SG, lessee J, Bloom FR, Hanahan D (1990) Differential plasmid rescue from 
transgenic mouse DNAs into Eschericia coli methylation-restriction mutants. Proc. 
Natl. Acad. Sci. USA 87: 4645-4649.

Gribble FM, Tucker SJ, Ashcroft FM (1997) The essential role of the Walker A 
motifs of SURl in K-ATP channel activation by Mg-ADP and diazoxide. EMBO J. 
16:1145-1152.

Gribble FM, Tucker SJ, Haug T, Ashcroft FM (1998) MgATP activates the beta cell 
K^tp channel by interaction with its SURl subunit. Proc. Natl. Acad. Sci. 95: 7185- 
7190.

Grinstein A and Rothstein A (1986) Mechanisms of regulation of the Na^/H^ 
exchanger. J  Membrane Biol. 90:1-12.

Grover GJ, McCullough JR, Henry DE, Conder ML and Sleph PG (1989) Anti- 
ischemic effects of the potassium channel activators pinacidil and cromakalim and 
the reversal of these effects with the potassium channel blocker glyburide. J. 
Pharmacol. Exp. Ther. 251:98-104.

Grover GJ, Dzwoncyzk S, Parham C and Sleph PG (1990a) The protective effects of 
cromakalim and pinacidil on reperfusion function and infarct size in isolated 
perfused rat hearts and anesthetized dogs. Cardiovasc. Drugs Ther. 4:465-474.

Grover GJ, Dzwoncyzk S and Sleph PG (1990b) Reduction of ischaemic damage in 
isolated rat hearts by the potassium channel opener RP 52891. Eur. J. Pharmacol. 
191:11-19.

Grover GJ, Newburger J, Sleph PG, Dzwoncyzk S, Taylor S, Ahmed S and Atwal K
(1991) Cardioprotective effects of the potassium channel opener cromakalim: 
stereoselectivity and effects on myocardial adenine nucleotides. J. Pharmacol. Exp. 
Ther. 257:156-162.

Grover GJ, Sleph P and Dzwonczyk S (1992) Role of myocardial ATP-sensitive 
potassium channels in mediating preconditioning in the dog heart and their possible 
interaction with adenosine A,-receptors. Circulation 86:1310-1316.

Grover GJ and Garlid KD (2000) ATP-Sensitive Potassium Channels: A Review of 
their Cardioprotective Pharmacology. J. Mol. Cell Cardiol. 32:677-695.

266



Gulbis JM, Mann S, Mackinnon R (1999) Structure of a voltage dependent 
channel beta subunit. Cell 97: 943-952.

Gulbis JM, Zhou M, Mann S, Mackinnon R (2000) Structure of the cytoplasmic beta 
subunit-Tl assembly of voltage dependent K+ channels. Science 289: 123-127.

Haardt M, Benharouga M, Lechardeur D, Kartner N, Lukacs GL (1999) C-terminal 
truncations destabilize the cystic fibrosis transmembrane conductance regulator 
without impairing its biogenesis. J. Biol Chem. 274: 21874-21877.

Hanahan D (1983) Studies on transformation of Eschericia coli with plasmids. J. 
M ol Biol 166: 557-580.

Hancock K and Tsang VCW (1983) India ink staining of proteins on nitrocellulose 
paper. Anal Biochem. 76: 37-44.

Harlow E and Lane D (1988) Antibodies: A Laboratory Manual. Cold Spring 
Harbour Laboratory Press.

Hawkes R (1986) The dot immunobinding assay. Methods Enzymol 121: 484-491.

Heginbotham L, Lu Z, Abramson T and MacKirmon R (1994) Mutations in the 
channel signature sequence. Biophys J. 66:1061-1067.

Helenius A and Simons K (1975) Solubilization of membranes by detergents. 
Biochim. et. Biophys. Acta 415: 29-79.

Helling RB, Goodman HM, Boyer HW (1974) Analysis of R.EcoRI fragments of 
DNA from lamboid bacteriophages and other viruses by agarose-gel electrophoresis. 
J. Virol 14: 1235-1244.

Heron L, Virsolvy A, Peyroiller K, Gribble FM, Le Cam A, Ashcroft FM, Bataille D 
(1998) Human alpha-endosulfine, a possible regulator of sulfonylurea-sensitive 
channel: molecular cloning, expression and biological properties. Proc. Natl. Acad. 
Sci USA 95: 8387-8391.

Heurteaux C, Lauritzen I, Widmann C and Lazdunski M (1995) Essential role of 
adenosine, adenosine A, receptors, and ATP-sensitive channels in cerebral 
ischaemic preconditioning. Proc. Natl Acad. Sci USA 92:4666-4670.

Higgins CF (1992) ABC Transporters: From microorganisms to man. Ann. Rev. Cell 
Biol 8 : 67-113.

Higuchi R, Krummel B, Saiki RK (1988) A general method of in vitro preparation 
and specific mutagenesis of DNA fragments: study of protein and DNA interactions. 
Nucleic Acids Res. 16: 7351-7367.

267



Hille B (1992) Ionic channels of excitable membranes, 2"** edition., Sinauer 
Associates Inc., Sunderland, MA.

Ho K, Nichols CG, Lederer WJ, Lytton J, Vassilev PM, Kanazirska MV, Hebert SC 
(1993) Cloning and expression of an inwardly rectifying ATP-regulated potassium 
channel. Nature 362:31-37.

Hopkins WF, Demas V, Tempel BL (1994) Both N- and C-terminal regions 
contribute to the assembly and functional expression of homo- and heteromultimeric 
voltage-gated channels, y. Neurosci. 14: 1385-1393.

Horio Y, Morisbige K, Takabasbi N and Kuracbi Y (1996) Differential distribution 
of classical inwardly rectifying potassium channel mRNAs in the brain: comparison 
of IRK2 with IRKl and IRK3. FEBS Lett. 379:239-243.

Horton RM, Hunt HD, Ho SN, Pullen JK, Pease LR (1989) Engineering hybrid genes 
without the use of restriction enzymes: gene splicing by overlap extension. Gene 77: 
61-68.

Hoshi T, Zagotta WN and Aldrich RW (1990). Biophysical and molecular 
mechanisms oiShaker potassium channel inactivation. Science 250:533-538.

Hough E, Beech DJ, Sivaprasadarao A (2000) Identification of molecular regions 
responsible for the membrane trafficking of Kir6.2. Pflugers Arch. 440: 481-487.

Hu K, Duan D, Li G and Nattel S (1996) Protein kinase C activates ATP-sensitive 
current in human and rabbit ventricular myocytes. Circ. Res. 78:492-498.

Hulme EC (1992) in Receptor-Ligand Interactions: A Practical Approach (Hulme 
EC, ed.), Oxford University Press.

Hutcheon B, Brown LA, Poulter MO (2000) Digital analysis of light microscope 
immunofluorescence: high resolution co-localisation of synaptic proteins in cultured 
neurons. J. Neuroscience Methods 96: 1-9.

Imamura Y, Tomoike H, Narishige T, Takabasbi T, Kasuya H and Takeshita A
(1992) Glibenclamide decreases basal coronary blood flow in anesthetized dogs. Am. 
J. Physiol. 263:H399-H404.

Inagaki N, Tsuura Y, Namba N, Masuda K, Gonoi T, Horie M, Seino Y, Mizuta M 
and Seino S (1995a) Cloning and functional characterisation of a novel ATP- 
sensitive potassium channel ubiquitously expressed in rat tissues. J. Biol. Chem. 
270:5691-5694.

Inagaki N, Gonoi T, Clement IV JP, Namba N, Inazawa J, Gonzalez G, Aguilar- 
Bryan L, Seino S and Bryan J (1995b) Reconstitution of Ikatp- ^  inward rectifier 
subunit plus the sulfonylurea receptor. Science 270:1166-1170.

268



Inagaki N, Gonoi T, Clement IV JP, Wang CZ, Aguilar-Bryan L, Bryan J and Seino 
S (1996) A family of sulfonylurea receptors determines the pharmacological 
properties of ATP-sensitive channels. Neuron 16:1011-1017.

Inoue I, Nagase H, Kishi K and Higuti T (1991) ATP-sensitive channel in the 
mitochondrial inner membrane. Nature 352:244-247.

Isacoff EY, Jan YN, Jan LY (1990) Evidence for the formation of heteromultimeric 
potassium channels in Xenopus oocytes. Nature 345: 530-534.

Isacoff EY, Jan YN and Jan LY (1991). Putative receptor for the cytoplasmic 
inactivation gate in the Shaker channel. Nature 353:86-90.

Ishida-Takahashi A, Otani H, Takahashi C, Washizuka T, Tsuji K, Noda M, Horie 
M, Sasayama S (1998) Cystic fibrosis transmembrane conductance regulator 
mediates sulphonylurea block of the inwardly rectifying channel Kir6.1. J.
Physiol. 508: 23-30.

Ismailov II, Awayda MS, Jovov B, Berdiev BK, Fuller CM, Dedman JR, Kaetzel 
MA, Benos DJ (1996) Regulation of epithelial sodium channels by the cystic fibrosis 
transmembrane conductance regulator. J. Biol Chem. 271: 4725-4732.

Isomoto S, Kondo C, Yamada M, Matsumoto S, Higashiguchi O, Horio Y, 
Matsuzawa Y and Kurachi Y (1996) A Novel Sulfonylurea Receptor Forms with BIR 
(Kir6.2) a Smooth Muscle Type ATP-sensitive channel. J. Biol. Chem. 
271:24321-24324.

Isomoto S, Kondo C and Kurachi Y (1997) Inwardly Rectifying Potassium Channels: 
Their Molecular Heterogeneity and Function. Jpn. J. Physio. 47:11-39.

Itani T, Ariga H, Yamaguchi N, Tadakuma T, Yasuda T (1987) A simple and 
efficient liposome method for transfection of DNA into mammalian cells grown in 
suspension. Gene 56: 267-276.

Ito M, Inanobe A, Horio Y, Hibino H, Isomoto S, Ito H, Mori K, Tonosaki A, 
Tomoike H and Kurachi Y (1996) Immunolocalisation of an inwardly rectifying K  ̂
channel, K,^g-2 (Kir4.1), in the basolateral membrane of renal distal tubular 
epithelia. FEBS Lett. 388:11-15.

Jelacic TM, Sims SM, Clapham DE (1999) Functional expression and 
characterisation of G-protein-gated inwardly rectifying K  ̂channels containing 
GIRK3. y. Memb. Biol 169: 123-129.

John SA, Monck JR, Weiss JN, Ribalet B (1998) The sulphonylurea receptor SURl 
regulates ATP-sensitive mouse Kir6.2 K^ channels linked to the green fluorescent 
protein in human embryonic kidney cells (HEK293). J. Physiol 510: 333-345.

269



Kane C, Shepherd RM, Squires PE, Johnson PR, James RF, Milla PJ, Aynsley-Green 
A, Lindley KJ, Dunne MJ (1996) Loss of functional K^jp channels in pancreatic beta- 
cells causes persistent hyperinsulinémie hypoglycaemia of infancy. Nature Med. 2: 
1344-1347.

Karoyli L, Koch MC, Grzeschik KH, Seyberth HW (1998) The molecular genetic 
approach to “Bartter’s syndrome” /. M ol Med. 76, 317-325.

Karschin A, Thome BA, Thomas G, Lester HA (1992) Vaccinia vims as a vector to 
express ion channel genes. Methods Enzymol 207: 408-423.

Karschin C, Bcke C, Ashcroft FM, Karschin A (1997) Overlapping distribution of 
KATP channel-forming Kir6.2 subunit and the sulphonylurea receptor SURl in 
rodent brain. FEBS Lett. 401: 59-64.

Kawai S and Nishizawa M (1984) New procedure for DNA transfection with 
polycation and dimethyl sulfoxide. M ol Cell Biol 4: 1172-1174.

Kenna S, Roper J, Ho K, Hebert S, Ashcroft SJH and Ashcroft FM (1994) 
Differential expression of the inwardly rectifying K-channel ROMKl in rat brain. 
Mol. Brain. Res. 24:353-356.

Kessler SW (1975) Rapid isolation of antigens from cells with a staphylococcal 
protein A-antibody adsorbent: Parameters of the interaction of antibody-antigen 
complexes with protein A. / /mwMwo/. 115: 1617-1623.

Kessler SW (1976) Cell membrane antigen isolation with the staphylococcal protein 
A-antibody adsorbent. / /w/MMno/. 117: 1482-1490.

Kharkovets T, Hardelin JP, Safieddine S, Schweizer M, El-Amraoui A, Petit C and 
Jentsch TJ (2000) Kcnq4, a K+ channel mutated in a form of dominant deafiiess, is 
expressed in the inner ear and central auditory pathway. Proc. Natl Acad. Sci. USA 
97:4333-4338.

Klausner RD, Sitia R (1990) Protein degradation in the Endoplasmic reticulum. Cell 
62:611-614.

Klein I, Sarkadi B, Varadi A (1999) An inventory of human ABC proteins. BBA 
1461: 237-262.

Knaus HG, Folander K, Garcia-Calvo M, Garcia ML, Kaczorowski GJ, Smith M, 
Swanson R (1994) Primary sequence and immunological characterisation ofbeta- 
subunit of high conductance Ca^^-activated K  ̂channel from smooth muscle. J. Biol 
Chem. 269: 17274-17278.

Knowles BB, Howe CC, Aden DP (1980) Human hepatocellular carcinoma cell lines 
secrete the major plasma proteins and hepatitis B surface antigen. Science 209: 497- 
499.

270



Kohler G and Milstein C (1975) Continuous cultures of fused cells secreting 
antibody of predefined specificity. Nature 256: 495-497.

Kohler M, Hirschberg B, Bond CT, Kinzue JM, Marrion NV, Maylie J, Adelman JP 
(1996) Small-conductance, calcium-activated potassium channels from mammalian 
hvdin. Science 21 y. 1709-1714.

Kondo C, Repunte VP, Satoh E, Yamada M, Horio Y, Matsuzawa Y, Pott L, Kurachi 
Y (1998) Chimeras of Kirô.l and Kir6.2 reveal structural elements involved in 
spontaneous opening and unitary conductance of the ATP-sensitive K^ channels. 
Receptors Channels 6 : 129-140.

Kono Y, Horie M, Takano M, Otani H, Xie LH, Akao M, Tsuji K, Sasayama S 
(2000) The properties of the Kir6 .1/6.2 tandem channel co-expressed with SUR2. 
Pflugers Arch. 440: 692-698.

Koster JC, Bentle KA, Nichols CG, Ho K (1998) Assembly of ROMKl (Kiri, la) 
inward rectifier K  ̂channel subunits involves multiple interaction sites. Biophys J.
74: 1821-1829.

Koster JC, Sha Q, Shyng S, Nichols CG (1999) ATP inhibition of K^tp channels: 
control of nucleotide sensitvity by the N-terminal domain of the Kir6.2 subunit. J. 
Physiol. 515: 19-30.

Krapivinsky G, Gordon EA, Wickman K, Velimirovic B, Krapivinsky L and 
Clapham DE (1995) The G protein-gated atrial K  ̂channel Î ACh is a heteromultimer 
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ATP-sensitive potassium channels form a link be
tween membrane excitability and cellular metabolism. 
These channels are important in physiological pro
cesses such as insulin release and they are an important 
site of drug action. They are an octomeric complex com
prised of four sulfonylurea receptors, a member of the 
ATP-binding cassette family of proteins, and four Kir 6.0 
subunits from the inward rectifier family of potassium 
channels. We have investigated the nature of the inter
action between SURl and Kir 6.2 and the domains on the 
channel responsible for the biochemical and functional 
manifestations of coupling. The results point to the 
proximal C terminus determining biochemical interac
tion in a region that also largely governs homotypic and 
heterotypic interaction between different Kir family 
members. While this domain may be necessary for func
tional communication between the two proteins, it is not 
sufficient since relative modifications of either the N or 
C terminus are able to disrupt many aspects of func
tional coupling mediated by the sulfonylurea receptor.

ATP-sensitive potassium channels (Katp) were first de
scribed in cardiac myocytes (1) and have subsequently been 
found in the pancreatic beta cell, neurones, skeletal muscle, 
and smooth muscle (2). They have the distinctive property of 
being activated by declining ATP levels thus forming a link 
between cellular metabolism and membrane excitability. Fur
thermore, this inhibitory action of ATP is antagonized by in
creasing ADP concentrations. In addition, these channels are 
the target for a number of therapeutically significant agents. 
The sulfonylurea class of drug, such as tolbutamide and glib
enclamide, inhibit the activity of the channel and form the 
mainstay of pharmacological therapy of Type II diabetes meUitus, 
while a chemically diverse group of drugs known as potassium 
channel openers increase the activity of these channels. This has 
clinical relevance as a major limiting factor in the use of the anti
hypertensive agent diazoxide is hyperglycaemia.

At the molecular level, the channel is a complex of at least 
two subunits namely the sulfonylurea receptor (SUR),^ a mem
ber of the “ATP-binding cassette” (ABC) family of proteins, and 
a pore forming subunit (Kir 6.0), a member of the inwardly 
rectifying family of potassium channels. The sulfonylurea re
ceptor was first cloned from pancreatic tissue (SURl) but a 
number of other isoforms, occurring predominantly in cardiac
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 ̂The abbreviation used is: SUR, sulfonylurea receptor.

(SUR2A) and smooth muscle (SUR2B), have now been charac
terized (3-5). Two members of Kir 6.0 have so far been isolated 
(Kir 6.1 and 6.2) and topology models predict an intracellular N 
and C terminus with two transmembrane domains (Ml and 
M2) and a pore forming hairpin loop (H5). Heterologous expres
sion of the cloned SURl and Kir 6.2 in mammalian cells and 
Xenopus laevis oocytes reconstitutes the properties of the anal
ogous native current seen in pancreatic beta cells (3, 4, 6-11). 
The channel is thought to be an octomeric complex made up of 
four SURl subunits and four Kir 6.2 subunits (12-14).

Evidence has accumulated indicating that activation by ADP 
and diazoxide and inhibition by the sulfonylurea class of drug 
is a property conferred by the sulfonylurea receptor on the 
channel complex, while the site for ATP inhibition resides on 
the pore forming Kir 6.2 subunit (9,15-18). Furthermore, the 
combined expression of the two proteins is required to generate 
current. '

An unresolved and critical question then is how the sulfony
lurea receptor “talks” in molecular terms to the ion conducting 

^subunit Kir 6.2. Such information would be invaluable in build
ing a molecular model of how the ATP-sensitive potassium 
channel works. Recent studies indicate that other ABC trans
porters are able to interact with other members of the Kir 6.0 
family and other Kir family members. A functional interaction 
between Kir 6.1 and Kir 1.2 and the cystic fibrosis transmem
brane regulator has been demonstrated (19-21) and it has been 
suggested that SURl is able to couple with other Kir subfamily 
members, namely Kir 1.0 and an inward rectifier endogenous 
to the cell line studied (22). Additionally, cystic fibrosis trans
membrane regulator can interact with the amiloride-sensitive 
Na"̂  channel and an outwardly rectifying Cl“ channel (23). The 
association between ABC transporters and potassium channels 
may be a general biological motif manifest in prokaryotes and 
eukaryotes (23, 24). Thus the elucidation of this problem may 
shed light on the general question of how ABC transporters 
interact with the ion channels and the mechanisms governing 
the selectivity of this interaction.

The data in this study establishes a methodology to examine 
the interaction between SURl and Kir 6.2 and how this relates 
to Katp channel physiology and pharmacology. We identify a 
domain in the proximal C terminus on the pore forming sub
unit that is responsible for biochemical interaction. Moreover 
functional studies indicate that while this domain may be 
necessary for the full reconstitution of fgATP drug responsive
ness and nucleotide regulation, it is not sufficient. The pres
ence of both regions in the N and distal C terminus is required.

EXPERIMENTAL PROCEDURES 
Molecular Biology

Standard molecular cloning and mutagenesis techniques were used. 
For cell transfections all sulfonylurea receptor cDNAs (hamster clone) 
were subcloned into the vector pcDNA3 (Invitrogen) and all channel/

22652 This paper is available on line at http://www.jbc.org
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channel chimera cDNAs into pcDNA3.1+/Zeo (Invitrogen). Tagged and 
chimeric proteins were sequenced to confirm their identity. In addition, 
the sequencing data were complemented by biochemical and functional 
studies further confirming the intended changes.

During the planning of these experiments a strategy was devised so 
that a number of different biochemical approaches could possibly be 
used. As a result, ChmD and Chm E were tagged with six histidines at 
the N terminus and FLAG at the C terminus and Chm F was tagged six 
histidines at the C terminus and FLAG at the N terminus. Channel 
chimaeras A, B, and C were generated later in the study when an 
antibody to Kir 6.2 had been characterized and a strategy settled on. 
Thus these chimaeras were not epitope tagged.

Cell Culture
HEK293 cells (a human embryonic kidney cell line) were cultured in 

minimal essential medium with Earle’s Salts, L-glutamine supple
mented with 10% fetal bovine serum, 1% penicillin/streptomycin (from 
a stock of 10,000 units/ml penicillin and 1 mg/ml streptomycin) at 37 “C 
in humidified 5% COg. Cells were transfected with LipofectAMINE 
(Life Technologies, Inc.) according to the manufacturer’s instructions. 
Stable cell lines were estabhshed using the appropriate antibiotic se
lection with 727 jLtg of G418 (Life Technologies, kc.) and 364 pg/ml 
Zeocin (Invitrogen). For the establishment of polyclonal lines, cells were 
grown under selective pressure (727 pg of G418) for 3 weeks after 
transfection and then frozen down in aliquots for subsequent growth 
and use in binding studies. For the establishment of monoclonal lines, 
single colonies were picked after growth under selective pressure (727 fig of G418 and/or 364 pg/ml Zeocin) 3-4 weeks after transfection and 
propagated to estabhsh monoclonal stable cell lines. The presence of the 
components in the ceU line was established by Western blotting and/or 
patch clamping. A number of different monoclonal cell lines were iso
lated for Ohms A through E + SUKl-Myc. However, only one line of 
Chm F + SURl-Myc could he isolated and then only with an N-terminal 
FLAG-tagged version.

Biochemistry
Antisera and Antibodies—The Myc antibody was used from a hybri- 

doma cell line (9E10 epitope, a gift fïom Dr. S, Moss). The Myc antibody 
was coupled to protein A under high salt condition. Kir 6.2 antisera 
were raised in rabbits to peptides linked to keyhole limpet hemocyanin 
corresponding to sequences in the distal C terminus (peptide sequence 
RQLDEDRSLLDALTLASSRGPLRKRSC, cysteine added for coupling 
purposes). Kir 2.1 antisera (a gift of Dr LY Jan) was used as in a 
previous study (25).Immunoprécipitation—Stable cell lines were grown to 100% conflu
ence in a 600-cm̂  area dish, washed, and harvested in ice-cold Tris- 
buffered saline (50 mM Tris-HCl, 150 mM NaCl, pH 7.4). Approximately 
0.8 mg of protein was homogenized using a 1-ml tight-fitting Dounce 
homogenizer in the presence of protease inhibitors (10 p,g/ml benzami- 
dine, 1 pg/ml antipain, 2 pg/ml aprotinin). Approximately 80 pg of 
protein sample from the homogenate was lysed using an equal volume 
of 2% SDS in upper gel buffer, sonicated, and denatured (94 °C for 3 
min) prior to being analyzed on a denaturing polyacrylamide gel as a 
check for expression of the appropriate protein(s). The rest of the 
homogenate was solubilized in 1% Triton X-100 for 2 h at 4 “C before 
centrifugation to remove the unsolubilized material. Approximately 3 
mg of Protein A-Sepharose-4B (Pharmacia) was added to the superna
tant and incubated with gentle rotation for 2 h at 4 °C to preclear the 
sample. A 1:1 suspension of Myc antibody coupled to Protein A-Sepha- 
rose in TBS + 1% Triton (10 pi) was subsequently applied to the 
precleared sample and incubated for at least 8 h at 4 °C with gentle 
rotation. After incubation with Myc-Sepharose the sample was washed 
4 times with 1 ml of TBS + 1% TViton and once in a final wash with 1 
ml of TBS. Bound protein was eluted with 100 pi of 2 times loading 
buffer and denatured (94 °C for 3 min) prior to analysis on a denaturing 
polyacrylamide gel.Metal Chelate Affinity Purification—Cells were harvested, homoge
nized, and solubilized as above. UnsolubiUzed material was removed by 
centrifugation and 50 pi of a 50% slurry of Talon resin (CLONTECH) 
added to the supernatant. The Talon-binding resin is a Co^ -̂charged 
tetradentate chelator coupled to Sepharose beads. The sample was 
exposed to the resin for at least 2 h with gentle rotation at room 
temperature and subsequently washed 5 times with 1 ml of 20 mM 
imidazole 4- 1% Triton in TBS and once in a final wash with 1 ml of 20 
mM imidazole in TBS alone. The bound protein was eluted from the 
resin with 100 pi of 1M imidazole in TBS, diluted with an equal volume 
of 2 times gel loading buffer and denatured as described above prior to

analysis on a denaturing polyacrylamide gel.Western Blotting—Gel electrophoresis and transfer to nitrocellulose 
membranes was carried out using the minigel system (Bio-Rad) accord
ing to the manufacturer's instructions. Membranes were probed as 
appropriate with Myc antibody (9E10) obtained directly from mouse 
hybridoma cells, Kir6.2 antibody, or Kir2.1 antibody and the corre
sponding secondary antibodies before bands were visualized using the 
ECL Western blot analysis system (Amersham Pharmacia Biotech) 
according to manufacturer’s instructions.

Comments on Optimization of the Biochemical Strategy
A number of practical problems were encountered with the imple

mentation of the intended strategy. Initially, attempts were made to 
work with transiently transfected cells, however, it was difficult to 
express sufficient protein for good biochemical studies and a stable 
transfection approach was adopted. At the start of the study the inten
tion was to use a commercially available FLAG antibody to detect 
interactions with Kir 6.2-FLAG. However, the product appeared to be a 
thousand-fold less sensitive than indicated on the data sheet as deter
mined from dot blots to control fusion protein. Detection of Kir 6.2 by 
this method was poor and variable. A specific antisera to Kir 6.2 was 
thus generated. The coimmunoprecipitation strategy using Myc mono
clonal antibody harvested fi'om hybridoma cells cultured directly in the 
laboratory proved robust. A copurification strategy based on purifica
tion of a Hisg-tagged Kir 6.2 and copurification of SURl-Myc proved 
more troublesome. Of Kir 6.2-HiSg, Kir 6.2-FLAGHiSg and Kir 6.2- 
mycHiSg only the latter would purify with metal chelate affinity chro
matography. In addition, a nonspecific interaction of SURl-Myc with 
the resin was encountered requiring high imidazole wash concentra
tions to remove. Because of these factors an interaction was detectable 
using this method but the final signal was weaker.

Radioligand Binding
Cells were grown, washed, harvested, and homogenized in the pres

ence of protease inhibitors (as described previously) in binding buffer 
(50 mM Tris-HCl, pH 7.4). A small fraction of this crude homogenate 
was used directly in each binding reaction (approximately 60 fig of 
protein). Incubations were done in the presence of pHlglibenclamide 
(NEN Life Science Products Inc.) to assess specific binding. Nonspecific 
binding was determined by parallel incubations in the presence of 20 
pM unlabeled glibenclamide. Binding reactions were incubated for at 
least 2 h at room temperature before the reaction was stopped by 
addition of 1 ml of ice-cold binding buffer. Immediately after stopping 
the reaction hound ligand was separated from unhound ligand by vac
uum filtration onto Whatman GF/B filters. Filters were washed 4 times 
with 2 ml of ice-cold binding buffer before bound radioactivity was 
determined by liquid scintillation counting using Ultima Gold MV 
(Packard) and a Beckman LS6000TA liquid scintillation counter. Points 
were determined in triplicate.

Radioligand equilibrium binding data were fitted using nonlinear 
regression (GraphPad Inplot 4.03). Ligand depletion was estimated 
empirically using a centrifugation binding assay (26) at a low concen
tration point and was generally less than 20%. In this case data were 
fitted to the curve.

(Eq. 1)

where is the binding affinity, is the maximal amount bound, y 
is the amount of tritiated glibenclamide bound per milligram of total 
protein, and x is the concentration of tritiated glibenclamide in the 
incubation.

Electrophysiology
Whole cell and inside-out patch clamp recordings of HEK293 cells 

were performed using the Axopatch 200B amplifier (Axon Instruments) 
with glass pipettes pulled from borosihcate glass. For whole cell record
ings pipettes were pulled with resistance of approximately 1.5-2.5 
megohm. For inside-out patches pipettes were pulled with a resistance 
of approximately 6 megohm. Pipettes were coated with a parafilm/ 
mineral oil suspension after filling. Data were acquired and analyzed 
using the Digidata 1200B interface and the pClamp 5 and 6 suites of 
programs. Data were filtered at 1 kHz and digitized at 5-10 kHz. Cells 
had a capacitance of approximately 15 pF and series resistance was at 
least 80% compensated. Solutions contained in mM, 107 KCl, 1.2 MgClg, 
1 CaClg, 10 EGTA, 5 Hepes (KOH to pH 7.2 ~ 140 mM K+) used as the 
pipette solution in whole cell studies and the bath in inside-out studies 
and another that contained 140 KCl, 2.6 CaClg, 1.2 MgClg, 5 Hepes (pH
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7.4) was used as the bath solution in whole cell studies and pipette 
solution in the inside-out configuration. ATP c o n ta in in g  solutions (mag
nesium salt) were made up daily from frozen aliquots of concentrated 
(pH adjusted to 7.2) in 20 mM stock solution in the above whole cell/ 
inside-out solution. ADP (sodium salt, note solutions contain 1.2 mM 
MgClg) was added from a concentrated stock. Tolbutamide containing 
solutions were made up from a concentrated stock in dimethyl sulfoxide 
and the final dimethyl sulfoxide concentration was at most 0.1%. Dia
zoxide containing solutions were made up from a concentrated stock in 
dimethyl sulfoxide and the final dimethyl sulfoxide concentration was 
0.2%. When experiments were undertaken with transiently transfected 
cells (only a small number of experiments here), 50 ng of an enhanced 
variant of the green fluorescent protein (EGFPNl, CLONTECH) was 
co-tranfected with the relevant clone. Transfected cells were identified 
by epifluorescence and patched as above.

Current expression was screened for using the whole cell configura
tion in a pipette solution containing 0 ATP. In our hands whole cell 
currents did not run down so that we were able to detect small levels of 
channel expression. The pipette was supplemented with 0.3, 0.6, and 3 
mM ATP depending on the current density and the nature of the exper
iment being undertaken. For example, with the SURl 4- Kir 6.2 hne 
used in Fig. 1 currents were so large with 0 and 0.3 mM ATP that they 
were difficult to adequately voltage clamp and therefore 0.6 mM ATP 
was used.

Dose-response curves were constructed with application of a dose of 
drug with wash off to steady-state at each dose. The application of one 
dose after another was randomly chosen. Curves were fitted using 
non-linear regression (GraphPad Inplot v4.03) to.

Ŷ = {b-a)
1 + t n

(Eq. 2)

where x is the concentration of drug or nucleotide, I/Ic is the effect 
measured relative to control, the ECgg is the point of 50% effect, is 
the Hill coefficient, b is the maximum effect (in this study the curves are 
aU inhibitory and IHc is measured thus h = 1.0), and a is the minimum 
effect (generally constrained to 0 but allowed to vary for the Chm A + 
SURl-Myc tolbutamide dose-response curve). The data were fitted and 
displayed with the x axis log transformed.

In whole cell studies the cell was dialyzed with the relevant ATP 
concentration until a steady state was reached generally within 5-10 
min. Where necessary nonspecific leak was distinguished from K selec
tive current by the use of 10 mM Ba^  ̂in the bath to block the currents. 
Currents were measured 20 ms after the voltage was stepped into the 
relevant pulse. The situation was more complex with inside-out studies. 
Chm B + SURl-Myc ran down very quickly and it was impossible to 
establish stable current recording conditions in this mode. Therefore, 
single-channel conductance was measured in the cell-attached config
uration. Upon patch excision with the other cell lines the data were 
analyzed in two ways. In the majority of current containing patches a 
large number of channels were present and macroscopic currents were 
recorded. Five current-voltage relationships were averaged and current 
was measured 100 ms into the step pulse. Sometimes only 5 or less 
channels were present in the patch. We never observed a case where we 
were convinced of the presence of a single channel with the current 
densities achieved in this study. Data were analyzed by determining 
NPo from 30-s sweeps of data.

RESULTS
Stable Expression of SURl and Kir 6.2—It is possible to 

produce monoclonal cell lines stably transfected with SURl 
and Kir 6.2 in HEK293 cells by using a dual selection strategy 
(see “Experimental Procedures”). Studies using the whole cell 
configuration of the patch clamp technique revealed the pres
ence of a selective current that was inhibited by tolbuta
mide and activated by diazoxide. In addition, by excising in
side-out patches and studying macroscopic currents in this 
stable line, it is possible to show that the currents are inhibited 
by ATP and stimulated by MgADP in the bath solution (see 
below). Thus it is possible to stably express SURl and Kir 6.2 
in HEK293 cells and functionally recapitulate the properties of 
the equivalent native channel found in pancreatic beta cells.

Epitope Tagging SURl and Kir 6.2—In order to explore 
biochemically the interaction between SURl and Kir 6.2, these

proteins have been tagged with short amino acid sequences 
that are recognized by an antibody or by a metal chelate affin
ity resin. Using such approaches it is possible to use a co
immunoprecipitation or co-purification strategy to explore pro- 
tein-protein interactions (27, 28). Using standard molecular 
techniques a series of epitope tags, including six histidines 
(Hisg), Myc, and FLAG epitopes, were introduced onto the C 
terminus of SURl (SURl-Myc, SURl-MycHiSg) and Kir 6.2 
(6.2-Hisg, 6.2-FLAG, 6.2-MycHisg). Kir 2.1 was tagged at the N 
terminus with six histidines (Kir 2.1-Hisg) (25).

The functional consequences of such modification of the pro
teins was first assessed. Radioligand binding using tritiated 
ghbenclamide was performed on homogenates of polyclonal cell 
lines expressing SURl, SURl-Myc, SURl-MycHisg, and a 
monoclonal cell line expressing Kir 6.2 and SURl. The binding 
parameters (±S.E., in pmol/mg of protein) determined 
from a number of such experiments were as follows. For SURl 
(n = 4) Kj) = 1.30 ± 0.05 nM, = 14.09 ± 2.21 and n  ̂
0.97 ± 0.08. For SURl-Myc (n = 4)Kjj = 1.25 ± 0.17 nM, B^^ 
-  20.43 ± 9.29, and -  1.0 ± 0.13. For SURl-MycHisg (n = 
4)Kjj -  1.95 ± 0.79 nM, B^^ = 19.15 ± 6.33, and Ug = 0.90 ± 
0.11. For Kir 6.2 -t- SUR {n = 5) Kjj -  1.41 ± 0.35 nM, =
43.1 ± 9.98, and nn = 0.93 ± 0.13. Thus epitope tagging does 
not affect the ability of the sulfonylurea receptor to bind triti
ated glibenclamide with low nanomolar affinity.

A number of monoclonal stable lines were established ex
pressing various combinations of tagged and untagged pro
teins. The qualitative response of some of these to diazoxide 
and tolbutamide was tested and the mean data obtained at 
-100  mV (nA, ±S.E.) were as follows. For SURl + Kir 6.2: 
control = 2.99 ± 0.51 (n = 11), addition of 0.5 mM tolbuta
mide = 0.53 ± 0.08 (n = 9), and addition of 0.4 mM diazoxide 
6.70 ± 1.53 (n -  5). For SURl-Myc -f 6.2-MycHisg: control = 
3.42 ± 0.48 (n = 12), addition of 0.5 mM tolbutamide = 0.71 ± 
0.23 in = 7), and addition of 0.4 mM diazoxide = 6.34 ± 0.77 
in = 6). For SURl-MycHisg + 6.2-FLAG: control = 3.8 ± 0.43 
in — 13), addition of 0.5 mM tolbutamide — 0.84 ± 0.16 (n = 8), 
and addition of 0.4 mM diazoxide = 7.69 ±  1.78 in = 8). Thus 
epitope tagging does not dramatically alter the drug 
responsiveness.

In contrast in a monoclonal line coexpressing SURl-Myc and 
Kir 2.1-Hisg, the strongly rectifying currents of Kir 2.1 were not 
affected hy tolbutamide and diazoxide. The mean data obtained 
for SURl-Myc 4- Kir 2.1-Hisg (nA, ±S.E.): control = 8.49 ± 0.76 
in = 17), addition of 0.5 mM tolbutamide = 7.52 ± 0.88 (n = 12), 
and addition of 0.4 mM diazoxide = 6.93 ± 0.98 in = 11). 
Therefore, Kir 2.1-Hisg is not fiinctionally modulated by the 
sulfonylurea receptor.

A Biochemical Assay for Protein-Protein Interaction—The 
biochemical characteristics of these cell lines were investigated 
and Fig. lA shows Western blots with the various antibodies 
and antisera used. The immunoblots show that the antibody 
and antisera recognize a specific band of the approximately 
correct molecular weight present in stably transfected but not 
wild type HEK293 cells for SURl-Myc, Kir 2.1, and Kir 6.2. 
SURl-Myc was generally identified as a doublet of approxi
mately 170 and 140 kDa in size. This is likely to represent 
differences in post-translational modification especially glyco
sylation (29). Kir 2.1-HiSg was recognized as a single band with 
a slightly higher molecular weight than might be expected from 
its primary sequence as noted previously (25). Kir 6.2 was 
identified as a single band of approximately 44 kDa. Using this 
antibody occasional background bands were noted.

Fig. IB shows the results of co-immunoprecipitation experi
ments with the Myc antibody against SURl-Myc in the lines 
SURl-Myc + Kir 6.2-FLAG and SURl-Myc + Kir 6.2-Hise.
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F ig. 1. Biochemical characteristics of epitope-tagged stable cell lines. Molecular weight markers are indicated beside the relevant gel. A, detection of protein components with antibodies and antisera used in this study in denatured lysates of cell lines. WT, control nontransfected 
HEK293 cells and stable cell lines expressing components as indicated. B: L, cell lysate used to ascertain expression, IP, after immunoprécipitation; 
and AP, after metal chelate affinity chromatography, (i) shows immunoprécipitation of SURl-Myc alone by the Myc antibody. HC and LC are the 
heavy and light chains, respectively, (ii) the results of co-immunoprecipitation experiments with the Myc antibody against SURl-Myc in the lines 
SURl-Myc + Kir 6.2-FLAG and SURl-Myc + Kir 6.2-HiSg. Purification of SURl-Myc results in the co-purification of 6.2-FLAG and 6.2-HiSg. (iii) 
attempted coimmunoprecipitation experiments in the line SURl + Kir 6.2 (overexposed blot with Kir 6.2 antisera). Kir 6.2 does not copurify if 
SURl is not tagged with Myc. Attempted coimmunoprecipitation experiments in the line SURl-Myc + Kir 2.1-HiSg. Kir 2.1-HiSg does not 
co-immunoprecipitate with SURl-Myc. C, shows the result of a co-purification strategy based on metal chelate affinity chromatography recognizing 
a hexahistidine tag. (i) the addition of MycHisg to Kir 6.2 enables purification using metal chelate affinity chromatography. Control experiments 
in the line SURl + Kir 6.2 showing that the interaction is specific as Kir 6.2 does not purify. Purification of 6.2-MycHiSg in the line SURl-Myc + 
Kir 6.2-MycHis6 leads to copurification of SURl-Myc. The blot is overexposed to clearly show copurification (see “Experimental Procedures”) and 
the Myc antibody also recognizes Kir 6.2-MycHis6 as indicated by the arrows, (ii) purification of Kir 2.1-HiSg in the line SURl-Myc + Kir 2.1-Hisg. 
The wash conditions used for the purification are adequate as SURl-Myc does not purify when expressed alone. Purification of Kir 2.1-HiSg does 
not lead to co-purification of SURl-Myc.

Immunoprécipitation of SURl-Myc results in the coimmuno
precipitation of 6.2-FLAG and 6.2-Hisg. This result is likely to 
be due to a specific protein-protein interaction as Kir 6.2 does 
not copurify in immune complexes if SURl is not tagged with 
Myc and Kir 2.1-Hisg does not co-immunoprecipitate with

SURl-Myc. These experiments were repeated on at least two 
other occasions with similar results.

Fig. 1C shows the result of a co-purification strategy based 
on metal chelate affinity chromatography recognizing a hexa
histidine tag in the line SURl-Myc + Kir 6.2-MycHisg. Purifi-
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F i g . 2. Biochemical studies on Kir 6.2/Kir 2.1 chimaeras. Molecular weight markers are indicated beside the relevant gel. A, the boundaries 
of the chimaeras A-F. The N and C termini are intracellular, the first transmembrane Ml segment lies between residues 72 and 93 in Kir 6.2 and 
residues 87 and 109 in Kir 2.1, H5 lies between residues 120 and 136 in Kir 6.2 and residues 132 and 148 in Kir 2.1 and the second transmembrane 
M2 segment lies between residues 149 and 169 in Kir 6.2 and residues 157 and 178 in Kir 2.1. The exact joins are indicated. B: HEK293, control 
nontransfected HEK293 cells; L, cell lysate used to ascertain expression; IP, after immunoprécipitation. Coimmunoprecipitation experiments with 
the Myc antibody in the lines ChmA + SURl-Myc, ChmB + SURl-Myc and ChmC 4- SURl-Myc. All three chimaeras are coimmunoprecipitated 
with SURl-Myc. C, coimmunoprecipitation experiments with the Myc antibody in the lines ChmD + SURl-Myc, ChmE + SURl-Myc, and ChmF 
+ SURl-Myc. Chm D and Chm F coimmunoprecipitated with SURl-Myc but Chm E did not.

cation of 6.2-MycHiSg leads to the copurification of SURl-Myc. 
This result is likely to indicate a specific protein-protein inter
action. The wash conditions are adequate because SURl-Myc 
does not purify when expressed alone. Additionally, the puri
fication of Kir 2.1-Hisg does not lead to the co-purification of 
SURl-Myc. These experiments were repeated on at least two 
other occasions with similar results. Of the two strategies, that 
based on immunoprécipitation proved the most robust and was 
used to explore the interaction domain.Biochemical Analysis of Kir 6.2 / Kir 2.1 Chimaeras—In order 
to explore the domains responsible on the channel for the 
biochemical interaction with the sulfonylurea receptor, a chi
meric analysis was undertaken between a channel that does 
not interact with SURl, namely Kir 2.1 and one that does Kir
6.2. Fig. 2A shows the boundaries of the chimaeras constructed 
between Kir 6.2 and Kir 2.1. Monoclonal stable lines were 
constructed expressing these together with SURl-Myc and 
subjected to a co-immunoprecipitation strategy outlined in Fig. 
IB. The antisera to Kir 2.1 and Kir 6.2 both recognize epitopes 
in the distal C terminus and can be used to identify the chi
maeras biochemically (Fig. 2). The chimaeras selected for anal
ysis represent evenly spaced progressive replacement of seg
ments of one channel with the other.

Fig. 2B shows that immunoprécipitation of SURl-Myc leads 
to the copurification of Chm A, Chm B, and Chm C. In addition, 
immunoprécipitation of SURl-Myc leads to the copurification 
of Chm D and F but not Chm E (Fig. 2C). Chm D also coim
munoprecipitated with SURl-Myc in another cell line in which 
there were lower expression levels of the channel chimaera (not 
shown). The experiments were performed at least three times 
with similar results.

Functional Analysis of Kir 6.2 / Kir 2.1 Chimaeras—A funda
mentally important question relates to the functional conse
quences of this interaction: is the presence of the protein- 
protein interaction sufficient to confer full sensitivity to 
nucleotides and drugs? Three of the chimaeras led to the ex
pression of current in the presence of SURl-Myc (Chm A + 
SURl-Myc, Chm B 4- SURl-Myc, and Chm F 4- SURl-Myc) 
while the other three did not (Fig. 3A). Chm A, Chm B, and 
Chm F did not express in the absence of SURl-Myc (not shown, 
assayed using transient transfection).

Variations in the magnitude of macroscopic currents or sin
gle-channel current deflections (NPo) of these chimaeras in the 
inside-out configuration were measured in response to perfu
sion with ATP and ADP in the bath (Fig. 3B). The results show 
that ChmA 4- SURl-Myc is ATP-sensitive (ECgo equivalent to 
555 /x m )  but less so than Kir 6.2 4- SURl (ECgg equivalent to 
24.8 p-m) while Chm F 4- SURl-Myc is ATP insensitive (Fig. 
3C). The activity of Chm B 4- SURl-Myc declined rapidly upon 
patch excision and thus ATP sensitivity of the current in the 
whole cell configuration was examined. With 0.6 mM in the 
pipette solution a current density at —50 mV of 0.279 ± 0.052 
nA/pF (n =  17) was measured and with 3 m M  ATP in the pipette 
solution a current density at -5 0  mV of 0.368 ± 0.077 nA/pF {n = 12) was obtained. No significant decrease in the current 
density was apparent. Thus ATP sensitivity can he profoundly 
modulated by modification of either the N or the C terminus. 
The potential for current enhancement by MgADP was deter
mined (Fig. 3, D and E). Chm A 4- SURl-Myc shows sensitivity 
in the presence of 1 m M  ATP but not 0.1 m M  and Chm F is ADP 
insensitive.

The drug sensitivity of the chimaeras was next determined
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Fig. 3. Expression and nucleotide sensitivity of Kir 6.2/Kir 2.1 chimaeras. A, current density at a step potential of -50 mV measured with 
0 ATP in the pipette for WT, Chm C + SURl-Myc (C), Chm D + SURl-Myc (D) and Chm E + SURl-Myc (E) and 0.6 mM ATP for Chm A + 
SURl-Myc (A), Chm B + SURl-Myc (B), and Chm F + SURl-Myc (F). Chm A + SURl-Myc, Chm B + SURl-Myc, and Chm F + SURl-Myc express 
current compared with wild-type cells and Chm C + SURl-Myc, Chm D + SURl-Myc, and Chm E + SURl-Myc do not. B, macroscopic currents 
recorded in the inside-out configuration showing responses to ATP. C, dose-response curve for ATP inhibition for SURl + Kir 6.2 {squares), Chm 
A + SURl-Myc {triangles), and Chm F + SURl-Myc {diamonds) fitted with curves as indicated in the text. HIc is the decrease in current relative 
to control measured at -100 mV. The results show that ChmA + SURl-Myc is ATP-sensitive (loglECjo) = -3.26 ± .05 equivalent to 555 yM,= -1.09 ± 0.13) but less so than Kir 6.2 + SURl (loglECgo) = -4.61 ± 0.03 equivalent to 24.8 /a m , = -1.05 ± 0.07) while Chm F + SURl-Myc 
is ATP insensitive. D, macroscopic currents recorded in the inside-out configuration showing responses to MgADP. E, increase in current relative 
to control {I/Ic) measured at a step potential of -100 mV.

in the whole cell configuration (Fig. 4). Chm A -f SURl-Myc 
was modulated by tolbutamide and diazoxide with 3 mM ATP in 
the pipette solution. Chm B -t- SURl-Myc was unresponsive to 
diazoxide at either ATP concentration while it was partially 
sensitive to tolbutamide. Chm F SURl-Myc was unrespon
sive to either agent at both ATP concentrations. Dose-response 
curves for tolbutamide inhibition of Chm A + SURl-Myc and of 
Chm B -t- SURl-Myc (Fig. 4D) gave an EC50 of 12.5 and 294 p,M, 

respectively, compared with 10.5 ju,m  for Kir 6.2 -I- SURl. The 
tolbutamide concentrations used in this study are lower by an 
order of magnitude than those that lead to channel inhibition 
by a direct effect on the pore forming subunit (30).

DISCUSSION
The major conclusions of this study are that a domain in the 

proximal C terminus (at least amino acids 208-279) in the 
inwardly rectifying potassium channel Kir 6.2 appears to 
largely determine biochemical interaction with the sulfonylu
rea receptor. However, the presence of this domain is not sim
ply sufficient for the functional communication of signals be
tween the sulfonylurea receptor and Kir 6.2. It seems likely 
that a largely intact Kir 6.2 N and distal C terminus are 
necessary for complete functional reconstitution of the ATP- 
sensitive channel complex.

Fig. 5A shows a cartoon showing assembly of an inward 
rectifier potassium channel such as Kir 2.1 that does not inter
act with an ABC transporter. A region in M2 and the proximal 
C terminus determines homotypic and heterotypic interactions 
(25) together with a contribution from other regions (31, 32). 
The model shown is broadly compatible with recent crystalli

zation studies on a bacterial potassium channel (33) and other 
recent structural studies on the inward rectifiers (34). This 
channel bore closer homology to the voltage-gated family de
spite possessing only two transmembrane segments. A trun
cated version of the channel was analyzed and the structure of 
the C terminus was not determined. In an analogous fashion it 
is likely for the inwardly rectifying family of potassium chan
nels, that H5 only partially spans the membrane and that 
residues in M2 form an inner helix on the inner side of the 
membrane. One potential difference may be that regions in the 
proximal C terminus form part of the pore (35).

Fig. 5B shows a preliminary model for how domains in Kir 
6.2 interact with the sulfonylurea receptor. The basic proposal 
is that the sulfonylurea receptor contacts the pore forming 
subunit through interactions with the proximal C terminus. 
This is an appealing idea as this domain determines how a 
particular inward rectifier interacts with itself and limits the 
extent to which it can interact with other family members (25, 
31, 32). In addition, this domain then determines whether a 
particular inward rectifier can interact with a sulfonylurea 
receptor. It is possible that it will also determine which ABC 
transporter a particular inward rectifier can interact with. For 
example, there exists evidence for functional coupling between 
cystic fibrosis transmembrane regulator and Kir 1.2 and cystic 
fibrosis transmembrane regulator and Kir 6.1 (19-21).

It is interesting to note that the domain involved in homo
typic and heterotypic interactions for voltage-gated family of 
potassium channels namely the N terminus also governs the 
interaction with the auxiliary protein /3 subunits (36-38). The
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interaction of Kir 6.2 with SURl represents a much more 
extreme example of the regulation of a potassium channel by 
an auxiliary protein: expression of current is dependent on 
coexpression of Kir 6.2 with SURl and many of the defining 
characteristics such as drug sensitivity of the current are ac
counted for by SURl. Thus the interaction of auxiliary proteins 
with domains determining homotypic and heterotypic associa
tion may be a general theme in potassium channel assembly.

Furthermore, a series of studies have highlighted the impor
tance of residues in M2 (D172 in Kir 2.1) and the proximal C 
terminus (E224 in Kir 2.1) in determining rectification, perme
ation, and single channel properties (39-46) and it seems 
likely that both regions form part of the pore. Based on the 
recent crystalization studies the hypothesis was advanced that 
potassium channels contain a gate at the inner side of the 
membrane that is responsible for occluding the channel pore 
(33). The sulfonylurea receptor then contacts regions contigu
ous with a critical domain involved in transitions between open 
and closed conformations and ion permeation. It is able to 
directly influence such transitions via a protein-protein inter
action at this point.

It is difficult to exclude the possibility that there may be a 
number of weak protein-protein interactions dispersed 
throughout regions of Kir 6.2 in addition to the strong biochem
ical interaction demonstrated here. The methods used here are 
relatively qualitative but have the advantage of allowing both 
biochemical and functional studies to be performed on the same 
preparation. The above model is compatible with recently pub
lished studies using different methodologies showing that 
SURl is able to interact via a protein-protein interaction with 
Kir 6.2 (9, 13, 47). Furthermore, limited deletions of the C 
terminus (36 amino acids at most) result in channels that are

able to interact with the sulfonylurea receptor both function
ally and biochemically (15, 47, 48).

There is good evidence that ATP acts by binding directly to 
Kir 6.2. Indeed recent studies indicate that mutation of resi
dues 171-182 and 334-337 and a number of residues in the N 
and C terminus can affect ATP sensitivity (49-51). It is pro
posed that residues located at the end or just after M2 are a 
gate while ATP binding occurs at other sites in the distal C 
terminus or by somehow coordinating the N and C termini 
(49-54). Our data are consistent with the above studies and do 
support a model in which both the distal C terminus and N 
terminus are involved. Other modulators ofif^TP channel func
tion, namely tolbutamide, diazoxide, and MgADP, appear to 
exert their effects by interacting with the sulfonylurea recep
tor. All the chimaeras which lead to current expression are able 
to interact biochemically with SURl-Myc. Chm A is able to 
display full functional coupling but higher ATP concentrations 
are necessary to fully unmask it. However, for Chm B and Chm 
F the transduction of signals between the two proteins seems to 
be more profoundly altered. Chm B shows some modulation by 
tolbutamide but is not influenced by diazoxide. Chm F is es
sentially functionally uncoupled from SURl-Myc. The detailed 
interpretation of these experiments is not totally straightfor
ward and a number of possibilities may explain the degrees of 
functional uncoupling seen. For example, the substitution of 
the Kir 6.2 N and C terminus with that of Kir 2.1 may result in 
a channel with high intrinsic open probability (40, 49, 54) or 
there is the possibility that a series of weak protein-protein 
interactions occur between Kir 6.2 and SURl and that these 
have functional importance. Third, the chimeric channels may 
not be properly folded and a subtle disruption in structure may 
have profound functional consequences. The data contains the
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F ig. 5. A cartoon showing a model for assembly of the inward 
rectifiers in a family member that does not interact with SURl
(A) and in one that does (B). For the inwardly rectifying potassium 
channels, the N and C termini are intracellular, the first transmem
brane Ml segment lies between residues 72 and 93 in Kir 6.2 and 
residues 87 and 109 in Kir 2.1, H5 lies between residues 120 and 136 in 
Kir 6.2 and residues 132 and 148 in Kir 2.1 and the second transmem
brane M2 segment lies between residues 149 and 169 in Kir 6.2 and 
residues 157 and 178 in Kir 2.1. A proximal C-terminal domain lying 
between residues 170 and 279 in Kir 6.2 and a distal C-terminal domain 
between residues 280 and 390 is distinguished in Kir 6.2. SURl con
tacts a portion of the proximal C-terminal domain. Two important pore 
forming residues Asp-172 and Glu-224 in Kir 2.1 are marked.

important message that using functional readouts to solely 
examine the interaction between these two proteins should be 
interpreted with care.

In summary, we have established a method for examining 
the protein-protein interaction between SURl and Kir 6.2. We 
have established that Kir 2.1 does not interact with SURl and 
examined a number of chimaeras between these two channels. 
The results point to a domain in the proximal C terminus 
determining biochemical interaction, a domain that also 
largely determines homotypic and heterotypic association be
tween different Kir family members. While this region may be 
necessary for functional communication between the two pro
teins it is not sufficient and full functional reconstitution of

ATP requires that a largely intact N and distal C terminus 
are present in Kir 6.2.
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ATP-sensitive potassium channels are an octomeric complex of four 
pore-forming subunits of the Kir 6.0 family and four sulfonylurea 
receptors. The Kir 6,0 family consists of two known members, Kir 6.1 
and Kir 6.2, with distinct functional properties. The tetrameric struc
ture of the pore-forming domain leads to the possibility that mixed 
heteromultimers may form. In this study, we examine this by using 
biochemical and electrophysiological techniques after heterologous 
expression of these subunits in HEK293 cells. After the coexpression 
of Kir 6.1 and Kir 6.2, Kir 6.1 can be coimmunoprecipitated with 
isoform-specific Kir 6.2 antisera and vice versa. Coex^ression of 
SUR2B and Kir 6.2 with Kir 6.1 dominant negatives a t a 1:1 expression 
ratio and vice versa led to a potent suppression of current. Kir 6.1, and 
Kir 6.2 dominant negative mutants were without effect on an in
wardly rectifying potassium channel from a different family, Kir 2.1. 
Single-channel analysis, after coexpression of SUR2B, Kir 6.1, and Kir
6.2, revealed the existence of five distinct populations with differing 
single-channel current amplitudes. All channel populations were 
inhibited by glibenclamide. A dimeric Kir 6.1-Kir 6.2 construct ex
pressed with SUR2B had a single-channel conductance intermediate 
between that of either Kir 5.2 or Kir 6.1 expressed with SUR2B. In 
conclusion, Kir 6.1 and Kir 6.2 readily coassemble to produce func
tional channels, and such phenomena may contribute to the diversity 
of nucleotide-regulated potassium currents seen in native tissues.

Both the voltage-gated (Ky) and inwardly rectifying family (K^) 
of potassium channel are tetrameric proteins with a large 

number of family members (1). The cloned members of the 
inwardly rectifying family of potassium channels form a number of 
currents that have key physiological functions (2). The tetrameric 
structure of channels leads to the possibility of coassembly to 
form unique heteromultimeric channels. Indeed, with the voltage- 
gated family, there is good evidence that coassembly can largely 
occur only between the subfamily members but not between 
different subfamilies and is determined by an N-terminal compat
ibility domain (3). In addition, such coassembly occurs in heterol
ogous and native systems and contributes to the diversity of 
functional properties of voltage-gated potassium channels (4-7). In 
contrast, the picture with inwardly rectifying potassium channels is 
more complex. Channels can exist largely as homomultimers in 
heterologous expression systems and native tissue despite the 
expression of other subfamily members in the same cell (8,9 ) and 
as heteromultimers, in which the major functional component is a 
mixture (10).

ATP-sensitive potassium channels have a role in linking 
metabolism to electrical excitability and control processes such as 
insulin release from the pancreatic ,8 cell (11). The ATP-sensitive 
potassium channel is an octomeric protein complex composed of 
two subunit types, namely a pore forming subunit (Kir 6.1, Kir 6.2) 
and the sulfonylurea receptor subunit (SURl, SUR2A SUR2B), a 
member of the ATP-binding cassette transporter family of proteins. 
The assembly of a particular pore-forming subunit with a particular 
SUR generates currents with a characteristic single-channel con
ductance, nucleotide regulation, and pharmacology (12-15). It is 
clear that, in some settings, the cloned currents are essentially

equivalent to the native current; for example, the combination of 
Kir 6.2 and SURl is very like the channel native to the pancreatic 
/8 cell. However, in others tissues, most notabfy smooth muscle, 
there are discrepancies (16). A  key issue is whether mixed hetero
multimeric populations can occur with this important channel 
subfamily. If functional, these might be expected to have hybrid 
properties. In this study, we show that heteromultimerization occurs 
readily between Kir 6.1 and Kir 6.2 and results in functional channel 
populations with differing single-channel conductances.

Methods
Molecular Biology. Standard subcloning techniques were used 
throughout. SURl, SUR2A and SUR2B, Kir 6.1 were expressed in 
pcDNA3 (Invitrogen) and Kir 6.1, Kir 6.2 and Kir 2.1-His6 in 
pcDNA3.1/Zeo (Invitrogen). Mutations were introduced into Kir
6.1 and Kir 6.2 by using the OuickChange kit (Stratagene) accord
ing to manufacturer’s instructions. A Kir 6.1-Kir 6.2 dimer was 
constructed based on a Kir 6.1-green fluorescent protein (GFP) 
construct. The latter was generated by subcloning a BamHI/EcoRI 
fragment of Kir 6.1 into the BgM/EcoKl site of pEGFP-Nl 
(CLONTECH). A  PCR fragment was generated by using a high 
fidelity polymerase (Vent DNA polymerase; New England Biolabs) 
corresponding to the remaining coding sequence of Kir 6.1 without 
the stop codon and in-frame with GFP. This fragment was then 
subcloned into the above with an EcoR\/Apa\ digest to give Kir 
6.1-GFP in pEGFP-Nl. Kir 6.2 was amplified as above by using 
PCR to include a BamHl and Noil site. The latter digest was then 
used to fuse Kir 6.2 in-frame with Kir 6.1 by replacing enhanced 
GFP (EGFP) in the vector. The final product and Kir 6.1-GFP were 
sequenced to confirm their identity.

Cell Culture and Transfection. HEK293 cells were cultured and 
transfected, and stable cell lines expressing SUR2B 4- Kir 6.1, 
SUR2A + Kir 6.2, SUR2B + Kir 6.2, or Kir 6.1 +  Kir 6.2 were 
generated as previously described (17). For the dominant negative 
experiments, HEK293 cells were transfected with wild-type Kir 6 j: 
and mutant cDNA in a 1:1 ratio (0.2 pg wild type and 0.2 pg 
mutant) together with SUR2B cDNA (0.4 pg). For single-channel 
recording, the Kir 6.1 + Kir 6.2 stable cell line was transfected with 
0.4 pg SUR2B cDNA For electrophysiological recording, GFP 
cDNA (50-100 ng, EGFPNl; CLONTCCH) was cotransfected to 
enable transfected cells to be identified by epifluorescence.
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Antiserum Production in Rabbits. Peptides corresponding to the C 
terminus of Kir 6.1 (RRNNSSLMVPKVQFMTPEGNOC) and 
both the N terminus (EEYVLTRLAEDPAEPRYRC) and the 
C terminus of Kir 6.2 (DALTLASSGPLRKRSC) were synthe
sized and linked to keyhole limpet hemocyanin before injection 
into rabbits by using standard protocols (Regal Group, Surrey, 
U.K.). Bleeds were assayed for activity by using a standard 
ELISA assay, and bleeds showing reactivity were affinity 
purified.

Covalent Coupling of Antibodies to Protein A Sepharose. Approxi
mately 10 //g of affinity-purified antibody in TBS at a concentration 
of 10 yug/ml was incubated with 10 mg protein A Sepharose CL-4B 
(Amersham Pharmacia) at room temperature for 1 h with gentle 
rotation. The Sepharose pellet was collected by centrifugation and 
washed twice with coupling buffer (200 mM sodium borate, pH 
9.0). After washing, the pellet was resuspended in coupling buffer 
containing 20 mM dimethylpimelimidate and incubated for 30 min 
with gentle rotation. The reaction was stopped by collecting the 
Sepharose pellet by centrifugation and washing with stop buffer 
(200 mM ethanolamine, pH 8.0). The Sepharose pellet was then 
incubated for a further 2 h in stop buffer at room temperature with 
gentle rotation. The pellet was harvested by centrifugation and 
washed with 100 mM glycine (pH 3.0) to remove any antibody 
molecules noncovalently bound. The washed pellet was then re
suspended in TBS to produce a 1:1 suspension.

Gel Electrophoresis and Immunoprécipitation. SDS/PAGE Western 
blotting and immunoprécipitation were carried out as previously 
described (17).

Immunofluorescence. Ceils were plated onto multispot glass micro
scope slides (pretreated with a 0.01% solution of Poly(L)-Lysine). 
All subsequent steps were done at 4°C unless otherwise staled. 
Cell-coated slides were washed in PBS before incubation with 4% 
(vol/vol) formaldehyde solution. Slides were then given two washes 
( 10 min/wash) with large volumes of PBS before a 20-min perme- 
abilization step with PBS + 0.2% Triton X-100. Slides were washed 
twice with PBS and then incubated with blocking solution (2% 
BSA, 5% goat serum, 0.1% Triton X-100 in PBS) for 1 h. Primary 
and secondary antibodies were prepared in blocking solution at the 
dilutions indicated and centrifuged for 10 min at 20,800 X g to 
remove any aggregated material. After blocking, 50 /d of affinity- 
purified primary antibody (1:500 dilution) was layered onto the 
slide and incubated for 1 h followed by four washes with PBS. A 
1:300 dilution of secondary antibody (Rhodamine red conjugated 
goat anti-rabbit IgG; Molecular Probes) was then applied to the 
slide in a 50-/zl volume and incubated for 1 h at room temperature. 
Alter a final set of four washes with PBS, the slides were air dried 
and mounted with Vectashield (Vector Laboratories). Slides were 
viewed and analyzed by using a computer-based image analysis 
system ( o p e n i a b  3.i; Improvision, Cambridge, U.K.) coupled to a 
Zeiss Axiovert 100 M microscope equipped with epifluorescence 
illumination and appropriate filter sets (Omega Optical, Brattle- 
boro, VT).

Electrophysiology. Whole-cell and cell-attached patch-clamp re
cordings were performed by using an Axopatch 200B amplifier 
(Axon Instruments, Foster City, CA). Current signals were filtered 
at 1-2 kHz and digitized at 5 kHz by using Digidata 1200 interface 
and analyzed by using poj m̂p software (Axon Instruments) and 
S A im i  V3.2 (Intracel, Coventry, U.K.). Patch pipettes were pulled 
and fire polished by using a DMZ-universal puller (Zietz Instru
ments, Germany). Pipettes had resistances of 1.5-3 MH for whole- 
cell recordings and 6-9 MH for cell-attached recordings. The 
capacitance of pipettes was reduced by coating pipettes with a 
parafilm/mineral oil suspension and compensated for electroni
cally. Series resistance during whole-cell recording was compen-
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Fig. 1. C haracterization of antisera by W estern blotting  and  im m unoflu
orescence and coim m unoprecipitation o f Kir 6.1 and Kir 6.2. (A) W estern 
blots characterizing Kir 6.0 subtype antisera. Samples w ere  run on a 10% 
(S61C probed  blot) or a 12% (S62C/N probed blot) denatu ring  polyacryl
am ide gel. The am ount of each sam ple loaded was 3.5 fig, and  all blots w ere 
exposed to  film fo r 30 s. The position of th e  Kir 6.0 subtype is indicated by 
th e  arrows, and th e  m olecular w eigh t m arkers are shown alongside the  
blots. Kir 6.1 m igrates as an approxim ately 48-kDa pro tein  and Kir 6.2 
m igrates as an approxim ately 44-kDa protein . The lanes labeled WT den o te  
un transfected  HEK293 cells, (fi) C haracterization of im m unofluorescence 
against th e  Kir 6.1 -r SUR2B and th e  Kir 6.2 4- SURl lines. Imm unofluores- 
cent staining and analysis was as described in M ethods. The subtype 
specificity o f im m unostaining and  com petition  by preincubation w ith th e  
im m unogenic pep tide  (1 m g/m l) can be observed. (C) On th e  Left, a 
W estern b lo t (from a 12% denatu ring  polyacrylamide gel) probed w ith  th e  
S62C antisera. From L eft to  Right, th e  first th re e  lanes show  th a t  Kir 6.2 is 
p resen t in th e  SURl -r Kir 6.2 cell line (PS, pro te in  sample) and  th a t  th e  Kir 
6.1C antiserum  does no t im m unoprecip itate Kir 6.2. The next four lanes 
show im m unoprécipitation studies done  on a stab le  line coexpressing Kir
6.1 and Kir 6.2. As expected, Kir 6.2 is im m unoprecip itated  by bo th  S62C 
and S62N, b u t Kir 6.2 is also coim m unoprecip itated  by th e  S61C antiserum . 
On th e  Right, a W estern b lo t (from a 10% denatu ring  polyacrylamide gel) 
probed w ith  th e  S61C antisera. From L e ftto  Right, th e  first fo u r lanes show 
th a t  Kir 6.1 is p resen t in th e  SUR2B + Kir 6.1 cell line (PS, d enatu red  p ro te in  
sam ple hom ogenate  tak en  before  IP) and th a t  th e  S62N and S62C anti- 
serum do n o t im m unoprecip itate Kir 6.1. The next fou r lanes show  th e  
samples of h o m ogenate  and im m unoprécip itation  reactions from  th e  Kir
6.1 ^  Kir 6.2 stab le  line, and they  show  th a t  Kir 6.1 is im m unoprecip itated  
by th e  S61C antiserum  and  also coim m unoprecip itated  by th e  S62C and 
S62N antisera  (same samples as exposed to  th e  S62C antisera  on  th e  Left). 
Both W estern blots w ere exposed to  film fo r 30 s. The positions of Kir 6.1, 
Kir 6.2, and th e  Ig heavy chain (IgH, only a small am oun t p resen t because 
of th e  covalent linkage to  pro te in  A) a re  indicated by th e  black arrows. 
M olecular w e ig h t markers are shown alongside th e  blots.
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saled to at least 75% by using the amplifier. The pipette solution 
contained (in mM); 107 KCl, 1.2 MgCb, 1 CaCb, 10 EGTA, 5 
Hepes (with 33 mM KOH to pH 7.2) and the bath solution; 140 KCl, 
2.6 CaClz, 1.2 MgCb, 5 Hepes (pH 7.4) For data shown in Figs. 4 
and 5, single-channel current amplitudes were measured by con
structing amplitude histograms. The data were fitted with a twin 
peak Gaussian function, and the two peaks were subtracted to 
obtain the current amplitude. On a few occasions, the Gaussian 
function did not converge well, and, in this case, the two main peaks 
were subtracted. For the data shown in Fig. 4D, a mean current 
amplitude was measured over a 20-s recording period. Statistical 
analysis was carried out by using one-way ANOVA or Student’s t 
test as appropriate ( o r i g i n  V6.o). Statistical significance is as 
indicated in the legend and text. Data are presented as mean ± 
SEM.

Results
We first set out to investigate the ability of Kir 6.1 and Kir 6.2 to 
interact by using biochemical assays. A number of rabbit antisera 
were generated to peptides corresponding to regions in the N and 
C terminus of Kir 6.2 (S62N and S62C) and the C terminus of Kir
6.1 (S61C). We first tested the ability of these antisera to specifically 
recognize Kir 6.1 and Kir 6.2 in control HEK293 cells and in stable 
lines expressing Kir 6.2 and SURl, Kir 6.2 and SUR2A, and Kir 6.1 
and SUR2B. Fig. lA shows that the antisera recognize proteins of 
the predicted molecular weight by immunoblotting. Dot blots to the 
relevant peptide show equivalent sensitivity of the two antisera used 
in Fig. lA, S62C and S61C (not shown). The comparable intensity 
of the signal from the lysate indicates that Kir 6.1 and Kir 6.2 are 
expressed at approximately the same level in the Kir 6.1/6.2 stable 
line. Fig. IB shows that two of the antisera (S61C and S62C) lead 
to specific immunofluorescence. The antiserum raised to the N 
terminus of Kir 6.2 (S62N) was also selective when tested in an 
analogous fashion (not shown). The antisera were next used to test 
the potential for Kir 6.1 and Kir 6.2 to interact biochemically by 
using a coimmunoprecipitation strategy. Covalent coupling of the 
antisera to protein A avoids problems of recognition of the heavy 
chain by the secondary antibody. Fig. 1C shows that, in a mono
clonal stable line expressing both Kir 6.1 and Kir 6.2, immunopré
cipitation of Kir 6.1 by S61C resulted in copurification in immune 
complexes of Kir 6.2. In a reciprocal fashion, immunoprécipitation 
of Kir 6.2 by both S62N and S62C resulted in the copurification of 
Kir 6.1. In each case, the coimmunoprecipitation was judged to be 
meaningful, as Kir 6.1 was not immunoprecipitated from the 
SUR2B -k Kir 6.1 stable Une by S62N or S62C (Fig. 1C) but S61C 
could (not shown), and Kir 6.2 was not immunoprecipitated from 
the SUR2A + Kir 6.2 stable line by S61C (Fig. 1C) but S62N and 
S62C could (not shown). The experiment shown in Fig. 1C was 
repeated on at least two other occasions with similar results. On two 
of the four occasions during immunoprécipitation with S62N and 
S62C from the Kir 6.1 -f- SUR2B line, prolonged exposure of the 
blot (>5 min) revealed a band of similar but slightly higher mobiUty 
than Kir 6.1. However, with shorter exposures, the data in Fig. 1C 
clearly show specific and robust coimmunoprecipitation of the 
heterologously expressed components.

The tetrameric nature of potassium channels gives the potential 
to explore interactions between subunits by using a functional 
dominant negative assay (18). The dominant negative effect arises 
because a mutant nonfunctional subunit can inactivate the function 
of wild-type subunits in a tetramer. Thus, mutations were intro
duced into the conserved GFG sequence in the pore of Kir 6.1 
(GFG to AFA; 61GA and GFG to SFG; 61GS) and Kir 6.2 (GFG 
to AFA; 62GA) (19,20). To ensure potentially equal expression of 
wild-type and mutant subunits, these constructs were transfected 
transiently at equal concentration together with SUR2B, and 
whole-cell membrane currents were recorded by using the patch- 
clamp technique. SUR2B is the putative smooth muscle sulfonyl
urea receptor (21). Fig. 2 shows the effect of coexpression of 61GA,

Control 300 uM  d iazoxide 10 mM  g libenclam ide

<

i
600B 2nA

S Ç  400 

c <K 5 200
40  m s

Fig. 2. Dom inant negative effects of 6tGA, 61GS, and 62GA on SUR2B -  Kir 
6.1 current expression. {A) Whole-cell current traces recorded from cells 
transiently transfected with SUR2B + Kir 6.1 (WT), SUR2B + Kir 6.1 -k 61GA 
(61GA), SUR2B + Kir 6.1 -n 61GS (61GS), o r SUR2B + Kir 6.1 -h 62GA (62GA) 
under th e  control conditions (5 min after breakin), in th e  presence of diazox
ide (300 /iM) and glibenclamide (10 ^ ) ,  respectively. The p ipette  solution 
(see Methods) was supplem ented w ith 0.5 mM GDP. (8) Summarized data  for 
the  currents m easured a t -1 0 0  mV. P <  0.01 one-way ANOVA.

61GS, and 62GA on Kir 6.1 + SUR2B currents. Potassium- 
selective currents were recorded in symmetrical potassium solu
tions (see Methods) with 0.5 mM GDP in the pipette, the inclusion 
of which resulted in current run-up over a 5-min period. Under 
these conditions, however, Kir 6.1 -t- SUR2B currents were in
creased further by the application of the potassium channel opening 
drug, diazoxide and almost totally blocked by the sulfonylurea.

(Control 300 uM  d iazox ide  10 pM  g libenclam ide

2 nA I
40 ms

B
600

1^400
c <
2 3  200

11,

t  —

Fig. 3. Dominant negative effects o f 62GA, 61 GA, and 61 GS on SUR2B Kir 
6.2 current. (A) Whole-cell current traces recorded from cells transiently 
transfected with SUR2B + Kir 6.2 (WT), SUR2B -h Kir 6.2 -  62GA (62GA), SUR2B 
+ Kir6.2 + 61 GA(61 GA), orSUR2B Kir6.2 -r 61GS(61GS) und erth eco n tro l 
conditions (S min after breakin), in th e  presence of diazoxide (300 /xM) and 
glibenclamide (10 fjM), respectively. The p ipette  solution (see M ethods) was 
supplem ented with 3.0 mM ATP. (6) Summarized da ta  for th e  currents m ea
sured a t -1 0 0  mV. P < 0.01, one-way ANOVA. (Q M ean measured currents at 
-1 0 0  mV recorded from cells transiently transfected with Kir 2.1-His6 and 
cotransfected w ith Kir 2.1-His6 and th e  indicated Kir 6.0 constructs (S min 
after breakin).
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25 ms _ |  2pA  

500 ms

300 pM diazoxide

Mean current = 
0.57±0.23 pA, n=6

300 pM diazoxide 
+

10 pM glibenclamide

Mean current — 
0.04 ± 0.02 pA, n=6

Fig. 4. Five d iffe ren t co nductance  channels in cells coexpressing SUR2B, Kir 6.1, and  Kir 6.2. {A) S ingle-channel cu rre n t tra ce  (ce ll-a ttached  configura tion) 
recorded  a t - 1 0 0  mV in th e  presence o f 300 fiM  d iazoxide from  Kir 6.1 Kir 6.2 s tab le  cell line trans ien tly  tran sfec ted  w ith  SUR2B. (0) R epresen ta tive  recordings 
of five single channel un itary  cu rren ts  (0 1 -0 5 )  a t  - 1 0 0  mV in th e  p resence of 300 /xM d iazoxide an d  th e ir  co rrespond ing  am p litu d e  h istogram s. (O  Bar ch a rt 
show ing  frac tiona l cu rre n t am p litudes norm alized  to  th e  0 5  channel conductance. (D) Pharm acological sensitivity o f sing le-channel cu rren ts  reco rded  from  Kir 
6.1 -  Kir 6.2 s tab le  cell line transien tly  tran sfe c ted  w ith  SUR2B. The c u rre n t am p litude  w as m easu red  as a m ean  cu rren t over 20 s reco rded  a t - 1 0 0  mV and  
significantly  red u ced  in th e  p resence  o f 10 /xM g libenclam ide (P <  0.05, pa ired  f  test).

glibenclamide. The mean data are summarized in Fig. 2B. Current 
densities were calculated at -100  mV as the difference between the 
diazoxide-stimulated and glibenclamide-inhibited current. 61G A  
61 GS, and 62GA all led to a >50% reduction in current compared 
with control, with 62GA being intermediate in potency (P <  0.01, 
one-way ANOVA). Fig. 3 shows an analogous set of experiments 
performed after the transient expression of Kir 6.2 + SUR2B alone 
or together with 61GA 61GS, and 62GA. Kir 6,2 + SUR2B 
currents were recorded after dialysis of the cell with a pipette 
solution containing 3 mM ATP, and current densities were calcu
lated as above. 61GA 61GS, and 62GA all led to a prominent 
dominant negative effect when coexpressed at an equivalent con
centration (Fig. 3B; P <  0.01, one-way ANOVA).

Two potential complicating factors influence the interpretation 
of these experiments. First, these mutants may exert their effects 
through nonspecific interactions, for example, by saturating the 
ability of the cell to synthesize protein. Consequently, we tested the 
ability of these mutants to suppress currents from an inward 
rectifier from a different subfamily, namely Kir 2.1. A hexahistidine- 
tagged Kir 2.1 that expresses well in mammalian cells was used. We 
have previously shown this to have no interaction with Kir 6.1 (8). 
The mean data shown in Fig. 3C indicate that there is no reduction

of current on coexpression with 61GS, 61GA and 62GA (P >  0.05, 
one-way ANOVA). The coexpression of a sulfonylurea receptor 
together with a Kir 6.0 is necessary to produce membrane currents. 
Full-length Kir 6.0 does not traffic to the plasma membrane in the 
absence of a SUR. Second, it is possible that the mutants may 
produce the dominant negative effect by interacting with SUR2B 
and preventing the delivery of wild-type Kir 6.0 subunit to the 
plasma membrane. To address this, SUR2B was expressed at twice 
the concentration. If the provision of SUR2B were limiting, it 
should relieve the dominant negative effect. However, coexpression 
of 61GS with Kir 6.1 and SUR2B still led to a pronounced reduction 
in current (SUR2B -I- Kir 6.1 =  721 ± 1 9 7  pA/pF; SUR2B + Kir
6.1 +  61 GS = 70 ±  33 pA/pF; n =  6, P <  0.01, unpaired t test).

The information presented so far suggests that Kir 6.1 and Kir 6.2 
are able to interact, but it does not address the issue of whether this 
assembly produces current. In other words, do Kir 6.1/Kir 6.2 
heteromultimers result in functional channels? It has been estab
lished that Kir 6.2 has a single-channel conductance of =«70 pS and 
Kir 6.1 of 35 pS in high (=«150 mM) symmetrical K+ (22,23). Thus, 
if coassembly between Kir 6.1 and Kir 6.2 were productive, then 
conductances intermediate in value between these figures might be 
expected. To examine this, single-channel recordings were made in
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Kir 6.1+SUR2B (29.4+0.5 pS, n=8)

Dimer+SUR2B (47.5+1.6 pS, n=8)
II (

Kir 6.2 +SUR2B (60.2+0.5 pS, n=8)

Holding Potential (mV)

100 -50

-5.0 --

2 p A
500 ms

Fig. 5. Single-channel conductances of SUR2B *  Kir 6.1, SUR2B Kir6.1-Kir6.2 dim er and  SUR2B + Kir 6.2 currents. On th e  Left, single-channel current traces 
(cell-attached configuration) recorded a t -1 0 0  mV from SUR2B -  Kir 6. lan d  SUR2B Kir 6.2 stable cell lines and  cells transiently  transfected  w ith SUR2B Kir 
6.1—Kir 6.2 dim er in th e  presence of 300 diazoxide. The single-channel conductances shown are  significantly d ifferen t (P < 0 .0 1 , one-way ANOVA). On th e
Right, th e  current-voltage relationships o f SUR2B + Kir 6.1 (A), SUR2B + Kir 6.1-Kir 6.2 dim er (♦), and SUR2B + Kir6.2 (■) currents.

the cell-attached configuration in the presence of 300 /zM diazoxide 
in the Kir 6.1 + Kir 6.2 stable line transiently transfected with 
SUR2B. Recordings were made at a holding potential of —100 mV 
with 140 mM K  ̂in the bath, and pipette and revealed the existence 
of five separate species of current amplitudes (Fig. 4). Fig. 4A shows 
a trace in which four of these are identifiable and shows the 
tendency of these to occur in bursts of openings. Fig. 4B shows 
single-channel recordings with a shorter time base together with 
examples of the relevant amplitude histogram for each conductance 
species compiled from a single experiment. Fig. 4C shows the 
fractional amplitudes normalized to the largest conductance from 
a number of experiments (P <  0.01, one-way ANOVA). The mean 
currents are Q1 = —2.58 ± 0.10 pA, 0 2  = —3.67 ± 0.05 pA, 03  = 
-4.46 ± 0.05 pA, 0 4  = -5.25 ±  0.08 pA, and 05  = -5.87 ±0.11 
pA (n = 6, F <  0.01, one-way ANOVA). Next, we examined the 
response of this population of conductances to 300 /zM diazoxide 
in the presence and absence of 10 /xM glibenclamide. Currents 
under the latter condition were essentially abolished with no species 
of amplitude appearing resistant (Fig. 4D).

It is an appealing possibility that the five current amplitudes 
observed corresponded, from largest to smallest conductance, to: 
four Kir 6.2, three Kir 6.2/one Kir 6.1, two Kir 6.2/two Kir 6.1, one 
Kir 6.2/three Kir 6.1, and four Kir 6.1. One strategy to test this 
would be to physically constrain the stoichiometry by constructing 
a dimer linking Kir 6.1 to Kir 6.2. The lone expression of such a 
construct would largely be expected to constrain the stoichiometry

to two Kir 6.2/two Kir 6.1. Such a construct was made and 
expression of the cDNA together with that of SUR2B in HEK293 
cells resulted in functional channels. A comparison was made 
between the single-channel conductance of lines stably expressing 
Kir 6.1 + SUR2B and Kir 6.2 4- SUR2B and transient transfection 
of the dimer together with SUR2B. Single-channel current ampli
tudes were measured at a series of holding potentials in the 
cell-attached mode in the presence of 300 /xM diazoxide (Fig. 5). 
The data show that the dimer has a conductance «=79% that of the 
Kir 6.2 homotetramer. This figure agrees closely with the 03  
fractional conductance values shown in Fig. 4C (76%). Our single
channel conductances are a little lower than the 35 and 70 pS 
quoted for Kir 6.1 and Kir 6.2 channel forming complexes (22,23). 
This may reflect our use of SUR2B and our measurements being 
performed in the cell-attached configuration combined with a 
slightly lower potassium concentration.

Discussion
The biochemical and functional data presented here show that it is 
indeed possible for different pore-forming subunits of the ATP- 
sensitive potassium channel to coassemble. The interaction of the 
subunits Kir 6.1 and Kir 6.2 is productive and results in functional 
channel populations with intermediate single-channel conduc
tance. Is it possible to say how readily this interaction occurs? The 
electrophysiological studies can give some insight into this. The 
dominant negative data show that Kir 6.1 dominant negative
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constructs (61GS, 61GA) are able to profoundly inhibit both 
SUR2B + Kir 6.1 and SUR2B + Kir 6.2 currents. In addition, the 
converse also applies; a Kir 6.2 dominant negative construct 
(6.2GA) is able to inhibit both SUR2B + Kir 6.1 and SUR2B +  Kir
6.2 currents. It is worth stressing that all of the pore-forming cDNAs 
and mutants are transfected at equal concentration and thus are in 
a 1:1 ratio. Moreover, by calculating the number of events in the 
peaks on the amplitude histograms of the various conducting 
species, one can get some measure of the relative proportion of each 
species. It is apparent that Kir 6.1 and Kir 6.2 are expressed to a 
similar level (see Results). Performing such analysis, we find that 
05:04:03:02:01 occur in the ratio 1:0.79:0.93:0.64:0.39, and thus 
we estimate that 63% of the channels are heteromultimers. There
fore, in HEK293 cells, this interaction occurs readily and results in 
a significant population of heteromultimers.

Does the process of heteromultimerization result in currents with 
hybrid properties? The major issue addressed in this study is the 
single-channel conductance. The single channel data with a spec
trum of five single-channel conductances in cells coexpressing 
SUR2B, Kir 6.1, and Kir 6.2 imply that potentially all possible 
combinations of Kir 6.1 and Kir 6.2 in the homo- and heterotet- 
ramer are functional. The response of these heteromultimeric 
currents to the pharmacological agents glibenclamide and diazox
ide argue that regulation mediated through the sulfonylurea recep
tor is not disrupted. In addition, the dimer of Kir 6.1 and Kir 6.2 has 
a single-channel conductance intermediate between that of SUR2B 
+ Kir 6.1 and SUR2B + Kir 6.2.

Using a dominant negative assay, Marban and colleagues (20) 
could find no evidence to support coassembly in a different 
heterologous expression system (A549 cells) or in cardiac myocytes. 
However, in their earlier studies, it was noted that a Kir 62 
dominant negative was able to inhibit K a t p  currents in a smooth 
muscle AlO cell line (24). Furthermore, evidence has been pre
sented for the presence of a small conductance channel in these cells 

Tniich' mOfetnlteepmgTviththe potentiabexpression-of Kir 6.1 (25). 
Our conclusions are supported by the work of Zerangue et ai (26), 
who noted using a trafficking assay in Xenopus laevis oocytes that 
Kir 6.1 was able to influence the transport of a Kir 6.2 mutant to 
the plasma membrane. These observations may not be inconsistent 
as trafficking of these subunits may differ according to the cellular 
context. For example, it is possible that Kir 6.1 may be able to form

a component of the mitochondrial ATP-sensitive potassium chan
nel in brain, liver, and skeletal muscle (27, 28).

Are there aity indications that such coassembty may form mean
ingful currents in a physiological setting? Both Kir 6.2 and, in 
particular, Kir 6.1 are widely expressed in a number of tissues, so 
the potential certainly exists (28-30). It seems very likely that, in 
some tissues, I k a t p  is an assembly between four identical SUR 
subunits and four identical Kir 6.0 subunits. For example, in skeletal 
and cardiac muscle, the channel is likely to be made up of SUR2A 
and Kir 6.2, as indicated by the similarities in the single channel 
conductance and pharmacology of the native and heterologously 
expressed channel. In such circumstances, if Kir 6.1 is expressed, for 
example in skeletal muscle, there must be trafficking and/or 
assembly mechanisms, such as those indicated above, preventing 
interaction. However, in brain and, in particular, smooth muscle, 
there seems to be significant heterogeneity in the measured single
channel conductance for the recorded ATP-sensitive potassium 
currents (11,16,31,32). For example under identical conditions to 
those used ty ourselves (i.e., cell-attached 140 K+ in the pipette and 
bath), a 42-pS channel is found in portal vein (33) and a 43-pS 
channel in urethra (34) that closely corresponds to our 0 3  con
ductance (predicted conductance =  44.6 pS). In addition, mimick
ing the conditions described by other investigators (not shown), we 
find that some of the described conductances also correspond to 
both homo- and heteromultimers (35). It is plausible that differ
ences in the relative levels of expression, activation conditions, or 
other factors may determine which particular subset of homo- or 
heteromultimers predominate.

We are currently studying the nucleotide regulation of the dimer 
and Kir 6.1 and Kir 6.2 homomultimers. Other investigators, using 
dimeric and tetrameric constructs of Kir 6.1 and Kir 6.2, have 
observed identical ATP sensitivity with one or more Kir 6.2 
subunits included in the complex (36,37). In conclusion, Kir 6,1 and 
Kir 6.2 readily coassemble to produce functional channels and may 
contribute to the diverrity of nucleotide-regulated currents seen in 
native tissues.
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