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Abstract:

The cloned G-protein gated inwardly rectifying channel (a tetramer composed of 

Kir3.1-3.4 subunits) is activated by direct binding of Gpy dimers, liberated by 

receptor activation of the Gj/o subfamily of heterotrimeric guanine nucleotide binding 

(G)-proteins. The interaction of these three membrane-associated components, G- 

protein coupled receptor (GPCR), heterotrimeric G-protein and channel, is rapid in 

native cells, with full channel activation via the GABA_b receptor occurring within a 

few hundred milliseconds (Sodickson & Bean, 1996 and 1998), and current 

deactivation occurring with a time constant of 1-2 seconds. Recent discovery of the 

Regulators of G-protein signalling (RGS) protein family has solved a major 

discrepancy between the slow deactivation of purified G-proteins and the fast 

deactivation of G-protein mediated signalling pathways. Their discovery has 

generated considerable interest in the kinetics of G-protein signalling and the 

organisation of these signalling components in the cell membrane. For these studies, 

the GIRK signalling system was reconstituted in mammalian HEK-293 cell lines, 

stably expressing the cloned neuronal channel subunits (Kir3.1 and Kir3.2A) plus a 

Gi/o-coupled GPCR (a2A adrenergic, Ai adenosine, D] dopamine, M4 muscarinic and 

the heterodimeric GABA-Bib/2 receptors).

Chapter 1 provides a general introduction to G-protein signalling and reviews our 

current understanding of the factors involved in the regulation of GIRK channels. In 

Chapter 2, the methods and experimental protocols used in the study are described. 

In Chapter 3 ,1 present a systematic analysis of the factors that contribute to the rapid 

activation of the channel complex, and in Chapter 4 the characteristic fast



desensitisation of receptor-activated currents is examined. Factors influencing 

channel deactivation upon removal of agonist are explored in Chapter 5, and in 

Chapter 6  I describe the effects of the novel RGS protein family in these cell lines. 

Conclusions and future directions for this work are presented in Chapter 7.
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block............................................................................................................................... 153

Figure 2.14: Analysis of macroscopic current traces............................................. 158

Figure 2.15: Characterisation of deactivation kinetics.......................................... 162

Figure 3.1: Schematic showing the cubic ternary complex activation model... 167

Figure 3.2: Cartoon showing the A l-G ial (C->G) fused protein.......................171

Figure 3.3: Fused receptor-Ga constructs can activate Kir3.1/3.2 currents when

transiently transfected into the HKIR3.13.2 cell line............................................ 172

Figure 3.4: Current traces recorded from Unfused Clone 2 and Fused Clone 1

cells in response to 2 and 200 second applications of agonist.............................. 175

Figure 3.5: Kinetics of signalling via the Unfused A l receptor and the Fused A l-

Gial (C-^G) construct.................................................................................................178

Figure 3.6: The kinetics of channel activation via different receptors  182

Figure 3.7: Channel activation rate is influenced by agonist concentration and

the guanine nucleotide composition of the pipette solution..................................184

Figure 3.8: Effects of Ga isoform on GIRK activation via the Ai receptor 187

Figure 3.9: The role of the Ga isoform in channel activation via M4 and GABA-

Bib\2 receptors................................................................................................................191

Figure 3.10: Inducible expression of the Gias-CFP subunit in the

HKIR3.1/3.2/A1/ Giag-T stable cell line................................................................... 195

Figure 4.1: All agonist-activated Kir3.1/3.2 currents display fast

desensitisation................................................................................................................214

Figure 4.2: Fast and intermediate phases of current desensitisation are

displayed in receptor-mediated responses in the cell lines studied.....................216

Figure 4.3: GTPyS-loaded cells reveal an inhibitory effect of Ai agonists on the

Kir3.1/3.2 current that is unique to Ai receptor-expressing cells.......................221

Figure 4.4: GTPyS-loaded Fused Clone 2 cells expressing A l-G ial fusion 222

Figure 4.5: Fast current desensitisation depends on the intensity of receptor

stimulation.....................................................................................................................223

Figure 4.6: Both activation and desensitisation of Kir3.1/3.2 currents are

inhibited by GDPps in the pipette solution.............................................................225

Figure 4.7: A simplified version of the G-protein cycle in the presence of an 

activated receptor, AR*...............................................................................................227

12



Figure 4.8: Curve-fîtting analysis of the drug-activated current........................229

Figure 5.1: Deactivation kinetics of Kir3.1/3.2 currents activated via different

receptors show a wide variation................................................................................242

Figure 5.2: Effects of agonist type on channel deactivation kinetics.................. 244

Figure 5.3: Effects of the Ga isoform on channel deactivation...........................246

Figure 5.4: RGS8 exerts different effects on current kinetic parameters in

response to stimulation of different receptors.........................................................248

Figure 5.5: Deactivation of Dzs receptor-mediated currents is rate-limited by 

dissociation of the agonist, quinpirole, and is biphasic when currents are

activated by dopamine in the presence of RGS8.................................................... 250

Figure 5.6: The presence of an endogenous RGS protein in HEK293 cells is

apparent when signalling is constrained to RGS-insensitive Ga subunits 254

Figure 6.1: New tools for studying RGS action: a chimaeric fluorescent protein, 

RGS8-YFP, exerts similar kinetic effects on GABA-B ib/2 receptor-activated

currents as RGS8......................................................................................................... 269

Figure 6.2: Expression of RGS8-YFP or ANRGS8-YFP in the Ai receptor cell

line has no effect on activation kinetics.................................................................... 272

Figure 6.3: The effects of RGS8-YFP and the N-terminally deleted construct,

AN-RGS8-YFP, in the HKIR3.1/3.2/a2A cell line................................................... 275

Figure 6.4: The regulation of Gia2 and GoaA G-protein isoforms by RGS8-

YFP..................................................................................................................................279

Figure 6.5: Activation through the A l receptor, constrained to signal through

GoaA(C-G) subunits, is not enhanced by RGS8-YFP expression.......................282

Figure 6.6: The role of RGS8-YFP expression in regulation of channel

activation and deactivation kinetics......................................................................... 285

Figure 6.7: The kinetic effects of the “RGS” and N-terminal domains of RGS8

in the HKIR3.1/3.2/M4 cell line............................................................................... 288

Figure 6.8: The subcellular distribution of the YFP-tagged RGS8

constructs....................................................................................................................... 292

Figure 6.9: Colocalisation of RGS8-YFP with GoaA-CFP at the plasma

membrane...................................................................................................................... 294

Figure 6.10: Summary of the activation kinetics (lag+ttp) for each cell line 

studied, in the absence or presence (+RGS8) of RGS8-YFP................................ 302

13



Figure 6.11: Possible mechanism of RGS action on G-protein activation 308

Figure 7.1: Diagram showing the proposed membrane-delimited complex of the 

GIRK channel and the G-protein heterotrimer..................................................... 318

LIST OF TABLES

Table 1.1: Some GPCRs that are palmitoylated...................................................... 28

Table 2.1: Genetic constructs available in the laboratory that were used in these

studies............................................................................................................................. 102

Table 3.1: The G-protein coupling profile of the GPCRs used in these

studies............................................................................................................................. 189

Table 3.2: Calculated values for the rate of formation of AR* and the

proportion of active AR* complexes at a given concentration of agonist 200

Table 4.1: % desensitisation (2"** response/1®* response)* 100............................. 217

Table4.2: Summary of measured kinetic parameters from curve-fitting analyses

of recorded data from the HKIR.1/3.2/GGB cell line............................................230

Table 5.1: Chemical structures, formulae, molecular weights and synonyms for

the Al adenosine receptor agonists and Dz dopamine receptor agonists 260

Table 6.1: RGS8 regulation of GoUa and Giaz subunits in the HKIR3.1/3.2/GGB

and HKIR3.1/3.2/M4 cell lines...................................................................................280

Table 6.2: Summary of kinetic data from HKIR3.1/3.2/GGB cells transfected 

with RGS8 and RGS8-YFP-tagged constructs in response to 20 s applications of 

lOOpM baclofen............................................................................................................ 290

14



CHAPTER 1: INTRODUCTION

1.1 Overview: the G-protein cycle

Heterotrimeric G-proteins (or Guanine nucleotide binding proteins) are composed of 

an a , p, and y subunit and are located on the cytoplasmic face of the plasma 

membrane by lipid attachments. In their resting state G-proteins have GDP bound to 

their a  subunit. Binding of an activating ligand (or agonist) to the extracellular face 

of a GPCR turns the intracellular face of the receptor into a catalyst that acts as a 

guanine nucleotide exchange factor (GEF). The activated receptor stimulates the 

release from the G a subunit of GDP that is rapidly replaced by a GTP from the 

cytoplasm. Binding of GTP induces the Ga subunit to dissociate from the receptor 

and from the GPy dimer, generating two signals for the regulation of effectors. 

Active Ga-GTP and GPy subunits then interact with several different effector 

systems including: adenylate cyclase, phospholipase C-p, phosphodiesterases and ion 

channels permeable to and Ca^ .̂

An essential feature of any signalling pathway is the ability to turn itself off (Hille, 

2001). G-protein deactivation occurs when the Ga subunit hydrolyses bound GTP to 

GDP, and reassociation of Ga-GDP with GPy terminates the cellular response. 

Another feature of G-protein signalling is that it is intrinsically kinetic. At a steady 

state, the balance of the rates of GDP/GTP exchange (activation) and of the rate of 

GTP hydrolysis (deactivation) will determine signal amplitude. Therefore the G 

protein cycle determines the amount of G protein in the active GTP-bound state.
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The cycle of G-protein activation and deactivation can be represented as a four-step 

reaction scheme (see Figure 1.1) (Freissmuth et al., 1999).

1) In the inactive state, heterotrimeric assembly of the GDP-bound G a subunit 

with Gpy inhibits the spontaneous release of GDP. In the absence of receptor- 

activation, the relative rates of GDP release (koff < O.lmin'^) and the much 

greater rate of GTP hydrolysis (khyd ^ 3min'^) serve to hold the system in an 

off position.

2) Receptor-stimulated GDP release: The agonist-bound activated receptor 

interacts with its target G-proteins and catalyses the release of GDP from the 

Ga subunit. In the absence of GTP, the agonist (A), receptor (R), and G- 

protein (G) remain bound in a ternary complex (ARG) in which the agonist is 

bound with a considerably higher affinity than if it were bound to the receptor 

alone. This high-affinity ARG state is observed in radioligand agonist binding 

experiments, generally performed using GTP-ffee membrane preparations. In 

intact cells, however, GTP concentrations are high and GTP binds rapidly to 

the empty guanine nucleotide pocket on Ga.

3) Dissociation of subunits and subsequent effector regulation: Upon GTP 

binding, the Ga subunit changes conformation and dissociates from the 

activated receptor. It is generally believed that the Ga-GTP and Gpy subunits 

also fully dissociate, but this has not yet been demonstrated conclusively. 

Both Ga-GTP and Gpy subunits then interact with and modulate the activity 

of their respective effector proteins.
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4) Deactivation: The intrinsic GTP hydrolysis activity of the G a subunit, 

possibly enhanced by a GTPase-activating protein (GAP), results in cleavage 

and release of the terminal phosphate group of GTP. The GDP-bound 

G a subunit then reassembles with Gpy, which results in masking the effector 

interaction sites on both subunits and their deactivation.

Initial estimates for GTP hydrolysis rates (Gga ~0.3min'^; Gj/o a  ~l-3min'^) were 

made using in vitro biochemical assays with purified G-proteins (Gilman, 1987). 

However these rates of GTP hydrolysis are too slow to account for the rapid “turn

o ff’ rates in vivo. For example, in visual responses, the half-life of isolated GTP- 

bound Gt is -15s (corresponding to a slow hydrolysis rate of ~4min'^) whereas light 

responses terminate much quicker (in the order of 100ms). This represented a major 

discrepancy between the rates of GTP hydrolysis and physiological deactivation 

(Vuong & Chabre, 1991). Several studies at the time indicated that the rate of Gta- 

catalysed GTP hydrolysis in intact photoreceptor cells is as fast as physiological 

deactivation suggesting that a putative GTPase accelerating protein (GAP) was lost 

upon purification of Gt (Arshavsky et al., 1991). These findings prompted the first 

searches for proteins that would accelerate hydrolysis of Ga-GTP and bridge the gap 

between fast physiological deactivation rates and slow in vitro GTP hydrolysis rates. 

This search led to the finding that certain effectors can themselves act as GAPs (for 

example, PLC-(31 stimulates GTP hydrolysis by Gqa) and led to the discovery that 

the missing GAP in visual transduction was RGS-9, a member of the novel 

superfamily of Regulators of G-protein signalling (RGS) proteins. These proteins
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stimulate the hydrolysis of GTP bound to Ga subunits by 100-1000 fold (Dohlman 

& Thomer, 1997; Ross & Wilkie, 2000).

GDP GTP
Ga^py \  

2
inactive

Ga-GDP. Py
active

Ga-GTP+ Gpy

GPy

Ga-GDP
PO,̂ '

Figure 1.1: The G-protein cycle.

1 : Binding of drug or neurotransmitter to a G-protein coupled receptor (R*) induces 

a conformational change on the receptor’s cytoplasmic face that interacts with the 

inactive heterotrimeric G-protein. This conformational change induces the G-protein 

to release GDP and bind GTP on the a  subunit. 2: GTP binding alters the 

conformation of the three “switch” regions on in Ga, the main contact sites with 

Gpy, promoting subunit dissociation. 3: The intrinsic GTPase activity of the Ga 

subunit is responsible for hydrolysis of the bound GTP, shifting the equilibrium in 

favour of subunit reassociation. G-protein GAPs act catalytically on the Ga subunits 

by increasing the rate at which the a  subunits hydrolyse bound GTP and return the 

Ga subunit to its inactive state. 4: Reassembly of the inactive heterotrimeric G- 

protein terminates signalling.

18



G-protein coupled receptors (GPCRs) accelerate the activation limb of the G-protein 

cycle whereas the deactivation limb is accelerated by GTPase activating proteins 

(GAPs). In this Introduction, I present a review of our current knowledge of the 

structure and function of GPCRs (Section 1.2), heterotrimeric G-protein subunits 

(Section 1.3), the regulation of the G-protein gated inwardly rectifying (GIRK) 

channel (Section 1.4) and the family of RGS proteins (Section 1.5). In the final 

Section 1.6, the kinetics of G-protein mediated pathways is reviewed and an 

overview of the major questions addressed in this thesis is presented.

1.2 G-protein coupled receptors

1.2.1 Introduction to the superfamily

Cellular responses to extracellular stimuli (such as light, odorants, hormones and 

neurotransmitters) are mediated by receptors, which are proteins that span the cell 

membrane, converting the stimulus into an intracellular message. One category of 

receptors, known as ligand-gated ion channels, consists of an ion channel that is 

contained within the same macromolecular complex as the receptor. Ligand-gated 

ion channels open rapidly when receptor is occupied by an agonist (on a millisecond 

time-scale) and are involved in fast synaptic transmission. These include the 

nicotinic acetylcholine receptor (nAChR), the ionotropic glutamate receptors, the 

GABAa and glycine receptors, and the ATP-gated purinergic (?2x) receptors. For the 

vast majority of cell-surface receptors, the receptor is a separate molecule that 

communicates its message to effector molecules such as ion channels or enzymes via 

intracellular second messenger molecules. The largest and most diverse group of
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such receptors is the G-protein coupled receptor family. The common architecture 

of these receptors (comprised of an extracellular N-terminus, 7 membrane-spanning 

domains connected by 3 intracellular and 3 extracellular loops, and an intracellular 

C-terminal tail) allows the receptor protein to transduce signals across the cell 

membrane. Binding of an activating ligand (or agonist) to the extracellular face of 

the GPCR induces a conformational change in the GPCR that promotes an 

interaction on its cytoplasmic face with heterotrimeric G-proteins.

A third major class of receptors has intrinsic enzymatic activity (tyrosine kinase, 

serine-threonine kinase, tyrosine phosphatase or guanylate cyclase). These receptors 

are single transmembrane spanning proteins that exist as constitutive dimers: most 

receptor tyrosine kinases (RTK), receptor-like tyrosine phosphatases and guanylate 

cyclase-natriuretic peptide receptors form homodimers whereas the serine-threonine 

kinase receptors and the unique EGF receptor family of RTKs form heterodimers.

1.2.2 GPCRs form a superfamily encompassing many receptor families.

The G-protein coupled receptor family is the largest and most common family of 

receptors. With the recent completion of the Human Genome Project, there are 

known to be 616 GPCRs, excluding the olfactory receptors, comprising the second 

largest protein family in the genome after the family of ribosomal binding proteins 

(Venter et al., 2001). GPCRs have been implicated in many disease processes 

including hormonal, cardiovascular, neurological and psychiatric disorders, retinal 

degeneration, cancer and AIDS (Hamm, 2001). Indeed, more than half of all
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clinically useful drugs target GPCRs and either stimulate or block their activity. 

GPCRs are involved in every facet of our behaviour and physiology by recognition 

and transduction of extracellular messages as diverse as light, Ca^^, amino acids, 

nucleotides, monoamine neurotransmitters, peptides and even proteins. They regulate 

the activity of numerous ion channels, enzymes and the intracellular transport of 

vesicles by catalysing the activation of heterotrimeric G-proteins.

Different GPCRs have been grouped into three main subfamilies on the basis of their 

amino acid sequences. Family 1 encompasses most known GPCRs, including those 

for odorants. This has been subdivided into: Family la, containing GPCRs that bind 

small ligands such as the p-adrenergic receptor and the photoreceptor rhodopsin that 

binds its ligand, ll-c /5 -retinal, covalently; Family lb that includes GPCRs that bind 

peptide ligands; and Family Ic that is comprised of GPCRs that bind glycoprotein 

hormones. Although structurally similar to Family Ic, Family 2 members do not 

share any sequence homology with the former; their ligands include high molecular 

weight hormones such as glucagon (Bockaert & Pin, 1999). Most of the receptors 

used in this study belong to Family la  (adenosine A], adrenergic Œ2a, dopamine Dzs, 

muscarinic M4) with the exception of the GABA-b receptor.

Members of the more recently characterised Family 3 include the metabotropic 

glutamate receptors (mGluRs), the Ca^^-sensing receptors (Pin & Bockaert, 1995) 

and the GABA_b receptors (Kaupmann et al., 1997). The traditional view that GPCRs 

exist and function as monomeric proteins has been overturned in the last decade, 

particularly for the GPCR Family 3 (reviewed by Angers et al., 2002). The mGluRs 

and the Ca^^-sensing receptor are homodimers that are linked by disulphide bonds
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formed between their extracellular N-terminal domains (Pin & Bockaert, 1995). 

Even more recently, the GABA.b receptors were found to only exist as functional 

heterodimers. Each receptor is composed of two 7 transmembrane-spanning 

“subunits” encoded by two genes: gbl and gb2. The gbl gene is expressed as three 

splice variants, gbla-lc, with distinct N-termini (Kaupmann et al., 1997, 1998; Jones 

et al., 1998; White et al., 1998). Each subunit is unable to form a functional receptor 

on its own, due firstly to the retention of the GABA_bi subunit in the endoplasmic 

reticulum (ER) without coexpression of GABA.B2 (Couve et al., 1998; Filipov et al., 

2 0 0 0 ). Secondly, the extracellular ligand-binding domain of GABA_bi is absent in 

GABA.B2 (Galvez et al., 2000). Thirdly, the 2"  ̂ and intracellular domains of the 

GABA.B2 subunit appear to carry out the function of G-protein activation (Calver et 

al., 2001; Galvez et al., 2001; Robbins et al., 2001; Magreta-Mitrovic et al., 2001). 

This has led to a proposed “sideways” signalling mechanism for the GABA-b 

heterodimer where the agonist GABA binds to the N-terminal domain of one subunit 

(GABA-bi) that transmits a conformational change into the other subunit (GABA_b2), 

that then recruits and activates G-proteins of the inhibitory Gj/o subfamily (Robbins et 

al., 2 0 0 1 ).

An increasing number of reports of homo- and heterodimerisation occurring among 

Family la  GPCRs is causing a quiet revolution in pharmacology, suggesting a far 

greater diversity of receptor combinations than previously anticipated and having 

implications for the mechanism of receptor activation of G-proteins (reviewed by 

Bockaert & Pin, 1999; Dean et al., 2001; Angers et al., 2002). Although not reviewed 

here, the possible formation of D2 dopaminergic receptor dimers is discussed later in 

this thesis.
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1.2.2 A common central core domain in GPCRs

In spite of the significant sequence variation amongst the GPCR superfamily, all 

these receptors have a common central core domain composed of seven 

transmembrane a-helices (TM-I -  TM-VU), which are connected by three 

intracellular and three extracellular loops. Two conserved cysteine residues found on 

the extracellular loops of most GPCRs form a disulphide bridge that is important for 

the correct folding and stabilisation of the structure of the membrane protein. Large 

variations in the length and sequence of the extracellular N-terminus and 

extracellular loops contribute to the profound differences in ligand binding between 

different GPCRs, and variability within the intracellular C-terminus and three 

intracellular loops of GPCRs govern their specificity for activating certain G-protein 

subfamilies, and hence their ability to target a distinct subset of effectors. 

Surprisingly, for many GPCRs the ligand-binding domain is formed by the 

transmembrane a-helices and lies within the membrane, similar to the binding pocket 

for ll-c /5 -retinal within the rhodopsin molecule (Hibert et al., 1993). However, for 

peptide-binding GPCRs, amino acid residues in the extracellular loops and 

extracellular N-termini of the GPCR are implicated in high affinity binding of 

agonists.

The common core domain of GPCRs, assembled by the seven transmembrane- 

spanning helices, undergoes changes in conformation upon ligand binding that are 

believed to underlie the isomérisation of receptor from inactive to active states. 

Biochemical and mutagenesis studies of GPCRs (based largely on rhodopsin)
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indicate that the shift from inactive to active states involves a change in the relative 

positions of TM-EI and TM-VI, involving a rotation of TM-IV, that exposes G- 

protein binding sites (Barrens et ah, 1996; Bourne, 1997). The principal sites for G- 

protein recognition and interaction are on the 2 "̂  and 3̂  ̂ intracellular loops (which 

are directly linked to TM-fH and TM-VI). For Family 1 GPCRs, critical amino acids 

for G-protein activation include an aspartic acid residue in TM-II and a trio of amino 

acids (DRY or ERW) at the interface between TM-in and the 2"  ̂ intracellular loop 

(see Figure 1.2).

1.2.3 Heterotrimeric G-proteins and their activation by receptors.

What regions of the G-protein heterotrimer does the activated receptor contact? 

Extensive mutagenesis studies have found that all three G-protein subunits interact to 

some extent with the receptor: these include amino acids 1-23 and 299-350 on the 

G a subunit, a region extending from a.a. 280-340 on the GP subunit, and residues 

60-71 on Gy (see Figure 1.2) (reviewed by Hamm, 1998). A thoroughly characterised 

site of interaction is the 7 amino acids at the extreme C-terminus of the Ga subunit 

(Bourne, 1997; Sprang, 1997). Studies using chimaeric Ga proteins find that the 5 

most C-terminal residues in this cluster are crucially important for imparting the 

specificity of receptor activation of certain G-protein subfamilies and not others 

(Conklin et al., 1993). On the GPCR, the C-terminal end of the 3̂^̂ intracellular loop 

is believed to interact with this region (Hamm et al., 1998). A wider region including 

the C-terminal 50 amino acids and the first 20 residues on the N-terminus of G a is 

also involved in receptor contact.
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The G-protein p and y subunits associate as a functional unit that cannot be separated 

unless by dénaturation. The Gpy dimer is also involved in receptor-activation of the 

heterotrimer (Sprang, 1997). Single alanine mutations on the Gp subunit (that impart 

greater flexibility to a protein) were found to inhibit receptor-G-protein activation 

(Ford et al., 1998) suggesting that the Gp subunit may contribute a rigid structure 

against which the Ga subunit must flex as the GDP-binding pocket is pried open. 

Rondard and colleagues (2001) tested this hypothesis by designing a mutant Gga 

subunit that bound Gpy subunits at a tilt. They found that addition of Gpy subunits 

alone could activate this Gga by interacting with the lip on the guanine nucleotide 

binding pocket.

Several studies have reported direct interactions of Gpy subunits with certain 

GPCRs. Taylor et al. (1994, 1996) have shown high affinity interactions of peptides 

derived from the ajK adrenergic receptor with the Gp subunit, and the C-terminal 

region of the y subunit has been shown to contribute to the specificity of receptor to 

G-protein coupling (Kisselev et al., 1995; Yasuda et al., 1996).
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Figure 1.2: Interactions between the G-protein heterotrimer and rhodopsin.

The relative positions of the TM helices of frog rhodopsin are from Unger et al., 

1997. TM helices I, V, VI and VII are in light green; TM helices II, III and IV at the 

rear of this view are in dark green. The chromophore, 11-m-retinal, is in magenta. 

As the structural arrangements of the intra- and extracellular loops of rhodopsin had 

not yet been resolved, they were drawn in. The intracellular loops known to interact 

with the G-protein are in orange (il-3 and the proposed il-4, formed by C-terminal 

palmitolylation - see text) and in brown (il-2). The G-protein a  subunit is in metallic 

blue, the p subunit is pink and the y subunit is dark blue. The bound guanine 

nucleotide (GDP) is magenta. The receptor contact sites are shown in red (see text). 

Lipid attachments to the membrane are shown in bright blue (a palmitate on the C- 

terminus of rhodopsin, a myristate and palmitate on Ga and a famesyl group on the 

Gy subunit). [Reproduced from Hamm, 1998; available from http://www.ibc.org ]
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In 2000, the first high-resolution structure of a GPCR, rhodopsin, was solved in the 

dark state by the groups of Palczewski, Okada, Stenkemp and Miyano (Palczewski et 

al., 2000). The crystal structure reveals that the critical residues for G-protein 

activation are deeply embedded within the TM domains of inactive rhodopsin, 

hidden fi-om its target G-protein, transducin. Furthermore, the cytoplasmic face of 

rhodopsin is relatively narrow (~40Â) compared to the broad membrane-facing 

expanse of heterotrimeric transducin (-75À). Heidi Hamm (2001) comments that: 

“in the ground states of both rhodopsin and transducin, the known points of contact 

are not all achievable and therefore it is likely that large conformational changes 

must occur to produce the active complex.” An alternative possibility is that the G- 

protein heterotrimer may be activated instead by a receptor dimer, with a much 

broader cytoplasmic face (Dean et al., 2001; Angers et al., 2002).

Rhodopsin was the first GPCR shown to be palmitolylated (O’Brien et al., 1987). 

The solution of the crystal structure of bovine rhodopsin revealed that the putative 4̂  ̂

intracellular loop of rhodopsin (proposed to be created by membrane attachment of 

the C-terminal palmitate group) was actually an amphiphilic a-helix that is held in 

parallel to the plane of the membrane by virtue of the palmitate attachment. This 

creates a wider cytoplasmic face for interaction with G-protein heterotrimers. Several 

other Group I GPCRs are similarly palmitoylated at cysteine residues on their C- 

termini as shown in Table 1.1. The functional significance of this is, as yet, 

unknown, but palmitoylation is likely to play a role in the correct processing and 

membrane targeting of the GPCR protein (Gao et al., 1999; reviewed by Qanbar & 

Bouvier, 2003).
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Table 1.1: Some GPCRs that are palmitoylated:

Receptor Position of 

Cysteine residues

Reference

Bovine Rhodopsin 322, 323 O’Brien et al., 1987

Porcine Œ2a receptor 442 Kennedy & Limbird (1994)

Human Ai adenosine receptor 309 Gao et al. (1999)

Human M2 muscarinic receptor 457 Hayashi & Haga (1997)

1.2.4 Different GPCRs activate distinct subfamilies of G-proteins that 

regulate different effectors.

Heterotrimeric G-proteins are composed of 3 subunits, a , (3 and y, with molecular 

masses of 39-45, 35-39 and 6-8 kDa, respectively. As mentioned previously, G- 

protein p and y subunits remain tightly associated as a stable dimer that can only be 

separated under denaturing conditions. The heterotrimer is classified by the nature of 

its a  subunit. So far, 23 different mammalian Ga subunits have been identified. 

These are grouped into subfamilies (Gg, Gj/o/t, Gq/n and G 1 2 / 1 3 )  on the basis of their 

primary sequences, and each subfamily regulates a distinct subset of cellular 

effectors:

(a) Gg:- this subfamily stimulates all isoforms of adenylate cyclase.

(b) Gi/o/t:- this group can be subdivided into Gj/o/z and Gt/g a  subunits. The Gi/o/z 

members inhibit certain isoforms of adenylate cyclase; they also release 

Gpy dimers that stimulate and inhibit certain and Ca^^ ion channels 

respectively, and activate the MAPK cascade. The two Gt a  subunits, known
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as the transducing, stimulate retinal cGMP-phosphodiesterases. The Gg a  

subunit, gustducin, is presumed to stimulate a similar gustatory effector.

(c) Gq/ii: this subfamily activates the P-isozymes of PLC, resulting in breakdown 

of a membrane phosphoinositide PIP2 into two signals: cytoplasmic IP3 that 

releases Ca^  ̂ from intracellular stores, and membrane-bound DAG that is a 

potent activator of certain isozymes of PKC; the Gq/n subfamily also 

modulates the activity of certain families of non-receptor tyrosine kinases.

(d) G 12/13: this subfamily regulates the Na^/H^ transporter and interacts with the 

low molecular weight G-proteins of the rho-family that affect the cytoskeleton.

Some GPCRs are unfaithful to their target G-proteins, particularly when cloned 

receptors are expressed in an artificial environment and reconstituted with purified 

G-proteins; such as for the two examples of “GPCR promiscuity” described below. 

Asano and coworkers (1984) found that the Pi-adrenergic receptor not only coupled 

to its preferred target, Gs, but also to Gt and Gi G-proteins in phospholipid vesicles. 

Similarly, Chabre et al. (1994) demonstrated promiscuous coupling of the azA 

adrenergic receptor to both Gj (its target) and Gs in a cell expression system. Many 

such examples of low signalling fidelity can be found in the literature, particularly in 

heterologous cell expression systems.
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1.3 Heterotrimeric G-proteins

1.3.1 The G-protein a  subunit

G-protein a  subunits are encoded for by 16 different genes (Downes & Gautam, 

1999) that express over 20 different Ga subunits. These can be subdivided into four 

main subfamilies, Gg, Gi/o, Gq/n and G12/13, as described previously. The Gq/n a  

subunits show quite strong similarities to the Gj/o a  subunits at the amino acid level, 

reflecting conservation in their gene structure. Alternatively spliced cDNAs for the 

Gg and Go a  subunits contribute to the diversity of these proteins: an extra-large 

version of Gga, XL-Gga, with a 30kDa N-terminus extension has been detected (of 

unknown physiological function) and two alternatively spliced variants of Goa, GoaA 

and Goas, have been characterised. GoaA and Goag are alternatively spliced at their 

C-termini, a region that has been strongly implicated in receptor interaction, 

suggesting that they may couple selectively to different receptors. Indeed, injection 

of antisense DNA specific to each Goa subunit into GH3 cells selectively inhibited 

signalling via the muscarinic or somatostatin receptors (Kleuss et al., 1991). There is 

no evidence for alternatively spliced products for genes encoding the Q a  subunits; 

Gjai_3 are all expressed as single proteins (Downes & Gautam, 1999).

The different Gi/o a-subunit isoforms are very similar in molecular weight and 

primary sequence. Giai and Q az are most alike with a 95% sequence identity. They 

are proteins of 354 amino acids with molecular weights of 39-41 kDa (Gilman, 1987).
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There are distinct differences in their patterns of tissue distribution; Gjai and Goa are 

predominantly expressed in the brain while expression of Q a 2 and Qag is fairly 

ubiquitous. Notably certain G a isoforms are only found in highly specialised cells, 

such as Goifa, On a, Gt2a  and Ggusta (Hildebrandt, 1997).

All G a subunits are GTP hydrolases. G a subunits of heterotrimeric G-proteins share 

a common evolutionary origin with the simple regulatory G-proteins of the Ras 

superfamily that are similarly inactive in the GDP-bound state and active in the GTP- 

bound state. Structurally, the Ga subunit (~40kDa) can be divided into two chief 

domains: the GTPase or Ras-like domain (~20kDa) and an a-helical domain 

(~20kDa) that is absent in G-proteins of the Ras superfamily. The role of the a- 

helical domain has not been firmly established but it is believed to regulate the 

activity of the Ras-like domain, and may contact the GPCR. The guanine nucleotide 

binding site is formed by the cleft between these two domains. Upon GTP hydrolysis 

or Mg^^ and GTP binding, the major conformational changes occur on the three 

switch regions in the Ras-like domain of Ga: for Q a i these are amino acids 176-184 

in switch I, 201-215 in switch H, and 233-241 in switch m  (Tesmer et al., 1997). 

These switch regions undergo dramatic remodelling upon GTP hydrolysis. 

Hydrolysis of GTP to GDP dismantles the y-phosphate/ Mĝ "̂  scaffold causing 

displacement of the Mĝ "̂  ion and collapse of the ordered Switch II a-helix (Sprang, 

1997). Collapse of the Switch II helix severs ionic contacts with Switch IQ, which 

also becomes disordered (Mixon et al., 1995). Thus the tidy switch regions of the 

GTP-bound Ga subunit, which are major effector interaction sites, were found to be 

in disarray in the crystal structure of the GDP-bound state (Mixon et al., 1995).
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The intrinsic GTPase hydrolysis rates by different G-protein isoforms differ widely. 

Turnover numbers for Gg are low (~0.3min'^) while Gj/o a  subunits have greater 

hydrolysis rates of ~l-3min‘  ̂ (Gilman, 1987). GTP hydrolysis rate is limited by the 

dissociation rate of the product, GDP. Different G a isoforms are also reported to 

have different rates of GDP release: receptor-stimulated GDP/GTP exchange is fast 

for Gi/o G-proteins, while Gt, Gg, Gq/i % and G% have smaller exchange rate constants, 

and G12/13 are very slow exchangers (Gilman, 1987).

Binding of GTP (but not GDP) to Ga subunits is very sensitive to the Mg^^ 

concentration. For the binding of GTPyS, a nonhydrolysable analogue of GTP, to 

GaPy:

Ga-GDP.py + GTPyS Ga.GTPyS + GPy 

Mg^^ shifts the reaction to the right, because GTPyS-binding has a requirement for 

Mĝ "̂  (which stabilises the active form, Ga.GTPyS) whereas GDP-binding is 

independent of Mĝ "̂ . G a subunits are also strongly activated by a fluoride plus an 

aluminum ion; these bind with GDP as an A I F 4 '  ion, mimicking the position of the 

y-phosphate of GTP in its transitional state during GTP hydrolysis (Sprang, 1997).

1.3.2 Structure of the heterotrimer, Gapy

Two groups have now determined the crystal structure of the G-protein heterotrimer 

(Wall et al., 1995 [Qai.piy]]; Lambright et al., 1996 [Gta.piyi]; Sondek et al., 1996 

[fi*ee GPiyi]) anid find that the conformation adopted by the Ga-GDP subunit in the

32



heterotrimer is different to Ga-GDP alone. In the heterotrimer, there are two major 

contact sites between G a and GPy: firstly, the N-terminal 30 residues of G a unfold 

into an extended helix that binds to the outer blades of the propeller structure of Gp 

at blades 1, 2 and 7, and secondly, the Switch II region of Ga-GDP is positioned 

directly above Gp’s central tunnel where extensive contacts are formed. Here a GP 

residue, Trp-99, and a number of salt bridges maintain the binding of Switch II of Ga 

to the top of the propeller (see Figure 1.3).

If the N-terminus of G a is removed, formation of Gapy heterotrimers is prevented, 

highlighting the importance of this interaction (Neer, 1995). The Switch I and II 

regions are likely to correspond to effector recognition domains (Sprang, 1997) that 

are masked on Ga-GDP when the Gpy subunit reassociates. Conversely, effector 

interaction domains on the Gpy subunit are likely to be shielded by the inactive Ga- 

GDP subunit (Ford et al., 1998) (see Figure 1.5). Importantly, Gpy subunits stablise 

the heterotrimer; GPy subunits act as guanine nucleotide exchange inhibitors (GDIs). 

GDP dissociates slowly from isolated Ga subunits, whereas it binds almost 

irreversibly to GaPy (Gilman, 1987).

1.3.3 Lipid modifications

Both Ga and Gy subunits are held at the plasma membrane by lipid modifications. 

Prénylation describes the addition of a C20 geranylgeranyl pyrophosphate or a C 1 5  

famesyl pyrophosphate group, while acylation describes the attachment of a fatty
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acid chain to a protein molecule. All Gy subunits are subject to prénylation at tbeir C- 

termini: Gyl and Gyii subunits are famesylated whereas all other Gy subunits are 

geranylgeranylated. This serves to firmly attach the Gpy subunit at the membrane.

For G a subunits, association with Gpy is insufficient to anchor them permanently at 

the plasma membrane. The Ga subunits of the Gj/o subfamily have an attached 

myristate (C l4:0) through an amide linkage to an N-terminal glycine residue (Gly2), 

and all Ga subunits (Gs, Gi/o/t, Gq and G12/13) have a palmitate group (C16:0), 

attached via a tbioester bond to an N-terminal cysteine residue. While N- 

myristoylation is a co-translational modification that is regarded as irreversible, 

palmitoylation is a post-translational modification occurring at the plasma membrane 

in a dynamic and reversible manner (reviewed by Chen & Manning, 2001). It has 

been shown that Gi/o Ga subunits were not membrane-associated if mutated to 

prevent N-myristoylation (Gly2^Ala) because myristoylation was required for 

palymitoylation to occur (Mumby et al., 1994). However, overexpression of Gpy has 

been shown to target Ga subunits to the membrane, where tbeir membrane 

interaction can be reinforced by palmitoylation. N-myristoylation, palmitoylation and 

Gpy subunits appear to play interconnected roles in targeting Gi/o a  subunits to the 

membrane and in reinforcing this anchorage (Chen & Manning, 2001).

The relevance of this will become evident later when it is shown that cbimaeric 

fusion proteins of Gi/oa subunits and cyan/green fluorescent protein are membrane- 

targeted and functional when they contain an artificial dual palmitoylation signal or a 

palmitate/myristate sequence.
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Figure 1.3: Structure of the G-protein heterotrimer.

Ga is shown in blue, OP in green and Gy in gold. Ribbon diagrams of the G-protein 

subunits where were generated using the programme RIBBONS^* .̂ Left: This 

diagram shows a side view of the heterotrimer with the cell membrane at the top of 

the figure, and the cytoplasm below. The diagram shows the first major contact site 

between the Ga and GP subunits: the 30 amino-terminal residues of Ga contact the 

outer portions of propeller blades I and VII of Gp. The N-terminus of the Gj/oa 

subunit has attached fatty acid chains (a palmitate and myristate) for membrane 

anchoring and the C-terminus of the Gy subunit is prenylated with either a C20 

geranylgeranyl or C15 famesyl group (for yi and yn).  Right: This diagram shows the 

same image rotated by 90°C on its vertical axis. This shows the seven-bladed 

propeller structure of the Gp subunit (green). The second major contact site between 

Ga and Gp is evident from this view: the “switch II” region of Ga is positioned over 

the central tunnel of the Gp propeller structure allowing extensive contacts to be 

made; this stabilises the GDP-bound form of Ga and inhibits GDP release.
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1.3.4 Other covalent modifications on G-protein subunits

GgŒ is ADP-ribosylated by cholera toxin, resulting in a constitutively active a  

subunit due to impaired GTP hydrolysis. The a  subunits of the Gj, Go and Gt 

subfamilies are ADP-ribosylated by bacterial Bordetella Pertussis toxin (PTx), at a 

cysteine residue close to the C-terminus that prevents interaction of these subunits 

with GPCRs.

Subunit 2 
23kD

Subunit 4 
13kD

Subunit 3 
23kD

Subunit 4 
13kD

Receptor Receptor

Cytoplasm

Figure 1.4: A cartoon of the structure of Pertussis toxin.

PTx, derived from Bordetella Pertussis, is a hexameric assembly of six different, 

noncovalently linked protein subunits. It can be functionally and structurally divided 

into subunits A and B, similar to other bacterial toxins such as cholera toxin or E. 

Cali heat-labile protein. The A subunit (or A protomer) is composed of a single 

polypeptide (subunit 1 ) with ADP-ribosyltransferase activity that modifies G-protein 

a  subunits. The B subunit is a pentameric complex of subunits 2 to 5 that confers 

cell-surface binding abilities to the toxin, and delivers the A protomer into the cell. 

[From Kaslow & Bums, 1992]
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Both Cholera and Pertussis toxins have been widely used experimentally to 

demonstrate the involvement of a particular subtype of G-protein in a cell-signalling 

pathway and to label Ga subunits with a radioactive AD? ribose moiety (Downes & 

Gautam, 1999). In the study of Gj/o G-protein signalling pathways, each of the six 

members (G ai, G a], Gag, GoaA, Goag, and G%a ) with the exception of G%a can be 

modified by the PTx-mediated transfer of ADP-ribose onto a cysteine residue four 

amino acids from their C-terminus. This results in the loss of coupling between the 

receptor and the modified G-protein. PTx-resistant versions of these G a subunits 

have been generated by the mutation of the cysteine to a glycine or isoluceine residue 

(Hunt et al., 1994; Wise et al., 1997). PTx treatment of cells that have been 

transfected with a particular PTx-resistant Ga subunit abolishes coupling between 

GPCRs and the cell’s endogenous G/o G-proteins, allowing one to study coupling 

between receptor and the modified G/oa subunit (Wise et al., 1999; Leaney & 

Tinker, 2000). This exceptionally useful strategy is used widely in these studies, 

particularly with the generation of CFP-tagged, PTx-resistant Gi/oa subunits in our 

laboratory (Leaney et al., 2001).

1.3.6 Effectors activated by the Gpy subunit

Once Ga-GTP has dissociated from Gpy, free Gpy interacts with a growing list of 

effector proteins (Clapham & Neer, 1997). Six different Gps and twelve different Gy 

subunits are known, allowing up to 72 potential combinations. Five of the six GP 

subunits are highly similar in primary sequence with approximately 80% identity
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amongst their -340 amino acids; the GPs subunit is set apart with only 53% identity 

to other Gps and an additional 13 amino acids (Clapham & Neer, 1997). The twelve 

Gy subunit isoforms are more diverse with approximately 50% amino acid identity 

between them (Downes & Gautam, 1999). Some P- and y- combinations fail to form 

functional dimers, and a 14 a.a. region in the middle of the Gy subunit confers this 

specificity for Gp (Spring & Neer, 1994). The implications of the diversity generated 

by the large number of Gpy subunit combinations that can form are not fully 

understood, but antisense studies suggest that certain combinations are required to 

interact with different effectors (reviewed by Hildebrandt, 1997).

The p and y polypeptides form functional monomers of high thermal stability that 

are resistant to tryptic digestion. GPy subunits were first demonstrated to regulate 

effectors by Logothetis et al. (1987) who showed that Gpy could activate the G- 

protein-gated muscarinic (Kir 3.1/3.4 or KACh) channel in cardiac atrial cells. 

Despite initial controversy, it is now firmly established that it is the release of Gpy 

from activated Gi/o G-proteins that activates the GIRK channel, and not the Ga-GTP 

subunit (Reuveny et al., 1994; Huang et al., 1995; Yamada et al., 1998).

Revealingly, the crystal structure of Gpy -  solved by Sondek et al. in 1996 -  showed 

that Gpy does not change conformation when it dissociates from Ga-GTP. Together 

with the finding that Ga-GDP inhibits the interaction of Gpy with all of its effectors, 

this suggests a common interface on Gpy responsible for binding to Ga-GDP and for 

effector interaction. Indeed, extensive mutagenesis studies have revealed partially
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overlapping residues on Gp that interact with effectors and with Ga-GDP subunits 

(Ford et al., 1998) (Figure 1.5).

Effector enzymes activated by GPy subunits include: certain p-isozymes of 

Phospholipase-C (PLC-pl-3, not PLC-p4), Bruton tyrosine kinase, Tsk tyrosine 

kinase, enzymes of the MAP kinase cascade, certain isoforms of adenylate cyclase 

(Gpy stimulates Gas-activated AC-II, -IV and VII whereas it inhibits AC-I), 

phosphoinositide-3 kinase (PI3K) and two members of the p-adrenergic kinase 

family (also known as GRK2 and GRK3) (Clapham and Neer, 1997).

Ion channel modulation by G-proteins has been proposed for many different channels 

(including: K vl.l, Kir 2.3, ATP-sensitive inwardly rectifying channels encoded 

by Kir 6.1 and 6.2, and P/Q- and R-type voltage-dependent Ca^^ channels), but it has 

only been irrefutably established for two families (reviewed by Dascal, 2001): 

Gpy dimers activate the G-protein gated K^ ion channel (GIRK, encoded by Kir 3.1- 

3.4 subunits), and Gpy dimers directly inhibit the N-type voltage-dependent Ca^^ 

channel, containing am  (Cav2.3) subunits (Herlitze et al., 1996; Ikeda, 1996).

GPCR-mediated inhibition of the high-voltage activated Ca^^ channels of the Cav 

family is complex, with voltage-independent (VI) and voltage-dependent (VD) 

mechanisms. Different components of the VI inhibition have been suggested to be 

imparted by Gq/n, Goa and by Gpy (Delmas et al, 1998) but the key criteria for a 

GPy-mediated pathway have not been satisfied. The major hallmarks of a Gpy- 

mediated pathway are:

39



a) it is membrane-delimited,

b) it can be mimicked by overexpression of GPy,

c) it can be blocked by expression of Gpy scavengers (eg. C-terminus of GRX2)

d) Gpy binds to fusion proteins made from regions on the proposed effector, and

e) mutations of the regions described above can block Gpy regulation.

For the VD inhibition of voltage-gated Ca^  ̂ channels, all of the above have been 

satisfied except for a direct demonstration of VD inhibition on Gpy application to an 

inside-out patch (Dascal, 2001). A recent report suggests that the inhibitory 

ionotropic glycine receptor, in both recombinant and native settings, may be 

positively regulated by GPy subunits (Yevenes et al., 2003). While this has yet to be 

independently verified, it would provide an additional mechanism for Gi/o-coupled 

GPCRs to exert inhibitory effects on synaptic transmission in the peripheral and 

central nervous systems.
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1.3.7 The structure of the G(3y subunit

The crystal structure of the Gp subunit was first solved by Sondek and colleagues in 

1996. The Op polypeptide folds into a beautiful propeller structure of seven “blades”, 

based upon a repeating sequence called a WD repeat. These blades are arranged 

about a central, water-filled tunnel with a protruding a-helical N-terminus.

Figure 1.5: The structure of the Gpy subunit.

Ribbon diagrams showing the Gp subunit in silver, and the Gy subunit in pink. Gp consists 

of a seven-bladed propeller structure and protruding 20 amino acid N-terminus.

Left: Critical residues on the propeller of the Gp subunit for interactions with the Ga 

subunit are shown in red.

Right: Residues important for Gp interaction with the GIRK channel are shown in blue. 

[From Ford et al., 1998]
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1.4 Inwardly rectifying potassium ion channels

Ion channels are macromclecular protein complexes, spanning the cell membrane 

lipid bilayer, that create an aqueous pore for the passage of specific ions to travel 

along their electrical gradients, either into or out of the cell. Ion channels that are 

selectively permeable to Na^, K^, Ca^  ̂or Cl' ions are responsible for excitation and 

electrical signaling in the nervous system. They can be viewed as excitable 

molecules that aie either open or closed. The channel’s response to a specific 

stimulus - a voltage change across the membrane, a neurotransmitter, a cytoplasmic 

second messenger, and so on -  is known as gating and simply involves opening or 

closing the pore. The vast number of potassium channel families now known can be 

divided into two major classes: those gated by voltage (Kv) and those that exhibit 

inward rectification (Kir). Inward rectification is a property first described by Katz in 

1949 in skeletal muscle. Briefly, when the direction of K^ flow is outward, Kir 

channels pass very little current, but when the K^ gradient is inward Kir channels 

pass large currents into the cell.

The property of inward rectification allows the cell to preserve and to encourage 

K^ entry into the cell. The high conductance of Kir channels at very negative 

(hyperpolarised) membrane potentials tends to stablise the membrane potential near 

the Nemst equilibrium potential for K^ (Ek), around -80mV. Conversely, at 

depolarised membrane potentials, the low Kir conductance prevents K^ efflux fi*om 

short-circuiting the action potential and serves as an economy for the cell (Nichols & 

Lopatin, 1997). The mechanism underlying inward rectification is due to block of the
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Kir channel pore from the cytoplasmic side by either a ion (for weak inward 

rectifiers) or by polyamines, which are metabolites of amino acids, such as spermine, 

spermidine and putrescine that mediate strong inward rectification (Nichols & 

Lopatin, 1997). Activation of Kir channels is independent of voltage changes and 

depends on the difference between the membrane potential and the Nemst 

equilibrium potential for K^, (Vm  -  E k ), but this applies only for changes in external 

concentration (Hagiwara & Yoshi, 1979; Leech & Stanfield, 1981).

1.4.1 Discovery of Kir channels in the heart: an historical perspective

Early physiologists found that stimulation of the vagal nerve slowed the heart rate 

and weakened the strength of contraction. In the 1920s, an historical discovery made 

by Otto Loewi established the idea of chemical synaptic transmission. He found that 

on parasympathetic stimulation, a substance that he termed Vagusstoff was released 

from vagal nerve terminals onto the heart (now known to be acetylcholine (ACh) 

acting at M2 muscarinic receptors that are present on all types of cardiac muscle) and 

this substance produced bradycardia and reduced contractility (Loewi, 1921). Next 

Del Castillo and Katz (1955) and Rutter and Trautwein (1955) found that ACh led to 

hyperpolarisation o f the membrane potential of frog cardiac cells, accompanied by a 

decrease in the rate of action potential firing, and this was mediated by an increase in 

the flux of K^ ions across the cardiac cell membrane. In 1958, Trautwein and Dudel 

demonstrated an increase in membrane conductance to K^ ions in response to ACh 

using voltage-clamp techniques; they proposed that a single population of ion 

channels, termed Kach? was responsible for the slowing of the heart rate in response 

to muscarinic receptor stimulation. A quarter of a century later, the first single-
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channel recordings of K^ch channels were made (Sakmann, Noma & Trautwein, 

1983) in studies tha showed that Kach channels are very different to the background 

cardiac inwardly retifying conductance, termed Iki and corresponding to the 

cloned Kir2.0 chaniel. [Sakmann and colleagues (1983) found that the mean open 

time of Kach (l-2m ) was much shorter than that of Iki (10-100ms)]. Adenosine also 

slows the heart rate md Belardinelli and Isenberg (1983) demonstrated an increase in 

an inwardly rectifyiig current by both adenosine and ACh and suggested that 

both agonists regulafed the same channel in cardiac atrial myocytes.

The nature o f the second messenger linking the adenosine and M2 receptors to the 

Kach channel stimilated intensive research in the 1980s. Receptor-activated ion

channels can be placed in one of two major groups: channels with an intrinsic sensor 

and channels with 2. remote sensor (Hille, 1984). For channels with an intrinsic 

sensor, such as the nicotinic acetylcholine receptor and the glycine and GABAa 

receptor channels, the receptor and ion channel pore are contained within the same 

macromolecule. On the other hand, for channels with a remote sensor, the receptor 

and ion channel are different membrane proteins that are linked by intracellular 

second messengers such as cyclic AMP or Ca^ .̂ Studies using rapid applications of 

ACh revealed an intrinsic delay in Kach activation, implicating a multistep process 

linking receptor binding and channel activation (reviewed by Wickman & Clapham, 

1995). Thus it was asked: which second messenger mediates the activation of Kach?

In an elegant series o f cell-attached patch-clamp experiments, Soejima and Noma 

(1984) studied the mechanism of activation of Kach channels by ACh (Figure 1.6).
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They found that when ACh was perfused onto the cell in the bath solution, the 

channels within tie patch were not activated. However, when ACh was included in 

the pipette solution there was a dramatic opening of channels in the patch. Therefore 

it appeared that ACh acted locally, in a membrane-delimited manner, and not via a 

cytoplasmic secord messenger that would be expected to diffuse from bath-activated 

receptors to charnels contained within the patch. This result led, briefly, to the view 

that the Kach charnel had an intrinsic sensor like the nicotinic acetylcholine receptor.

< - 5  
a  
^  -10

-15

Control

«
ACh (bath)

ACh (pipette)

50 ms

Figure 1.6: Channel activation is membrane-delimited.

Single Kach channels were measured in the cell-attached configuration of the patch- 

clamp in symmetrical from rabbit atrial cells. The top trace shows a control 

recording before ACh addition. The middle trace shows no real increase in channel 

activity when ACh (lOOnM) was perfused in the bath. The lower trace shows a huge 

increase in Kach channel openings when lOnM ACh was included in the pipette 

solution. [From Soejima and Noma (1984)]
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The next major advance was the finding that K^ch was activated by a G-protein. 

Pfaffinger et al. (1985) were the first to demonstrate that a Pertussis toxin (PTx)- 

sensitive G-protein couples activation of M2 receptors to the induction of a Kach 

conductance in cardiac myocytes, implicating the Gi/o family of G-proteins. 

Furthermore, Breitwieser and Szabo (1985) showed that introduction of a poorly 

hydrolysable GTP analogue, GTPyS, into the cytoplasm resulted in irreversible 

activation of Kach channels. The idea that a G-protein is the sole intermediate 

between the M2 receptor and the Kach channel was further strengthened by “excised- 

patch” experiments in which the cytoplasmic surface of the patch of cardiac cell 

membrane can be directly exposed to a variety of solutions. Such experiments found 

that Kach channels could be activated by application of GTP or GTP analogues (with 

agonists, ACh or adenosine, in the pipette solution) (Kurachi et al., 1986).

In the absence of agonists in the pipette, direct application of recombinant or purified 

GPy subunits (Logothetis et al., 1987; Kurachi et al., 1989) was found to activate 

Kach channels, sparking a long and bitter dispute over the nature of the G-protein 

subunit responsible for the activation of the Kach channel. At that time, G-protein 

regulation of effectors was thought to be mediated only by the G a subunit (reviewed 

by Brown & Bimbaumer, 1990). This issue was finally resolved with the cloning of 

two members of the Kir family, Kir 3.1 and Kir 3.4, that coassemble as the native 

Kach channel (Dascal et al., 1993; Kubo et al., 1993; Krapivinsky et al., 1995a).

Binding sites for GPy subunits on the N- and C-termini of Kir 3.1 subunit were 

identified and found to be important for channel activation (Huang et al., 1995) and
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binding of Gpy to the Kir 3.4 subunit has also been demonstrated (Krapivinsky et al., 

1995b) (discussed further in Section 1.4.4). Evidence shows that the messenger, Gpy, 

remains membrane-bound and cannot diffuse within the plasma membrane beyond 

the seal of the pipette. Thus signalling by GPy dimers can be regarded as membrane- 

delimited and activation of the Kach channel was the first example of this

phenomenon. Now Gpy is known to regulate more effectors than the Ga-GTP 

subunit (Clapham & Neer, 1997).

Receptor-mediated inhibition of neuronal N-type voltage-gated Ca^^ channels is 

similarly conveyed via Gpy and not Gi/o a, subunits, in a membrane-delimited manner 

(Herlitze et al., 1996; Ikeda, 1996). The physiological consequences of inhibition of 

these Ca^^ channels are a reduction in Ca^  ̂ influx and consequently inhibition of 

neurotransmitter release from presynaptic terminals (Ikeda et al., 2002). G-protein 

gated inwardly rectifying K^ channels are also present in many neuronal cell types. 

Activation of neuronal GIRK channels can occur through a large number of Gj/c- 

coupled receptors including GABA-b and adenosine Ai (North, 1989), leading to 

hyperpolarisation of the membrane potential and a reduction in neuronal excitablity 

(Luscher et al., 1997; Sodickson and Bean, 1998; Yamada et al., 1998). Goa is 

abundantly expressed in the brain, accounting for 1 -2  % of total particulate protein, 

where it appears to lack a definitive downstream effector (Neer et al., 1984). 

However, the role of Goa in neurons is likely to serve as a sink for Gpy, and to 

inhibit the two major neuronal GPy -mediated signalling pathways: activation of 

GIRK and inhibition of voltage-gated Ca^^ channels.

47



1.4.2 Classification and cloning of the Kir channel family

The molecular structure of Kir channels was not elucidated until the cloning of the 

new Kir family began in 1993. Homology cloning uses existing cDNA probes to 

search for distantly related DNA sequences by low stringency hybridisation. A more 

lengthy approach, known as expression cloning, involves creating a cDNA library 

from cells or tissue that abundantly express the protein of interest; this cDNA is then 

transcribed into RNA molecules which are injected into Xenopus oocytes. In 

Xenopus oocytes, the RNA is expressed as a protein and, in the case of ion channels, 

should be expressed at the cell membrane where the ion channel can be detected 

using electrophysiology. Since homology screening with Kv subunits did not 

uncover any Kir channels, it was necessary to use the expression cloning technique. 

cDNA libraries from the outer medulla of rat kidney and a mouse macrophage cell 

line were used to obtain sequences for the rat outer medullary K^ channel (ROMKl; 

Kir 1.1; Ho et al., 1993) and the classical strong inward rectifier (IRKl; Kir 2.1; 

Kubo et al., 1993a) respectively. Later that year, Kubo et al. (1993b) and Dascal et 

al. (1993) triumphed by cloning a cardiac G-protein gated inwardly rectifying 

channel. Dascal et al. (1993) used the expression cloning technique with heart cDNA 

libraries whereas Kubo and colleagues used a homology screening approach with 

cDNA primers based on the sequence of Kir 2.1. The clone was named GIRKl (or 

Kir 3.1) and, on injection of RNA derived from this clone into Xenopus oocytes, it 

was found to express a Kir 3.1 channel with similar properties to the K^ch native 

channel.
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Further homology cloning efforts uncovered two new genes belonging to the KirS.O 

subfamily: Kir3.2 and Kir 3.3 (Lesage et al., 1994; 1995) that are largely expressed 

in the brain. However, the family was not quite complete! In 1995, Krapivinsky and 

colleagues discovered a protein in cardiac tissues that co-immunoprecipitated with 

Kir 3.1. The cDNA encoding this protein was cloned (Kir 3.4; GIRK4; Krapivinsky 

et al., 1995a). Unlike Kir 2.0 channels that exist as homotetramers, it gradually 

became clear that the Kir 3.0 channels are largely formed as heterotetramers of the 

Kir3.0 subunits. When Kir 3.4 was coexpressed with Kir 3.1 in Xenopus oocytes, 

large KACh-like currents were observed. Kir 3.1 alone produced smaller currents but 

Kir 3.4 alone failed to express a functional channel (Krapivinsky et al., 1995a; 

Duprat et al., 1995). The authors concluded that Kir 3.4 subunits co-assemble with 

Kir 3.1 to form the cardiac muscarinic inwardly rectifying K^ channel, Kach- This 

was shown conclusively in Kir 3.4 knockout mice that fail to develop Kach currents 

(Wickman et al., 1998). Coexpression of Kir3.1 with Kir3.2 or Kir3.3 in mammalian 

expression systems results in currents that show many of the basic characteristics of 

the native channels in neurones (Velimirovic et al., 1996; Inanobe et al., 1999; 

Jelacic et al., 1999). Studies in mammalian cells have found that Kir 3.1, when 

expressed alone, cannot form functional channels because it was not trafficked 

correctly to the membrane, and only upon coexpression with Kir 3.2-4 were 

functional channels formed at the membrane (Kennedy et al. 1999). Xenopus oocytes 

were found to express a Kir3.0-like channel endogenously (Kir 3.5; XIR; Hedin et 

al., 1996), explaining the ability of Kir 3.1 expressed on its own to form a functional 

channel in this cell expression system.
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Recently evidence has been presented supporting the formation of functional 

homomultimers of Kir3.0 in native cells (Inanobe et al., 1999; Corey and Clapham, 

1998; Bender et al., 2001) and for the coassembly of Kir3.2 and Kir3.3 as channels in 

certain central neurons (Jelacic et al., 2000). However, the most abundant neuronal 

G-protein gated inwardly rectifying channel is composed of Kir 3.1 and Kir 3.2 

subunits. In situ hybridisation studies report robust expression of mRNAs for Kir3.1 

and Kir 3.2 (and Kir 3.3) in most brain regions (Karschin et al., 1994; 1996) and 

immuno-cytohistochemical studies find a very limited distribution of Kir 3.4 protein 

in the brain (Murer et al., 1997). Liao et al. (1996) confirmed the distribution pattern 

of Kir 3.1 and Kir 3.2 protein using immuno-cytohistochemistry and found this to be 

in good agreement with the distribution of their mRNAs. Furthermore, using 

membranes taken for Kir 3.1/3.2-enriched brain regions, Liao et al. (1996) found that 

Kir 3.1 and Kir 3.2 proteins co-immunoprecipitated providing very good evidence 

that these proteins coassemble to form the functional neuronal GIRK channel.

1.4.3 Structure of the Kir channel family

Inwardly rectifying K^ channels are structurally very simple. Like the Kv channel, 

Kir channels assemble as tetramers (Inanobe et al., 1995; Yang et al., 1995; Tinker et 

al., 1996). Unlike the Kv channel, however, auxiliary protein subunits have not been 

detected (the one exception being the ATP-sensitive Kir channel subfamily, Kir 6.0, 

that coassembles with the sulphonylurea receptor complex). Kir channels also lack 

the voltage-sensor present in TM domain 4 (S4) of Kv channels (Figure 1.7).

50



Voltage-gated (6-TM) Inward Rectifier (2-TM)

Extracellular H5 Extracellular

IntracellularIntracellular

N

Figure 1.7: The proposed membrane topology of a Kv a-subunit and a Kir subunit.

The six transmembrane domains of the Kv subunit are labeled S1-S6, and the two TM 

domains of Kir are designated as Ml and M2. Each contains a hydrophobic H5 or re

entrant P-loop. The Kir channel is shown as a reduced core of the distantly related 

voltage-gated K^ channel. [From Kubo et al., 1993a]

Kv channel a-subunits have cytoplasmic N- and C-termini, six transmembrane (TM) 

domains and a hydrophobic, re-entrant helical P-loop between the 5̂  ̂ and 6̂  ̂ TM 

domains. The voltage sensor is contained in the 4̂  ̂TM domain, and both the 6̂  ̂TM 

domain and the P-loop contribute to the ion pore. Cloning of the Kir 3.1 channel 

subunit revealed that Kir 3.1 is composed of 501 amino acids, approximately 60% of 

which are located cytoplasmically. There are only two membrane-spanning domains 

(Ml and M2) and, similar to the Kv channel, there is a re-entrant P-loop structure 

that, together with the M2 segment, forms the K^ selective ion permeation pathway. 

Determination o f the crystal structure of the KcsA K^ channel from the bacteria 

Streptomyces lividans in 1998 has provided exquisite atomic resolution of the ion 

permeation pathway, with a selectivity filter near the extracellular space and gate 

near the cytoplasmic surface (Doyle et al., 1998).
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Figure 1.8: The structure of a Kir 3.0 channel complex.

(a) A side view of two of the four subunits of the tetrameric channel complex is 

shown. The two transmembrane domains together with the P-loop form the 

narrowest part of the pore that creates the ion-selective permeation pathway. 

Thickened portions of the cytoplasmic N- and C-termini represent the approximate 

CPy binding sites, (b) A view of the channel complex from above shows the 

proposed arrangement of the four subunits surrounding a central pore, based on the 

crystal structure of the KcsA channel (Doyle et al., 1998) that is likely to represent 

the closed state of the channel. [From Dascal, 2001; www.trends.com]

Comparison of the closed state of the KcsA channel with the open state of the MthK 

K^ channel (Jiang et al., 2002) provides insights into conformational changes in the 

channel proteins that must occur to allow channel gating. Combined with studies 

using fluorescence microscopy to monitor the conformational rearrangements 

induced by CPy-binding and activation of GIRK channels in intact cells, a picture is 

emerging whereby the channel is induced to open by bending and possibly rotating
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the second transmembrane segment, M2 (reviewed by Sadja, Alagem & Reuveny, 

2003).

Until recently, details of the secondary structure of cytoplasmic N- and C-terminal 

domains -  making up over 60% of the Kir 3.1 protein -  were largely unknown. 

Further insights into the structural basis of gating and inward rectification have been 

gained by determination of the X-ray crystal structure of the “cytoplasmic pore” of 

the Kir 3.1 channel, formed by a fusion protein composed of the N-terminal amino 

acids, 41-63, and C-terminal residues (190-371) (Nishida & MacKinnon, 2002). 

This cytoplasmic pore, together with the inner pore, creates a channel nearly 50Â in 

length that extends from the cytoplasm to the selectivity filter. The cytoplasmic end 

of this elongated pore contains binding sites for pore-blocking ions such as Mg^^ or 

polyamines (Nishida & MacKinnon, 2002).

A recent exciting development is the crystallisation of the prokaryotic KirBacl.l 

channel by Declan Doyle and colleagues (Kuo et al., 2003) that is closely related 

structurally to the eukaryotic Kir channel family. Kuo et al. (2003) conclude that 

KirBacl.l represents the closed state of the channel and suggest that KcsA may be 

open. The structure of KirBacl.l, that includes both the cytoplasmic and 

transmembrane domains, gives insight into the gating structures of these channels.
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1.4.4 Activation of Kir3.0 by OPy subunits

The dispute over the identity of the G-protein subunit involved in GIRK activation 

was resolved with the cloning of Kir 3.0 channel subunits (Dascal et al., 1993; Kubo 

et al., 1993b; Krapivinsky et al., 1995a). Soon studies using glutathione ^S-transferase 

(GST) fusion proteins provided evidence for Gpy binding sites on the N- and C- 

termini of Kir3.1 subunits (Huang et al. 1995) and those of Kir 3.2-3.4 subunits 

(Huang et al., 1997; Krapivinsky et al., 1998). These binding sites were shown to be 

physiologically important because peptides derived from these sites inhibited Gpy- 

binding and channel activation. The only binding site to be assigned a clear 

functional role is the distal C-terminal GPy-binding domain: it contributes to a low- 

affinity site responsible for receptor-mediated channel activation (He et al., 1999). 

Mutations within this site prevent receptor-mediated activation but do not affect GPy- 

dependent basal channel activity (He et al., 1999). As discussed below, Huang and 

coworkers (1995) suggest that the N-terminal domain on Kir 3.1 might preferentially 

bind GaPy heterotrimers.

Biochemical studies indicate that Gpy binds to the native KACh complex with a Kd of 

55 nM and to both recombinant Kir 3.1 (K d =  125 nM) and Kir 3.4 (K d  = 50 nM) 

(Krapivinsky et al., 1995b). Several estimates of the number of GPy subunits that 

interact with each channel complex have been made by using the Hill equation to fit 

the GPy-KACh concentration-response curve. However the Hill coefficient should be 

regarded as a measure of co-operativity, and not the number of binding sites. Recent
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biochemical cross-linking experiments by Corey and Clapham (2001) demonstrate 

conclusively that membrane-bound Kir3.1+3.4 heterotetramers and Kir3.4 

homotetramers each bind four Gpy subunits. Structural determination of the 

“cytoplasmic pore”, comprised of N-terminus and proximal C-terminus of Kir3.1 

revealed an a-helical domain on the C-terminus that was suggested to interact with 

OPy (Nishida & MacKinnon, 2002). However, Huang et al. (1997) found that a GST- 

fusion protein of this domain did not bind GPy. To understand fully how channel 

gating by Gpy occurs, the crystal structure of a complex of the GIRK channel 

complex with GPy is eagerly awaited.

In atrial myocytes and neurons only receptors coupled to PTx-sensitive G,/o proteins, 

and not Gg-coupled receptors, can activate Kir3.0 channels (Wickman & Clapham,

1995) yet both should be expected to liberate Gpy subunits on activation. Nearly all 

combinations of Gpy subunits tested were found to be equally effective in activating 

Kir 3.0 channels (Wickman et al., 1994). Somewhat controversially, Leaney et al. 

(2000) presented evidence that this specificity resides at the level of the G a subunit. 

Using chimaeric G-proteins in which the C-terminal 13 amino acids of G a  were 

swapped with those of the Gga subunit, the Gs-coupled A2A adenosine and Pi 

adrenergic receptors were able to couple to Gj/o proteins and activate Kir3.1/3.2 

currents. As described in Section 1.2.3, the five most C-terminal amino acids of Ga 

mediate the specificity of receptor-G-protein coupling.

The molecular mechanisms underlying receptor specificity of Kir3.0 activation 

remain poorly understood. Trivial explanations such as differential expression of Ga 

subtypes in different cells and tissues, or different binding affinities of Gpy subtypes
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to GIRK, have been discounted. A tempting proposal is that the Gi/o heterotrimer 

may be pre-associated with the Kir3.0 channel complex, ensuring strict specificity of 

receptor->Gi/o->GIRK coupling and also promoting rapid channel activation 

(reviewed by Hille, 1994; Kovoor & Lester, 2002). Data in support of this proposal 

comes from the Lily Jan’s laboratory where fusion proteins of segments of the N- 

terminus of Kir3.1 were found to bind both Gj/o heterotrimers and their 

corresponding Ga-GDP subunits (Huang et al., 1995; Slesinger et al., 1995). 

Unfortunately no comparison was made with Gg heterotrimers. More recently, Peleg 

et al. (2002) demonstrated binding of Gjtts (both GDP- and GTPyS-bound forms) to 

the same GST-fused N-terminal segment of Kir3.1 (N1.84). They found that GPy also 

bound to the same region with approximately twice the affinity. However, further 

evidence is required to establish the existence of Gj/o G-protein-GIRK complexes.

1.4.4 Regulation of Kir 3.0 channels by PIP2 and Na^ ions

In the study of many ion channels using patch-clamp techniques, a common problem 

is “rundown” whereby the channel activity gradually disappears with time during 

whole-cell recordings (with gradual dialysis of the cytoplasm) or can vanish very 

rapidly on formation of excised patches. This phenomenon reflects a loss of soluble 

factors or proteins from the cytoplasm that are vital for channel activity. Early 

“excised patch” recordings of Kach channels found that physiological concentrations 

of ATP and Mg^^ were required to reduce rundown of channel activity and enhance 

the activation of Kir 3.0 channels by G-proteins and Na"̂  ions (Kim, 1991; Sui et al..
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1996). Channel rundown in the absence of Mg^^-ATP was speculatively ascribed to 

“dephosphorylation” of the channel protein (Kim, 1991, 1993; Shui et al., 1997a). 

However the actual molecular mechanism underlying the requirement for Mg^^-ATP 

was discovered only recently.

Huang et al. (1998) were the first to report that phosphatidylinositol 4,5-bisphosphate 

(PIP2) bound directly to several Kir channels (including cloned KirS.l, 3.2 and 3.4, 

expressed in Xenopus oocytes) and stimulated channel activity. Following this work, 

Sui et al. (1998) made recordings from excised patches from atrial myocytes and 

Xenopus oocytes injected with transcripts for Kir3.1+3.4. They found that application 

of either Mg^^-ATP or PIP2 prevented rundown, produced longer openings of Kir 3.0 

channels, and sensitised the channel to Na^. When the concentration of PIP2 in the 

membrane was reduced by activation of PLC-p (which catalyses: PIP2 -+ IP3 + 

DAG) or by applying Mg^^-ATP-ffee solutions, OPy-activation of the channel was 

prevented but could be restored by perfusion of Mg^^-ATP. Huang et al. (1998) 

found that, in the presence of OPy, antibodies against PIP2 took considerably longer 

to reduce channel activity. Additionally PIP2 was found to bind to the proximal C- 

terminus of Kir 3.0 subunits (Huang et al., 1998). From this evidence, it appears that 

Gpy, PIP2 and Na^ act in concert to gate the Kir3.0 channel.

The production of PIP2 by lipid kinases is an ATP-dependent process! Therefore it 

appears that Mg^^-ATP prevents Kir3.0 channel rundown by maintaining the PIP2 

concentration in the cell membrane. Furthermore Mg^^ ions have been proposed to 

act synergistically, together with GPy and Na^ ions, in activating Kir 3.0 channels 

(Petit-Jacques et al., 1999). The groups of Logothetis and Murrell-Lagnado have
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investigated the molecular determinants of the effects of Na^ and PIP2 on Kir3.0 

channel gating. A negatively charged aspartate residue in the C-terminus of Kir3.2 

and Kir3.4 (but not Kir3.1) is neutralised by interaction with Na% permitting a 

stronger interaction of PIP2 with the channel (Ho & Murrell-Lagnado, 1999). Close 

to this aspartate lie two positively charged arginines that are critical for PIP2 binding 

to the channel. Between these aspartates is an isoleucine residue that determines the 

affinity of the channel for PIP2. Mutation of this residue to a leucine (the 

corresponding residue in Kir2.0 channels, the constitutive activity of which depends 

crucially on PIP2 binding) created a channel with a very high affinity for PIP2 that 

did not require GPy for gating (Zhang et al., 1999).

To summarise, these reports show that the membrane phosphoinositide, PIP2, is 

essential for Kir3.0 channel activity, and it acts by stabilising interactions of GPy 

subunits and Na^ ions with the channel complex (Sui et al., 1998; Huang et al., 1998; 

Ho & Murrell-Lagnado, 1999). In the last decade it has been discovered that PIP2 is 

required for normal physiological function by all the members of the Kir family 

(reviewed by Stanfield et al., 2002). Depletion of membrane PIP2 may occur by two 

mechanisms: either through its breakdown by PLC-p or through its phosphorylation 

by PI3K. It is highly likely that dynamic changes in the membrane concentration of 

PIP2 will contribute to the regulation of Kir3.0 channels, as reviewed in the next 

section.
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1.4.5 Regulation of KirS.O channels by other receptor-activated pathways

It is now well established that hormones and neurotransmitters that bind to GPCRs 

coupled to the Gi/o subfamily of G-proteins primarily regulate Kir3.0 channels. 

However studies have shown that activation of GPCRs coupled to the Gq/i i subfamily 

of G-proteins, leading to an inhibitory effect on the KirS.O chaimel complex 

(Velimirovic et al., 1995). Kobrinsky et al. (2000) found that activation of %KACh by 

ACh acting at M2 receptors was accompanied by concurrent activation of a Gq/n- 

coupled muscarinic receptor (possibly M 3 )  that activates PLC-p leading to depletion 

of PIP2 and loss of channel activity. Cho et al. (2001) and Meyer et al. (2001) 

investigated the opposing effects of inhibitory (Gq/n-coupled) and “excitatory” (G,vo- 

coupled) transmitters on receptor-activated KirS.O currents and similarly concluded 

that current inhibition arises from activation of PLC-p and a decline in PIP2 levels. 

Inhibition of the KirS.O channel complex by concomitant activation of Protein 

Kinase C (PKC) has also been reported (Sharon et al., 1997; Leaney et al., 2001). 

Medina et al. (2000) provide the only direct evidence, to date, for phosphorylation of 

KirS.l but not KirS.4 subunits by PKA and PKC. However, phosphorylation was 

found to have a facilitatory effect on channel activation by Gpy subunits because 

dephosphorylation by PP2A abrogated channel activation (Medina et al., 2000).

The concomitant Gq-mediated inhibition of KirS.O currents has been proposed to 

account for the rapid desensitisation of G,/o-coupled receptor-activated KirS.O 

currents (Kobrinsky et al., 2000), which is investigated in Chapter 4 of this thesis.
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1.4.6 The physiological consequences of Kir 3.0 (GIRK) activation.

Signalling through the Gj/o subfamily of G-proteins is the primary concern of our 

laboratory. Activation of Gj/o-coupled receptors initiates inhibitory cellular responses, 

such as inhibition of certain isoforms of adenylate cyclase, activation of GIRK 

channels (encoded by Kir 3.0 subunits), and inhibition of N-type voltage-dependent 

Ca^^ channels. Furthermore, Gpy subunits released from Gi/oOi subunits have been 

shown to activate the MAP kinase pathway (Koch et al., 1994). This is likely to 

account for the observation that PTx sensitive pathways can alter cell growth.

In the heart, release of acetylcholine (ACh) from vagal synaptic terminals onto 

cardiac atrial cells slows the heartbeat and atrioventricular conduction (negative 

chronotropy). Additionally the strength of contraction in the atria is reduced 

(negative inotropy). These effects of ACh are due to activation of M2 muscarinic 

receptors (mimicked by adenosine at Ai receptors) that couple to Gi/o G-proteins. The 

heart rate is rapidly modulated by opening of G-protein gated Kach channels, leading 

to hyperpolarisation of the cardiac membrane potential and slowing of pacemaker 

activity. The more gradual (100- to 1000-fold slower) decrease in cardiac 

contractility is due to M2-mediated inhibition of AC via Gi/o G-proteins. As cAMP 

levels fall, the L-type Ca^^ channel becomes less phosphorylated and consequently 

passes a smaller Ca^^ current into the heart cell (reviewed by Hartzell, 1988). The 

reduction in Ca^^ entry during each heart beat is likely to be the principal cause for 

the decline in contractility. The physiological importance of Kxch in the 

parasympathetic regulation of the heart rate was demonstrated in Kir3.4-knockout 

mice (lacking the KACh channel). The heart rates of these mice lacked the beat-to-beat
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variation in rhyihm that is characteristic of the rapid parasympathetic modulation of 

the heart rate (Wickman et al., 1998).

In the brain, a vast panoply of Gi/o-coupled GPCRs are expressed on neurons 

including somatostatin receptors, p-, k -, and ô-opioid receptors, a i adrenergic 

receptors, M2 muscarinic, D2 dopaminergic, A% adenosine and GABA_b receptors 

(North, 1988; Ikeda et al., 2002). In neurons, postsynaptic receptor activation opens 

GIRK channels, resulting in an increased conductance allowing efflux of K^ 

which hyperpolarises the membrane potential towards the Nemst equilibrium 

potential for K^ ions (Ek), and ultimately reduces neuronal excitability (North, 1988; 

Luscher et al., 1997; Sodickson and Bean, 1998; Yamada et al., 1998). KirS.O 

channels mediate a physiologically important current that can be easily manipulated 

pharmacologically using agonists and antagonists at appropriate GPCRs.

KirS.O subunit knockout mice have revealed important roles for GIRK channels in 

the brain and heart. KirS.2 knockout mice are prone to lethal seizures and display a 

range of phenotypes related to ethanol-induced behaviours (Signorini et al., 1997). In 

addition, studies involving KirS.2 knockout mice have confirmed the importance of 

GIRK channels (probably KirS.l/S.2) in the generation of IPSPs in hippocampal and 

cerebellar neurons (Luscher et al., 1997; Slesinger et al., 1997). A recent study 

describes the generation of KirS.S knockout and KirS.2/S.S double knockout mice 

(Torrecilla et al., 2002) to determine the channel(s) responsible for opioid-induced 

hyperpolarisation of Locus Coeruleus (LC) neurons. GIRK channels formed by 

KirS.2 and KirS.S subunits almost entirely accounted for the acute effects of opioids 

on LC neurons (Torrecilla et al., 2002).
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1.5 Regulators of G-protein signalling

1.5.1 Discovery of a new family of RGS proteins

Genetic studies in yeast, Saccharomyces cerevisiae, (Chan & Otte, 1982; Dohlman et 

al., 1995; Apanovich et al., 1998) and nematodes, Caenorhabditis elegans, (Koelle & 

Horvitz, 1996) have unearthed the RGS protein family that negatively regulates G- 

protein signalling pathways. Screening with the yeast two-hybrid system. De Vries et 

al. (1995) identified a human homologue, G-alpha interacting protein (GAIP) that 

has a -130 residue core domain that was shown to mediate its interaction with Gitts 

subunits. Other groups had identified this RGS domain in mammalian proteins at 

approximately the same time (Koelle & Horvitz, 1996; Druey et al., 1996) and, to 

date, at least 30 mammalian proteins with putative RGS domains have now been 

identified. Many RGS proteins have a plethora of other domains (reviewed by 

Siderovski et al., 1996; De Vries et al., 2000); these include GGL (G-protein y- 

subunit-like), DEP (dishevelled, egl-10, pleckstrin), DH/PH (Dbl/pleckstrin 

homology) and PDZ (PSD-95, disc-large, and ZO-1) homology domains. Such non- 

RGS protein-protein interaction motifs suggest a scaffolding role for RGS proteins 

that may link G-protein signalling with other pathways such as receptor tyrosine 

kinase signalling (reviewed by Druey, 2001).

Based on primary sequence similarities within the RGS domain, mammalian RGS 

proteins have been grouped into 5 subfamilies named after the prototypical member 

of each group: RZ, R4, R7, R12 and RA (Ross & Wilkie, 2000) (see Figure 1.9).
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Figure 1.9: The family of mammalian RGS proteins.

A cladogram based on amino acid sequence identities within the RGS domain 

defining five subfamilies RZ, R4, R7, R12, and RA. All primary sequences are 

human except RGS8 (rat), RGSZ2 (mouse) and RET-RGSl (bovine). Right: Most 

proteins within each subfamily are also homologous in regions flanking the RGS 

domain and many subfamilies have distinctive functional domains shown as labelled 

blocks on the diagrams of each protein’s structure. Abbreviations: ARC, 

adenomatous polyposis coli; GGL, Gy-like; PTB, phosphotyrosine binding; GSK, 

glycogen synthase kinase. [From Ross and Wilkie, 2000]
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There is also significant sequence homology in each subfamily in the regions 

flanking the RGS domain. For example, in the R7 family each protein contains a 

DEP and GGL domain. Unlike the RZ, R4, R7 and R12 families, proteins of the RA 

family (axin and conductin) have not been demonstrated to display GAP activity but 

have RGS-like domains, similar to those found in the GPCR kinases (GRKs) and D- 

AKAPs (Siderovski et al., 1996; Carman et al., 1999; Huang et al., 1997). In this 

study only simple RGS proteins of the R4 family were investigated.

1.5.2 RGS proteins act as negative regulators of G-protein signalling

Each member of the RGS protein family contains a highly conserved domain of 120- 

130 amino acids known as the “RGS box” (De Vries et al., 1995; Siderovski et al., 

1996). By virtue of this domain, RGS proteins can act on certain isoforms of G- 

protein a  subunits as GAPs: Gj/ott (Berman et al., 1996; Watson et al., 1996), Gq/n a  

(Kepler at al., 1997; Chidiac & Ross, 1999) and Giz/ua (Kozasa et al., 1998). Some 

RGS proteins are only capable of acting as GAPs on specific G a subunits; for 

example RGS2 is selective for Gq/n a; RGS4, 16 and GAIP accelerate hydrolysis on 

both Gqtt and Gi/oa subunits whereas RGS 8  and 10 are selective for the 

Gi/oa subfamily (reviewed by Ross & Wilkie, 2000). No RGS proteins appeared to 

act as GAPs for Gga subunits until Farquhar and coworkers characterised RGS-PXl, 

which acts as a GAP on G$a but not on Gi/oa (Zheng et al., 2001).

Crystallisation and solution of the structure of the RGS domain of RGS4 complexed 

with the Gjai subunit in transition between its GTP-bound and GDP-bound states
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(simulated by the binding of AIF4' to Ga-GDP), the highest affinity state for 

interaction between these molecules, showed that RGS4 did not contribute any 

residues that interacted directly with GDP or AIF4' (Tesmer et ah, 1997; Berman & 

Gilman, 1998). This structure, together with mutational studies on conserved 

residues in the RGS box, established a catalytic mechanism for GAP activity by RGS 

proteins that involves stabilisation of the flexible switch regions I, II and III of the 

Ga subunit (the regions that undergo the most conformational change during GTP 

hydrolysis) thus lowering the energy for hydrolysis of GTP to proceed (Berman et 

ah, 1996; Srinivasa et ah, 1998).

Figure 1.10: Ribbon diagram depicting the structure of RGS4.

RGS4 consists of 9 a-helices that form two subdomains. The RGS domain is a 

globular and mostly helical structure based on a four-helix bundle (helices 4-7) and a 

secondary subdomain is composed of the N- and C-terminal helices (1-3 and 8-9 

respectively). Protein coordinates are from Tesmer's crystal structure (1997).

[From de Vries et ah, 2000].
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RGS proteins can be regarded as negative regulators of G-protein signalling because 

they speed up the “turn o ff’ switch for many G-protein pathways. A second negative 

role for some RGS proteins is to act as “effector antagonists”; for example, Hepler et 

al. (1997) showed that RGS binding to active Gqa-GTP subunits could prevent their 

interaction with PLC-p. However, it is unlikely that this typifies RGS activity: 

Berman and coworkers (1996) used a competition assay to show that RGS4 has a 

markedly higher affinity for the transition state complex, Giai .GDP.AIF4', than for 

GTP-bound substrate or GDP-bound product. A third mechanism whereby RGS 

proteins act in vivo to turn off G-protein signalling pathways is to reduce the number 

of fi-ee GPy subunits available to interact with their effectors by accelerating GTP 

hydrolysis on the G a subunit and enhancing reformation of the heterotrimer. This 

has been demonstrated for the MAPK pathway (Druey et al., 1996) and also for the 

deactivation of G-protein coupled inwardly rectifying channels (Doupnik et al., 

1997; Saitoh et al., 1997; Chuang et al., 1998; Bunneman & Hosey, 1998; Herlize et 

al., 1999). In addition, expression of RGS proteins has been shown to alter the 

kinetics and magnitude of N-type Ca^  ̂channel inhibition (Melliti et al., 1999; Jeong 

& Ikeda, 2000).

1.5.3 RGS protein expression has anomalous effects on KirS.O currents

Quite unexpectedly, heterologous expression of RGS proteins in Xenopus oocytes 

and mammalian cell systems was found to accelerate receptor-stimulated activation 

of GIRK channels (Doupnik et al., 1997; Saitoh et al., 1997; Bunneman & Hosey, 

1998; Herlize et al., 1999). Surprisingly RGS expression only slightly attenuated
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peak currents, an effect that would be predicted if the only function of RGS were 

to act as a GAP (see Figure 1.11). Clearly RGS proteins do not function solely as 

negative regulators of G-protein signalling -  they have additional positive role(s) as 

well. The molecular mechanisms underlying these phenomena remain unresolved.

(a) Receptor catalyzed exchange
GTP GDP

K'

GPCR II I
Gu tG3r

V1;
GPCR

RGS catalyzed GTP hydrolysis

(b) Effect of RGS proteins Predicted for GAP activity only
Agonist Agonist

GIRK
current

I  + R G S / "  / C R G S

Time Current Biology

Figure 1.11: The effects of RGS proteins on GIRK currents in Xenopus oocytes.

(a) A schematic showing the receptor-catalysed activation of GIRK channels (top) 

and the RGS-enhanced GTP hydrolysis that promotes rapid deactivation of GIRK 

channels (below), (b) The traces on the right show the predicted effects of expression 

of RGS proteins if they displayed GAP activity only: deactivation rates should be 

enhanced and signal amplitude should be diminished. The trace on the left shows the 

observed effects of RGS8 expression based on experiments by Saitoh et al. (1997,

1998): RGS proteins enhance the activation and deactivation of GIRK currents 

without reduction in steady-state current amplitude. [From Zerangue and Jan, 1998]
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Two mechanisms have been proposed to account for the unexpected kinetic effects 

of RGS protein on GIRK channel activation: a physical scaffolding role for RGS 

proteins (reviewed by Sierra et al., 2000) and a more novel “kinetic scaffolding” 

function (Ross & Wilkie, 2000).

1.5.4 Evidence for receptor-selective effects of RGS proteins

Mounting evidence suggests that RGS proteins may function as scaffolds to help pre

assemble signalling complexes (Doupnik et al., 1997; Zeng et al., 1998, Xu et al.,

1999). In pancreatic acinar cells, RGSl, 4, and 16 were found to regulate signalling 

via the M3 muscarinic receptor preferentially compared with the CCK receptor, 

whereas stimulation of bombesin receptors showed intermediate sensitivity. 

Receptor-selectivity was dependent on the 35 amino acid N-terminal amphipathic 

helix of RGS4 because the RGS domain alone inhibited signalling at each receptor 

equally, but with a considerably reduced potency. Selectivity (but not full potency) 

was restored by cotransfection of the N-terminal peptide with the RGS domain of 

RGS4 (Zeng et al., 1998; Xu et al., 1999). Receptor-selective activity of RGS 12 for 

the chemokine receptor, IL-8 , has also been shown. Here the N-terminal PDZ 

domain of RGS 12 binds to IL-8  but not other receptors (Snow et al., 1998).

1.5.5 Two models have been proposed to account for RGS action

The studies described above have led to the proposal of receptor-RGS-G-protein 

complexes (Sierra et al., 2000). Notably, however, RGS4-receptor binding has not 

been shown. Wang et al. (2002) present further evidence for receptor-selective RGS 

activity with chemically synthesised ribozymes targeted against specific RGS
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proteins to “knock-down” their expression in vascular smooth muscle cells. They 

found that the RGS3-ribozyme selectively enhanced M3 muscarinic responses while 

the RGS5-ribozyme selectively enhanced angiotensin II responses. A scaffolding 

function for RGS4 has also been proposed for the preassembly of a signalling 

complex of the M2 muscarinic receptor, heterotrimeric G-protein and GIRK channel 

(Doupnik et al., 1997). Doupnik's complex, poised for rapid response to the arrival 

of agonist, would account for the effects of RGS proteins on the temporal properties 

of G-protein activation but does not address the maintained signal amplitude in the 

presence of RGS.

Alternatively, Ross and Wilkie (2000) propose a kinetic mechanism to account for 

accelerated G-protein activation, driven by the GAP activity of RGS proteins. By 

accelerating GTP hydrolysis, GAPs might actually prevent dissociation of the 

receptor and G-protein during agonist stimulation. This should dramatically enhance 

the receptor-stimulated GDP/GTP exchange on the G a subunit because, once the 

receptor dissociates, it has to “find” another G-protein. This step, in modem terms 

“the reformation of the ternary complex”, was shown to be rate-limiting for G- 

protein cycling in classical biochemical assays (Tolkovsky & Levitzki, 1978). 

According to Ross & Wilkie’s theory, the G-protein and receptor enter an “inner 

cycle” in the presence of a GAP where the receptor remains associated with the G- 

protein and, after GTP hydrolysis, it can rapidly reactivate the G-protein. Thus the 

overall effect of RGS protein GAP activity would be to maintain signal amplitude 

while agonist is present, but to rapidly turn off G-protein signalling on removal of 

agonist. These, and other theories, will be explored in Chapter 6  of this thesis.

69



1.6 The kinetics of G-protein mediated signalling pathways

With the discovery of the new family of RGS proteins, there has been an explosion 

of interest in the factors that govern the kinetics of G-protein mediated signalling 

pathways. The GIRK channel provides an excellent reporter system, allowing one to 

measure subtle changes in signalling efficiency using whole-cell patch clamping 

experiments. Firstly, electrophysiological recording of GIRK currents permits real 

time measurements of G-protein mediated signals in intact cells. Coupled with rapid 

applications of agonist, one can monitor the events occurring downstream of GPCR 

activation with excellent temporal resolution. Furthermore, the channel is highly 

permeable to potassium ions (which diffuse very rapidly) and, in the whole-cell 

configuration, the intracellular and extracellular concentration of K^ ions can be 

controlled. Hence artificial concentration gradients can be established, such as the 

symmetrical [Ko^]= [Ki^] = 140mM used in these studies, that drives large K^ 

currents into the cell allowing easier resolution of the kinetic processes underway.

A fimdamental property of the receptor-mediated GIRK channel response is the time 

course over which current rises, desensitises and falls in response to agonist 

application and removal. The time course of these responses in central neurons is 

likely to be a key factor in shaping the late inhibitory postsynaptic potential and thus 

cell excitability. Indeed, as described earlier, a large variety of different Gj/o-coupled 

receptors can activate the current and it is addressed in these studies whether these 

pathways are kinetically equivalent. Which molecular components contribute to 

similarities and differences in G-protein activation by different receptors? Do these
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differences lie at the level of the agonist, receptor or its target G-protein? Secondly, it 

is now apparent that expression of RGS proteins, which interact with activated G- 

proteins of the Gi/o and Gq/n class, can increase the deactivation and, paradoxically, 

activation rates of KirS.O currents in heterologous expression systems (Saitoh et al., 

1997; Doupnik et al., 1997). Is this applicable to GIRK activation by all GPCRs? Do 

these phenomena reflect the existence of macromolecular signalling complexes 

within the plasma membrane of native cells?

The prevailing view arising from studies of two well-characterised G-protein coupled 

pathways - the p-adrenergic receptor-activated cAMP cascade and vertebrate 

phototransduction - is that receptor, G-protein and their primary effectors are not 

continually associated in the membrane (Hille, 1992). The “collision coupling” 

theory states that these signalling components simply encounter each other while 

freely diffusing within the membrane. This allows for amplification, which is well 

documented for visual transduction [one photon of light can activate up to 500 

transducin (Gt) molecules (Stryer, 1991)], and divergence of the signal where a 

single activated G-protein species can interact with more than one type of effector.

This view has been challenged for the receptor-G-protein-GIRK response, and it has 

been suggested that two or three of the components may be organised in a 

macromolecular signalling complex or compartmentalised into “microdomains” in 

the p.m. Two main lines of reasoning support this view. Firstly, GIRK channels are 

activated very specifically by GPy subunits released from Gj/o but not from Gg G- 

protein heterotrimers, as described in Section 1.4.4, leading to the proposal that Gj/o 

G-proteins might be closely associated with the GIRK channel (Kovoor & Lester,
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2002). The finding that Gj/o heterotrimers bind to the N-terminus of Kir 3.1 (Huang et 

al., 1995; Peleg et al., 2002) supports this hypothesis.

The second line of reasoning considers the relative rates of G-protein mediated 

responses if  all the components of the response were freely diffusible within the 

membrane (Hille, 1992). Within a two-dimensional membrane bilayer, diffusion 

takes time. For GPCR->G-protein->GIRK activation in neurons to occur within 

300ms (Sodickson & Bean, 1996) according to a random “collision coupling” 

mechanism, the receptor, G-protein and channel would each have to be less than 

l.Spm apart (Hille, 1992). This led to the proposal that GPCR, G-protein and the 

GIRK channel may be tightly organised into signalling complexes similar to the 

components of fast synapses (although this would limit signal amplification and 

divergence to other effector systems) (Hille, 1992). Alternatively specific receptors, 

PTx-sensitive G-proteins and GIRK channels may be concentrated in specialised 

membrane microdomains such as caveolae or lipid rafts, that would be inaccessible 

to non-PTx-sensitive G-proteins and their receptors.

In this study, I examine how different GPCRs influence the dynamics of current 

activation, desensitisation and deactivation and ask which components in the 

signalling cascade are important for the knetics of the response. The data reveal that 

individual receptors have quite different kinetic responses and suggest potential 

contributory roles for signalling complexes in shaping the excitability of central 

neurons.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Molecular biology

2.1.1 Introduction

In this thesis several powerful molecular biology techniques are used throughout. 

Before the early 1970s, DNA was an extremely difficult molecule to analyse due to 

its length and chemical monotony. Molecular biology was revolutionised by the 

discovery of enzymes that can cut, join and replicate DNA, and also reverse 

transcribe RNA. Prokaryotic restriction enzymes, discovered by Wemer Arber in 

1962, recognise specific base-pair sequences in double stranded DNA and cut both 

strands at specific sites. This allows cleavage of DNA molecules into smaller 

fragments that are more easily analysed and manipulated. A second major advance 

was the finding that denatured, single-stranded DNA and RNA molecules will 

readily reform double-stranded molecules with complementary nucleotide sequences 

at 65°C. This process, called DNA hybridisation, can occur between any two 

complementary single-stranded nucleic acid chains (DNA/DNA, DNA/RNA, 

RNA/RNA). Additionally, in the early 1970s methods were developed to determine 

the nucleotide sequence of any purified DNA fragment, making it possible to 

determine the complete DNA sequences of thousands of genes and, eventually, the 

entire human genome. A powerful technique known as the Polymerase Chain 

Reaction (PGR) was also introduced in the 1970s with the discovery of a heat- 

resistant DNA polymerase that was isolated from thermophilic bacteria. PGR is an 

ingenious technique that makes DNA copy itself, in a test tube, allowing enormous
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amplification of a particular sequence of DNA (providing that at least part of the 

sequence is known). Finally, advances in microbial genetics found application in 

molecular biology, such as the use of viral enzymes to reverse transcribe mRNA to 

complementary DNA and the extensive use of bacterial plasmids to package and 

deliver recombinant DNA molecules into host cells.

Plasmids are circular double-stranded DNA molecules that are found in many 

bacterial species. They act as accessory chromosomes that can replicate themselves 

and drive mRNA transcription independently of the host genome. However they 

require the transcription and translation machinery of the host cell. Such plasmids 

have been cleverly modified to allow them to act as vectors for the efficient delivery 

of foreign genetic material into either bacterial or eukaryokic cells. Many plasmid 

vectors are now commercially available, such as the pcDNA3.1 family of vectors 

used in this thesis, the main features of which are shown in Figure 2.1. pcDNAS.l 

vectors are designed for high level stable or transient expression of the encoded gene 

in mammalian cells, and efficient propagation of the plasmid vector in many strains 

of E. coli.

74



Figure 2.1: The major features of the pcDNA3.1 plasmid vector family.

The pcDNA3.1 (+) vector, used in these studies for the stable expression of the Kir 

3.1/3.2A channel subunits, has enhanced promoter regions from the immediate early 

gene of the human cytomegalovirus (CMV) to ensure high levels of expression; a 

multiple cloning site (MCS) containing DNA sequences that are recognised and 

cleaved by the restriction enzymes listed above; an Ampicillin resistance gene for 

selection and propagation of this vector in E. coli; and a Neomycin resistance gene 

which allows selection of mammalian stable lines with the antibiotic Geneticin 

(0418). The pcDNA3.1/zeo vector has a similar list of features to pcDNA3.1 (+) but 

it incorporates the Zeocin resistance gene, instead of the Neomycin resistance gene, 

which allows for selection of mammalian stable lines using the antibiotic Zeocin. 

This vector was used to establish stable cell lines expressing each of the Gj/o-coupled 

receptors and the Gjai-Ai receptor fused construct. Both (+) and (-) pcDNA3.1 

vectors are commercially available from Invitrogen, Groningen, Netherlands.
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2.1.2 Restriction Digestion of DNA molecules

Type n  restriction enzymes have been used in this thesis to:

i) clone the DNA of interest from one vector to another

ii) linearise double-stranded plasmid DNA to confirm its identity

Type n  restriction enzymes cleave DNA at specific nucleotide sequences. Many 

restriction enzyme sites contain a two-fold axis of symmetry; some enzymes cleave 

at the axis of symmetry producing blunt ends while other restriction enzymes (eg. 

EcoRl) cut in a staggered fashion on either side of the axis. The staggered cuts made 

by EcoRl produce complementary single-stranded overhangs that have a specific 

affinity for each other and hence are known as cohesive ends. For DNA cloning, the 

plasmid DNA and the “insert” DNA are cut with the same restriction enzyme(s) 

giving compatible cohesive or blunt ends. The two molecules are then joined 

(ligated) together using the enzyme DNA ligase.

2.1.3 Agarose gel electrophoresis

Electrophoresis describes the technique whereby proteins or other macromolecules 

such as DNA or RNA move in an electrical field according to their net charge, size 

and shape. DNA fragments can be readily separated from each other on the basis of 

size by electrophoresis due to the uniform negative charge on DNA molecules at 

neutral pH. Polyacrylamide gels are suitable for the separation of small nucleic acid 

strands, such as during DNA sequencing, whereas agarose gels have a larger pore 

size which is suitable for the separation of larger DNA fragments as used in this
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thesis. The migration rate of linearised, double-stranded DNA molecules through an 

agarose gel is proportional to the logarithm of the number of nucleic acid base pairs 

(Helling et al., 1974). Different conformations of DNA (i.e. supercoiled circular, 

nicked circular) migrate at different rates. In my studies DNA fragments that were 

applied to agarose gels were linearised by digestion with restriction enzymes. 

Occasionally non-linearised supercoiled DNA was applied to a gel in order to 

approximate the concentration of DNA in the sample.

To visualise DNA bands, the fluorescent intercalating dye ethidium bromide was 

added to the agarose gel. The horizontal gel slab configuration was used in these 

studies. 0.7 to 1.0% agarose gels were used to resolve DNA fragments. Agarose gels 

were prepared by dissolving 0.7g of agarose (for a 0.7% gel) in 100ml of IX Tris 

Acetate EDTA (TAB; made up from a 5OX stock solution in distilled water) by 

superheating the solution in a microwave at full power for 3-5 minutes. The solution 

was allowed to cool prior to adding lOpI (lOOpg) of the DNA-binding dye, ethidium 

bromide, supplied in aqueous solution (lOmg per ml) (Sigma, Poole, UK). The gel 

solution was poured promptly into a plastic tray with tape applied to seal both ends, 

and plastic combs inserted so as to create 20-3Opl volume wells.

Prior to running, a gel was allowed at least 1 hour to set, and tape was removed from 

the ends of the gel tray. The agarose gel was placed in a Horizontal Gel 

Electrophoresis tank (Horizon 11.14; Gibco Life Technologies, Paisley, UK) that 

was filled with fresh IX TAE buffer so as to cover the gel and to fill the wells on 

removal of combs. DNA Loading Buffer (DLB) was added to each DNA sample in a 

1:5 ratio (i.e. 4pl DLB to a 20pl sample). A DNA ladder of linear DNA fragments
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(usually the 0.37-8.0kbp DNA Molecular Weight marker; Roche Diagnostics, 

Mannheim, Gennany) was also prepared by adding DLB to ladder in a similar ratio 

(ie. Ipl DLB to 5pi ladder). Samples were applied to the gel by pipetting into 

appropriate wells and an electrophoresis voltage of 60-100V was applied across the 

electrodes. Migration distance was judged by movement of the tracker dyes, 

bromophenol blue and xylene cyanol.

Once the samples had migrated an appropriate distance, the gel was viewed under 

ultra-violet (UV) light (312nm wavelength) using a UVP dual intensity 

transilluminator (Upland, California, USA) equipped with a digital video camera. 

The transilluminator/camera was linked to a black and white monitor (Sony SSM- 

12ICE) and photographs of the gel were printed by a video graphic printer (Sony 

UP-890CE).
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Figure 2.2: Digest of cDNA obtained from the Guthrie cDNA Resource Centre.

All Guthrie RGS cDNAs had been subcloned into pcDNA3 .1(+) (Invitrogen) at the 

Kpnl (5’) and Xhol (3’) sites and were dispatched as desiccated samples on blotting 

paper. In our lab, each individual DNA sample was redissolved in distilled water, 

transformed in to supercompetent E. coli and plated onto agar plates containing 

lOOpg/ml carbenicillin. Discrete colonies were picked and grown in 30ml LB broth 

with lOOpg/ml carbenicillin, and then plasmid DNA was purified from this bacterial 

culture using a QIAGEN plasmid Midi kit (QIAGEN, Crawley, UK). To confirm the 

identity of the purified DNA, 5pi of each sample was digested with Kpnl and Xhol 

to excise the RGS cDNA insert of known size. Lane 2 -  Lane 7 show the digested 

products of RGS4, 7, 8,9, 10 and RGS-GAIP (G). Lanes I and 8 contain lOObp and 

0.37-8.Okbp DNA Molecular Weight markers respectively (Roche Diagnostics, 

Mannheim, Germany). The molecular weights of the excised DNA fragments 

corresponded to the sizes of the RGS cDNA inserts: 550bp for RGS4, I330bp for 

RGS7, 550bp for RGS8 , I350bp for RGS9 and 5I0bp for RGS 10. The expected 

660bp excised fragment from RGS-GAIP was absent on this gel indicating that the 

plasmid DNA had lost the insert DNA for RGS-GAIP. A new sample of RGS-GAIP 

cDNA was obtained from the Guthrie cDNA Resource Centre and reprepped.
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Co-migration of the DNA Molecular Weight markers allowed calibration of the size 

of bands appearing on the DNA gel, and visual comparisons of the intensity of the 

bands with that of the DNA standards gave an estimation of the DNA concentration 

in each sample. In this thesis, DNA agarose gels were used:

1) diagnostically, to confirm the identity of new or subcloned cDNAs (Fig. 2.2),

2) to confirm the purity of a DNA preparation and estimate its concentration,

3) to separate specific DNA fragments from a mixture of digested fragments 

following a restriction enzyme digest. The separated DNA fragment can be 

excised and purified from the agarose gel as described in the next section.

2.1.4 Excision and purification of DNA fragments from agarose gels.

A commercially available kit was used in this thesis to extract and purify DNA from 

agarose gels. The QIAEX gel extraction kit (Qiagen, Crawley, Sussex, UK) first 

solubilises the agarose and then selectively absorbs the DNA onto a resin of silica- 

gel particles under high salt conditions. Contaminants are removed by a series of 

washes and then the DNA is eluted from the resin with distilled water. The details of 

the procedure followed are given below.

The DNA fragment of interest was identified on the agarose gel under UV light, 

excised using a clean scalpel and placed in a pre-weighed eppendorf tube. The 

weight of the gel slice was recorded and this was used to calculate the volume of 

QXl buffer required to solubilise the agarose. QXl buffer has a high concentration 

of chaotropic salts that disrupt the structure of water and thereby promote the
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solubility of nonpolar substances in polar solvents. DNA fragments less than 4kb in 

size required 3 volumes of QXl buffer per 1 volume of gel slice for solubilisation 

(for fragments greater than 4kb in size 3 volumes of QXl and 2 volumes of distilled 

water was used). The agarose was solubilised by incubation with QXl buffer at 50°C 

for 10-15 minutes. Then lOpl of QIAEX II resin was added to bind the DNA. 

Binding was allowed to proceed for 10 minutes at 50°C with regular vortexing to 

keep the resin in suspension. The resin was then pelleted at maximum speed in a 

microcentrifuge for 30 seconds, and the supernatant discarded. The pellet was 

washed by resuspension and subsequent pelleting with SOOpl QXl followed by two 

additional washes in 500pl PE buffer (a low salt buffer containing ethanol) to remove 

any residual salt contamination. The pellet was then air-dried for 20-30 minutes at 

room temperature, followed by the addition of 2 0 pl of distilled water to elute the 

DNA. The pellet was resuspended by vortexing and incubated at room temperature 

for 5 minutes (DNA fragments greater than 4kb in size were incubated at 50°C for 5 

min). Finally the resin was pelleted by centrifugation and the eluate was transferred 

to a clean eppendorf. To increase the yield of DNA the elution process was repeated 

and the eluates combined. In general, the above extraction procedure was used to 

produce purified DNA for the use in ligation reactions (described below).

2.1.5 Ligation of DNA fragments

The process of ligation describes the joining together of nucleic acids using the 

enzyme DNA ligase. For the purposes of subcloning a cDNA fragment of interest 

from one plasmid vector into another, digestion of both the target vector and the
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DNA fragment with the same enzyme or pair of restriction enzymes produces 

compatible cohesive termini. These termini can anneal to one another, and the 

enzyme DNA ligase can then reseal the strands by creating a phosphodiester bond.

It is relatively straightforward to ligate a cDNA fragment with its target vector when 

both have been digested with the same restriction enzymes that produce staggered 

ends. Complications arise when there are not appropriate sites for staggered-cutting 

restriction enzymes. In these situations it may be necessary to use blunt-cutting 

enzymes or even staggered-cutting enzymes that produce incompatible cohesive 

ends; ligation of such restriction enzyme digests is clearly more complicated. 

However, in all instances described in this thesis the same enzyme or pair of 

enzymes was used to cut both the vector and to excise the DNA fragment of interest, 

producing staggered, compatible cohesive termini.

DNA ligase catalyses the formation of a new phosphodiester bond between 

phosphate residues located at the 5’ terminus of the DNA fragment and hydroxyl 

groups at the 3’ end. To prevent the re-ligation of the termini of a digested vector, the 

5’ phosphate groups can be removed by the enzyme calf intestinal phosphatase 

(CIP). This step is particularly important when a single staggered-cutting enzyme is 

used producing identical cohesive ends that are highly likely to religate. However, in 

our laboratory, digested vectors are routinely treated with CIP because it prevents the 

religation of partially digested vector and so reduces the frequency of colonies 

appearing on control plates (see below).
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Following the digestion of the vector with the appropriate restriction enzymes, 10 

units of CIP (New England Biolabs, Hitchin, UK) was added to the digest reaction 

and incubated for a further 1 hour at 37°C. Of note, treatment with GIF leads to the 

formation of single-stranded nicks in successfully ligated DNA. The absence of 5’ 

phosphate groups on the vector DNA means that phosphodiester linkages will not 

form with the hydroxyl groups on the 3’ termini of the inserted DNA fragment. 

However the nicked DNA can still be transformed into bacteria where the nicks are 

sealed once in the host cell (Sambrook et al. 1989).

Two types of DNA ligase are commercially available, E. Coli ligase and 

bacteriophage T4 DNA ligase. The latter enzyme is used in our laboratory because it 

is more efficient at ligating blunt-ended termini. T4 DNA ligase (Roche Molecular 

Biochemicals, Mannheim, Germany) requires Mg^^ and ATP as cofactors. These are 

included in the lOX ligation buffer supplied by the manufacturers that contains 

660mM TrisHCl, 50mM MgCb, lOmM dithiothreitol and lOmM ATP, pH 7.5. 

Digested DNA fragments and vectors that had been separated by agarose gel 

electrophoresis and purified as described form the substrates for ligation reactions. 

Ligation reactions were set up in parallel with an appropriate control to monitor re

ligation of the CIP-treated vector. The components of a typical set of ligation 

reactions is given below:

Ligation Reaction Control Reaction

5 pi digested vector (CIP-treated) 5 pi digested vector (CIP-treated)
12pl digested DNA fragment 12pl distilled water
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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Ligation reactions were incubated at 16°C overnight. The following day, ligated 

DNA was introduced into competent E. coli by the process of transformation as 

described in the next section. Transformed E. coli was spread on agar plates 

containing the appropriate antibiotic resistance to select for the target vector. For 

DNA constructs ligated into vectors pcDNA3.0 and pcDNA3.1 (zeo) (both from 

Invitrogen, Paisley, UK), lOOpg/ml carbenicillin was used to select for E. coli 

transformed with the ligated DNA construct. For the vectors pEGFP-Nl, pECFP-Nl 

and pEYFP-Nl (Clontech, California, USA), kanamycin resistance (30pg/ml) was 

used to select for successfully transformed bacteria.

2.1.6 Preparation of competent E. coli for transformation with DNA

The process of introducing foreign plasmid DNA into bacteria is known as 

transformation. There are two main methods of introducing foreign DNA into 

bacteria, chemical transformation and electroporation, and both require pretreatment 

of the bacteria with specific salt buffers to render them “competent”. Competent 

bacteria more readily take up foreign DNA. Prior to electroporation, bacteria are 

washed in a series of low salt buffers. An electric pulse permeabilises the bacterial 

cell membrane and permits entry of DNA. For practical reasons, chemical 

transformation has been used in this thesis to introduce foreign DNA into E. coli 

bacterial cells. The protocol used to produce competent E. coli is outlined below.
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Competent bacteria are available commercially and our laboratory purchased a strain 

of E. coli known as “Top 10”, supplied in a glycerol stock (Invitrogen, Groningen, 

Netherlands). Periodically a new batch of competent bacteria would be prepared 

from this “master stock”, kept in storage at -80°C. Top 10 cells from the glycerol 

stock were streaked onto an agar plate prepared using Luria-Bertani (LB) broth.

LB Broth contains (grams per litre): 10 Tryptone, 5 Yeast Extract, 5 NaCl, and is 

supplied in tablet form by Sigma Aldrich (Poole, UK). Plates were incubated at 37°C 

for 12-16 hours and a single colony was used to inoculate 2.5ml of LB broth; this 

was incubated at 37°C in a shaking incubator set at 225rpm for 12-16 hours. This 

starter culture was then diluted 1:400 in 200ml LB broth and incubated at 37°C, with 

vigorous shaking, until it reached log phase growth. The growth of the culture was 

monitored by the removal of small aliquots of culture and measurement of its 

absorbance at 600nm. The culture was judged to have reached log phase when the 

ODôoo was between 0.45 and 0.55 absorbance units. After log phase growth was 

reached the bacterial culture was transferred into sterile pre-cooled 50ml centrifuge 

tubes and cooled on ice for 30 minutes. The bacterial cells were then pelleted by 

centrifugation at 4000g for 15 minutes at 4°C. The supernatant was discarded and 

each pellet was resuspended in sterile-filtered, ice-cold buffer RFl (lOOmM RbCl, 

50mM MnCl], 30mM potassium acetate, lOmM CaCL and 15% (w/v) glycerol) (all 

reagents from Sigma, Poole, UK). For every 50ml of bacterial culture, 5ml RFl 

resuspension buffer was used. The cell suspensions were incubated on ice for 20-25 

minutes before re-pelleting the bacterial cells (2 500g, 15 minutes, 4°C). The Top 10 

cells were resuspended in buffer RF2 (lOmM RbCl, lOmM MOPS, 75mM CaC12, 

15%w/v glycerol, pH adjusted to 6 .8  with 200mM NaOH). For each 50ml of original
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culture, 3.5ml of buffer RF2 was used. The resuspended cells were incubated on ice 

for a further 15 minutes before pipetting into 200-400pl aliquots in pre-cooled 

eppendorf tubes, then rapidly cooled to -80°C and stored at this temperature until 

required for use.

2.1.7 Transformation of plasmid DNA in to competent “Top 10” E. coli

A lOOpl aliquot of competent Top 10 cells was incubated with a 1-lOpl volume of 

DNA (1 pi of purified plasmid DNA or lOpl of a ligation reaction) on ice for 30 

minutes. The mixture was then heat-shocked for 90 seconds at 42°C, and then 

transferred back on to ice for 2 minutes. Subsequently, an SOOpl volume of LB broth 

was added to the eppendorf and the small culture was incubated at 37°C in a shaking 

incubator set at 225rpm. This allowed time for successfully transformed cells to 

express the antibiotic resistance gene conferred by the plasmid DNA.

Agar plates were generally prepared the previous day. Briefly, 1.5 g of agar (Sigma, 

Poole, UK) was dissolved in 100ml of LB broth by super-heating the mixture in a 

microwave until the solution became clear. The solution was allowed to cool to ~45 

°C prior to addition of the appropriate antibiotic. Antibiotics were prepared as lOOOX 

stocks and kept at -20°C. The agar-antibiotic solution was thoroughly mixed and 

poured into sterile plates immediately (20-25ml per plate).

Following the shaking incubation step, lOOpl of transformation mixture (total 

volume: ~900pl) was spread on to agar plates containing the appropriate antibiotic 

(usually lOOpg/ml carbenicillin). When transforming the products of a ligation
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reaction, the cells were first pelleted in a microcentrifuge for 1 minute and then 

resuspended in lOOpl LB broth before plating all the transformed cells. The plate was 

then incubated at 37°C for 12-18 hours after which time discrete colonies were 

usually observed, each of which was assumed to have arisen fi*om a single 

transformed bacterium.

2.1.8 Purification of plasmid DNA

Following the production of a plasmid DNA construct and its transformation 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 ensure it has been 

produced correctly. Once the correct sequence has been confirmed, it is often 

necessary to retransform the plasmid DNA into bacteria and amplify this in a large- 

scale culture in order to produce large yields of DNA for transfection in to 

mammalian cell lines (see Section 2.2.2). The purification of plasmid DNA fi*om 

bacterial cells is described in the following section.

Individual colonies fi*om a plate of transformed bacteria were picked using a sterile 

pipette tip, placed in 2.5ml LB broth containing the appropriate antibiotic, and grown 

up overnight in a 37°C shaking incubator. A 1.5ml aliquot of this culture was 

removed and the plasmid DNA extracted using a standard minipreparation kit 

(Qiagen, Crawley, UK). The remainder of the culture was stored at 4°C in case it was 

required to inoculate a larger scale culture. The plasmid purification protocol is based 

upon the standard alkaline lysis procedure with subsequent binding of the plasmid
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DNA in the lysate to a silica resin under high salt conditions (Bimboim and Doly, 

1979; Vogelstein and Gillespie, 1979).

The aliquot removed from culture was centrifuged at 10,000g in a benchtop 

microcentrifuge to pellet the cells. The supernatant was discarded and cells were 

resuspended in 250pl resuspension buffer PI (500mM TrisHCl, lOmM EDTA, 

lOOpg/ml RNaseA). The cells were then lysed by the addition of 250pl lysis buffer 

P2 (200mM NaOH, 1% SDS) and, following lysis, 350pl neutralisation Buffer P3 

(3.0M potassium acetate, pH5.5) was added and the solutions mixed by inversion. 

The neutralisation buffer precipitates the SDS contained in the lysis buffer and 

sequesters bacterial chromosomal DNA and other macromolecules in salt-detergent 

complexes. The plasmid DNA remains in solution. A subsequent centrifugation step 

(10,000g for 10 minutes) removes the precipitated SDS from solution. The 

supernatant is 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 flow-through 

discarded. Contaminants were removed from the column by the application of 750pl 

wash buffer PE (a low salt wash buffer containing ethanol) followed by a second 

30second spin. Finally the spin column was placed in a clean eppendorf and the 

bound plasmid DNA was eluted by addition of 50pl molecular biology grade water 

(Sigma Aldrich) followed by centrifugation for 1 minute.

The eluted DNA (referred to as a “miniprep”) was usually digested by restriction 

enzymes and analysed by agarose gel electrophoresis. Comparison of the bands 

obtained on the gel with those expected from restriction maps of the plasmid and its 

insert DNA gave a reliable indication of whether the miniprep was cloned correctly.
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Minipreps that appeared to be correct were usually sent away for sequencing. 

Having confirmed the sequence of the miniprep corresponded to the desired cDNA 

construct, a larger scale preparation of the DNA was required. This was done by 

purifying the plasmid DNA from a larger culture by Midi or Maxipreparation, as 

described below.

Inoculation of 30ml (Midi) or 250ml (Maxi) antibiotic-containing LB broth with 1ml 

of a starter culture containing transformed bacteria allowed amplification of the 

bacterial culture. These larger cultures were incubated overnight in a 37°C shaking 

incubator set at 225rpm. Plasmid DNA was purified from this culture using a 

Midi/Maxi kit (Qiagen, Crawley, UK) that works on the same principle as the 

minipreparation kit. However, unlike the minipreparation kit that uses a silica resin 

to bind DNA, the Midi/Maxi kits utilise a DEAE anion exchange column that yields 

more highly purified plasmid DNA.

The following paragraph outlines the procedure for a Midi preparation that was 

frequently used in my studies. The procedure for Maxi preparations is identical 

although volumes of buffers differ. Bacterial cells from culture were pelleted by 

centrifugation at 6000g for 15 minutes at 4°C. The cells were resuspended in 4ml 

buffer PI and then lysed by the addition of 4ml alkaline lysis buffer P2. The cells 

were incubated for 5 minutes at room temperature before addition of neutralisation 

buffer P3, followed by gentle mixing by inversion. The mixture was incubated on ice 

for 15 minutes to ensure precipitation of all the SDS. The solution was then 

centrifuged at 2000g at 4°C for 30 minutes, and the supernatant was filtered through 

Whatman no.l filter paper to completely remove the SDS precipitate. Whilst the
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solution was being filtered, a Qiagen-tip 100 was equilibrated by application of 4ml 

equilibration buffer (Buffer QBT: 750mM NaCl, 50mM MOPS, pH7.0, 15% 

isopropanol, 0.15% Triton X-100). Next, the filtrate containing the plasmid DNA 

was applied to the column and allowed to run through by gravity flow. Two wash 

steps followed in each of which 10ml of wash buffer was applied to the column 

(Buffer QC: IM NaCl, 50mM MOPS, pH7.0, 15% isopropanol). The bound plasmid 

DNA was then eluted into a 50ml polycarbonate centrifuge tube with 5ml elution 

buffer (Buffer QF: 1.25M NaCl, 50mM TrisHCl, pH8.5, 15% isopropanol). The 

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 45 minutes at 4°C.

In our laboratory, a final ethanol wash step was then performed to remove any 

isopropanol or other contaminants from the purified plasmid DNA that will 

ultimately be used for transfection into mammalian cells. After careful removal of 

the supernatant, the delicate pellet was redissolved in 500pl molecular biology grade 

water and pipetted into a clean eppendorf tube. The DNA was reprecipitated by the 

addition of 50pl 3M sodium acetate (pH 5.2) and 1ml cold (-20°C) 100% ethanol and 

then placed in the -80°C freezer for at least 2 hours. The mixture was allowed to 

thaw before centrifuging at 20,000g for 30 minutes at 4°C to pellet the DNA. The 

supernatant was carefully removed and discarded. The pellet was washed once with 

1ml of cold (4°C) 70% ethanol and recentrifuged. The supernatant was removed and 

care was taken to remove any residual ethanol. The pellet was allowed to airdry for 5 

to 10 minutes before it was resuspended in 250pl of molecular biology grade water.
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2.1.9 Measurement of DNA concentration

Although applying the DNA to an agarose gel and running it against a DNA standard 

can estimate DNA concentration, in my studies I required a more accurate approach. 

Therefore the concentration of purified DNA was measured by recording absorbance 

of a 1ml solution of molecular biology grade water containing 2pl plasmid DNA at 

260nm in a spectrophotometer (Cecil CE2041; Cecil Instruments, Cambridge, UK). 

A quartz cuvette was used for its optical properties, and the spectrophotometer was 

zeroed using 1ml molecular biology grade water alone. Using the relation 1 

absorbance unit = SOpg/ml double stranded DNA, the amount of the DNA in a 

preparation could be calculated (Sambrook et al., 1989). Typical DNA yields were 5- 

lOpg for miniprep, 10-20pg for “p20” prep, 125-250pg fi-om a midiprep and 250- 

500pg from a maxiprep. All preparations of plasmid DNA were redissolved in 

molecular biology grade water and stored at -20°C when not in use.

2.1.10 The Polymerase chain reaction

A commonly used technique in molecular biology, the polymerase chain reaction 

(PCR) allows the amplification of a selected region of double-stranded DNA by up to 

a billion-fold, provided that the nucleotide sequence of the regions flanking the DNA 

region of interest are known. In these studies, all cDNAs used have full sequences 

published in the GenBank database (see Table 2.1). Therefore this technique can be 

used to amplify any portion of the DNA sequence by design of appropriate 

oligonucleotide primers that are complementary to the nucleotide sequence flanking
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either end of the double-stranded DNA, and can be synthesized commercially. PCR 

is made possible by the availability of unique DNA polymerase enzymes (Taq or 

Vent polymerase) that have been isolated from thermophilic bacteria and are stable at 

high temperatures. The principle of the polymerase chain reaction is illustrated in 

Figure 2.3. Two oligonucleotides of 15 to 20 nucleic acid bases are required, each 

with nucleotide sequences complementary to the end regions of either strand of the 

double-stranded DNA sequence to be amplified, lying at opposite ends of the DNA 

region. These will flank either end of the DNA sequence and act as primers for in 

vitro synthesis of DNA, catalysed by the DNA polymerase. Each cycle is initiated by 

a brief temperature step to 95° to separate the double-stranded “template” DNA 

molecule (step 1 : dénaturation). Then the reaction mixture is cooled to 55°C at which 

temperature the oligonucleotide primers hybridize with complimentary regions on 

the “template” DNA (step 2: annealing). The reaction is then incubated at 72°C with 

a heat-resistant DNA polymerase and the four deoxyribnucleoside triphosphates. 

This allows elongation of the primer sequences so that the DNA region downstream 

of each of the primers is selectively synthesized (step 3: DNA synthesis). When this 

cycle is repeated, the newly synthesized DNA sequences also serve as templates, and 

within a few cycles the DNA fragment corresponding to the region between the two 

primers rapidly becomes the predominant species in the reaction mixture. Generally 

the cycle of dénaturation, annealing and elongation is repeated 25-30 times resulting 

in exponential amplification of the DNA sequence flanked by the oligonucleotide 

primers.

In our laboratory. Vent polymerase (New England Biolabs, Hitchin, UK) is used due 

to its higher fidelity in transcribing DNA as compared to Taq polymerase. The
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manufacturers also supply an appropriate buffer for the activity of this enzyme, 

“Thermopol” buffer. Deoxyribnucleoside triphosphates (dNTPs) were also obtained 

from New England Biolabs as lOOmM stock solutions and were mixed in a 1:1:1:1 

ratio giving a final concentration of 25mM for each dNTP. Oligonucleotide primers 

were synthesised commercially by Sigma-Genosys (Pampisford, UK) and dispatched 

as desiccated stocks. Generally each primer was redissolved in 200pl of molecular 

biology grade water and the volume used was adjusted according to the 

concentration of the oligonucleotide DNA. The components of a typical polymerase 

chain reaction are listed below:

Component:

DNA template (eg. RGS8 pcDNAS.l)

Forward primer

Reverse primer

“Thermopol” buffer

dNTP stock solution

Vent polymerase

Molecular biology grade water

Amount:

Ipl of a 1:10 dilution (approx. 50-100ng) 

5 picomoles 

5 picomoles 

5 pi 

ipl
2 units

To give a total volume of 5Dpi

Each PCR reaction was thoroughly mixed by vortexing, briefly centrifuged and then 

overlaid with a few drops of mineral oil (Sigma Aldrich) to prevent evaporation 

during temperature cycling. PCR tubes were then placed on a programmable thermal 

cycler (Biometra Trio Thermoblock, Gottingen, Germany). A typical cycling 

protocol is given below:

Step 1: 94°C or 4 minutes Initial dénaturation

Step 2: 94°C for 1 minute Dénaturation

Step 3: 55°C for 1 minute Annealing of primers to ssDNA

Step 4: 72°C for 1 minute Elongation of nascent DNA
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Step 5: 72°C for 10 minutes Final elongation

Step 6: hold at 4°C until needed

Cycle from Step 2 to Step 4 for 25 cycles

Where the PCR fragment was to be digested by restriction enzymes, it was necessary 

to extract the DNA by a phenol-chloroform procedure. This was done so as to 

remove the DNA polymerase and any other contaminants, such as mineral oil, that 

may interfere with subsequent enzymatic steps. The extraction was performed using 

a mixture of phenol: chloroform: isoamyl alcohol at a 25:24:1 ratio that was made by 

mixing equal volumes of phenol and chloroform: isoamyl alcohol (24:1) (Sigma 

Aldrich). Firstly, the PCR reaction was transferred to a clean eppendorf tube and care 

was taken to minimise transfer of mineral oil. The volume of the PCR reaction was 

made up to 300pl by the addition of molecular biology grade water, and to this 

mixture 33pl 3M sodium acetate and 330pl phenol: chloroform: isoamyl alcohol 

(25:24:1) were added. The mixture was then vortexed for 30 seconds and centrifuged 

at room temperature at 10,000g for 1 minute. The mixture separated in to aqueous 

and organic phases. The upper, aqueous phase was transferred in to a clean 

eppendorf tube and the extraction step was repeated by addition of 330pl phenol: 

chloroform: isoamyl alcohol (25:24:1), followed by vortexing and centrifugation. 

Finally, the aqueous phase from this step was re-extracted with 330pl chloroform: 

isoamyl alcohol only to remove any contaminating phenol. Then the DNA present in 

the aqueous layer was precipitated by the addition of 660pl 100% ethanol and 

incubation at -80°C for at least 2 hours. The precipitated DNA was pelleted (after 

thawing) by centrifugation at 20,000g for 15 minutes at 4°C. The supernatant was 

removed and the pellet washed with 1ml cold 70% ethanol and recentrifuged at
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20,000g for 10 minutes at 4°C. Following removal of the supernatant the pellet was 

allowed to air-dry for 5-10 minutes and then redissolved in an appropriate volume of 

molecular biology grade water (40pl if the PCR fragment is to be digested for 

subcloning).

PCR techniques have a variety of applications in the manipulation of DNA 

molecules. A major advantage of this technique is that nucleotide sequences can be 

added at the 5’ end of primer molecules that then become incorporated into the DNA 

sequence, for example, the addition of FLAG epitopes. PCR fragments can also be 

manipulated so as to introduce restriction enzyme sites by the addition of sites to the 

5’ ends of primers that can be inserted into a particular cDNA sequence (as discussed 

in the example below). Indeed PCR can even be used to introduce mutations into a 

DNA molecule o f known sequence by careful primer design (see Section 2.1.11).

Construction o f RGS8-YFP and RGS-GAIP-YFP

In this study, a PCR-based approach was employed to move the cDNA encoding the 

protein RGS8 from it original vector pcDNA3.1 (+) to pEYFP-Nl (Clontech, 

California, USA), a vector encoding the enhanced yellow fluorescent protein (YFP). 

The strategy used was to insert the cDNA for RGS 8 “in frame” with the cDNA 

encoding the YFP protein, resulting in the expression of a chimaeric RGS8-YFP 

protein. This was accomplished by using PCR to amplify the cDNA for RGS8 while 

simultaneously introducing the nucleotide sequence for the 5’ site for HindlH 

(AJAGCTT) in the forward primer and the 3’ sequence for BamHI (GJGATCC) in 

the reverse primer. The PCR fragments were then extracted and digested with the
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restriction enzymes, HindlQ and BamHL The same enzymes, Hindm and BamHI, 

were used to cut the vector pEYFP-Nl in its multiple cloning segment (MCS) 

producing compatible cohesive termini with the PCR fragment. As described earlier, 

agarose gel electrophoresis was used to separate the restriction digest products 

according to size, and the DNA fragments corresponding to the digested PCR 

fragment and the digested vector were extracted and purified. These were ligated 

together, transformed into “Top 10” E. coli, and selected for using antibiotic 

resistance for kanamycin (encoded for by vector pEYFP-Nl).

Additionally, two truncated versions of the RGS 8 cDNA were constructed, one in 

which the N-terminus of the protein was deleted (AN-RGS8) and the other in which 

the 35 amino-terminal amino acids alone were preserved, but the remainder of the 

RGS8 cDNA was deleted (N-only RGS8). This was also accomplished using PCR to 

amplify the relevant region on the RGS8 cDNA and to introduce Hindm and BamHI 

restriction enzyme sites. These DNA fragments were then digested by Hindm and 

BamHI and subcloned “in frame” into pEYFP-Nl. The primers used are given in the 

table below. The letters shown in bold indicate nucleotides introduced at the 5’ end 

of the primer to engineer a restriction endonuclease site:

Name: Nucleotide sequence:

YFPRG8R 5 ’-CGGTGGATCCCGACTGAGCCTCCTCTGGCTTTG

NYFPRG8R 5 ’-CGGTGGATCCCGTAATCTCTTGAGAGCGCGGTT

N0RG8F  5 ’-AAGAAGCTTATGTCGACAGAAGAAGCTACGAGG

RG8F 5 ’-AAGAAGCTTATGGCGGCCTTACTGATGCCA

The full-length RGS8 was amplified using the forward primer RG8F and reverse 

primer, YFPRG8R. The AN-RGS8 was cloned out with a different forward primer
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N0RG8F  but the same reverse primer, YFPRG8R. The N-only construct was made 

using forward primer RG8F and reverse primer NYFPRG8R. The identity and correct 

nucleotide sequences of these three genetic constructs was confirmed by sequencing 

using a commercial DNA sequencing service (Cytomyx, Cambridge, UK).

2.1.11 Mutagenesis

A commercially available mutagenesis kit was used to make single amino acid point 

mutations to render the G-alpha subunit resistant to the effects of RGS proteins. The 

amino acids targeted for mutation were located at the “switch” regions of the G- 

protein, Glycinel83-^Serine and Serine206->Aspartate, which undergo the most 

conformational change upon GTP hydrolysis (Sprang, 1997). These residues are 

believed to interact with the highly conserved, C-terminal catalytic domain of the 

RGS family of proteins (Tesmer et al, 1997). Other groups have shown previously 

that mutation of Glyl83 or Ser206 can dramatically reduce the affinity of RGS 

proteins for mutated Ga subunits (DiBello et al, 1998; Lan et al, 1998) rendering the 

Ga subunit virtually “RGS-insensitive”.

A major advantage of the QuikChange site-directed mutagenesis kit (Stratagene, 

California, USA) is that it can use double-stranded DNA as a template. The basic 

procedure involves the design of two synthetic oligonucleotide primers (forward and 

reverse) that incorporate the desired mutation, and a PCR-based approach using 

temperature cycling. A high fidelity DNA polymerase, PfliTurbo DNA polymerase, 

replicates both DNA strands by extending the mutant oligonucleotide primers. 

Incorporation of the mutant primers into the newly synthesized DNA results in a
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mutated plasmid containing staggered nicks. Following temperature cycling, the 

products of the mutation reaction are treated with Dpnl, an endonuclease enzyme that 

specifically digests methylated and hemimethylated DNA. Since DNA that has been 

isolated fi*om most strains of E. coli is dam methylated, the Dpnl treatment will 

selectively digest the parental template. The mutated plasmid DNA containing the 

staggered nicks is then transformed into Epicurian coli XL 1-Blue competent 

bacterial cells that repair the nicked DNA and amplify the mutated DNA construct. 

Transformed Epicurian coli cells were then spread on to agar plates containing the 

appropriate antibiotic resistance (50pg/ml carbenicillin for G a subunits in pcDNAS.O 

or 30pg/ml kanamycin for G a subunits in pECFP-Nl) and the DNA was prepped 

using standard molecular biology techniques. In each case it was necessary to 

sequence the cDNA to determine whether the desired mutation was incorporated in 

its sequence. This was carried out by a commercial sequencing facility (Cytomyx, 

Cambridge, UK).

Templates for the mutagenesis reactions were: Giai_3(C->G) and GoaA(C^G) (both 

in pcDNAS.l); Giai.3(C->I) and GoaA(C^I) (both in memCFP-Nl); and the 

receptor-Ga fusion, A l-G iai(C ^G ) (in pcDNAS.l). Each G a had been previously 

mutated at the most N-terminal cysteine residue to render the G a subunit resistant to 

the actions of PTx. For Q a i, Gja3 and GoaA, Cys351 was mutated, while for Gia2 

the Cys residue lies at position 352. The most conservative PTx-resistant mutation, 

Cys^Gly, that has the least affect on the interaction between GPCR and Ga, was 

used in the standard Ga mutants (Wise et al, 1999). The cyan fluorescent protein 

(CFP)-tagged G a isoforms contain the Cys->Ile mutation that also has little effect
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on receptor-Ga coupling efficacy (Leaney et al, 2002). The table below lists the 

synthetic forward and reverse oligonucleotide primers that were designed to 

introduce the desired mutations into G,ai :

Wild-type Gjal amino acid sequence 

(177-189) N'-C' for 183 (G ^S)

TRV KTT G IVE THF

Wild-type Gjal oligonucleotide sequence act aga gtg aaa acg acg tea att gtg gaa 

acc cac ttt

Synthetic mutagenesis primer (F) act aga gtg aaa acg acg gga att gtg gaa 

acc cac ttt

Synthetic mutagenesis primer (R) aaa gtg ggt ttc cac aat tga cgt cgt cgt ttt 

cac tct agt

Wild-type Gjal amino acid sequence 

(200-212) N'-C' for 206 (S-^D)

DVG GQR S ERK KWI

Wild-type Gjal oligonucleotide sequence gac gtg gga ggc cag aga gac gag egg aag 

aag tgg att

Synthetic mutagenesis primer (F) gac gtg gga ggc cag aga tea gag egg aag 

aag tgg att

Synthetic mutagenesis primer (R) aat cca ctt ctt ccg etc gtc tct ctg gcc tcc 

cac gtc
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The components of a typical mutagenesis reaction are given below. Each component

was pipetted into a thin-walled PCR tube in the following order:

Component: Amount:

lOX reaction buffer 5 pi

5-50ng of double-stranded DNA template 1 pi of a 1:10 dilution of cDNA for the

appropriate Ga-i/o subunit

125ng of the forward mutant 1 pi of a 1:10 dilution of primer

oligonucleotide primer redissolved in 200pl molecular

biology grade water

125ng of the reverse mutant oligonucleotide 1 pi of a 1:10 dilution of primer

primer redissolved in 200pl molecular

biology grade water

dNTP stock solution (supplied by the Ipl

manufacturers)

Molecular biology grade water To a final volume of 50pl

PfiiTurbo Polymerase (2.5 units/pl) Ipl

Each mutagenesis reaction was overlaid with a few drops of mineral oil and then

subjected to the following cycling protocol:

Step 1: 94°C for 30 seconds biitial dénaturation

Step 2: 95°C for 30 seconds Dénaturation

Step 3: 55°C for 1 minute Annealing of mutant primers to ssDNA

Step 4: 68°C for 2 minutes per kB of Elongation of mutant oligonucleotide

plasmid length (11 minutes for 5.5kB primers

plasmid)

Cycle from Step 2 to Step 4 for 18 cycles. Hold at 4°C until needed.
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Following temperature cycling, l|il Dpnl (10 units/pl) was added to each 

mutagenesis reaction, and mixed gently and incubated at 37°C for 2 hours to digest 

the “parental” DNA template.

For mutagenesis templates less than 5 kilobases (kb) in size, the manufacturers 

(QuikChange; Stratagene, California, USA) recommend that Ipl of the DpnI-treated 

DNA from each reaction should be directly transformed into competent Epicurian 

coli cells. However, long templates of 5-12 kb are frequently used in our laboratory 

and we find that it is better first to precipitate the DNA with glycogen and ethanol 

and then to redissolve the mutagenesis products in a smaller volume of distilled 

water. The following procedure is used in our laboratory to increase the likelihood of 

a successful mutagenesis reaction.

Briefly, each mutagenesis reaction was carefully transferred to a clean eppendorf 

with care taken not to transfer any mineral oil. To each, 2pi of glycogen (Roche), 

155pi molecular biology grade water, 20pl 3M sodium acetate and 400pl 100% 

ethanol was added, vortexed briefly and kept at -80°C for 1-2 hours. The mixture 

was allowed to thaw before centrifuging at 20,000g for 30 minutes at 4°C to pellet 

the DNA. The supernatant was discarded and the pellet was washed once with 250pl 

of cold (4°C) 70% ethanol and recentrifuged. The supernatant was discarded and the 

pellet was resuspended in lOpl of molecular biology grade water. Of this, 5pi was 

used to transform the Epicurian coli cells according to the manufacturer’s 

instructions.
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Table 2.1; Genetic constructs available in the laboratory that were used in these studies.
DESCRIPTION DETAILS OF SUBCLONING IN OUR LABORATORY: ORIGINS: SPECIES: GENBANK

OF cDNA: ACCESSION

NUMBER:

G-protein coupled receptors:

Ai adenosine Excised from pCMV5 using EcoRI/Xbal and ligated into 

pcDNA3.1/zeo(+) using the same sites

From Dr. Tim 

Palmer, 

University of 

Glasgow

Rat M64299

« 2A adrenergic Excised from pCMV4 with KpnI/PvuII and then ligated into 

pcDNA3.1/zeo(+) with KpnI/EcoRV

From Lily Jan, 

UCSF

Pig J05652

D2S dopamine Excised from pGEMBlue using Xhol/Apal and ligated into 

pcDNA3.1/zeo(+) using the same sites

From Weimen 

Xu (Bunzow et 

al.. Nature 1988)

Rat M36831

GABA-b Original vectors: From Dr. Fiona Human la:

heterodimer la: in pcDNA3.1(-) between XhoI/EcoRI Marshall, AJ012185

lb: in pcDNA3.1 (-) between Notl/ EcoRI GlaxoWellcome, lb:

2: in pcDNA3 between EcoRI/EcoRV Stevenage, UK AJ012186

Contd... In our lab: GABA-Bih and GABA-B? were expressed in pBudCE4.1 2: AJ012188
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(Invitrogen), a dual promoter vector. Dr. Tinker first excised 

GABA-B lb (PmeI\XhoI) and GABA-B2 (KpnIVXhoI) were then 

inserted these into the two polylinkers in pBudCE4.1 (GABA-Biy: 

ScaI\SalI sites and GABA-B]: KpnI\XhoI). A similar strategy was 

applied to GABA-Bi& and GABA-B].

M4 muscarinic Excised from pCMV vector with EcoRI/Xbal digest and subcloned 

into pcDNA3.1/zeo(+) using same sites

From Lily Jan, 

UCSF (Peralta 

et al.. Science 

1987)

Human NM00741

G-proteins a  subunits

Gitti 351(C^G) Construction of C-^G and C->I mutants as described in Wise et al. 

(1997) followed by cloning into the EcoRI site of pcDNA3 in the 

Milligan laboratory

From Prof. 

G.Milligan, 

University of 

Glasgow

Rat M17527

GiCC2 (C—>G)j PTx-insensitive mutants made in our laboratory using a PCR-based WT cDNA from 
Bruce Conklin

Rat M12672

Gitt3 (C ^G ); approach with the introduction of 5’ sites (Hindin and Kpnl) and 3’ UCSF Rat M20713

GqCCa (C—>G);
(Xhol) and then cloned into pcDNA3.1(+) using Kpnl/Xhol sites 

(Leaney et al., 2000) (Also made the corresponding C->I 

mutations).

(Wong et al.. 
Science 1992)

Rat M17526
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Fused Receptor G-protein constructs

a2A receptor- Subcloned into pcDNA3 using Hindlll/BamHI sites in the From Prof. G. Rat tt2A «2A:

Giai (C->I) Milligan laboratory Milligan, receptor; M12739

(2.4Kb fragment) University of Rat Gitti Gitti:
Glasgow (C->I)

cDNA

M17527

Al receptor- Constructed as described in Wise et al. (1999) and subcloned into From Prof. G. Rat A] Al: M64299

Giai (C ^G ) pcDNA3 using EcoRI/XhoI sites in Milligan lab; moved into Milligan, receptor; G\a\:

pcDNA3.1/zeo with same sites in our laboratory University of 

Glasgow

Rat Gitti M17527

Channel-forming subunits

Kir3.1 (GIRKl) Cloned into pcDNA3 at KpnI/EcoRV sites From Lily Jan, 

UCSF

Rat L25264

Kir3.2A (GIRK2) Cloned out of original vector, pBTG, with Xhol/Xbal digest From Dr. M.

Lazdunski,

UCSF

Mouse U11859
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RGS proteins

RGS4 

RGS 7 

RGS 8 

RGS 9 

RGS 10 

RGS-GAIP

All subcloned into pcDNA3.1/zeo using Kpnl/ Xhol sites by the 

Guthrie

Guthrie cDNA 

resource Centre, 

Sayre, USA,

Human U27768

AF090116

AB006013

AF493932

AF493934

AF493939

Inducible plasmids

RGS8-YFP Excised from original vector, pEYFP-Nl (Clontech, California, 

USA), with a Hindlll/Notl digest and cloned into pcDNA5/T0 

(Invitrogen, Groningen, Netherlands) using the same sites.

Vectors:

pEYFP-Nl

pcDNA5/TO

Human RGS8:

AB006013

Gia3(C->I)-CFP Excised from pECFP-Nl vector (Clontech, California, USA) and 

subcloned into pcDNA5\T0 (Invitrogen) using a KpnI\NotI digest.

Vectors:

pEYFP-Nl

pcDNA5/T0

Rat Gag:

M20713
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Membrane
targeting

sequence*

Cyan or Green 
Fluorescent 

Protein
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Gi\o alpha subunitI (i) G ,a ,pp-C FP

Removal of native 
myristoylation and 

palmitoylation signals 
at N-terminus 
(2 G-A, 3 C-S)
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C-terminus -4 

to render resistant to 
pertussis toxin (ii) GjOigprn-GFP

*(i) From GAP43 = dual palmitoylation (pp)
(ii) From Lyn = myristoylation and palmitoylation (pm)

Goa^pp-CFP
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Y F P
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Figure 2.3: The construction of fluorescently tagged G-protein a  subunits and RGS8 chimaeric proteins used in these studies.

A: Gi/o a  subunits were fused to either cyan or green fluorescent protein (CFP/GFP) as shown in the schematic {left) and as described in 

Leaney et al. (2002). Briefly, native palmitoylation (p) and myristoylation (m) consensus sites were removed from the C-terminus and a 

mutation introduced at Cys"  ̂rendering the Ga subunit resistant to PTx. Then the Ga cDNA was fused in-frame with a chimaeric cDNA 

containing the sequence of the fluorescent protein and a membrane-targeting peptide motif from either GAP43 (pp) or Lyn (pm).

Right: Laser scanning confocal images of living cells transfected with these cDNA contracts. Images were captured as described in 

Section 2.3.3. The top panel shows two cells expressing pp-CFP-tagged Ga subunits that were efficiently trafficked to the plasma 

membrane. The lower panel shows the subcellular localisation of the pm-GFP-tagged Ga subunits that were less well trafficked to the 

plasma membrane and also present in the cytoplasm.

B: Full-length RGS8 and its deletion mutants were tagged with yellow fluorescent protein (YFP) using a PCR-based approach as 

described in Section 2.1.10 and shown in the schematic {left). Right: Representative confocal images show the characteristic distribution 

of these cDNA constructs when transfected into HEK-293 cells, (i) RGS8-YFP was found to localise to the cytoplasm and nucleus.

(ii) The deletion mutant expressing the N-terminus of RGS8 only was also concentrated in the nucleus of transfected cells.

(iii) The deletion mutant lacking the N-terminus of RGS8 was localised diffusely throughout the cell and appeared to be excluded from 

the nucleus in most images, (iv) YFP expressed alone was found in all areas of the cell. The scale bar in all images represents 10 pm.
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2.2 Cell culture techniques

2.2.1 General cell culture

The studies described in this thesis have been carried out in the Human Embryonic 

Kidney (HBK)-293 cell line. This is an immortalised cell line of human origin, 

derived from primary embryonic kidney cells that were transformed by exposing the 

cells to sheared adenovirus DNA (adenovirus type 5) (Graham and Smiley, 1977). 

Despite a very low level of transformation efficiency as compared to rat or hamster 

cells, an individual transformed colony was successfully isolated months after 

exposure of the primary cell culture to the adenovirus DNA. The resultant HEK-293 

cell line exhibited a marked epithelioid morphology that is typical of adenovirally- 

transformed cell lines, and tended to continue dividing after reaching confluency.

Culture conditions

HEK-293 cells were cultured in Minimum Essential Medium (MEM) containing 

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 with 95% air/ 5%C02. Cells grew as 

a monolayer on the surface of plastic tissue culture flasks treated with vacuum gas 

plasma (Nunc Brand Products, Nalge Nunc International, Denmark).
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Subculture and maintenance

Cells were typically subcultured when at 90% confluence. The culture medium was 

removed and cells were washed once with Ca^^-free, Mg^"^-free Phosphate Buffered 

Saline (PBS; Gibco Life Technologies, Paisley, UK). Cells were detached jfrom the 

surface of the tissue culture flask incubation with 0.25% trpysin in PBS at room 

temperature for 1-2 minutes. The trypsin was prepared by dilution of 2.5% trypsin 

saline solution (Gibco Life Technologies, Paisley, UK) in PBS and warmed to 37°C 

prior to use. Once cells had detached, an excess of cell culture medium containing 

serum was added to inhibit the trypsin. The cell suspension was then centrifuged at 

350g for 3 minutes. The pelleted cells were then resuspended in fresh culture 

medium at an approximate density of 1-2 x 10  ̂cells/ml. Cells were typically diluted 

with fresh culture medium in a ratio of 1:10 or 1:20 and placed in a new cell culture 

flask. The doubling time for HEK-293 cells is generally 24-36 hours so subculturing 

was done once a week. The cell culture medium was removed and replaced with 

fresh medium every 3-4 days.

For transfections with plasmid DNA, cells were diluted 1:10 with fresh medium and 

seeded into 35mm wells (6 well plates; Nalge Nunc International, Denmark) at a 

density of 1-2 x 10  ̂ cells per well. The cells were generally allowed 24-48 hours to 

recover and divide, resulting in 40-60% confluence on the day of transfection.
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2.2.2 Transfection of cell lines with plasmid DNA

The process of introducing foreign DNA into eukaryotic cell lines is known as 

transfection and has found extensive application in these studies. In this section I will 

give an overview of the various different transfection techniques and then describe 

the liposome-based transfection procedure used in our laboratory.

Several methods are available for transfection of DNA into immortalised cell lines 

such as the HEK-293 line. It is more difficult to transfect primary cultures and a 

number of the techniques described below have been optimised for transfection of 

such cultures. The most commonly used techniques are calcium phosphate co

precipitation (Graham and Van der Eb, 1973) and liposome-mediated gene transfer 

(Itani et al., 1987). Transfection methods mediated by DEAE-Dextran, Polybrene, 

bacterial protoplasts and adenoviruses have also been developed. Each of the above 

techniques involves the formation of a complex between the DNA and the mediator 

of the transfection. The complex is then able to fuse with the plasma membrane of 

the cell and the DNA enters the cytoplasm. The DNA is then transported to the 

nucleus and proteins encoded by the DNA can then be synthesized using the 

transcriptional and translational machinery of the cell. Additionally, various physical 

techniques exist whereby DNA is introduced into the cell without the formation of a 

DNA-mediator complex. These include electroporation in which the cell membrane 

is reversibly permeabilised by a high voltage pulse, allowing DNA to enter; 

microinjection techniques introduce the DNA directly into the nucleus of the cell; 

and so-called “gene-guns” (Bio-Rad, Hemel Hampstead, UK) allow DNA-coated 

gold particles to be fired directly into a cell or tissue.
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In these studies, liposome-mediated transfections were used because it was found 

that efficient transfection could be achieved with relatively small quantities of cDNA 

(0.5-1.5pg) and with limited toxicity to the cells that were generally investigated 

using whole-cell patch clamp techniques to assay the effects of the expressed protein.

The liposome-based transfection procedure

On the day of transfection, cells that had been subcultured into 35mm wells were 

visualised under a standard inverted microscope and confluency was assessed. 

Typically cells that were 40-60% confluent were transfected with good efficiency 

and minimal toxicity. In preparation, the plasmid DNA for transfection was pipetted 

into sterile eppendorf tubes. Cells were usually transfected with the plasmid DNA 

encoding a protein of interest plus a small amount (~50ng) of plasmid DNA 

encoding an enhanced variant of green fluorescent protein (pEGFP; Clontech, San 

Diego, USA). In this way, transfected cells could be identified by epifluorescence of 

the coexpressed GFP. However, when using a plasmid DNA encoding a chimaeric 

protein that had been directly tagged by a fluorescent protein (for instance, the CFP- 

tagged Gan .3 subunits), it was no longer necessary to cotransfect cells with pEGFP. 

The transfection protocol used is as follows:

A commercially available reagent, LIPOFECTAMINE (Gibco Life Technologies, 

Paisley, UK), w:as used. LIPOFECTAMINE is composed of a 3:1 ratio (w/w) of a 

polycationic lipid, (DOSPA), and the neutral lipid dioleoyl 

phosphatidylethaanolamine (DOPE) in sterile water. Transfection optimisation in 

which the optimal amount of LIPOFECT AMINE, cDNA concentration, cell density
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and incubation time of LIPOFECTAMESJE Reagent-DNA complexes with cells had 

previously been determined in our laboratory for the HEK-293 cell line.

DNA-lipid complexes were prepared immediately prior to the transfection under 

sterile conditions. For each transfection, 5pi of LIPOFECTAMINE Reagent was 

diluted with lOOpl serum-ffee medium (OPTI-MEM; Gibco Life Technologies, 

Paisley, UK) and this mixture was incubated at room temperature for 10 minutes. In 

a separate sterile eppendorf tube, 0.5-2pg of total plasmid DNA was diluted with 

lOOpl OPTI-MEM serum-ffee medium.

Following the initial incubation period, the two solutions were combined, mixed 

gently, and incubated at room temperature for 30 minutes. This was to allow the 

formation of DNA-lipid complexes. In the interim, the cells were washed once with 

PBS to remove contaminating serum proteins and then incubated with 2ml of serum- 

ffee medium (OPTI-MEM) for approximately 25 minutes at 37°C. After the 

incubation period, the eppendorf containing the DNA-lipid complexes was fiirther 

diluted with 800pl OPTI-MEM, giving a final volume of 1ml. The serum-free 

medium on the cells was aspirated off and replaced with the transfection mixture. 

The cells were then incubated with the transfection mixture for 5-6 hours before the 

transfection mixture was removed and replaced with normal cell culture medium.

Treatment o f cells fo r whole-cell patch clamping

Cells destined for patch-clamping were transfected in an identical manner to that 

described above. However, following the removal of the transfection mixture, the

112



transfected cells were subcultured or “split” immediately onto glass coverslips 

(13mm diameter, borosilicate glass; VWR, Poole, UK) placed in two or three 35mm 

wells (6 well plate; Nalge Nunc International, Denmark). In this way, cells 

transfected at a high density (40-60% confluency) in a single 35mm well were 

diluted into two or three wells for patch-clamping.

Briefly, the transfection mixture was removed and replaced by 700pl 0.25% trypsin 

solution in PBS. Cells were encouraged to detach from the surface of the well by 

gentle pipetting of the trypsin solution. After 1-2 minutes incubation with trypsin at 

room temperature, the tryptic activity was inhibited by the addition of SOOpl of 

normal cell culture medium, and the cell suspension was pipetted into a sterile 

eppendorf tube. Cells were pelleted by centrifugation at 350g for 3 minutes in a 

benchtop centrifuge. A six well plate containing autoclaved 13mm borosilicate glass 

coverslips (3 or 4 per well) was prepared, and 2ml of cell culture medium added to 

each well. The cells were resuspended by gentle trituration in fresh cell culture 

medium, and aliquoted into 2 or 3 wells.

Transfected cells were incubated in normal growing conditions for at least 24 hours 

to allow recovery from the transfection and trypsinisation, and to permit expression 

of proteins encoded by transfected DNA. The cell culture media on each well was 

changed 24 hours after transfection to remove any cell debris. Generally, transfected 

cells that were cultured in this manner were healthy and ready for patch-clamping 

24-48 hours posttransfection.
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Pretreatment o f  transfected cells prior to patch clamping

After transfection of HEK-293 cell lines with plasmid DNA for Pertussis toxin 

(PTx)-resistant mutant Ga subunits, the cells were incubated with PTx for 16 hours 

to inactivate the cells’ endogenous G-proteins. Pertussis toxin (Calbiochem, EMD 

Biosciences, San Diego, USA), a protein endotoxin from Bordetella pertussis, was 

purchased in a solid, freeze-dried form and dissolved in sterile distilled water, then 

stored in small aliquots at -20°C until needed. PTx was added from a lOOpg/ml stock 

solution (2pl per well) to give a final concentration of lOOng/ml. This was generally 

done the evening before a day of patch-clamping experiments.

2.2.3 Establishing monoclonal stable cell lines

In these studies, extensive use was made of a monoclonal HEK-293 stable cell line 

that expresses the Kir3.1 and Kir3.2A channel subunits (hereby referred to as: 

HKIR3.1/3.2) that was established by my supervisor. Dr. Andrew Tinker. On the 

background of this cell line, additional cell lines expressing both the channel and 

various G-protein coupled receptors (GPCRs) were established by my colleague. Dr. 

J.L. Leaney and myself. These cell lines proved to be a valuable resource with robust 

and consistent levels of channel and receptor protein expression that showed little 

variation with time. These cell lines could be passaged up to 30-40 times before a 

new frozen aliquot was revived. The same transfection procedure described in 

Section 2.2.2 was used to transfect cDNA for stable expression.
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The theory o f  stabe versus transient transfections

Following a transiînt transfection, the plasmid DNA enters the cytosol and is taken 

up by the nucleus where it can initiate the expression of the genes it encodes. A 

plasmid can replicite itself independently using the replication machinery of the host 

cell. However, sued replication cannot occur indefinitely and eventually the plasmid 

is lost fi-om the cells as they divide. Hence, for a transient transfection, the plasmid 

DNA can drive the expression of its encoded protein for a few days before the 

plasmid is relinquished by the dividing cells. In a stable transfection, the plasmid is 

believed to become randomly incorporated in the chromosomal DNA of the cell and 

should henceforth be replicated and passed from generation to generation. One might 

think that the incidence of successful incorporation is very small, and the likelihood 

that the plasmid may become incorporated in a region of the cell’s genome that 

would disrupt normal cell function is high, resulting in a lethal mutation. However, 

multiple stable cell lines have been successfully established in our laboratory, 

possibly reflecting an unusual level of plasticity in the HEK293 cell line isolate used.

The use o f  antibiotic selection to establish stable cell lines

Plasmids generally contain a gene that confers resistance to the cell to a particular 

antibiotic. Stably transfected cells can be selected by treatment with that antibiotic. 

All channel, receptor and G-protein cDNA constructs described in this thesis that 

were intended for stable cell line expression (with the exception of the inducible 

system -  see next section) were subcloned into either the pcDNA3.1(+) or 

pcDNA3.1/zeo mammalian expression vectors (Invitrogen, Groningen, Netherlands).
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The main features of this family of plasmid vectors are shown in Figure 2.1. These 

vectors contain genes encoding for resistance to a specific antibiotic that will kill 

non-resistant eukaryotic cells. The pcDNAS.l (+) and pcDNA3.1/zeo vectors contain 

genes that encode for resistance to the antibiotics Neomycin (Geneticin) and Zeocin 

respectively. Geneticin is an aminoglycoside that causes inhibition of cell growth and 

later cell death by inhibiting ribosomal function. The Neomycin resistance gene 

encodes proteins that have aminoglycoside phosphotrasferase activity that confer 

resistance to the effects of Geneticin on the cell. For selection and maintenance of the 

HKIR3.1/3.2A cell line, 727pg/ml Geneticin (G418 disulphate; Melford 

Laboratories, Chelsford, UK), was used in the cell culture media.

The channel + receptor cell lines were established using HKIR3.1/3.2 as a parent cell 

line. On the background of this cell line, transfection of receptor cDNAs (subcloned 

into pcDNA3.1/zeo) and a subsequent dual antibiotic selection strategy resulted in 

“double-stable” cell lines. The details of the subcloning strategies are given in Table 

2.1. The dual antibiotic selection strategy used was 727pg/ml G418 and 364pg/ml 

Zeocin (Invitrogen, Groningen, Netherlands). The pcDNA3.1/zeo plasmid contains a 

resistance gene that encodes a protein that binds to antibiotic Zeocin (that causes cell 

death by DNA cleavage in non-resistant cells) and this prevents it from binding to 

and cleaving DNA strands. The optimum concentration of antibiotics used to 

establish stable cell lines was determined by performing “cell death” experiments. 

These experiments, performed on non-transfected HEK293 cells, determined the 

concentration of antibiotic required to kill all cells within 14 days of treatment.
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Selection o f momclonal cell lines

Generally 2-3 wells of 30-60% confluent cells were transfected with the plasmid 

expressing the cDNA construct for stable expression at different concentrations 

(from 1.5pg cDNA per well) to establish a stable cell line. Immediately following 

transfection of the plasmid, all the transfected cells were subcultured from the 6 well 

plate and pooled in a sterile T75 tissue culture flask. Initially the cells were cultured 

in normal cell culture medium for 24-48 hours to permit expression of the plasmid 

encoding the gene for antibiotic resistance. This medium was then replaced with cell 

culture medium containing the appropriate antibiotics for selection of the transfected 

plasmid. Dramatic cell death should occur in the first two weeks and cell culture 

media should initially be changed every 1-2 days. Following 3-4 weeks growth in 

selection medium, small colonies of cells start to become apparent under the 

microscope. These colonies have arisen from single transfected cells that have 

successfully incorporated the plasmid DNA into their genome, and each represents a 

monoclonal cell isolate.

Once distinct colonies became visible to the naked eye (usually at 5-6 weeks) they 

were individually picked using a sterile cotton bud and then dropped into individual 

wells of a 36 well plate (Nalge Nunc International, Denmark). Approximately 12 

colonies were selected to establish a monoclonal stable cell line. Each well was 

subcultured separately when confluent into a T25 cell culture flask. It is then 

necessary to screen each cell line for the protein of interest. For receptor + channel 

stable cell lines this was accomplished using electrophysiology to detect agonist- 

induced increases in whole-cell Kir3.1/3.2 current recordings. A cell line was
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considered to be stable and monoclonal if five out of five cells “patch-clamped” 

produced robust and consistent potentiations in current in response to application of 

the appropriate agonist. The most promising monoclonal cell lines were then grown 

up in large quantities and fi*ozen down as described in below.

Procedure fo r  freezing down HEK-293 cell lines

The governing principle for freezing down and reviving fi’ozen stocks of HEK-293

cells is to freeze them down slowly, and to defi'ost them fast. The widely used

method for preserving cells is to use a cryoprotective agent, generally dimethyl

sulfoxide (DMSO), in conjunction with liquid nitrogen. In the absence of a

cryoprotective agent, freezing is lethal to most mammalian cells due to mechanical

damage fi*om ice crystals, dehydration, pH changes, protein dénaturation and other

factors. DMSO minimises these factors by lowering the freezing point, thus

permitting a slower cooling rate. For freezing, cells were grown to near-confluence

in a large T175 cell culture flask. Cells were detached firom the cell culture flask by

trpysin. As described previously, tryptic activity was quenched with an excess of

medium, then cells were pelleted and the supernatant discarded. The cell pellet was

resuspended by gentle trituration in the “fi*eezing down” media, composed of:

8ml Minimum Essential Medium (MEM) supplemented with 10% Foetal 

Bovine Serum and 1% Penicillin-Streptomycin (all fi*om Gibco Life 

Technologies, Paisley, UK)

1ml DMSO (10%) (HybriMax®, SigmaAldrich, Poole, UK)

1ml Foetal Bovine Serum (total 20%)

The cell suspension was rapidly pipetted into Cryogenic vials (Coming, NY, USA) 

in 1ml aliquots, and then placed in the refiigerator at 4°C for 20-30 minutes. The
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vials were moved to a -20°C freezer for 30 minutes and then placed in the -80°C 

freezer for a further 30 minutes to ensure gradual cooling. Finally, the cells were 

placed in the liquid nitrogen tank for long-term storage.

2.2.4 Inducible cell systems

In mammalian cell expression systems - such as the stable HEK293 cell lines used in 

these studies -  it is surprisingly awkward to control the level of expression of a 

particular gene. In contrast, varying the amount of mRNA injected into the cell can 

titrate the levels of recombinant protein expressed in Xenopus oocytes. In 

mammalian cells, transient transfections of a plasmid vector generally results in 

protein expression that occurs in an “all-or-nothing fashion”. Gene expression is 

controlled by the upstream promoter sequence in the plasmid vector. All plasmid 

vectors in my studies utilise the powerful human cytomegalovirus (CMV) promoter 

that drives consistently high levels of protein expression (Anderssen et al., 1989; 

Boshart et al., 1985).

On two occasions in these studies it was pertinent to determine the effects of 

concentration of a particular protein in our cell expression system. This was achieved 

using the TRex^"  ̂ system (Invitrogen, Groningen, Netherlands), whereby gene 

expression is conditional on the addition of the antibiotic tetracycline (Tet). Several 

inducible gene expression systems are now commercially available but TRex^^ 

utilises the human CMV promoter. Two stretches of the tet operator 2 (TetO:) 

sequence have been inserted into the CMV promoter sequence. Each TetOi sequence
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is 19 nucleotides long and serves as the binding site for 2 molecules of the Tet 

repressor protein. On their own, the TetO: sequences have no effect on gene 

expression. However, when the Tet repressor protein (TetR) is present, it forms a 

homodimer that binds to the Tet0 2  sites and prevents the initiation of gene 

transcription (Hillen & Berens, 1994). Tetracycline added to the cell culture medium 

binds to TetR, which changes the conformation of TetR and prevents its interaction 

with the TetO] sites. This releases the inhibition of transcription from the CMV 

promoter, and results in high levels of expression of the gene of interest (Yao et al., 

1998). Importantly, addition of tetracycline can induce identical expression levels to 

those that are achieved with constitutive CMV promoters.

The main components of the TRex’’’’̂ inducible system are the plasmid vectors, 

pcDNA5/TO and pcDNA6/TR. The inducible expression plasmid, pcDNA5/TO, 

contains the human CMV promoter interrupted by the pair of Tet02 sites and a 

multiple cloning segment (MCS) into which the gene of interest can be inserted. The 

regulatory plasmid, pcDNA6/TR, expresses the gene encoding the Tet repressor 

protein (TetR) under the control of the human CMV promoter (see Figure 2.4).
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Figure 2.4: The major features of the TREX™ plasmid vectors, pcDNA5/TO 

and pcDNA6/TR. Top: The inducible expression plasmid, pcDNA5/T0, contains 

the human CMV promoter interrupted by the pair of TetO] sites and a multiple 

cloning segment (MCS) into which the gene of interest can be inserted. It also 

contains the resistance gene for hygromycin. Bottom: The regulatory plasmid, 

pcDNA6/TR, expresses the gene encoding the Tet repressor protein (TetR), also 

under the control of the human CMV promoter, and confers resistance to the cell for 

the antibiotic blasticidin.
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Establishing inducible quadruple-stable cell lines

In these studies, I wished to determine the effect of varying the concentration of two 

proteins on the kinetics of recorded Kir3.1/3.2 currents. Inducible expression of 

Gjas-CFP and RGS8-YFP was achieved by establishing “quadruple” stable cell lines 

by adding 2 plasmids (pcDNA5/T0 and pcDNA6/TR, both Invitrogen) to pre

existing dual receptor + chaimel cell lines. Both G,a3-CFP and RGS8-YFP encode 

for chimaeric proteins fused to cyan- and yellow-fluorescent proteins respectively 

(see Figure 2.3). The use of these fluorescently tagged constructs permitted fast and 

efficient screening of the inducible stable cell lines as is described in the next section.

Firstly, it was necessary to subclone each cDNA construct into the inducible plasmid 

vector, pcDNA5/T0. G,a3-CFP was removed from the pECFP-Nl vector and 

subcloned into pcDNA5/T0 using a KpnI/Notl digest. RGS8-YFP was excised from 

pEYFP-Nl and ligated into pcDNA5\T0 with a Hindm/Notl restriction digest. The 

pcDNA5/T0 plasmid confers resistance to the antibiotic hygromycin. The 

pcDNA6/TR plasmid, which expresses the TetR protein, confers resistance to the 

antibiotic blasticidin. Successful stable expression of pcDNA6/TR was particularly 

important in establishing an inducible cell line because, in its absence, the line would 

constitutively express the construct of interest. Therefore the plasmids pcDNA6/TR 

and pcDNA5/T0 were cotransfected at a ratio of 5:1, at various total DNA 

concentrations, into the parent cell lines described below.

Inducible stable cell lines in the HKIR3.1 /3.2/A 1 cell line expressing the fluorescent 

PTx-resistant G-protein a  subunit (Gja3-CFP) were made after cotransfection of
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Gjas-CFP in pcDNA5/T0 and pcDNA6/TR, followed by selection with 727 pg/ml 

G418, 364 pg/ml Zeocin, 400 pg/ml hygromycin (GibcoBRL) and 5 pg/ml 

blasticidin (Invitrogen). Quadruple cell lines expressing the RGS8-YFP construct in 

pcDNA5/T0 and pcDNA6/TR were established by transfection into the 

HKIR3.1/3.2/GGB and HKIR3.1/3.2/M4 cell lines and by culture in the antibiotic- 

containing media described above.

Screening the inducible CFP-G\a3 cell line

Monoclonal isolates were first screened using fluorescence microscopy. Many cell 

lines exhibited a high basal (Opg/ml Tet) expression of CFP-Gitts and were 

discarded. Cell lines were then induced with tetracycline (O.Ol-lOpg/ml) and selected 

for graded expression of the CFP-tagged protein. Tetracycline (Sigma Aldrich, 

Poole, UK) was made up at lOmg/ml in sterile PBS (GibcoBRL) on the day of the 

experiment and added directly to the cell culture media and used at serial dilutions. 

Tetracycline was applied for 24 hours for optimal protein induction, as recommended 

by the manufacturers.

Cell lines were further screened using electrophysiology after PTx-treatment for >16 

hours. Agonist-induced currents should not be observed in non-induced, PTx-treated 

cells; however some cell lines were found to express basal levels of PTx-resistant, 

CFP-Gitts protein and were discarded. A single cell line expressing CFP-Gias only on 

induction with tetracycline was identified; this stable line was designated as 

HKIR3.1/3.2/Al/Gia3-T. Western blotting was used as an independent technique to 

show graded expression of the Gjag-CFP protein as described in Section 2.3.1.
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Screening the inducible RGS8-YFP cell line

Using a similar strategy to that described above, the HKIR3.1/3.2/GGB+R8-YFP and 

HKIR3.1/3.2/M4+R8-YFP cell lines were screened using fluorescence microscopy. 

Unfortunately all HKIR3.1/3.2/GGB+R8-YFP cell lines exhibited a considerable 

background level of fluorescence suggesting that the pcDNA6/TR plasmid had not 

been transfected successfully. The inducible HKIR3.1/3.2/M4+R8-YFP cell lines 

were more promising and three were selected for further investigation by 

electrophysiology. To determine the EC50 and Bmax for tetracycline required for 

protein induction in these cell lines, experiments using a fluorescent microplate 

reader were performed.

Titrating the concentration o f Tetracycline required to induce proteins: plate-reader 
experiments

HKIR3.1/3.2/M4+R8-YFP cells were subcultured from a near-confluent T75 flask 

(~10^ cells) and resuspended in 11ml P/S MEM (Gibco BRL). 1ml of cell suspension 

(~909,000cells) was added to 1ml of tetracycline-containing P/S MEM at 2X the 

desired final concentration, giving a total of 2ml of cells at each concentration: 0 Tet, 

0.01, 0.1, 1.0, lOpg/ml. 200pl aliquots of the above suspension were pipetted into 9 

wells of a flat-bottomed, transparent 96 well plate (Nalge Nunc International, 

Denmark) giving approximately 100,000 cells per well. The 96 well plate was placed 

in the incubator and cells were allowed 24 hours to adhere and for protein induction 

to take place.
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On the day of the experiment, cells had roughly doubled in number giving a 40-60% 

confluent monolayer. Prior to fluorescence readings, the medium from each well was 

removed; each well was washed with 200ml PBS, and replaced with 200ml PBS. 

200ml PBS was also added to each of the "blank" wells containing no cells. The 

Tecan Genios (Tecan, Mennedorf, Switzerland) is an optimal microplate reader used 

to quantify fluorescence, absorbance and luminescence. The enhanced yellow 

fluorescent protein (YFP) (Living Colors Fluorescent Proteins; Clontech, California, 

USA) quantified in these experiments includes chromophore mutations that increase 

the fluorescence intensity of the expressed protein. The excitation and emission 

maxima for YFP are 513nm and 527nm respectively. Fluorescence measurements 

were made using an excitation filter at 485nm and an emission filter in the range of 

580 ± 20nm. The excitation filter at 485nm was suboptimal but a limited range of 

filters was available. The emission filter at 580nm was chosen over a similar filter at 

SlOnm in order to minimise leak through from the excitation filter. Sufficient emitted 

signal was detected due to the long "tail" of the EYFP emission spectrum extending 

to 620nm (see Figure 2.6).

The HKIR3.1/3.2/M4-RGS8-YFP-T inducible cell line was screened using the 

platereader to titrate the concentration of tetracycline to induce a low, medium or 

high level of RGS8-YFP protein expression. Experiments were repeated on 3 

separate occasions with 9 replicates for each concentration of tetracycline. "Blank" 

PBS-only wells were included to monitor background fluorescence of the solutions 

(although data were not corrected for by the "blank" readings). The mean E C 5 0  value 

for RGS8-YFP protein induction was found to be 0.03 ± O.Olp-g/ml Tetracycline.

125



2.3 Confocal microscopy

2.3.1 The principles of confocal microsopy

Confocal microscopy represents a major advance on conventional fluorescence 

microscopy. An image is formed with a conventional light microscope by 

illumination of the object with a patch of light from an extended light source (Figure 

2.5). The light is directed onto the object through a condenser lens, imaged with an 

objective lens and then viewed through an eyepiece. The resolution of the image is 

primarily due to the objective lens. The main limitations of conventional fluorescent 

microsopy are resolution, depth of focus, and contrast (Wilson, 1986).

In confocal microscopy, a laser replaces the fluorescent light source (mercury bulb. 

Xenon lamp or monochromator) and illuminates a very small region of the object. 

Furthermore, a point detector detects light only from that area by the use of a well- 

positioned pinhole or iris so that all out-of-focus light is removed, resulting in a high- 

resolution image. However, only one very small area of the object is imaged and 

hence there is a limited field of view. The confocal microscope increases the field of 

view by scanning the object with a finely focused laser light. Through the use of 

scanning mirrors, the laser can scan different points of the specimen until an entire 

area, or plane, is scanned. This allows the imaging of a thin section of the entire 

object with a small depth of field. Light emitted from the object is detected and 

amplified by a photomultiplier tube (a light detector). The signal from the 

photomultiplier tube (PMT) is converted into a digital signal that is displayed as a 

computer image (Figure 2.5).
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Figure 2.5: The optical arrangements of a conventional light microscope (A) and 

a laser scanning confocal microscope (B). The essential elements of the confocal 

system are: mechanical object scanning, point detection, optical slicing and 

electronic image processing. See text for details.

2.3.2 The main components of a laser scanning confocal microscope

Images were obtained for this thesis using a Bio-Rad Radiance 2000 laser scanning 

microscope (Bio-Rad, Hemel Hampstead, UK) that consists of a conventional 

inverted microscope (Nikon, TE-300) to which the confocal scan head, housing the 

optical components, can be attached. The confocal scan head contains the scanning 

mirrors, dichroic mirrors, and pinhole. The lasers are housed in a separate controller 

box, and light from each laser is transmitted to the scan head via a fibre optic cable.
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The laser light is focused onto the cell under study using a conventional, high quality 

objective lens. The selected laser light (for example, 488nm blue light from the 

Argon ion laser) is dispersed in all directions as it arrives at the cell. A large 

proportion of this light passes through the cell and is detected by very sensitive 

“transmission detectors”. These allow the collection of ordinary transmitted images 

or “bright-field” images (that are not confocal) using a confocal microscope.

A small proportion of the laser light will result in the excitation of fluorescent 

molecules expressed in the cell under study. The fluorophore (eg. GFP) will then 

emit light at a different wavelength (~520nm) in all directions. Some of this emitted 

light will be directed through the objective, back into the scan head -  where it is 

divided into its constituent colours by the dichroic mirrors -  and detected by 

photomultiplier tubes. The light must first pass through a narrow pinhole or iris that 

is only millimetres in diameter, positioned in front of the photomultiplier tubes 

(PMT). The LaserSharp software (Bio-Rad), used for acquiring confocal images, 

calculates the optimal iris aperture. Alternatively it can be calculated using the 

following equation:

Pinhole diameter (mm) = 73.2 x X x  Magobj x 10'^
N.A Equation 2.1

where X is the wavelength (nm); N.A. is the numerical aperture of the objective lens

and M agobj is the magnification of the objective (eg. 60x).

A computer and the controller box, containing the lasers and photomultiplier tubes, 

are required for oapturing the image and controlling the microscope.
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2.3.3 Imaging fluorescent molecules

The use of the green fluorescent protein (GFP) from the jellyfish Aequoria victoria 

has had an enormous impact on cell biology (Tsien, 1998). Subcloning techniques 

have allowed cloned GFP to be tagged to a protein of interest. The localisation of 

such fusion proteins can be studied in living cells using fluorescence or confocal 

microscopy, as described in this thesis. Spectral variants of GFP have been generated 

by making minor changes to the tripeptide chromophore of GFP (Ser-Tyr-Gly). The 

excitation and emission wavelengths of these proteins are shown in Figure 2.6 below.

20 -

Ecrr
100

20

Excitation wavelength Emission wavelength
GFP 488 nm 507 nm
CFP 433 nm (also small peak at 453nm) 475 nm (also small peak at 501)
YFP 513 nm 527 nm

Figure 2.6: Emission and excitation spectra of GFP and its spectral variants.
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2.3.4 The application of confocal microscopy in these studies

The basic principle of fluorescence is that fluorescent molecules, excited by a light 

source of a certain wavelength, will emit light of a longer wavelength. For 

conventional fluorescence microscopy, extensively used in this study to identify 

transfected cells for patch-clamping, I illuminate the sample with a high-energy 

mercury arc lamp that emits a broad spectrum of light, from 350nm (UV) to 600 nm 

(red), and a fluorescein filter set (-480 -  600 nm). For confocal microscopy, the 

Argon ion laser was used for imaging the fluorophores, GFP, CFP and YFP. It emits 

at two major wavelengths, 488 nm and 515 nm. It can also emit at 457 nm but with a 

lower output.

Cells for imaging were subcultured onto 25mm glass coverslips and, if transfected, 

were allowed 24-48 hours to express the protein of interest. Care was taken not to 

stress the cells under investigation. Prior to imaging a coverslip was placed into a 

watertight cell imaging chamber and cells were overlaid with pre-warmed solution 

(reduced-serum OPTI-MEM without phenol red; Invitrogen). This solution was 

selected for its low autofluorescence and correct osmolarity. Images were acquired 

with a 40x or 60x oil objective. The iris aperture was set at optimum unless stated 

otherwise. A laser power of 20-30% was generally required; the gain was set to 50%.

When imaging CFP-tagged proteins, the sample was excited using a 457 nm Argon 

laser line and images were collected with a 500 nm long bandpass filter. For GFP- or 

YFP-tagged protteins, the 488 Argon laser line and 500 nm long bandpass filter were 

used. For the collection of images where colocalisation of CFP- and YFP-tagged
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proteins was studied, each fluorophore was imaged sequentially and controls were 

performed to ensure that there was no “crosstalk” between fluorophores (where the 

excitation of one fluorophore causes emission of light from the other fluorophore). 

The 457 nm Argon laser line with a 485/30-emission filter (470 -  500 nm) was used 

to image CFP, then the 514 nm Argon laser line and a 545/40 emission filter (525 -  

565 nm) was used to image YFP.

2.4 Biochemistry

2.4.1 Western blotting

Although not used extensively in this thesis, SDS polyacrylamide gel electrophoresis 

(SDS-PAGE) followed by Western blotting presents a useful technique for detection 

and quantification of proteins. In these studies, SDS-PAGE and Western blotting 

techniques were employed firstly to determine the conditions under which 

transfected cDNA encoding the CFP-tagged Ga subunits resulted in equivalent 

protein expression in cell lines, and secondly to show a graded protein expression in 

response to increasing concentrations of the antibiotic tetracycline in the inducible 

cell system (see section 2.2.4).

SDS polyacrylamide gel electrophoresis (SDS-PAGE) is a widely used method for 

separating proteins according to their molecular weight. SDS is an ionic detergent 

that denatures proteins by causing unfolding, and then coats the denatured 

polypeptides giving them a uniform negative charge. Therefore the proteins can be 

separated on a gel according to their molecular weights alone.
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The polyacylamide gel also contains SDS and is composed of a matrix created by 

cross-linkages between two monomers, acrylamide and bisacrylamide, which 

behaves like a molecular sieve, allowing smaller polypeptides to pass through more 

readily than larger ones. Most SDS-PAGE is carried out using a discontinuous buffer 

system in which two layers of polyacylamide 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 layer -  the stacking gel -  is buffered to pH6.8. The whole gel 

is immersed in a Tris-glycine running buffer containing SDS. The denatured 

polypeptides are loaded on to the surface of the stacking gel and a voltage is applied 

(anode at the top, cathode at the bottom). The sample is swept along a steep voltage 

gradient through the stacking gel and deposited at the surface of the resolving gel. 

Here the higher pH of the resolving gel causes ionisation of glycine, and the 

polypeptides are no longer swept along but move through the resolving gel in a zone 

of uniform voltage and pH. In the resolving gel the migration distance is dependent 

on the logarithm of the molecular weight of the polypeptide.

To visualise the polypeptides resolved on a polyacrylamide gel, the polypeptides 

must be transferred to another support that allows them to be exposed to antibodies. 

Nitrocellulose membrane is the most frequently used support due to its high binding 

capacity for proteins. The wet electrophoretic method of transfer in which the gel is 

sandwiched with a sheet of nitrocellulose and subjected to an electrical field was 

employed in these studies due to its compatibility with the mini-gel electrophoresis 

system used (Bio-Rad Laboratories, Hemel Hampstead, UK). Following transfer, the 

nitrocellulose requires treatment with a blocking agent (such as bovine serum
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albumin, skimmed milk or Tween) to prevent non-specific binding of the antibody to 

the nitrocellulose membrane. Next, the nitrocellulose membrane is treated with the 

appropriate primary antibody. Then a secondary antibody is applied to detect bound 

primary antibody. The secondary antibodies used in these studies are conjugated to a 

dye, horse radish peroxidase (HRP), that allows detection of labelled bands and 

transfer of these bands on to photographic film using a commercially available 

detection kit (ECL Western blotting detection reagents; Amersham Pharmacia 

Biotech, Amersham, UK).

Blotting for CFP-tagged G-alpha subunits

Cells at 40-50% confluence in 35mm plates were transfected using 

LIPOFECTAMINE (Gibco BRL, Paisley, UK) with Ipg cDNA for Gia i-CFP, Gja2- 

CFP, G itts-CFP or GottA-CFP. After six hours the transfection mixture was aspirated 

fi'om each well and replaced with normal cell culture medium. Cells were then 

harvested 48 hours post transfection, when confluent, by scraping into ice-cold Tris- 

buffered saline (50mM Tris, 150mM NaCl, pH7.4; TBS), pelleted in a benchtop 

centrifuge and resuspended in 250pl of TBS with protease inhibitors (Complete 

EDTA-ffee; Boehringer Mannheim, Germany). The protein samples were then 

denatured by the addition of 50pl of 6X Gel loading buffer [0.35M TrisHCl (pH6.8), 

10.28% (w/v) SDS, 36% (v/v) glycerol, 0.6M dithiothreitol, 0.012% (w/v) 

bromophenol blue], sonicated for at least 20 seconds and, finally, boiled at 100°C for 

5 minutes. The components of a 12% resolving and stacking gel are listed in the table 

below. The Acylamideibisacrylamide solution was obtained fi'om BioRad, Hemel 

Hampstead, UK.
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Component: 12% Resolving gel: Stacking gel:

30% solution of 8.0ml 1.3ml

Acylamideibisacrylamide

0.5M TrisHCl, pH 6.8 - 2.5ml

1.5M TrisHCl, pH 8.8 5.0ml

10% SDS (w/v) 0.2ml 0.1ml

Distilled water 6.8ml 6.1ml

Final volume 20.0ml 10.0ml

The gel mixture was allowed to de-gas for 10-20 minutes before the addition of 

150jLil 20% (w/v) ammonium persulphate and 20pl TEMED (both from Sigma 

Aldrich) to the resolving gel. The mixture was mixed by inversion and then poured 

into the gel apparatus (Mini-gel system, BioRad, Hemel Hampstead, UK). Once the 

gel had set, polymerisation of the stacking gel was initiated by addition of 75 pi 20% 

ammonium persulphate and 13pi TEMED. The stacking gel was mixed gently and 

then poured over the resolving gel. A plastic comb was inserted to form wells and the 

gel was allowed to set for at least 30 minutes before use.

Before the samples were loaded, the plastic comb was removed and the gel apparatus 

was immersed in a tank containing fresh running buffer (25mM Tris, 250mM 

glycine, 0.1% SDS, pH8.3). An 80pl volume of each sample was pipetted into each 

well. A 5pi volume of pre-stained broad range protein standard markers (BioRad, 

Hemel Hampstead, UK) was loaded into one well to allow approximation of the 

molecular weights of proteins of interest, and to serve as a visual marker to indicate 

whether transfer has occurred on to nitrocellulose. Voltage was then applied across 

the gel using a power pack (Powerpac 300; BioRad, Hemel Hampstead, UK). The 

samples were run through the stacking gel at a voltage of 40V and through the
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resolving gel at 80V. For electrophoretic transfer, the gel was removed from the glass 

plates and placed in a sandwich with nitrocellulose (Hybond ECL; Amersham- 

Pharmacia Biotech, UK) and filter paper (Whatman no.l) and enclosed in a plastic 

cassette. The cassette was then placed in the transfer apparatus and immersed in 

transfer buffer (48mM Tris, 39mM Glycine, 0.037% (w/v) SDS, 20% (w/v) 

methanol, pH 8.3). An electrical current of 250mA was applied across the transfer 

apparatus for 2 hours at 4°C.

Next, the nitrocellulose membrane was blotted with 5% (w/v) non-fat milk (Marvel, 

Premier Brands, UK) in PBS + 0.1% Tween (PBS-T) for 1 hour on a shaking 

platform. This was followed by three washes with PBS-T for a total of 20 minutes. 

The primary antibody was then applied to the nitrocellulose membrane in a 5% non

fat milk (Marvel) solution at a 1:200 dilution. The primary antibody used was a 

polyclonal rabbit antiserum that recognises GFP and its spectral variants such as CFP 

(Cat #: 8372-2; Clontech, California, USA). The nitrocellulose was incubated with 

the primary antibody solution for 12-16 hours on a shaking platform in the cold room 

at 4°C. After incubation with primary antibody, the nitrocellulose was washed 3 

times with PBS-T for a total of 20 minutes. Then the secondary antibody 

(Horseradish peroxidase linked anti-rabbit IgG antibody from Amersham Pharmacia, 

Little Chalfont, UK) was applied to the nitrocellulose at a 1:10 000 dilution in PBS-T 

and incubated on a shaking platform for 1 hour at room temperature. The 

nitrocellulose was washed 3 times with PBS-T for a total of 20 minutes before the 

reactive bands were visualised using ECL reagents and chemiluminescence film 

(Hyperfilm ECL; Amersham Pharmacia, Little Chalfont, UK) according to the 

manufacturer’s instructions.
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For both western blots, the aim was to quantify the CFP-tagged protein expression 

levels. Therefore brief exposures (10-30seconds) were used to develop western blots 

as the signal can saturate after longer exposures. Furthermore, care was taken to 

ensure that the total protein content in each sample was similar. For instance, cells 

were seeded into 35mm wells at identical densities, then transfected (or induced with 

tetracycline to express the Q a  3-CFP protein in the inducible line) at the same time, 

and harvested in an identical fashion. Finally, a 20|il aliquot of each protein sample 

was kept back and a protein assay was performed (as described in the next section). 

This confirmed that the amount of protein loaded into each well was virtually 

identical. For example, for samples induced with tetracycline to express CFP-Gias it 

was found that the total protein content in each sample was:

[Tet](pg/ml) 0(A) 0(B) 0.1 0.5 1.0 10.0

Protein
(pg/ml)

16.65 17.03 19.00 18.45 17.38 19.00

2.4.2 Radioligand binding

Radioligand binding techniques were used in this study primarily to quantify the 

expression levels of G-protein coupled receptors (GPCRs) expressed stably in 

receptor + channel stable cell lines. Radioligand binding was performed on crude 

membrane preparations isolated from the relevant stable lines (HKIR3.1/3.2/A1, 

HKIR3.1/3.2/Al-Gai.i, HKIR3.1/3.2/a2A, and HKIR3.1/3.2/D2). Large quantities of 

these cell lines were grown up (a minimum of two T175 flasks of cells were required 

for a series of binding experiments). When they had reached confluency, cells were
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washed with and harvested into binding buffer (50mM TRIS-HCl, pH 7.4) and stored 

at -80°C as 1-1.5ml aliquots. They were defrosted slowly on ice and then 

hypotonically shocked (lOmM TRIS-HCl and lOmM EDTA) on ice for 10 minutes 

after which an equal volume of SOOmM sucrose plus lOmM TRIS-HCl was added to 

restore tonicity. Cells were homogenized using a glass-on-glass Dounce 

homogeniser. The homogenate was spun at 600g (4°C) for 15 minutes to sediment 

nuclei and large cell debris. The membrane fraction was obtained by spinning the 

supernatant at 100,000gav in an ultracentrifuge (Beckman, Optima LE-80K). The 

pellet was resuspended in binding buffer and incubated with radioligand at room 

temperature for one hour.

Specific binding was assessed using saturating concentrations of radiolabelled 

receptor antagonists: 8nM [^H]-DPCPX for adenosine Ai receptors or the A% 

receptor-Ga fusion, A i-G iai(C^G ), 30nM [^H]RX-821002 for adrenergic azA 

receptors, and 4nM [^H]spiperone for dopamine Dis receptors. Radioligands were 

obtained from Amersham-Pharmacia Biotech (Little Chalfont, UK). Non-specific 

binding was determined in the presence of a 1000-fold excess of unlabelled 

antagonist: 8pM DPCPX (A%), 30pM rauwolscine (œia), and 4pM spiperone (Di). 

Binding reactioms were terminated by the addition of an equal volume of ice-cold 

binding buffer. Bound ligand was separated from non-hound ligand by vacuum 

filtration onto Whatman GF-B filters, which were then washed 4 times with 2ml ice- 

cold binding buffer. Each filter was placed in a scintillation vial containing 10ml 

Ultima Gold M V scintillant (Packard). A Packard TriCarb 2100TR liquid 

scintillation counter was used to count bound radioactivity. Binding was performed
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in triplicate and repeated at least four times. Data were corrected for total protein 

content in the sample and were expressed as fmol/ pg protein (mean ± s.e.m.).

Protein Assay

Protein concentrations were measured using a standard BioRad protein assay and 

titrated against a bovine serum albumin (BSA) standard curve. Briefly, 20-50pl of 

the crude membrane preparation for each sample was kept back and held at 4°C. A 

standard curve using known concentrations of bovine serum albumin (BSA) was set 

up using molecular biology grade BSA (New England Biolabs, Hitchin, UK). The 

BSA is supplied with restriction enzymes as a lOmg/ml solution, and was used at a 

1:100 dilution (0.1 mg/ml). The protein standards were prepared as shown in the table 

below.

Total protein
concentration
(pg/ml)

Volume of 1:100 
BSA solution (pi)

Volume of assay 
buffer (pi)

Bio-Rad Protein 
Assay concentrate

0 0 800 200pl
2 20 780 200pl
4 40 760 200pl
8 80 720 200pl
12 120 680 200pl
16 160 640 200pl
20 200 600 200pl
30 300 500 200pl

Following addition of 200pl Biorad Protein assay concentrate (Bio-Rad, Munich, 

Germany), each sample was thoroughly vortexed, incubated for 2 minutes at room 

temperature and then transferred into a clean plastic cuvette. The absorbance at 

595nm was recorded using a spectrophotometer, and this was used to plot the 

standard curve, g;iving estimates of the protein concentration of the samples.
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2.5 Electrophysiology

2.5.1 Introduction

Much of our knowledge about the properties of ion channels has arisen from 

experiments using the voltage-clamp technique. First developed by Marmount 

(1949), Cole (1949) and Hodgkin, Huxley and Katz (1949, 1952) to characterise the 

ionic processes underlying the action potential in the squid giant axon, many variants 

of this technique have been developed to describe and characterise the ionic 

conductances in a wide range of tissues. The development of the gigaseal and patch- 

clamp methods by Erwin Neher and Bert Sakmann constituted a profound advance 

in electrophysiology (Hamill et al., 1981; Sakmann and Neher, 1995). They found 

that a clean fire-polished glass pipette could fuse with a clean cell membrane, 

creating a seal of exceptionally high electrical resistance (as high as tens of 

gigaohms) and of considerable mechanical stability (Hamill et al., 1981).

2.5.2 The whole cell configuration of the Patch clamp

The patch-clamp technique introduced four new configurations for recording from 

cells: once a high resistance seal was formed, ion channels within the patch o f  

membrane could be recorded from in isolation in the cell-attached mode or, due to 

the high stability of the seal, the patch could be pulled off the cell and recorded from 

in the inside-out or excised patch configuration in which the cytoplasmic surface of 

the membrane can be exposed to a variety of solutions. Alternatively, by applying 

brief suction with the pipette sealed on to the cell, the cell membrane can be 

deliberately ruptured, bringing the contents of the pipette solution into contact with
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the cell cytoplasm. The cell contents equilibrate with the solution in the pipette over 

time. This descr.bes the whole-cell configuration of the patch-clamp. Finally, pulling 

the pipette away from the cell as shown in Figure 2.7 can form an outside-out patch.

The inside-out and outside-out configurations are used for recording single ion 

channel activity whereas the whole-cell configuration is used to record current 

passing through all the ion channels in the cell membrane. Throughout these studies, 

the whole-cell configuration of the patch clamp was used.

On-cell Whole-cell

Suck

Pull Pull

Inside-out Outside-out

Figure 2.7: Four configurations of the giga-seal recording 

technique. From Hille (2001).
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2.5.3 The voltage-clamp technique

The principle of the voltage-clamp technique is that the membrane potential is held 

constant {i.e. “clamped”) by a feedback amplifier while the flux of ions passing 

across the cell membrane is measured as an electrical current. The conductance (g) of 

the membrane is directly proportional to ion channel activity. Conductance gives a 

measure of the ease of flow of current between two points; it is measured in siemens 

(S) and is defined by Ohm’s law:

I = gV Equation 2.2

This states that current is equal to the product of the conductance and thç voltage 

difference (V) across the conductor. Conductance therefore describes the ability of 

an ion channel to allow ions to traverse it. Resistance (R), which is the reciprocal of 

conductance, describes the property of the cell membrane to prevent the flow of ions 

across it. A simplified circuit diagram, shown in Figure 2.8, depicts ion channels as 

conductors, connected in parallel with the cell membrane, which is a resistor that also 

functions as a capacitor due to its ability to separate electrical charge.

The net driving force for ions is determined by the difference between the 

membrane potential, Vm, and the Nemst equilibrium potential for ions (Ek). The 

product of the conductance (gic) and the driving force for ions will determine the 

current ( I k)  passing along the channel pore using the following equation, derived 

by Hodgkin and Huxley from Ohm’s law:

I k  =  gK (Vm  -  E k)  Equation 2.3
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(A) FQUIVALEN T CIRCUIT (B) INTERPRETATION

Î

'.ÜK

I
Figure 2.8: The electrical properties of the cell membrane.

The cell membrane can be described as an electrical circuit with two 

branches: On the left, the conductive branch represents a K^-selective ion channel 

providing an aqueous pore for the movement of ions, driven by the difference 

between the equilibrium potential for ions (E k )  and the electrical potential across 

the membrane (Vm).

The branch on the right represents the cell membrane as a capacitor. The 

membrane is an extremely thin insulating layer that can separate charged particles. 

Capacitance (C), with units of farads, gives a measure of how much charge (Q) needs 

to be transferred from one conductor to another to establish a potential difference (V) 

between them: C = Q/V Equation 2.4

The capacitance of the membrane lipid bilayer (C m ) is given by the distance 

between the insulating plates of the bilayer (d), the area of the plates (A), the 

dielectric constant of the insulating medium (s) and a natural constant (sO) with a 

value of 8.95 x 10’’̂  CV"^m'\ such that: Cm = ssOA

 ̂ Equation 2.5

Cell membranes typically have high capacitances of approximately O.OlpF/pm^ 

(specific capacitance of l.OpF/cm^); hence the separation of a small number of ions 

(charge) can generate a large electrical gradient (V).

Capacitance slows down the change in voltage to any given current with a 

characteristic time constant ( tm )  that is given by the product of the membrane 

capacitance and membrane resistance, Rm-Cm- [From Hille, 2001].
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The theory o f  the voltage clamp

In Figure 2.9, the voltage is the independent variable that is set by and equal to the 

electromotive force of the battery (Vcmd)- An intracellular electrode and voltage 

follower measure the membrane potential while a feedback amplifier amplifies the 

difference between the recorded voltage and the desired value. A second intracellular 

electrode, controlled by the output of the feedback amplifier, is required to inject 

current into the cell to correct for any deviation from the desired voltage. In voltage- 

clamp experiments the voltage is forced to change in fast steps to a new potential.

CmQk

Figure 2.9: A circuit diagram depicting the “ideal voltage clamp”

The circuit consists of a battery, a switch, the cell and an ammeter. When the switch 

is closed the membrane potential is instantly adjusted to the battery potential (Vcmd)- 

This generates a surge of current that charges the membrane capacitance and a 

subsequent maintained current that sustains the potential difference (Vm) across the 

conductor (gK).
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Unlike the ideal case, a finite time is needed to charge the membrane capacitance. 

This gives rise to a brief spike of a capacity current - or “transient” - at the start and 

end of the square voltage step (see Fig. 2.1 OB). However, when the voltage reaches a 

steady state, no capacity current is passed and the actual current gives a true 

reflection of the ionic current passed by gK.

Traditionally two different intracellular micropipettes are used for the whole-cell 

voltage-clamp: one to follow changes in membrane potential and the other to pass 

current into the cell. In separating these two processes errors in current measurement 

should be avoided, such as those arising from the series resistance of the current- 

passing electrode. Although the two-electrode voltage clamp technique is still widely 

used in recordings from large cells such as Xenopus oocytes, for small cells it is 

generally more convenient to use a single micropipette that performs both functions. 

The “whole-cell patch” voltage clamp -  otherwise known as continuous single

electrode voltage clamp (cSEVC) technique -  assigns both voltage recording and 

current passing tasks to the same micropipette. To minimise errors arising from using 

one micropipette to do the job of two, a technique known as series resistance 

compensation must be applied. For effective series resistance compensation, the 

resistance of the micropipette must be lower than the effective access resistance 

(Ra,eff) to the cell; measures taken to minimise this will be discussed in the next 

section. The cSEVC is the technique used in most commercially available amplifiers 

such as the Axopatch 200B used in these studies. The technique is illustrated in 

Figure 2.10.
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Figure 2.10: The continuous single-electrode voltage clamp technique.

A: In this figure, the cSEVC circuit is depicted simply as a voltage source (Vcmd) in 

series with the effective access resistance (Ra,eff) and the membrane (Rm, Cm)- The 

cSEVC functions to ensure that the potential at the top of the pipette (Vp) is equal to 

Vcmd- B: Once Vcmd is stepped to V i, a steady-state current (Im) flows into the 

circuit. The membrane potential (Vm) is equal to Vcmd -  L-Ra.eff- Following the step 

change in command potential, Im and Vm decline exponentially to their steady-state

v a lu es w ith  a tim e constant, I  =  [Ra,eff-Rm/(Ra,eff + Rm)]-Cm, but b eca u se  gen era lly  

Rm is m u ch  greater than Ra,eff, this va lu e  can be approxim ated  such  that T =  

Ra eff-Cm- (From The Axon Guide, Axon Instruments Inc.).
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2.5.4 Whole cell capacitance

As previously described, the cell membrane acts as a highly efficient capacitor. 

Therefore, to step the membrane to a new potential, a significant current injection is 

required to charge the membrane capacitance. As shown in Fig. 2.10, the time course 

of the membrane potential change in response to a step in current is given by the 

membrane time constant (tm). The cell membrane capacitance ( C m )  can be calculated 

fi'om the membrane time constant if the series resistance (Ra,eff) is known:

Cm — Tm
^ ,efr Equation 2.7

The value of the cell membrane capacitance in picofarads, as read from the controls, 

gives an estimate of the membrane area (A) since it has been found that almost all 

biological membranes have a capacitance close to l.OpF/cm^. In this study all current 

amplitudes were corrected for cell size and are expressed in picoAmperes per 

picofarads (pA/pF).

2.5.5 Series resistance compensation

In addition to the resistance of the cell membrane (Rm) there is a resistance in series 

with the cell membrane and the current-passing electrode. Termed the series 

resistance (Ra,eff)» it arises fi'om the resistance of the micropipette, the residual 

resistance of the ruptured patch and the cytoplasm. A current (Ip) flowing fi'om the 

pipette into the cell through the series resistance will generate a potential difference 

of Ip.Ra,eff* This potential needs to be extracted firom the command potential to give 

the true potential at the cell membrane since series resistance can contribute a 

considerable error in whole-cell recordings, particularly when currents are large.
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Both series resistance and membrane resistance (and hence membrane capacitance) 

can be measured directly, either in current-clamp or in voltage-clamp (Fig. 2.11).

V step s^  
V=0 ^

Voltage
n o m m a n r i

B
1=0 — ^  

I s t e p ^ ^ Current

Current Voltaae

R a ,e f f= V s te p  C m =  ^

I Ra,eff

Ra,eff — V 1 Rm — V  2

Istep Istep

Figure 2.11: Calculation of series resistance (Ra,efr) and cell membrane 

capacitance (Cm). A: In voltage-clamp mode, the current response to a small voltage

step is shown. The current transient decays exponentially with a time constant, Tm,

and Ra,eff and Cm can be derived with the equations given. B: In current clamp mode, 

the change in voltage elicited by a small current step is shown. A fast instantaneous 

change in voltage (Vi) and a slower component (V2) can be used to calculate Ra,efr 

and Rm respectively, using the equations shown.

The time resolution of the whole-cell patch clamp is also affected by Ra,eff. hi 

voltage-clamp, application of a small voltage step will generate a transient current 

that decays exponentially where the time constant (tm ) is equal to the product of 

series resistance and membrane capacitance, tm = Ra,eff.CM (from Equation 2.7).
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Tm can be found by fitting a single exponential fimction to the transient current decay 

(see Figure 2.11 A). To find the values for Ra,eff and Rm, a small current step in 

current-clamp mode results in a characteristic change in voltage. As shown in Figure 

2.1 IB, the voltage change consists of two components: a rapid jump (Vi) and a 

slower exponential change in voltage (V2). Using the equations given in Fig. 2.11, 

values for Ra,efr and Rm may be determined.

In these studies the in-built series resistance compensation of the amplifier was used 

to add a proportion (75%) of Ip.Ra,eff to the voltage command to partly rectify the 

error. The whole-cell capacitance was also measured using the analogue circuitry of 

the amplifier by cancelling out a current transient in response to a step in voltage.

2.5.6 The patch-clamp recording setup used in these studies.

All non-electronic equipment for the recording of whole-cell currents was mounted 

on a vibration-fi'ee air table and electrically shielded by a cage. Cells were transferred 

to the glass-bottomed recording chamber (15mm diameter; Series 20 Perfusion 

chamber; Warner Instruments Inc., Hamden, USA) that was continually perfused 

with high bath solution. The recording chamber was mounted on a conventional 

inverted microscope (Nikon, Diaphot-TMD) to which a mercury lamp light source 

was attached (Nikon, TMD-EF). A shutter apparatus was used to minimise exposure 

of the cell to the UV light [fi'om 350nm (UV) to 600 nm (red)]. On exposure of the 

cell, emitted fluorescent light was first filtered though a fluorescein filter set (-480 -  

600 nm), then directed up through the objective into the eyepieces of the microscope.

148



microscope
condenser Voltage

command

headstage

<— fast 
perfusio 
syste

standard
perfusion
system

stand—#

PC
(pClamp6)

Digidata
1200B

Bessel filter 
& Axopatch 

200B

ài

fluoresc:ent lia hi

10MQ

cell in recording chamber

microscope 
stage

obiective
waste 

n n n t a i n o r

o vacuum 
pump

air table

Figure 2.12: Perfusion and configuration of the patch-clamp recording setup.

Solutions were supplied to the recording chamber by a standard gravity-driven 

perfusion system and by a fast perfusion system that was positioned over the cell 

under investigation. Solutions were removed from the chamber to a waste container 

by a vacuum pump. The recording chamber was earthed by an Ag/AgCl electrode 

(not shown). The electrode used for making recordings of whole-cell membrane 

currents also used an Ag/AgCl interface. The electrode was connected to the 

headstage amplifier containing a lOMQ resistor. Signals were further amplified by an 

Axopatch 200B amplifier, converted from analogue to digital signals by a Digidata 

1200B converter, and captured on a computer hard disc. The computer generated 

voltage commands using pClampb software.
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For all recordings of whole-cell membrane current, the electrode was connected to a 

unitary voltage gain headstage amplifer (HS-2; Axon Instruments, Union City, CA, 

USA) where the current passing range and resolution were determined by resistive 

feedback through a single resistor of lOMQ. Signals were then filtered with a 4-pole 

Bessel filter and amplified by the Axopatch 200B amplifier (Axon Instruments). 

Data were then digitised using a Digidata 1200B interface (Axon Instruments), and 

captured and analysed using pClamp software (version 6.0; Axon Instruments). 

Voltage commands were performed using pClampb software. For current-voltage 

relationships, data were filtered with the Bessel filter at 1 kHz prior to sampling at 5 

kHz by an analogue-to-digital converter (Digidata 1200), before capture to a 

computer hard disc. For continual data acquisition, cells were voltage clamped at -60 

mV and records were then digitised at 100 Hz before being saved to disc. As 

described previously, series resistance (<10 MQ) was at least 75% compensated 

using the amplifier circuitry.

In all whole-cell recordings the micropipette electrode used a silver/silver chloride 

(Ag/AgCl) interface. Annealed silver wire was coated with silver chloride by regular 

immersion in bleach. A commercially available Ag/AgCl grounding electrode (Axon 

Instruments) was used to earth the bathing solution. This was immersed in 3M KCl 

and kept continuous with the bath solution via an agar/KCl salt bridge. Junction 

potentials that arise at the interface between two different salt solutions were avoided 

by grounding the bath with an agar/KCl salt bridge. All recordings were made 

relative to ground.
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2.5.7 Application of the whole-cell configuration of the patch clamp

Patch pipettes were pulled from filamented borosilicate glass (Clark Electromedical; 

Harvard Apparatus, Edenbridge, U K) using a horizontal pipette puller (DMZ- 

Universal Puller, Zeitz Instruments, Munich, Germany) that also fire-polished each 

glass micropipette tip. Micropipette tip diameters were highly reproducible and had 

resistances of 2.5-3.5 MQ when back-filled with pipette solution. After filling, the 

tips of patch pipettes were coated with a Parafilm/mineral oil suspension to reduce 

the capacitance of the glass micropipette.

The patch pipette was then positioned over the cell under investigation in the 

recording chamber, and lowered using a fine micromanipulator (Sutter Instruments, 

Navato, CA, USA) until the polished tip came into contact with the cell membrane. 

Gentle suction was applied by mouth until a seal of high electrical resistance (2-10 

GQ) was obtained. Following an equilibration period of 30-60 seconds, the 

membrane patch was ruptured by sharp mouth suction, bringing the contents of the 

pipette solution into contact with the cell cytoplasm.

Immediately following patch rupture a current-voltage relationship was performed to 

establish that currents were inwardly rectifying. The cell, exposed to symmetrical 

solutions, was maintained at a holding potential of OmV at which no net current was 

passed. This is also termed the reversal potential. Current-voltage relationships were 

monitored over an equilibration period of approximately 5 minutes, during which 

time leaky cells were discarded. Thereafter cells were voltage-clamped at -60 mV
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and agonist-induced currents were measured at this potential. Recordings of 

membrane curreit were made at room temperature (20-24°C).

2.5.8 Rapid drug application

Cells were subcultured onto glass coverslips (13mm diameter, borosilicate glass; 

VWR, Poole, UK) that were transferred to the recording chamber. The recording 

chamber was continually perfused to a depth of 1.5-2.5mm with high external 

solutions by a standard gravity-driven perfusion system, at rate of approximately 

Bml/min. In addition to this perfusion system, drugs were applied using a “sewer 

pipe” system (Rapid Solution Changer RSC-160; Bio-Logic, Claix, France) whereby 

an array of fine glass capillary tubes was positioned in the bath approximately 40 pm 

above the recorded cell by a rotating head. Simultaneous repositioning of the tubes 

and release of valves allowed rapid solution switching and localised application of 

drugs due to the laminar flow over the cell from the perfusion capillaries. This fast 

perfusion system also permitted rapid termination of a drug application by switching 

to a drug-free solution, within about 0.27 seconds.

For each cell it was assessed whether there were any flow artefacts resulting from the 

pressure of drug application. This was done by applying bath solution from one of 

the sewer pipes and recording any flow-induced currents. If any such current was 

observed then the position of the perfusion head was moved to minimize it. 

Furthermore, in order to control for variations in positioning of the sewer pipe 

system relative to the cell, this system was calibrated using the kinetics of channel 

block by barium. The cell was positioned in the centre of the field using cross hairs
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in the microscope eyepieces. Barium (1 mM) was applied to the cell in the presence 

of agonist when the agonist-induced current had reached a plateau phase (Fig. 2.13).

VM N EC A
HKIR3.1/3.2/A1:

block+ 1mM Ba

Ba^* lag

1nA
10s

Figure 2.13: Calibration of the fast perfusion system using the kinetics of Ba^  ̂

block.

The intrinsic delay in drug delivery time was calculated by measuring the Ba^^ lag. 

Shown above is an example of a whole-cell current recording at -60mV from an 

HKIR3.1/3.2/A1 cell. The NECA-induced current was blocked by rapidly switching 

to a solution containing IpM NEC A plus ImM Ba^^. Ba^^ ions diffuse quickly and 

block inward currents from the external side of the channel pore. The block is 

fully reversible on removal of the Ba^  ̂containing solution.

Block of the current occurred with an initial delay before reaching equilibrium. It 

was assumed that this delay reflected the intrinsic delivery time to the cell. A barium 

calibration was performed prior to the start of experiments to ascertain correct 

positioning of the sewer pipe and was repeated on several cells during each recording 

session. In general the results were highly reproducible (the lag time for barium 

block was 274 ± 7.6 ms (n = 175). Current traces for which the Ba^^ lag was greater 

than 400ms were excluded from the analysis.
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2.5.9 Solutions for electrophysiology 

Bath Solution

The composition of the external or bath solution was as follows (concentrations in 

mM): 140 KCl, 2.6 CaCh, 1.2 MgCh, 5 HEPES (pH 7.4). All chemicals were from 

Sigma Aldrich (Poole, UK). The bath solution was made up as a 1 Ox stock solution 

and diluted as needed. On each occasion, it was necessary to readjust the pH to 7.4 

due to the low buffering capacity of HEPES. In all instances, high quality 18 MQ 

distilled water was used in making electrophysiology solutions.

Standard Pipette solution

The intracellular pipette solution used contained the following (in mM): 107 KCl, 1.2 

MgCh, 1 CaCl], 10 EOT A, 5 HEPES, 2 MgATP, 0.3 NazGTP. The pH was adjusted 

to pH 7.2 with 5mM KOH, resulting in a total K^ concentration of 140 mM. 

Generally, 50-100ml of pipette solution was made up at a time, sterile-filtered and 

then pipetted into 1ml aliquots and stored at -20°C until needed. A fresh aliquot was 

defrosted for each day of experiments and kept on ice to prevent breakdown of ATP.

GTPyS-containing pipette solution

For GTPyS-containing pipette solutions, 0.3-0.9mM GTPyS was substituted directly 

for 0.3mM GTP. GTPyS was supplied as a lithium salt from Sigma Aldrich (Poole, 

England). Because GTPyS is highly unstable at room temperature, this compound 

was dissolved in distilled water (18 MQ) as a stock solution at 0.3M and stored in 

small aliquots at -80°C. A standard nucleotide-free pipette solution that was made
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up to 90% final volume was kept refrigerated. On the day of the experiment, a 4.5ml

aliquot of this solution was placed on ice. To this solution the following was added:

50pl 2.0M MgATP stock solution

SO-lSOpl 0.3M GTPyS stock solution (Li^ salt)

50pl 0.6M NaCl solution (to replace Na^ ions

usually included with Na2GTP)

50-100pl 1 .CM KOH to pH 7.2

150-300pl 18 MQ water to a final volume of 5ml

The solution was found to be stable on ice for 3-4 hours.

GDPpS-containingpipette solution

GDPpS is a more stable guanine nucleotide analogue, supplied as a sodium salt by 

Sigma Aldrich. For GDPpS-containing pipette solutions, GDPpS (1 or 3mM) was 

added in addition to 0.3mM GTP. Briefly a nucleotide-free standard pipette solution 

at 90% final volume (pH7.2) was prepared. Stock solutions at 1000-fold 

concentrations of their final value for MgATP, Na2GTP and Na2GDPpS were added, 

the pH was readjusted and the solution was made up to its final volume (generally 

5ml). Aliquots of ImM GDPpS- and 3mM GDPpS-containing pipette solutions were 

stored at -20°C until required.

2.5.10 Materials and drugs

Cell culture materials were from Gibco BRL and Invitrogen. All chemicals were 

from Sigma Aldrich or Calbiochem (Merck Biosciences, Nottingham, UK). Drugs 

were made up as concentrated stock solutions and kept at -20 °C. Radioligands were 

purchased from Amersham Pharmacia (Little Chalfont, UK).
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2.5.11 The Nemst equilibrium potential

The equilibrium potential for (Ek), at which there is no net flow of ions, is 

given by the Nemst equilibrium potential:

Ek — RT In [K̂ ]o 

ZF [K^]i

Equation 2.8

where R is the gas constant (8.315 JK'^mol'^), T is the absolute temperature on the 

Kelvin scale, F is the Faraday constant (9.648 x 10"̂  Cmol'^), z is the valency of the 

ion (z=l for K^), [K^]o is the extracellular concentration of K^, is the

intracellular concentration of K% and In is the natural logarithm.

The physiological extracellular K^ ion [K^]o concentration is approximately 5mM, 

and the intracellular K^ ion [K^]j concentration that can be measured with a K^ 

sensitive electrode is approximately 130mM. The calculated Ek value at 25°C is -  

83.7mV and at 37°C is -87.1mV. In these studies symmetrical K^ ion concentrations 

were used: [K^]o = 140mM and [K"̂ ], = 140mM. The calculated Ek value at 25°C is 

OmV. The membrane potential at which no current passes, the zero-current potential, 

is also termed the reversal potential. In many excitable cells, the reversal potential 

(Erev) may not be the same as the equilibrium potential as the membrane is permeable 

to other ions. However for electrically quiescent HEK-293 cells stably expressing the 

Kir3.1 + Kir 3.2 channel forming subunits, Ek = Erev •
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2.6 Analysis of macroscopic current traces

2.6.1 Current amplitudes

By convention, an outward membrane current is denoted as positive in the whole-cell 

voltage clamp configuration. Therefore all currents recorded in these studies are 

designated as negative since the electrochemical gradient is such that ions flow 

into the cell. Membrane currents were measured at -60 mV. Current amplitudes were 

standardised by dividing by the cell membrane capacitance and expressed as pA/pF.

The following current measurements were taken from each whole-cell current trace:

• Prior to agonist-stimulation a small Kir3.1/3.2 current was active, hereby 

referred to as the basal current.

• On application of agonist, there was an initial lag followed by an exponential 

increase in Kir3.1/3.2 current to a maximum value, or peak current.

• The agonist-induced current (AIC) was obtained by subtracting basal from 

peak currents.

• On removal of agonist, Kir3.1/3.2 currents returned to baseline and this is 

described as the wash current.

2.6.2 Activation

Upon agonist application, current activated with an initial delay (“lag”) followed by a 

rapid rise to peak amplitude (“time to peak, ttp”) (Fig. 2.14B). In most figures these 

parameters are combined as lag+ttp. The lag was not corrected for by the Ba^^ lag (as 

described in Section 2.5.8), which represents the drug delivery time to the cell.
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Figure 2.14: Analysis of macroscopic current traces.
A: An example of a whole-cell current recording from a HKIR3.1 /3.2/az^ cell (voltage- 
clamped at -60m V in response to a 20 second application of agonist as indicated by the 
horizontal bar). Basal, peak and wash current amplitudes were measured from each 
current trace as indicated. B and C show expanded views of the current trace in A.
B: shows how the activation parameters “lag” and “time to peak (ttp)” were measured 
by the positioning of cursors using Clampfit (PClamp6  software; version 6 ).
C: The desensitisation of agonist-stimulated currents was characterised by measuring 
the current amplitudes (I^^J at 1, 2, 5, and 10 seconds from peak, and at “drug off’. 
These values were expressed as a percentage of the agonist-induced current using the 
equation given.
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2.6.3 Desensitisation

During continued agonist application currents exhibited desensitisation, which was 

characterised by measuring the current amplitudes at 1, 2, 5, and 10 seconds from the 

peak current response and on removal of agonist (at approximately 20 seconds). The 

current at each time point (Itime) was expressed as a percentage of the agonist-induced 

current with equation:

% desensitisation = (peak -  Itime) x 1 0 0

(peak -  basal) Equation 2.9

2.6.4 Deactivation

As described below, the deactivation of KirS. 1/3.2 channels was fitted to a single 

exponential function. It is important to emphasise here that this function was arrived 

at empirically by testing several different exponential decay functions and, by using 

the F test, the simpler function was found to be satisfactory. Here the single 

exponential function provides a convenient measure to derive empirical parameters

such as a single time constant ( t )  to describe the data. It does not describe a physical

mechanism or a single process underlying current deactivation. A number of 

processes may account for the deactivation of Kir3.1/3.2 currents, including:

a) dissociation of agonist from the receptor,

b) the intrinsic GTPase activity of the G-protein a  subunit, or

c) unbinding of Gpy subunits from the channel complex.
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The Exponential function:

A few definitions are required. The majority of reactions dealt with in these 

studies can be classified into one of two groups: they are either unimolecular or 

bimolecular. Unimolecular reactions involve only one reactant, for instance the 

dissociation of an agonist-receptor complex or the isomérisation of a GPCR between 

active and inactive states. The rate of a unimolecular reaction has the dimensions of 

s"\ Bimolecular reactions involve two reactants, such as the binding of a ligand to a 

receptor, with dimensions of M '\s '\  In considering the rates at which two molecules 

in solution collide, the empirically derived Law of mass action states that:

“The rate at which a reaction occurs is directly proportional to the product of the 

concentration of the reactants that are involved.”

From this it follows that the rate of change of a quantity at a particular time is 

proportional to the magnitude of that quantity at a given time. Such reactions 

approach equilibrium with a special function known as the Exponential 

distribution: f(t) = k.exp (t) = e^^

The universal constant, e, is an infinite non-recurring decimal with an 

approximate value of 2.71281.

The rate at which an exponential function approaches equilibrium is 

measured by an observed rate constant, k, with units of reciprocal time (s'^).

The time constant, denoted T (Greek tau), provides a more straightforward

measure of the rate of approach to equilibrium. The time constant (T) is defined as 

1/k with units of time (s). Extensively used in this thesis, the time constant describes 

the time taken for a reactant to change to 1/e, that is 37% of it’s initial value.

The time taken for the initial value of a reactant to halve is termed the half

time (to.s). This can be calculated by: to.5 = T.ln(2) = 0.693.T with units of time (s).
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The declining phase o f  current (I) was fitted to a single exponential decay function,

I(t) = A.exp(-t/i) + C

Equation 2.10
where A is the current amplitude at the start of the fit, t is time, T is the deactivation 

time constant and C is the steady state asymptote.

Curve fitting was performed using Clampfit software (pCIamp version 6.0) with a 

Simplex iterative procedure where the sum of squared errors was minimized. Initial 

estimations of curve-fitting parameters were not fixed or “seeded”. Positioning the 

cursors about the curve defined the area of current trace for fitting as shown in Figure 

2.15 (A & B). Goodness of fit was judged by visual inspection. Poor fits were 

rejected and not included in the data set.

In some recordings of HKIR3.1/3.2/A1 cells a transient increase in current was 

observed following removal of agonist. In these cells, the deactivation phase was 

defined as the declining phase of the current after the peak of current reactivation, 

and cursors were positioned as shown in Fig. 2.15B. The deactivation phase after 

removal of the agonist adenosine from HKIR3.1/3.2/A1 cells was not adequately 

fitted by a single exponential function. This was probably due to the concomitant 

effects of current reactivation and deactivation on removal of agonist. Therefore the 

measure “time to» half current decay” was used to describe the deactivation rate. This 

is defined as the time taken, from removal of agonist, for the current to deactivate to 

half the agonist-induced value (i.e. (Peak -  basal currents)/2). This is depicted in 

Figure 2.15C.
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Figure 2.15: Characterisation of deactivation kinetics.
A and B: The deactivation phase was fitted with a single exponential function: I(t) = 
A.exp(-t/T) + C (shown in red). The area of the curve for fitting was defined by placing 
cursor 1 (Cl ) at the start of the declining phase, and cursor 2 (C2) was placed at return to 
baseline. For B, Cl was placed after the prominent current reactivation. The 
deactivation time constant (x̂ ea J  is indicated for each trace.
C: Following removal of adenosine from the HKIR3.1/3.2/A1 line, good fits were not 
obtained with a single exponential function. Flere the parameter “time to half current 
decay” was used as a measure of the deactivation rate.
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2.6.5 General data analysis

All data are presented as mean ± S.E.M where n indicates the number of cells 

recorded from. The mean p is given by: Sx

N Equation 2.11

where x is the value of each sample and N is the size of the sample. The standard

deviation c  is given by: / S ( x  -

N Equation 2.12

The standard error of the mean (s.e.m) is given by:

V N Equation 2.13

Time measurements were reciprocated prior to statistical analysis since the reciprocal 

of time is normally distributed. Data are shown untransformed. Data were analysed 

using GraphPad Prism (version 3.0) for Windows (GraphPad Software, San Diego 

California USA, www.graphpad.com).

Tests of significance between two sets of data were determined using either the 

unpaired or paired Students t-test where appropriate. Both tests assume the data is 

distributed according to a Gaussian distribution and that the two populations have the 

same variances. In theory, since the variance equals the standard deviation squared, 

the two data sets should have the same standard deviation. In practice, the t-test is 

very robust.
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When comparing three or more groups, significant differences were tested for using 

the one-way ANOVA with either a Bonferroni or Dunnett’s post-test, where 

appropriate. ANOVA depends heavily on the assumption that the populations all 

have the same variance. This assumption is tested in GraphPad Prism with a 

Bartlett's test for equal variances. The decision to apply a post-test was conditional 

firstly on the reported value of Bartlett's statistic and, secondly, on whether the 

overall P value was less than 0.05. The Bonferroni and Dunnett's post-tests are both 

modifications of the t test that account for multiple comparisons. The Dunnett’s test 

was widely used in these studies in comparing data sets to the control data set. The 

“Bonferroni test for selected pairs of columns” was used less fi-equently to compare 

selected data sets. Significant differences are indicated as follows: * indicates P< 

0.05, ** indicates P<0.01 and *** indicates P<0.001.

For fitting curves to macroscopic current data, the F-test was used to determine 

whether the data was fitted better by a double exponential fimction than the simpler 

single exponential function. Using GraphPad Prism, the data was fit to both 

equations simultaneously using the program software to decide, via the F-test, which 

was the more appropriate equation. Briefly, the F test works by comparing the sum- 

of-squares and degrees of fi*eedom for each fit. If the simpler model were correct the 

relative increase in the sum of squares should not be significantly greater than the 

relative increase in degrees of fi*eedom. If the more complicated model were correct, 

then the relative increase in sum-of-squares should be greater than the relative 

increase in degrees of fi*eedom.
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CHAPTER 3: Activation of the GIRK channel 

3.1 Introduction:

The first G-protein signalling pathway to be thoroughly understood was the activation of 

the adenylate cyclase cascade by hormone receptors such as the p-adrenergic receptor. 

The major features of this pathway were largely inferred from biochemical studies using 

broken-cell preparations prior to the purification and cloning of the individual proteins 

involved (Gilman, 1987). Based on their experimental data, Tolkovsky and Levitzki 

(1978) proposed a collision-coupling model whereby the agonist-receptor complex can 

be regarded as a mobile catalyst for the activation of G-proteins within the cell 

membrane. The collision-coupling model has become an integral part of our 

understanding of G-protein signalling and has been used as the basis for many models of 

signal transductiom mechanisms. The collision-coupling model is supported by studies 

using purified and reconstituted proteins, and by the interactions of rhodopsin and 

transducin in visual transduction where a single molecule of light-activated rhodopsin 

can move between and activate up to 500 molecules of transducin (Stryer, 1991). 

Notably, the rod outer segment (ROS) provides a unique environment, in which 

rhodopsin, transducin and their effector, PDE, account for over 90% of the total protein 

(Kuhn et al., 198(0). As this is the only G-protein coupled system in these organelles, 

there is no need to maintain specificity. Additionally, rhodopsin has a far greater lateral 

mobility (0.4pm^//s; Poo and Cone, 1974) than other intrinsic membrane proteins, 

possibly due to the unique lipid composition of ROS discs. Similarly, the mobility of
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receptors and G-proteins reconstituted in lipid vesicles is greater than the limited 

mobility of these proteins in intact cells, suggesting a greater level of organisation of G- 

protein signalling components in native cell membranes (reviewed by Neubig, 1994).

Strikingly, G-protein signalling pathways display properties of specificity and efficiency 

that are inconsistent with the collision-coupling model. Furthermore, there is 

accumulating evidence that shows the persistent association of G-proteins with GPCRs 

even after activation, the association of inactive G-proteins with their effectors in quasi

stable complexes, and evidence that Ga and Gpy G-protein subunits do not necessarily 

need to fully dissociate to interact with effectors (reviewed by Rebois & Hebert, 2003). 

In addition, recent work showing that GPCRs (D2, D4 and p2 adrenergic receptors) reside 

in complexes with their cognate effectors in native and transfected cells (Lavine et al., 

2 0 0 2 ) presents a strong case for the existence of stable signalling complexes of 

receptors, G-proteins and effectors.

The most complete model that encompasses our current understanding of the 

interactions between agonist (A), receptor (R) and G-protein (G) at equilibrium is cubic 

ternary complex model (cTCM), developed by Kenakin and colleagues (Weiss et al., 

1996). This model describes eight different receptor species, and includes all the 

agonist/receptor and receptor/G-protein interactions known to occur experimentally (see 

Figure 3.1). The important species for signalling is the activated agonist/receptor/G- 

protein ternary complex. It has been hypothesised that for any combination of these three 

components the particular active conformation -  or conformational space -  is unique.
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and can have distinctive consequences for signalling (Kenakin, 1997; Christopoulos & 

Kenakin, 2002). This model has recently been extended to incorporate the kinetics of G- 

protein activatior and deactivation (shown with curved arrows in the figure below) and 

is referred to as the cubic ternary activation model (cTCAM) (Shea et al., 2000).

PKact
RG R*G

act

G a-G TP

+ gpyact

AR*GARG

act
a K

G a-G TP

AR AR

Figure 3.1: Schematic showing the cubic ternary complex activation model 

(cTCAM). The 3 equilibrium constants (K g , K a , Kact) and thermodynamic constants 

(a, P, y, Ô) from the cTCM are incorporated, but this kinetic model also includes the 

rate-limiting step (kact) in the production of Ga-GTP and Gpy (and the inactivation of 

Ga-GTP and recombination of Ga-GDP and Gpy-not shown). [Reproduced, with 

permission, from Shea et al, 2000.]
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Based on Monte Carlo computer simulations, predictions indicate that the kinetic 

cTCAM model -  as opposed to the equilibrium cTCM model -  may potentially exhibit 

quite different properties (Shea et al., 2000). The introduction of such models poses a 

challenge to study the interactions of these molecules in living cells. The assembly of the 

ternary complex and the molecular mechanisms underlying the strict specificity of 

coupling of GPCRs to their target G-proteins are not completely understood. 

Biochemical assays do not provide the time resolution to evaluate the individual steps in 

the activation process and, while flow cytometry and fluorescent techniques have proved 

useful in studying the assembly of the ternary complex, many use proteins reconstituted 

in phospholipid vesicles that represents an artificial environment (Bennett et al., 2001).

A reaction is said to be “diffusion-limited” when it proceeds instantaneously whenever 

the two reactants collide. In other words, the reaction rate occurs at the collision rate. It 

is generally accepted that the interaction between agonist and GPCR is diffusion-limited 

and occurs much faster than downstream events (Bockaert & Pin, 1999). Recent studies 

using fluorescence-based techniques to monitor the isomérisation of GPCR from 

inactive (AR) to active (AR*) conformations report that ajh adrenergic receptors 

activate with a time constant of 40ms (Vilardaga et al., 2003). Therefore the formation 

of the active AR* is also unlikely to be rate limiting in G-protein activation.

For the activation of a G-protein by AR*, two reactions must be considered: firstly, the 

agonist-bound receptor (AR*) must associate in a diffusion-limited manner with an 

inactive G-protein molecule. Secondly, AR*G ternary complexes assembled in the
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membrane interact with a rate constant kact to catalyse the release of GDP from the Ga 

subunit. Which is the rate-limiting process in G-protein activation? Is it the rate of 

formation of the ternary complex, or the intrinsic efficacy of the ternary complex?

Receptor-based signalling pathways are the primary source of cellular regulation in 

living cells and, as the release of hormones and neurotransmitters varies over the second 

time-scale, it is important to understand the factors controlling the rate of G-protein 

activation. A number of controversial issues remain regarding models of receptor 

activation of G-proteins: Is there any kinetic evidence for the unique conformation of the 

ternary complex? Is the diffusion of active receptor to G-protein rate limiting, or do they 

exist in a pre-coupled complex? What is the role of G-protein isoform and concentration 

in determining the dynamics of activation?

In the following chapter, these questions are addressed by following receptor-mediated 

activation of the GIRK channel using the high temporal resolution of electrophysiology. 

PTx-insensitive G-protein a  subunits, receptor-Ga fused proteins and different HEK- 

293 cell lines, stably expressing a Gj/o-coupled GPCR and the Kir3.1/3.2 channel 

complex, are used to investigate how the ternary complex determines the final channel 

response.
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3.2 Results:

3.2.1 Formation of the ternary complex

The three-component signalling pathway investigated in this study is composed of a 

GPCR, heterotrimeric G-protein, and the cloned neuronal Kir3.1/3.2 ion channel. The 

speed and specificity of this pathway has led to speculation that the 3 components may 

be preassembled in fixed signalling complexes within the plasma membrane by 

scaffolding proteins or through protein-protein interactions (Hille 1992; Kovoor & 

Lester, 2002). Such complexes should minimize the diffusional distances so the 

individual components could interact more efficiently.

To investigate whether fixed signalling complexes occur in native cells, a strategy was 

employed whereby tethering the two proteins together reduced the diffusional distance 

between GPCR and G-protein. This was achieved at the cDNA level by fusion of the C- 

terminus of receptor (olja adrenergic and Ai adenosine) to the N-terminus of the Ga 

subunit. Furthermore, the fused Ga subunit was mutated at the most C-terminal cysteine 

to render the receptor-Ga construct resistant to the effects of Pertussis toxin. Thus, in 

PTx-treated cells, signalling should occur exclusively through the receptor-Ga construct 

held in a fixed 1:1 stoichiometry. The cDNAs encoding the Ai adenosine receptor and 

Œ2A adrenergic receptor, fused to PTx-resistant G ial(C ^G ) and G ial(C—>1) 

respectively, were obtained from Professor G. Milligan (University of Glasgow) and 

constructed as described in Wise et al. (1999).
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Cys_^ Gly or lie 
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COOH
Gpy receptor

domain domain
A1 receptor Gial subunit

Figure 3.2: Cartoon showing the A1-Gial (C—>G) fused protein.

Note the direct fusion of the C-terminus of the receptor (involved in G-protein coupling) 

to the N-terminus of the Ga subunit (involved in Gpy interactions).

Expression of fused receptor-Ga proteins in a channel subunit-expressing cell line, 

together with PTx treatment to inactivate any “unfused” Ga subunits, should reduce the 

3-component system to a 2-component signalling pathway. Therefore, to determine 

whether the receptor-Ga fusion proteins could activate Kir 3.1/3.2 currents in our cell 

lines, the Ai and aih receptor-G-protein cDNA constructs were transiently expressed in 

the HKIR3.1/3.2A cell line. In PTx treated cells (100 ng\ml for 16 hours) both fusions 

were found to activate large currents upon application of the appropriate agonist (Figure 

3.3). However, it was also found that the HEK-293 cell line expressed low levels of an 

endogenous a2^ adrenergic receptor that was also able to significantly activate currents 

after agonist application in untransfected cells (basal: -59.9 ± 7.0; +10 pM 

Noradrenaline: -114.8 ± 27.8 pA/pF (n=17)) and in PTx-treated cells transfected with 

Gial(C-+l). Because an interaction between the endogenous ajx receptor and the fused 

Ga subunit could not be ruled out, it was impossible to look exclusively at coupling
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between the fused Ga subunit and fused Œ2a receptors in this cell line. Thus the desired 

1:1 stoichiometry of receptor to Ga subunit could not be achieved for the a 2A receptor- 

G ial(C ^I) fusion.
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Figure 3.3: Fused receptor-Ga protein constructs can activate Kir3.1/3.2 currents 

when transiently transfected into the HKIR3.1/3.2A cell line (PTx treated > 16 

hours). A: Current responses to agonists: lOpM noradrenaline (NA) and IpM NECA for 

Œ2A and Ai receptor-fusions respectively. Drugs were applied with a slow gravity-driven 

perfusion system (3ml/min) and currents were recorded in 140mM external solutions. 

B: Summary of current amplitudes recorded at - 8 OmV and corrected for cell membrane 

capacitance (pF). The transfected a 2A-Gial and Ai-Gial constructs both activated large 

Kir 3.1/3.2 currents in PTx-treated cells on application of agonist, but an endogenous 

aiA receptor was detected in control (no PTx) cells and in cells transfected with the Gial 

(C->G) subunit (+ PTx >16 hours).

A maximal dose of a non-selective adenosine agonist (IpM NECA) did not elicit any 

currents in the HKJR3.1/3.2A cell line (data not shown). This confirmed that there are 

no endogenously expressed Ai-ARs in our HEK-293 cell line, although A2B adenosine 

receptors have been noted in HEK-293 cell lines previously (Cooper et al., 1997).

Having confirmed that the fused receptor-G protein constructs work, we wished to study 

the kinetics of G-protein activation via the Al-Gial(C->G) fusion construct. To do this, 

stable cell lines coexpressing channel and the Ai receptor-Gia 1 construct were 

established so that the expression of A l-G ial(C ^G ) could be assessed using 

radioligand binding techniques. Monoclonal cell lines were established using the parent 

Kir3.1 /3.2A-expressing line with a dual antibiotic based selection strategy (as described 

in Methods Section 2.2.3) and electrophysiological techniques were employed to 

establish that the Al-Gial(C->G) construct was expressed.
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Two cell lines, designated as “Fused Clone 1” and “Fused Clone 2”, were selected for 

further characterisation on the basis of robust Kir3.1/3.2 current activation. In addition 

two monoclonal cell lines stably expressing the wild-type Ai adenosine receptor plus 

Kir3.1/3.2 channel subunits were established for comparison, designated as “Unfused 

Clone 1” and “Unfused Clone 2” (later HKIR3.1/3.2/A1). Receptor expression (fmol/pg 

protein) was determined using radioligand binding of the Ai receptor antagonist, [^H]- 

DPCPX at a saturating concentration of 8 nM:

Cell line: Fused Clone 1 Fused Clone 2 Unfused 
Clone 1

Unfused 
Clone 2

Specific binding of 73± 13 59 ±20 15±2 29 ±7
[^H]-DPCPX (n=9) (n=5) (n=5) (n=6)

(fmol/pg of protein)

With the fast drug application system, the kinetics of Kir3.1/3.2 current activation and 

deactivation via the Al-Gial(C->G) fused protein and the Ai receptor were examined 

using Fused Clone 1 and Unfused Clone 2. Characteristic current traces are shown in 

Figure 3.4 in response to 2 and 200 second applications of the adenosine receptor 

agonist, NECA (IpM). On first inspection, agonist-induced currents activated by the A% 

receptor signalling via endogenous G-proteins and those activated via the A 1-Gial 

construct in PTx-treated cells have very similar profiles. However subtle differences 

were observed in the agonist-induced responses: The anomalous “current reactivation” 

effect observed following removal of agonist from Ai receptor-expressing cells was 

found to be absent in most recordings from A 1-Gial-expressing cells, and there was less 

profound current desensitisation in A1-Gial-expressing cells.
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Figure 3.4: Current traces recorded from Unfused Clone 2 (A) and PTx-treated 
Fused Clone 1 (B) cells in response to 2 second and 200 second applications of 
agonist.
Whole-cell currents were recorded at -60mV from cells stably expressing either the 
wild-type A, adenosine receptor (A) or the A l-G ial fused construct (B) plus the 
Kir3.1/3.2 channel forming subunits. Fast applications of a maximal concentration of 
the adenosine receptor agonist, 1 pM NECA, are indicated by the solid horizontal lines. 
Responses to a 2 second application (left) and a 200 second application (right) are 
shown. Both cell lines exhibit a similar current response profile: receptor-induced 
currents activated rapidly after a distinct lag, currents exhibited desensitisation in the 
continued presence of agonist (particularly for prolonged 200s applications) and 
currents deactivated to basal levels on removal of agonist. Following 200 second 
agonist applications, deactivation was followed by an overshoot and then relaxation 
back to baseline. The main difference between currents in the two cell lines was the 
unusual “current reactivation” observed on removal of agonist from all cells expressing 
the A] receptor was smaller or absent in current responses mediated via the A l-G ial 
construct, in PTx treated cells.
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Due to differing expression levels (Ai receptors were expressed in the Fused Clone 1 at 

a 2.5-fold greater level of than in the Unfused Clone 2 cell line), a direct comparison of 

their kinetics was not possible. For this reason, the kinetics of channel activation via 

transiently expressed Ai receptors and transiently expressed Al-Gial(C->G) fusion 

proteins was also compared (Figure 3.5).

Responses to 20 second applications of a maximal dose of agonist (IpM NECA) were 

analysed (Figure 3.5). Representative current traces are shown in Figure 3.5A. Channel 

activation was considerably slower via the fused construct (stably or transiently 

expressed), both before and after PTx treatment. At first this suggested that amplification 

at the level of the Ai receptor was important for the speed of G-protein activation. 

However, when Gial(C—>G) was transfected into the HKIR3.1/3.2/A1 cell line, 

signalling was also slowed in an analogous manner in PTx-treated cells. Thus by 

constraining the Ai receptor to signal via G ial(C ^G ) there is no significant difference 

in kinetics from tethering it to Gial(C->G) in the A l-G ial fusion. It appears to be the 

G ial(C ^G ) subunit itself, rather than the lack of amplification, that influences kinetics. 

It has been noted previously that the nature of the cysteine mutation results in a lowered 

affinity of the receptor for G-protein (Bahia et al., 1998; Waldhoer et al., 1999) and the 

slowed activation through the A l-G ial(C—>G) fusion appears to be a kinetic reflection 

of this observation. Thus, it is the nature of the mutant G-protein subunit rather than the 

tethering per se that determines the change in activation kinetics.
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Figure 3.5: Kinetics of signalling via the Unfused AI receptor and the Fused Al-G ial 

(C->G) construct.

A: Representative current traces depicting responses to 20 second applications of IpM 

NECA on a cell from the Unfused Clone2 line (left) and a Fused Clone 1 cell (right).

B: Kinetic data from stable cell lines expressing either AI (Unfused Clone2) or Al-Gial 

(Fused Clone 1), and the Unfused AI cell line transiently transfected with the Gial (C—>G) 

subunit. Cells were treated with PTx (lOOng/ml) for at least 16 hours as indicated. The bar 

chart on the left shows the lag+ttp data. Currents were slower to activate via the A l-G ial 

(C->G) fusion in PTx and non-PTx treated cells compared to activation via Unfused AI 

receptors in spite of 2.5-fold greater levels of expression. However, the kinetics of 

activation through the A l-G ial (C->G) fusion converged with activation of transfected 

G ial(C—>G) subunits in PTx-treated Unfused AI cells. These differences in activation 

were not statistically significant. On the right the bar chart summarises deactivation 

kinetics, characterised by a single exponential time constant (i). Currents initiated at the 

Al-Gial fusion deactivated significantly faster than those mediated via the Unfiised AI 

receptor (p<0.001. One-way AND VA with Dunnett’s post test).

C: Summary of desensitisation data (left) and dose-response data (right) from the stable 

cell lines expressing either AI (Unfused) or Al-Gial(C->G) (Fused). Greater current 

desensitisation was mediated by the AI receptor. This was significant at 1,5 and 20 second 

time points (p<0.05). The dose-response graph shows agonist-induced currents (AIC) 

where a single dose was applied to each cell. Each point represents 8-20 recordings. The 

curves were fitted to a sigmoidal dose-response equation with variable slope (GraphPad) 

but the final point at lO'^M NECA on the Unfiised AI data set was excluded due to an 

unusual inhibitory effect (explained in text). The estimated EC50 values are 11.2nM for the 

Fused line and 29.9 nM NECA for the Unfused AI cell line.

D: Bar charts showing a comparison of the activation (left) and deactivation (right) 

kinetics for the AI receptor and A l-G ial(C^G) fusion protein, transiently expressed in 

the HKIR3.1/3.2A cell line. Activation was significantly slower through Al-Gial(C—>G) 

(p<0.001) and deactivation was faster (p<0.01). N-numbers are indicated in parentheses.
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The rate of current deactivation was increased for the fused construct (both stably and 

transiently expressed). This is consistent with biochemical data of Waldhoer et al. 

(1999). The authors found that the A l-G ial(C ^G ) fusion (but not the A l-G ial fusion) 

released bound radioligand agonist more readily than the Ai receptor and suggest that 

the C—>G mutation renders the ternary complex less stable and promotes rapid release of 

agonist from the complex. The data presented here are consistent with this hypothesis. 

The increased rate of current deactivation was also observed in current responses elicited 

by the agonist adenosine (IpM): (time to half current decay (s): AI Unfused: 6.8 ± 0.70 

(n=15); A l-G ial Fused: 1.2 ± 0.13 (n=10); p<0.001}.

The unfused Ai receptor was found to mediate currents that displayed significantly 

greater desensitisation during a 20 second NECA application (Fig. 3.5C, left). The 

reasons for this will be investigated further in Chapter 4 where it is shown that the A% 

receptor displays a direct, dose-dependent inhibitory effect on GPy-mediated currents 

upon exposure to agonist. This inhibitory effect was fully reversible on removal of 

agonist from the cell and was most prominent at high concentrations of NECA (lOOnM- 

lOpM). In the concentration-response curve to NECA (Fig. 3.5C, right), the response to 

IpM NECA was hugely attenuated. For this reason this point was excluded to enable 

curve fitting to a sigmoidal dose response equation using GraphPad Prism. The EC50, 

defined as the concentration that evokes a response half way between baseline and 

maximum, could not be accurately estimated for the AI Unfused cell line because no 

maximum was defined. However, the estimated EC50 values were 11.2 nM for the Fused 

Clone 1 and 29.9 nM NECA for the Unfused AI Clone 2 cell line.
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Contrary to expectation, the dose-response curve for NECA at the Fused A l-G ial cell 

line lies to the left of the Unfused AI curve, suggesting an increase in agonist potency at 

the ftised construct. This is inconsistent with the finding that the fusion is slower to 

activate GIRK current, and would contradict the findings of others (Sevan et ah, 1999) 

who see a clear rightward shift in concentration-response curves for the A l-G ial fusion 

(EC50 = 2.22nM) suggesting a diminished agonist potency compared to the wild-type AI 

receptor (EC50 = 0.73nM), expressed at similar levels in CHO cells. I therefore conclude 

that the left-shifted concentration-response curve for the Fused cell line reflects the 2.5- 

fold higher levels of receptor expression (72.7±13 fmol/pg of protein, n=9) than in the 

Unfused Ai receptor cell line (28.6 ± 7.2 fmol/pg of protein, n=6).

3.2.2 Role of the GPCR in kinetics of channel activation

Next the kinetics of channel activation via different Gi/o G-protein coupled receptors was 

investigated. In addition to the established cell lines (Kir3.1+3.2A channel-expressing 

cell line and the A% adenosine receptor + channel “Unfused Clone 2” line, hereafter 

referred to as HKIR3.1/3.2/A1), a further 4 dual receptor+channel stable lines were 

established by my colleague Dr. J.L. Leaney. These were designated as follows: - a 2A 

adrenergic receptor: HKIR3.1/3.2/a2, D2S dopaminergic receptor: HKIR3.1/3.2/D2, 

GABA-Bib\2 receptoir: HKIR3.1/3.2/GGB, M4 muscarinic receptor: HKIR3.1/3.2/M4.

Monoclonal cell limes were established by picking single colonies of cells following 

transfection and growth under selective antibiotic pressure as described in Section 2.3.3.
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To determine absolute levels of receptor expression, I performed radioligand binding on 

crude membrane Reparations isolated from the three of the stable lines 

(HKIR3.1/3.2/A1, HHR3.1/3.2/a2 and HKIR3.1/3.2/D2) as described in Section 2.4.2. 

Specific binding was assessed using saturating concentrations of radiolabelled receptor 

antagonists: 8nM [3h]-DPCPX for adenosine Ai receptors, 30nM [3HJ-RX-821002 for 

adrenergic Œ2a receptors and 4nM [^H]-spiperone for dopamine D2S receptors. Non

specific binding was determined in the presence of a 1000-fold excess of unlabelled 

antagonist: 8pM DPCPX (Ai), 30pM rauwolscine (a2A) and 4pM spiperone (D2). 

Binding was performed in triplicate and repeated at least 4 times. The data, shown in 

Figure 3.6B, were corrected for total protein content in each sample and are expressed as 

fmol/pg protein (mean ± S.E.M.). Similar levels of receptor expression were found in 

the HKIR3.1/3.2/A1, HKJR3.1/3.2/a2 and HKIR3.1/3.2/D2 clonal isolates used in the 

following experiments (p>0.05. One-way ANOVA). Regrettably receptor expression 

levels in the HKIR3.1/3.2/M4 and HKIR3.1/3.2/GGB cell lines were not measured due 

to the prohibitive expensive of radioligands.

In the remainder of this chapter I focus on receptor-mediated activation kinetics and then 

proceed to investigate the effects of the ternary complex on this response. Upon rapid 

application of the relevant agonist, an initial lag followed by a rapid rise to peak current 

amplitude was observed in each receptor + channel cell line. This was measured as the 

sum of the “lag” plus the “time-to-peak” (lag+ttp) (as shown in Figure 2.14).
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Figure 3.6: The kinetics of channel activation via different receptors.

A: Representative examples of current recordings from three double channel + receptor 
cell lines: HKIR3.1/3.2/A1 (upper panel), HKIR3.1/3.2/a2A (middle panel) and 
HKIR3.1/3.2/D2 (lower panel) in response to a 20 second application of the relevant 
agonist (A, : 1 pM NECA, 3pM noradrenaline, 1 OpM quinpirole).
B: Radioligand binding was performed using tritiated antagonists to assess the receptor 
expression in the HKIR3.1/3.2/A1, HKIR3.1/3.2/a2A and KKIR3.1/3.2/D2 cell lines. 
All three receptors were expressed at equivalent levels (p>0.05) and these data are 
summarised in the bar chart.
C: The measured “lag + ttp” data for the three cell lines shown in A & B are summarised 
in the bar chart. Additionally the channel activation “lag+ttp” data is shown for the 
HKIR3.1 /3.2/M4 and HKIR3.1 /3.2/GGB cell lines (for which receptor expression was 
not assessed) in response to agonists lOOpM carbachol and lOOpM baclofen, 
respectively. The One-way ANOVA with Bonferroni’s multiple comparisons post test 
was used to compare data for the HKIR3.1/3.2/A1, HKIR3.1/3.2/a2A and 
KKIR3.1/3.2/D2 cell lines. Channel activation after stimulation of the receptor was 
significantly slower than after stimulation of the (p<0.001) or the A, receptors 
(p<0.05). The data set for the HKIR3.1/3.2/a2A cell line was kindly provided by Dr. J.L. 
Leaney.
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For each cell line rudimentary concentration-response experiments were performed to 

establish a maximal concentration of agonist that would lead to full receptor occupancy. 

Figure 3.6A shows representative current recordings from three stable lines (Ai: 

HKIR3.1/3.2/A1, a 2A- HKIR3.1/3.2/a2, D2S' HKIR3.1/3.2/D2) in response to 20 second 

applications of maximal concentrations of agonist (Ai: 1 pM NECA, Œ2a; 3 pM 

noradrenaline and D2S: 10 pM quinpirole). Although activation kinetics were quite 

similar through these three receptors, D2s-mediated currents exhibited a significantly 

slower time course of activation than a 2A~ or A1-mediated currents. The kinetics of 

activation was also investigated in two other cell lines, HKIR3.1/3.2/M4 and 

HKIR3.1/3.2/GGB, in response to agonists carbachol (lOOpM) and baclofen (lOOpM) 

respectively. The mean data is summarised in Figure 3.6C. Channel activation was 

considerably slower in the HKIR3.1/3.2/M4 and HKIR3.1/3.2/GGB cell lines.

3.2.3 The role of agonist concentration in determining activation kinetics

In the following experiments the effect of agonist concentration, and hence receptor 

occupancy, on channel activation was examined. The HKIR3.1/3.2/A1 cell line was 

investigated with the agonist N E C A  at a high, saturating concentration (IpM) and also 

at a lower concentration (30nM) at the E C 5 0  value. Representative current traces are 

shown in Figure 3.7A(i). In Figure 3.7A(ii), the “lag+ttp” data is summarised. At the 

lower concentration of agonist, channel activation was significantly slowed (p<0.001).
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Figure 3.7: Channel activation is influenced by agonist concentration (A) and the 
guanine nucleotide composition of the pipette solution (B).
A: (i) Two traces recorded from the same HKIR3.1/3.2/Al cell at -60mV in response to 
30nM (top) and IpM (bottom) NECA. (ii) Channel activation is significantly slowed at 
the lower agonist concentration (p<0.001 ).
B: (i) Schematic depicting the nucleotide composition of standard pipette solution (left) 
and a modified pipette solution used in these experiments that additionally contained the 
phosphorylation-resistant GDP analogue, GDP(3S (ImM or 3mM), which inhibits G- 
protein activation by competitive inhibition of GTP-binding to the Ga subunit. The 
modified pipette solution was dialysed into the cell for 7-8 minutes before responses to 
lOOpM baclofen were recorded, (ii) Normalised current traces on an expanded time- 
scale, recorded at -60mV from different cells, show a dramatic slowing of current 
activation in the presence of GDPpS. The arrow indicates the application of agonist. (iii) 
The summarised “lag+ttp” data shows that activation is significantly slowed in GDPpS- 
containing HKIR3.1/3.2/GGB cells (One-way ANOVA with Dunnett’s post test). N 
numbers are indicated in parentheses.
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3.2.4 The effect of inhibiting GDP/GTP exhange

The effect of competitive inhibition of GDP/GTP exchange on activation kinetics was 

investigated by including GDPpS (1 and 3 mM) in the pipette solution. The 

phosphorylation-resistant analogue of GDP has been found previously to inhibit G- 

protein signalling (Simmons et al., 1992; Terzic et al., 1994; Kurachi et al., 1986), 

presumably by reversibly occupying the guanine-nucleotide binding pocket on the Ga 

subunit, thereby preventing binding of GTP and the formation of active Ga-GTP and 

Gpy subunits. Cells from the HKIR3.1/3.2/GGB line were dialysed with the modified 

pipette solution for 7-8 minutes prior to the acquisition of current recordings at -60mV 

in response to agonist. The rate of activation of Kir3.1/3.2 currents was found to be 

significantly slower in the presence of ImM or 3mM GDPpS (Fig. 3.7B(iii)). This 

important experiment demonstrates that the rate-limiting step in Kir3.1/3.2 activation is 

the exchange of GDP for GTP on the Ga subunit. Full representative current traces for 

each condition are shown in Chapter 4 (Fig. 4.6A).

3.2.5 The influence of the Ga isoform on activation kinetics

As described previously, following transfection of PTx-resistant Gi/o Ga subunits it is 

possible to look exclusively at coupling between a receptor and the channel via specific 

Gi\oa iso forms in PTx-treated cells. Recent collective efforts from our laboratory 

(Leaney, Benians, Graves & Tinker, 2002) have generated a series of cyan fluorescent
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protein (CFP)-tagged PTx-resistant Gi/oa isoforms, which have been characterised to 

show that they are all membrane-targeted and functional. We have also established 

transfection conditions under which these CFP-tagged Ga constructs are expressed at 

equivalent levels. In the following experiments I demonstrate that all CFP-tagged Gi/oa 

subunits are able to participate in A i-mediated channel activation with similar kinetic 

profiles, with the exception of GoaA-CFP. It was observed that channel activation via the 

GoaA isoform exhibited slower activation kinetics (Figure 3.8C). However signalling via 

each CFP-Ga isoform exhibited a similar magnitude of response (Figure 3.8D).

Transient transfection conditions were established as follows: Ipg cDNA for each of the 

CFP-tagged Ga-subunits was transfected into the HKIR3.1/3.2/A 1 cell line using a 

liposome-based transfection procedure (described in Section 2.2.2). Transfected cells 

were allowed at least 24 hours to express the protein of interest, treated with PTx at 

lOOng/ml for at least 16 hours, and investigated using whole-cell patch clamp techniques 

2-3 days after transfection. Two current traces recorded from PTx-treated cells 

transiently transfected with Gja2-CFP and GoaA-CFP are shown in Figure 3.8A. 

Transfected cells were similarly permitted 24 hours to express protein prior to harvesting 

for western blotting to establish expression levels of CFP-tagged chimaeric Ga subunits 

(Figure 3.8B), with a commercially available antibody directed against GFP and it’s 

spectral variants. A band of the expected molecular weight was present in transfected but 

not sham-transfected cells, as indicated by the arrow, revealing very similar protein 

expression levels in each of the transfectants. A background band was also recognised 

by the antibody in all lanes but this has a different mobility (*).
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Figure 3.8: Effects of the G a isoform on GIRK activation via the AI receptor.
A: Representative current traces from HKIR3.1/3.2/A1 cells transiently transfected as 
indicated (+PT x> 16 hours).
B: Immunoblot of CFP-tagged chimaeric Ga subunits: a band of the expected molecular 
weight is present in transfected but not sham-transfected cells (indicated by arrow). 
There is also a background band recognised by the antibody in all lanes but this has a 
different mobility (*). No bands are present at the molecular weight of GFP indicating 
that there was no cleavage of the chimaeric protein.
C: Activation data from cells expressing each of the CFP-tagged PTx-resistant Gj/„a 
subunits (Ipg cDNA). Activation via GoaA is significantly slower than through the 
other Ga subunits.
D: Magnitude of basal, peak (+1 pM NECA) and wash current amplitudes. Peak currents 
were similar across groups, and absent in untransfected A 1 control cells (+PTx).
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Basal currents and peak currents between control and transfected cells did not differ 

significantly, as tested with a One-way ANOVA (Figure 3.8D), consistent with previous 

findings from our laboratory that the Ai receptor couples to the Kir 3.1/3.2 channel with 

equal efficacy through all the untagged PTx-insensitive Gi\oa isoforms tested (Leaney & 

Tinker, 2000). Of interest, while signalling kinetics are very similar through CFP-tagged 

Giai-3, the GoaA-CFP isoform appears to stand apart with a slower kinetic profile.

In Figure 3.8C, it is shown that currents mediated via the GottA-CFP isoform were 

significantly slower to activate (One-way ANOVA with Bonferroni multiple 

comparisons post test; *p<0.05; **p<0.01; ***p<0.001 where indicated). Deactivation 

of currents mediated via GoŒa-CFP was significantly faster than those mediated via the 

G j a z - C F P  subunit {deact T (s): G j a 2- C F P : -  12.2 ± 1.90 (n=8 ); G o a A - C F P : -  8.0 ± 0.74 

(n=12); p<0.05, t test}. Similar results were found in the HKIR3.1/3.2/A1 line 

transfected with untagged PTx-insensitive Gj\oa isoforms (data not shown). This may be 

due to structural differences that, one could speculate, may render the GoaA isoform 

intrinsically slower to activate and faster to deactivate, or it may reflect a preferential 

association of the A] receptor with Gjai-s isoforms over the GoaA isoform in the ternary 

complex.

To test the latter hypothesis, similar experiments were repeated in the HKIR3.1/3.2/M4 

and HKIR3.1/3.2/GGB cell lines. It has been established that other GPCRs, such as the 

M4 muscarinic and the GABAb heterodimeric receptors, show more selective patterns of 

coupling to Gi/oa subunits (see Table 3.1).
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Table 3.1: The G-protein coupling profile of the GPCRs used in these studies.

[from Leaney & Tinker, 2000]

Receptor: Giai Gja2 Gjaa GoaA

A i adenosine -H- -hh -H-

a 2A adrenergic - h f -1- 4-+

M4 muscarinic - -H- -hh

GABA-Bia\2 receptor + -t-

GABA-Bib\2 receptor 4- -H- -

D2S dopaminergic - - -

The kinetics of channel activation via GiU] and OottA with the M4 and GABA-Bib\2 

receptors were examined (using the HKIR3.1/3.2/M4 and HKIR3,1/3.2/GGB lines 

respectively). For the HKIR3.1/3.2/M4 cell line, the CFP-tagged Ga subunits were 

transiently expressed (Gjaz-CFP and GoaA-CFP, at equivalent concentrations) and found 

to rescue coupling in approximately 80% of fluorescent, PTx-treated cells. It appeared 

that a critical threshold of expression was required to restore coupling. In contrast to 

signalling via Ai receptor, there was no significant difference in channel activation via 

Gja2-CFP and GoaA-CFP (Figure 3.9A & C).

In the HKIR3.1/3.2/GGB line it was not possible to restore coupling using the CFP- 

tagged G proteins, possibly due to the unique heterodimeric structure of this receptor. 

Instead the untagged Gja2 (C->G) and GoaA (C->G) subunits were transiently expressed 

in the HKIR3.1/3.2/GGB line to study channel activation via the GABA-Bib\2 receptor.
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Figure 3.9: The role of the G a isoform in channel activation via M4 and 

GABA-Bib\2 receptors.

A: Representative current traces recorded from HKIR3.1/3.2/M4 cells voltage- 

clamped at -60 mV. Recordings were made from control cells (in the absence of 

PTx) or transiently transfected cells as indicated (+PTx, lOOng/ml >16hours). 

Carbachol (100 pM) was applied as indicated by the horizontal bar.

B: The bar chart shows the magnitude of current responses before, on and after 

agonist application in each condition as indicated. Peak currents activated via 

GoaA-CFP are significantly smaller than those in the control data set (p<0.05, 

One-way ANOVA with Dunnett’s post test).

C: A summary of the lag+ttp data obtained by analysis of current recordings in 

each condition (N numbers are indicated in parentheses). The mean data shows 

that there is no significant difference between Gja2-CFP and GoaA-CFP in 

channel activation (p>0.05, t-test).

D: Representative examples of current traces obtained from HKIR3.1/3.2/GGB 

cells voltage-clamped at -60 mV. Recordings are made from control cells (in the 

absence of PTx) or transiently transfected cells (+PTx, lOOng/ml >16hours) as 

indicated. Baclofen (100 pM) was applied as indicated by the horizontal bar.

E: The bar chart shows the size of basal, peak and wash current amplitudes in 

each condition as indicated (all NS).

F: A summary of mean channel activation data (lag+ttp) obtained from the 

HKIR3.1/3.2/GGB5 cell line transiently transfected with the untagged Gitt2 and 

GoŒA subunits (1 pg cDNA). Channel activation was significantly faster through 

GottA subunits than for Gja2 (P<0.01, t-test).
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The use of transfected untagged G,a2 (C—>G) and GqŒa (C—>G) subunits in the 

HKIR3.1/3.2/GGB line was justified because kinetic analysis of the untagged 

G a subunits in the HKIR3.1/3.2/A1 cell line yielded comparable results to kinetics via 

their CFP-tagged variants. In contrast to both the Ai and M4 receptors, activation via the 

GABA-Bib\2 receptor was much faster through GottA than through G,a2 (Figure 3.9 

D&F). This supports the hypothesis that different GPCRs preferentially associate with 

certain Ga isoforms in the ternary complex, and this dictates the speed of channel 

activation.

In Figures 3.8 and Fig. 3.9, the magnitude of current amplitudes and kinetics of 

activation via endogenous G-proteins are shown for comparison. Importantly, different 

kinetic profiles of channel activation are seen through different receptor/Ga protein 

combinations in spite o f robust coupling seen with the magnitude of the current 

response. It is worth noting that the M4 receptor displayed a reduced affinity for the 

CFP-tagged Ga subunits, manifested in significantly smaller peak currents when 

signalling via GoaA-CFP than through endogenous G-proteins (p<0.05. One-way 

ANOVA), and in the failure of CFP-tagged Ga subunits to restore coupling in 

approximately 20% of cells investigated. Furthermore, currents mediated via GoaA-CFP 

and Gia2-CFP were significantly faster to deactivate than control (deact t (s): M4 

control: 5.3 ± 0.29 (n=14), -k GoaA-CFP: 1.81 ± 0.36 (n=10)***, -h Gia2-CFP: 0.98 ± 

0.36 (n=7)***, p<0.001 with ANOVA and Dunnett’s post test} (see Fig. 3.9A). This is 

probably a kinetic reflection of the weakened ternary complex of agonist, receptor and 

G-protein.
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3.2.6 The role of Ga amount in determining activation kinetics

G-protein a isoforms are expressed at varying levels in different cells and tissues 

(Downes & Gautam, 1999) and thus it is important to know what role the G-protein 

concentration has in determining the kinetics of downstream responses. In order to 

investigate this, an inducible cell system was established in which the levels of 

expression of Gjag-CFP could be regulated. This was accomplished by creating a 

“quadruple-stable” cell line that stably expressed the Gitts-CFP cDNA in an inducible 

plasmid vector, a repressor plasmid vector, the channel complex and the Ai receptor 

(referred to as HKIR3.1/3.2/Al/Gia3-T). This was done using a commercially available 

system (as described in Section 2.2.4) whereby gene expression is conditional on the 

addition of the antibiotic tetracycline (Tet).

A range of concentrations of tetracycline (O.Ol-lOOpg/ml) was tested to determine a 

high, medium and low level of Gitts-CFP expression. Tetracycline (freshly made up as a 

concentrated stock solution) was added directly to the cell culture medium for 24 hours 

to induce protein expression. In Figure 3.10A, laser-scanning confocal images show the 

induction of Gjaa-CFP expression at the cell membrane in the HKIR3.1/3.2/Al/Gia3-T 

cell line with increasing concentrations of Tet (concentrations in pg/ml). Using Western 

blotting we showed the induction of graded expression of Gjag-CFP (Figure 3.1 OB).

The effects of Ga concentration were then investigated using electrophysiology. Cells 

were randomly selected for patch-clamping and were not identified by epifiuorescence.
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Figure 3.10: Inducible expression of the Giaa-CFP subunit in the 

HKIR3.1/3.2/A1/ G|tt3-T stable cell line.

A: The upper panel shows laser scanning confocal images of live cells treated 

with tetracycline (Tet) for 24 hours to induce the expression of Gias-CFP. 

Concentrations of Tet are indicated above (pg/ml). The lower panels show 

corresponding bright field images of the same field of cells. The scale bar 

represents 10pm. Images were acquired under identical conditions in each 

instance with a 40x oil objective, 40% laser power, gain at 50% and iris aperture 

opened to 1.5nm (optimum aperture, l.lnm).

B: The Western blot was performed as an independent technique to show graded 

expression of the Giag-CFP protein using an antibody directed against GFP and 

its spectral variants. The band indicated by an asterix corresponds to the 

molecular weight of Gjag-CFP. An additional background band (~) was also 

present in wild-type (WT) and non-induced, zero-Tet HKIR3.1/3.2/A1/ Gjas- 

CFP (C) cells, and has been observed previously.

C: Summary of electrophysiological data showing average whole-cell current 

amplitudes measured at -60mV from HKIR3.1/3.2/Al/Gia3-T cells treated with 

combinations of Tet (concentrations in pg/ml as indicated) and PTx (lOOng/ml) 

for 24-30 hours prior to recording. A representative sample of cells from each 

condition was recorded from. Not all Tet-induced cells produced agonist- 

stimulated currents: 25% of patched cells which had been treated with Tet and 

PTx were unresponsive to agonist and so were not included in the analysis. 

NECA-induced currents were significantly larger for the lOpg/ml Tet treated 

group than the 0.5pg/ml group (P<0.05).

D: Measured activation kinetic parameters show no significant differences 

between treatment groups (p>0.05. One-way ANOVA).
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Tetracycline treatment (lO^ig/ml) did not affect the amplitude or kinetics of agonist- 

stimulated currents in control recordings from HKIR3.1/3.2/A1 cells (data not shown). 

HKIR3.1/3.2/Al/Gia3-T cells were induced with tetracycline at t=0 and investigated 

using electrophysiology from t=24-36 hours. There was a wide variation in gene 

induction within each treatment group. Approximately 25% of cells patched from each 

group (0.5, 1.0 or 10.0 pg/ml Tet + lOOng/ml PTx) did not display agonist-induced 

currents, likely due to lack of expression of the Gitta-CFF subunit. These cells were 

excluded from the analysis.

In PTx-treated cells, increasing concentrations of Tet progressively enhanced the 

amplitude of NECA-induced currents (Figure 3. IOC). As would be expected, the amount 

of Ga subunit expressed in the cell appeared to control the amount of Gpy released for 

channel activation upon agonist stimulation. Additionally, findings from our laboratory 

show that coexpression of a Gj/oa subunit is necessary for localisation of Gpi-YFP and 

Gyz-CFP at the p.m. (unpublished observations. Dr. A. Tinker). Thus it appears that the 

Ga subunit is important in trafficking Gpy to the p.m. and in determining the amount of 

Gpy available for signalling.

A surprising finding was that, at different Ga concentrations, the activation kinetics of 

the channel response was not altered (Figure 3.10D). Therefore, while the rate of GIRK 

channel activation is first-order with respect to agonist/receptor (AR*) concentration, it 

is independent of Ga concentration. This suggests that the Ga subunit is either 

precoupled to the receptor, or that it exists in a complex with the GIRK channel.
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3.3 Discussion:

In this chapter I present a kinetic analysis of the contribution of the ternary complex to 

channel activation. This study is based upon the direct gating of Kir3.1/3.2 channels by 

Gpy subunits; thus the channel acts as a biosensor for OPy concentration at the plasma 

membrane. As the channel output is not dependent upon downstream events, the release 

of Gpy is directly measured and, combined with electrophysiological recordings and 

rapid agonist application, this results in high temporal resolution.

The major findings proffered in this chapter are, firstly, in the HKIR3.1/3.2/A1 line, 

receptor diffusion to the G-protein and the concentration of the G-protein have little 

influence on the activation kinetics. Indeed G-protein amount simply determines the 

amplitude of the response. Secondly, the activation kinetics through a particular Gi/oa 

isoform is determined by the particular receptor/G-protein combination. The data all 

support the hypothesis that the formation of the ternary complex of agonist, receptor and 

G-protein is not rate limiting. It is proposed that the unique conformation of the active 

ternary complex determines the kinetics of the channel response. In addition, it is 

established that increased occupancy of the receptor accelerates activation kinetics and 

the rate-limiting step for activation is GDP/GTP exchange.

The analysis of channel activation kinetics through a number of different receptors with 

saturating agonist concentrations revealed rapid activation via the mixed pool of G- 

proteins endogenously expressed in HEK293 cells. Indeed, the profile and time-course
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of channel activation is very similar to that observed for the native channel in neurons 

(Sodickson & Bean, 1996; 1998). In accordance with the findings of Sodickson & Bean 

in neurons, large differences were observed in the rate of activation via different GPCRs 

with M4 being the slowest and Œ2a the most rapid. Receptor expression for the 

HKIR3.1/3.2/M4 and HKIR3.1/3.2/GGB lines was not determined. However, where 

receptors were expressed at equivalent levels, current activation via the D2S receptor was 

significantly slower than via the Ai or cl2a receptors. This is possibly due to an 

intrinsically slower rate of G-protein activation by the D2S receptor or variations in 

receptor/G-protein pre-coupling, as discussed in Chapter 6 .

Receptor-mediated currents elicited using high agonist concentration have a typical 

profile comprised of an initial lag followed by a subsequent sharp rise to peak amplitude 

after drug application (Yamada et al., 1998; Jeong & Ikeda, 2001). This profile reflects 

the occurrence of a number of sequential steps (Lamb & Pugh, 1992; Gutfreund, 1995). 

According to the classical “collision” coupling view these steps involve agonist binding 

to receptor, diffusion of the agonist/receptor complex to the G-protein, subsequent 

activation and dissociation of the G protein heterotrimer, diffusion of G|3y to the channel 

and finally, activation and opening of the channel. Binding of Gpy and channel 

activation is generally accepted to be fast and not rate limiting. Indeed it is shown here 

that GDP/GTP exchange -  and hence generation of active Ga-GTP and free Gpy 

subunits -  is the rate-limiting step, occurring upstream of channel gating. There is also 

evidence that channel activation is intrinsically cooperative since the Hill coefficient for 

Gpy-mediated channel stimulation is between 1.5 and 3 (Krapivinsky et al., 1995b;

198



Sadja et al., 2002) and up to four Gpy subunits are required to occupy each of the four 

equivalent binding sites to initiate channel opening (Corey & Clapham, 2001). Such 

considerations might account for the small discrepancy between the point at which 

induced G-protein is detected (O.lpg/ml Tet) and the point at which significant coupling 

begins to occur (0.5pg/ml Tet) in Figure 3.10.

The binding of agonist to receptor is diffusion-limited and proceeds according to the 

principles of mass action. Therefore the proportion of occupied receptors (p a r )  

approaches equilibrium with an exponential time course described by the equation:

pAR(t) = p (oo) (1 -  e'^ )̂ (Colquhoun, 1998)

where pAR(t) is the proportion of occupied receptors at time t, p(oo) is the proportion of 

occupied receptors at equilibrium and the rate constant X, with dimensions s'% is defined 

as A. = ka[A] + kb where [A] is agonist concentration, k& is the agonist association rate, 

and kb is the agonist dissociation rate.

From this equation, the rate of approach to receptor occupancy at equilibrium can be 

calculated (see Table 2). This illustrates the importance of agonist concentration in 

determining both the rate of formation of AR* and the proportion of active AR* 

complexes at equilibrium.
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Table 3.2: Calculated values for the rate of formation of AR* and the proportion of 

active AR* complexes, Par(°°)» at a given concentration of agonist.

Calculations are based on the binding of the agonist NECA at the Ai adenosine receptor 

where the Kd is approximately InM. The association rate constant (ka) was assigned a 

typical value of 10̂  M"\s'^ and the value of kb is calculated as 0.1s"\

Concentration of 

NECA

Rate constant, X

X = ka[A] + kb

(s-')

Time constant, T 

(s)

Half-time, 

to.5= ln(2)/X,

(s)

Par(oo)

O.OlnM 0.101 9.901 6.863 9.9 X 10"

O.lnM 0.11 9.091 6.301 0.0909

InM 0.2 5.00 3.466 0.5

lOnM 1.1 0.909 0.63 0.9091

lOOnM 10.1 0.099 0.069 0.9901

IpM 100.1 9.99 X lO " 6.925 X 10 " 0.9990

lOpM 1 X 10" 9.99 X 10"* 6.931 X 10*̂ 0.9999

At a concentration of IpM NECA, the receptor will reach equilibrium occupancy, 

Par(°o)» of 99.9% with a time constant of 10ms and a half time of 7ms. Clearly, within 

the time-scale of signalling events and with a maximal concentration of agonist, 

establishing this equilibrium between active and inactive receptor conformations will not 

be rate limiting. However, as shown here, at low agonist concentrations both the rate of 

approach to equilibrium and the proportion of receptors occupied at equilibrium are 

substantially reduced. As would be expected, these factors influence the onset kinetics. 

Therefore both the rate of formation and the proportion of the active species (AR*) will 

subsequently determine the kinetics of the downstream response.
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But, what about other steps in the G-protein signalling pathway? To address the role of 

receptor diffusion to the G-protein, the Ai receptor was fused directly to Gitti. It is 

possible that a receptor might activate sequentially multiple G-proteins resulting in 

signal amplification. In this case, a slower response should ensue following stimulation 

of a fused receptor G-protein construct. Alternatively, diffusion might be a rate-limiting 

step in which case fusion should accelerate signalling.

Experimentally, it was observed that channel activation kinetics were slower (despite 

more than two-fold higher levels of receptor expression in stable lines expressing the Ai- 

Gjtti fused complex) compared to the unfused Ai receptor signalling via endogenous G- 

proteins. However if channel activation via the Ai-Gjai construct is compared to 

activation when the Ai receptor is simply constrained to (but not tethered to) 

G iai(C^G) then there is no significant difference between these two conditions. Thus it 

is the Gjtti itself rather than the lack of amplification that influences kinetics. As 

discussed previously the cysteine mutation has been demonstrated to result in a lowered 

affinity for the receptor (Bahia et al., 1998; Waldhoer et al., 1999) and it is proposed 

here that the slowed activation reflects a weakened ternary complex. From the data 

presented, it seems that diffusion of the Ai receptor to the G-protein is not kinetically 

important, but it is the subsequent intrinsic activation process that is rate limiting.

Importantly, the levels of receptor expression are higher in our cell system than might be 

reasonably expected for natively expressed receptors. It is possible that under conditions 

of lower expression amplification may be important. Another study examining GIRK
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activation via a receptor-Ga fusion (M2 muscarinic receptor fused to Gza) found that 

fusion strengthened the coupling of receptor and G%a in support of a collision-coupling 

mechanism (Vorobiov et al., 2000). However this may reflect differences at the level of 

the GPCR (for example, pre-coupling of G-proteins to the Ai receptor and not the M2 

receptor) or the unusual properties of the G%a G-protein.

Data showing that deactivation rates are increased with the Al-Giai(C-^G) fusion are 

consistent with biochemical studies using this construct. Waldhoer et al. (1999) argue 

that the ternary complex is less stable to account for the finding that the A l-G iai(C^G ) 

fusion releases bound radioligand agonist more readily than the Ai receptor. They 

propose a model in which the stability of the ternary complex is reduced if the affinity of 

the G-protein for the receptor is lowered, promoting faster dissociation of the G-protein 

from the complex. This will shorten the lifetime of the active ternary complex and, by 

inference, lead to faster termination of the signal. This hypothesis may also account for 

the finding that signalling through the M4 receptor via CFP-tagged Ga subunits 

deactivates more rapidly than control responses through endogenous G-proteins.

In the HKIR3.1/3.2/Al/Gia3-T cell line, G-protein amount simply modifies the 

amplitude of the response and does not influence the activation kinetics. This is 

consistent with a high degree of pre-coupling between the Ai receptor and G-protein 

being important for rapid channel activation (Leaney, Milligan & Tinker, 2000) or with 

the existence of a complex of the GIRK channel and G-protein. The latter possibility 

will be considered in Chapter 7 of this thesis.

202



Theoretical studies predict that agonist binding to pre-coupled receptors should produce 

significantly higher rates of activation than does collision coupling (Shea & Linderman,

1997). The frequency of collision coupling depends on the diffusivity of the reacting 

molecules, the concentration of each reactant (i.e. receptor and G-protein) and the area to 

which they are confined. Clearly, G-protein concentration would be predicted to play a 

major role in activation kinetics if receptor/G-protein interactions proceeded according 

to a collision-coupling mechanism. Thus the lack of effect of G-protein concentration on 

activation kinetics via the A% receptor represents strong evidence for the existence of a 

significant pool of Ai receptors pre-coupled to G-protein in our cell system. Several 

lines of evidence, in addition to kinetic arguments, suggest that pre-coupling of GPCRs 

and G-proteins can occur in a number of cell systems (reviewed by Neubig, 1994; 

Rebois & Hebert, 2003). The Ai adenosine receptor (Ai-R) has been co-purified with 

Gjtti, Gitt2 and GqŒa from rat brain (Munshi et al., 1991; Gao et al., 1999) and kinetic 

binding data suggests a “tight coupling” between the Ai-R and G-proteins (Freissmuth et 

al., 1992). This is also considerable evidence for pre-coupling of the aiA adrenergic 

receptor (Œ2A-R) to G-proteins. Based upon kinetic binding data, Neubig and colleagues 

(1988) predict that approximately one third of Œ2A-R in human platelet membranes is 

precoupled to G-protein prior to agonist binding.

In this chapter I have mostly focused on the Ai receptor and it is tempting to speculate 

that variations in pre-coupling might influence activation kinetics via other receptors, 

possibly accounting for faster current activation through the Œ2A-R and Ai-R, and slower 

activation via the D2S or M4 receptors, for example. Intriguingly a recent report has
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shown D] dopamine receptors and Kir3.0 channels can be coimmunoprecipitated from 

brain lysates (Lavine et al., 2002). The potential existence of receptor/effector 

complexes raises the possibility that all three components may be associated in a 

macromolecular complex (reviewed by Rebois & Hebert, 2003).

Data is also presented in support of the contention that distinct conformations of the 

ternary complex can influence the dynamics of signalling (Kenakin, 2002). It is 

demonstrated that activation occurs faster via Gitti, Gia2 and Gitta than GqOLa for the Ai 

receptor. This pattern was reversed when channels were activated via the GABA-Bib\2 

receptor and a similar non-significant trend was observed with the M4 receptor, thus 

illustrating that the particular receptor/G-protein combination dictates the response. 

These observations can be accounted for by greater “kinetic efficacy” i.e., some agonist- 

receptor-G-protein ternary complexes promote the faster release of GDP from the G- 

protein a  subunit. This proposal is not unreasonable given the accumulating data 

supporting the idea that different GPCRs have differing affinities for the various Ga 

isoforms and that even different agonists at the same receptor may couple with varying 

degrees to different G-protein isoforms (Kenakin, 1997; Kenakin, 2002; Yang & Lanier, 

1999; Leaney & Tinker, 2000; Zhang et al., 2002). It is also interesting that the kinetics 

of K^ and Ca^  ̂ channel modulation in Goa knockout mice are slowed (Greif et al., 

2000). The results presented here suggest that this may be related to differences in the 

efficacy of GPCR coupling to the remaining G-proteins as opposed to changes in 

concentration of the total G-protein pool.
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It has been argued on theoretical grounds that there may be significant differences in the 

predicted behaviour of signalling cascades when considered in kinetic models compared 

to that in equilibrium models (Shea & Linderman, 1997; Shea et al., 2000). The sensitive 

GIRK-based assay used in this study reveals subtle differences in the kinetic properties 

of the response that reflect the conformation of the ternary complex. However the 

steady-state properties of the response often fail to reflect these subtle differences in the 

ternary complex. For example, robust coupling was seen for each Ga isoform via Ai and 

GABA-Bib/2 receptors, masking the distinct kinetic properties. Only for the M4 receptor 

signalling via GottA-CPP was a significant decrease in the magnitude of the steady-state 

response detected, refiecting a rightward shift in the concentration-response curve.

In this chapter I demonstrate that CFP-tagged heterotrimeric G-proteins can interact with 

receptors and reconstitute Gpy-mediated signalling pathways in intact cells. The GABA- 

Bib/2 receptor is the only receptor to date through which it has not been possible to 

restore coupling via transfected CFP-tagged Ga mutants; this may be related to the 

unique heterodimeric conformation of this receptor. In summary, the data presented 

support the concept that the formation of the ternary complex is not rate limiting for 

signalling. It is the release of GDP firom the G protein heterotrimer that is important, and 

the rate at which that happens is determined by the conformation of the ternary complex. 

Speculatively, it is proposed that faster activation via the a 2A adrenergic and Ai 

receptors may indicate a significant level of pre-coupling of G-proteins at these receptors 

in accordance with many reports from the literature.
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CHAPTER 4: Desensitisation of GIRK currents

4.1 Introduction:

4.1.1 Biological importance of desensitisation phenomena

Desensitisation describes the tendency of a biological response to decline with time in 

the presence of a continuous stimulus, such as the prolonged exposure of a cell-surface 

receptor to its ligand. Desensitisation is apparent in a diverse array of processes 

occurring at a cellular level, including the mating responses of yeast, bacterial 

chemotaxis and mammalian neurotransmission (reviewed by Pitcher, Freedman & 

Lefkowitz; 1998). In a biological context, desensitisation is important in allowing a 

unicellular organism to adapt to a constant level of, for example, a chemoattractant so 

that it might be able to detect changes occurring in the concentration of this chemical 

and mount an appropriate biological response. At a mammalian synapse, 

neurotransmitters and drugs bind to their specific receptors on the cell membrane and 

these relay messages into the cell. If a particular neurotransmitter, drug or toxin reached 

dangerously high concentrations in the synapse, desensitisation of that response would 

protect against excessive stimulation of the cell. For example, the major excitatory 

neurotransmitter in the brain, L-glutamate, binds to and activates non-NMDA ionotropic 

glutamate receptors that desensitise so rapidly that their associated ion channels are only 

open for a few milliseconds. In this case, receptor desensitisation may help to terminate 

the action of L-glutamate that is removed from the synapse by (relatively slow) reuptake 

into neurons and glial cells.
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4.1.2 Desensitisation of G-protein coupled receptor-mediated responses

Each member of the GPCR superfamily has evolved to respond to a specific 

extracellular stimulus from a vast array including hormones, neurotransmitters, odorants 

and light. The canonical desensitisation pathway, involving phosphorylation of the 

GPCR, binding of a protein family known as the arrestins and internalisation of the 

receptor, has been established and proposed to be applicable to all members of this 

highly diverse family of cell-surface receptors (Pitcher et al., 1998). This is probably 

over-simplistic considering the evolutionary diversity of GPCRs and because 

desensitisation of G-protein mediated signals may occur at the level of the receptor, the 

G-protein and/or the effector, and examples of each have been described (Bunemann & 

Hosey, 1999).

Desensitisation of a G-protein mediated signal can be of two types: homologous 

desensitisation leads to a loss of responsiveness to ligands acting at a particular receptor 

type and maintained responsiveness of the cell to ligands acting at other receptors, and 

heterologous desensitisation in which the cell additionally becomes unresponsive to 

ligands acting at other receptors. The predominant, classical desensitisation process is 

homologous in nature, occurs on a time-scale of minutes to hours, and involves agonist- 

dependent phosphorylation of the GPCR by a family of seven serine/threonine protein 

kinases known as the G-protein coupled receptor kinases (GRK) (Pitcher et al., 1998). 

Phosphorylation of the agonist-bound receptor impairs the ability of the GPCR to 

interact with G-proteins, referred to as “uncoupling”, and GRK-mediated 

phosphorylation leads to subsequent binding of the arrestins, a family of adaptor proteins
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that target the receptor to clathrin-coated pits, followed by receptor internalisation by 

endocytosis (Krupnick & Benovic, 1998). This pathway was first elucidated for 

desensitisation of the photoreceptor rhodopsin (Weller et al., 1975; Zhao et al., 1995) 

and, later, desensitisation of the p2-adrenergic receptor was shown to follow a similar 

pathway (Krupnick & Benovic, 1998; Pitcher et al., 1998). It was first assumed that the 

desensitisation of the p2-adrenergic receptor could be viewed as a paradigm for other 

GPCRs, but it has become apparent that many molecular details of desensitisation differ 

for other GPCRs (Bunemann and Hosey, 1999). Protein kinases distinct fi*om the GRK 

family have been implicated in GPCR phosphorylation, such as casein kinase la  

(CKla) that phosphorylates M3 muscarinic receptors, rhodopsin and yeast mating 

receptors (Tobin, 2002) and the second-messenger activated kinases, PKC and PKA, 

that are activated by agonist binding to certain GPCRs but have the capacity to 

indiscriminately phosphorylate and desensitise receptors in a heterologous and agonist- 

independent manner (reviewed by Premont et al., 1995).

4.1.3 Fast desensitisation of receptor-activated GIRK currents: a novel form 

of desensitisation?

In this chapter, the desensitisation observed following receptor-mediated activation of 

the cloned G-protein gated inwardly rectifying K^ channel (Kir3.1/3.2) is examined. The 

fast current desensitisation, observed in the seconds following activation, has stimulated 

intense interest fi*om many scientists working on GIRK channels in both cloned and 

native settings. It is a prominent feature of whole-cell Kir3.0 currents, occurring too
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rapidly to be accounted for by classical phosphorylation mechanisms and thus has been 

proposed to occur either at the level of the G-protein or at the channel. To date 

investigators have largely focused on the activation and desensitisation of native GIRK 

currents (iKACh) in atrial myocytes (or the cloned equivalent, Kir3.1/3.4, expressed in 

Xenopus oocytes) by the action of acetylcholine (ACh) at the muscarinic M2 receptor.

Upon exposure of a cardiac cell to agonist, the Ikach current is activated within 1 second. 

Activation is followed by desensitisation, or decay of current, that is made up of several 

components with distinct time-courses and rates of recovery (Carmeliet & Mubagwa, 

1986; Kurachi et al., 1987; Bunnemann et al., 1996). These can be subdivided into long- 

and short-term phases. Long-term desensitisation develops when atrial myocytes or 

CHO cells expressing the M2 muscarinic receptor are exposed to muscarinic agonists for 

24-48 hours and this has been attributed receptor internalisation (Bunneman et al., 1996; 

Shui et al., 1997b). The short-term phase of desensitisation consists of at least two 

components: a fast desensitisation phase that develops with a time-course of a few 

seconds and an intermediate phase that develops over several minutes. The intermediate 

short-term phase has been extensively examined and has been shown to be the result of 

GRK-mediated receptor phosphorylation, leading to uncoupling of the receptor from the 

G-protein (Zang et al., 1993; Shui et al., 1995).

Of primary interest in this study is the rapidly developing “fast phase” of I k a c h  

desensitisation for which the underlying molecular events have not been resolved. Fast 

desensitisation of Kir3.0 currents has also been studied in whole-cell recordings from 

neurons (Harris & Williams, 1991; Sodickson & Bean, 1998; Blanchet & Luscher, 2002)
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where it displays the same properties seen in atrial myocytes, including rapid kinetics, a 

critical dependence on receptor density and stimulus intensity, a heterologous nature 

(Kurachi et ah, 1987; Wellner-Kienitz et ah, 1999; Blanchet & Luscher, 2002) and has 

been demonstrated to occur in a membrane-delimited fashion (Shui et ah, 1997a) and in 

an ATP-independent manner (Chuang et ah, 1998).

A number of explanations have been advanced to account for this phenomenon. It has 

been proposed that dephosphorylation of the I k a c h  channel might account for the fast 

current desensitisation (Kim, 1991, 1993; Zang et ah, 1993; Hong, Pleumsamran & Kim, 

1996; Shui et ah, 1997a). Only recently has direct evidence for phosphorylation of the 

Kir3.1 channel protein been presented (Medina et ah, 2000), and this appears to have a 

facilitatory effect on channel gating. The desensitisation studies described above were 

performed in the excised patch configuration and, due to limitations of this technique, 

the fast phase of current desensitisation is often missed under these recording conditions 

(Shui et ah, 1995; Yamada et ah, 1998). Following attachment of an agonist-filled 

pipette to the cell, time is required to initiate the recording in excised-patch mode and in 

this period the fast desensitisation has already developed. It is likely therefore that these 

studies describe the intermediate GRK-mediated desensitisation phase and it’s 

requirement for ATP.

Most of the properties of fast desensitisation can be best described by a model that 

relates the rapid activation and desensitisation of Kir3.0 currents to the hydrolysis cycle 

of the G-protein (Chuang et ah, 1998). Assuming a three state model of the G-protein 

cycle, intense stimulation of inactive G-protein results in rapid channel activation
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followed by depletion of the substrate, Ga-GDP.py, which limits the rate of the forward 

reaction. Inactivation of Ga-GTP to produce Ga-GDP, and the recombination of Ga- 

GDP with py to form inactive G-protein is proposed to account for the decay in current. 

This implicates the hydrolysis rate of Ga-GTP and, in this light, enhancing the rate of 

Ga-GTP hydrolysis should also enhance the amount of current desensitisation. There 

has been considerable interest recently in the novel RGS family of proteins that 

accelerate the hydrolysis of Ga-bound GTP and promote the deactivation of G-proteins. 

Indeed RGS proteins have been shown to restore the rapid kinetics of native KirS.O 

currents and enhance desensitisation when heterologously expressed in Xenopus oocytes 

(Doupnik et al., 1997; Chuang et al., 1998) that do not appear to express an endogenous 

compliment of RGS proteins.

A recent alternative hypothesis, proposed to account for fast Kir3.0 current decay, 

suggests that coactivation of the same receptor, or another GPCR, coupled to the Gq/n 

subfamily of G-proteins results in a direct inhibitory effect on the Kir3.0 channel 

complex. Recent reports have shown that a membrane phosphoinositide, 

phosphatidylinositol 4,5-bisphosphate (PIP2), is essential for Kir3.0 channel activity by 

stabilising interactions of Gpy subunits and Na"̂  ions with the channel complex (Huang 

et al., 1998; Sui et al., 1998; Ho & Murrell-Lagnado, 1999). Kobrinsky et al. (2000) 

found that activation of I k a c h  by ACh acting at M2 receptors was accompanied by 

concurrent activation of a Gq/n-coupled muscarinic receptor (possibly M 3 )  that activates 

Phospholipase C-p (PLC-p) leading to depletion of PIP2 and loss of channel activity. 

Cho et al. (2001) and Meyer et al. (2001) investigated the opposing effects of inhibitory 

(Gq/n-coupled) and excitatory (Gj/o-coupled) transmitters on receptor-activated Kir3.0
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currents and similarly concluded that current inhibition arises from activation of PLC-p 

and a decline in PIP2 levels. However, Meyer et al. (2001) found that the time course of 

inhibition was ten-fold slower than the fast desensitisation process.

Additionally, inhibition of the Kir3.0 channel complex by concomitant activation of 

Protein Kinase C (PKC) has been reported (Sharon et al., 1997; Leaney et al., 2001). 

Although the evidence for PIP2 and PKC receptor-mediated inhibition of Kir3.0 currents 

has become quite strong, both G q /n -mediated reponses should be accompanied by a rise 

in intracellular Ca^ .̂ As reported in this chapter, our laboratory have used Ca^  ̂imaging 

techniques to investigate whether GPCR stimulation activates the Gyo G-protein pathway 

alone, or with concomitant Gq/i 1 activation.

The hypothesis that states that the fast current desensitisation can be entirely accounted 

for by the intrinsic hydrolysis cycle of the G-protein (Kurachi et al., 1987; Chuang et al.,

1998) is believed to be a good one. In this chapter I examine how activation of different 

GPCRs affects the dynamics of Kir3.1/3.2A current desensitisation and attempt to 

determine the molecular events underlying this phenomenon. The data reveals that all 

receptors studied can initiate current desensitisation (although adenosine Ai receptors 

mediate a novel, additional form of current inhibition) and supports the hypothesis that 

the fast desensitisation is a property of the G-protein cycle.
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4.2 Results:

4.2.1 Fast current desensitisation is initiated at all GPCRs studied

Using the whole-cell patch clamp technique, recordings were made of receptor-activated 

Kir3.1/3.2A currents in stable cell lines expressing the channel and either the Ai 

(HKIR3.1/3.2/A1), the Dz (HKIR3.1/3.2/D2), the azA (HKIR3.1/3.2/a2A), the M4 

(HKIR3.1/3.2/M4) or the GABA-Bib/2 receptor (HKIR3.1/3.2/GGB). Concentrations of 

agonists likely to lead to full receptor occupancy were applied using a rapid drug 

application system for a period of 20 seconds. The extent of current desensitisation 

during the first (1°) agonist application to a cell was quantified as shown in Fig. 4.1 A, 

and the desensitisation mediated by each cell line is summarised in Fig. 4.1C. Receptor 

expression in the HKIR3.1/3.2/A1, HKIR3.1/3.2/a2 and HKJR3.1/3.2/D2 cell lines was 

assessed as described in Chapter 3. Similarly high levels of receptor expression were 

found in the three cell lines. Representative current traces are shown in Fig. 4.IB.

It is clear from Fig. 4.1C that the rapid desensitisation of currents characteristic of this 

channel was quantitatively similar for all of these receptors except for the Ai receptor. 

Desensitisation during Ai receptor stimulation was more profound, and seemingly 

accounted for by an initial rapid phase seen at the 1 second time point that was not 

present with the other receptors. Also unique to the HKIR3.1/3.2/A1 line was a transient 

reactivation in current on agonist removal that could reach the size of the initial 

potentiation in magnitude. These phenomena will be investigated further in Section 

4.2.3.
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Figure 4.1: All agonist-activated Kir3.1/3.2 currents display fast desensitisation.
A: This current trace shows an example of a NECA-activated current in the 
KIR3.1/3.2/A1 cell line recorded at -60mV. The 20s application of agonist is indicated 
by the horizontal bar (in this and all figures to follow). Current desensitisation was 
measured as shown by measuring current amplitudes at time-points 1, 2, 5, and 10 
seconds from the peak, and at drug-off (approximately 20s). Data are expressed as 
percentage desensitisation from peak response.
B: Representative current traces recorded at -60mV from different stable cell lines 
expressing the Kir3.1/3.2 channel subunits plus a Gj/^-coupled receptor: 
HKIR3.1/3.2/GGB (top panel), HKIR3.1/3.2/D2 (middle panel), HKIR3.1/3.2/a2A 
(lower panel) in response to fast application and removal of the appropriate agonist 
(GGB: lOOpM baclofen, Dzs: 1 OpM dopamine, 3pMnoradrenaline).
C: Graph summarising the current desensitisation observed over 20 seconds in all 
receptor+channel cell lines studied. Also shown is the muscarinic receptor line 
(HKIR3.1/3.2/M4) in response to lOOpM carbachol. Data set for HKIR3.1/3.2/a2A is 
from J.L.L.
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To further characterise desensitisation in the HKIR3.1/3.2/A1, HKIR3.1/3.2/M4 and 

HKIR3.1/3.2/GGB cell lines I compared the amplitude of currents activated by a 

maximal concentration of agonist with a 5 minute interval between applications. The 

second response to agonist was expressed as a percentage of the initial response as 

shown in Table 4.1. Representative current traces in Fig. 4.2A demonstrate that there 

was a decline in responsiveness to agonist in each of the cell lines. Although not studied 

further in this thesis, this is likely to reflect the phosphorylation of GPCRs and 

uncoupling from their target G-proteins, namely the “intermediate phase” of 

desensitisation.

In Fig. 4.2B desensitisation of the M4 muscarinic receptor-activated currents was 

investigated in light of reports of an endogenous Gq-coupled M3 muscarinic receptor in 

HEK-293 cells. Application of lOOpM carbachol activated currents of a greater 

magnitude than lOpM carbachol (Fig.4.2B (i)). To investigate if any concurrent Gq- 

activation and PIP2 depletion was occurring during a 1° 20 second agonist application, 

wash currents were compared to basal currents. A small decrease in wash current density 

was evident in these cells although this difference was not significant for either lOpM or 

IGOfxM CCh. Figure 4.2B shows that the desensitisation occurring in response to the 

second application of agonist was significantly less that that seen with the first agonist 

application. This loss of fast current desensitisation is also evident in the current traces 

shown in Figure 4.2A.
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Figure 4.2: Fast and intermediate phases of current desensitisation are displayed in receptor-mediated responses in the cell 

lines studied.

A: Examples of whole-cell current traces recorded at -60mV in 3 different receptor + channel cell lines. Following patch-rupture and 3-5 minutes 
equilibration with standard pipette solution containing 2mM ATP and 0.3mM GTP, an initial 20 second agonist application was applied to each 
cell followed by a 5 minute wash period. The cell was then rechallenged with the same concentration of agonist, then agonist plus ImM Bâ  ̂to 

allow calibration of the perfusion system. In Table 4.1, the secondary response to agonist (2°= peak - basal currents) is expressed as a percentage 

of the primary (1°) agonist-induced current potentiation. In each cell line studied there was a pronounced reduction in current response to the 2° 
agonist application.

B: Data from the HKIR3.1/3.2/M4 line is summarised, (i) Basal, peak and wash current amplitudes are shown in the graph for muscarinic 

agonist, Carbachol (CCh). Peak current responses to lOOpM carbachol (CCh) are significantly larger than those to lOpM CCh (unpaired 
student’s t test; **p<0.01). Wash currents are smaller than basal currents although this is not significant, (ii) Graph showing that fast current 

desensitisation (calculated at 5 seconds from peak as shown in Fig. 4.2) is significantly attenuated in the 2° versus the 1° response for both 

concentrations of CCh (*p<0.05; paired t tests), (iii) Activation of currents is significantly slower for 2° applications of lOOpM CCh, reflecting a 

possible loss of receptor number. Normalised current traces recorded from the same cell that show increased time constants for current activation 

(Ton) for 2° pulses of lOOpM CCh.

Table 4.1; % Desensitisation (2"** response/1̂  ̂response)* 100
M 4 M 4 GABA-Bp)/2

(lliMNECA) (lOiiiMCCh) (100|iM CCh) (lOO^iMBac)
Mean 70.2________ 942________ 854_________61.1
s.e.m ± 5.0_______ ±12.8_______ ±4.0________ ± 8.2
n 16 10 14 10
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The decrease in fast current desensitisation in 2° responses as compared to 1° responses 

to agonist, which was quantified for the HKIR3.1/3.2/M4 line at 5 seconds from peak 

response in Fig. 4.2B (ii) and is also evident in the current traces in Fig.4.2A, was 

initially surprising. The kinetics suggested that this was indeed “fast” desensitisation and 

it’s reduction was consistent with a decrease in functional receptor number, similar to 

the findings of others (Meyer et al., 2001). Further evidence for a loss of functional 

receptors is the slowed activation of currents in response to 2 ° versus 1° applications of 

agonist (+100pM CCh lag+ttp: 1°: 3.5 ± 0.7s vs. 2°: 4.4 ± 0.9s; *p<0.05 paired t test). 

Due to the presence of this “intermediate phase” of desensitisation at the receptor level 

and the loss of fast current desensitisation in 2 ° agonist responses, all analysis of “fast” 

desensitisation was carried out on the 1° response to agonist.

4.2.2 Fast current desensitisation is not due to receptor-activation of an 

inhibitory Gq/n-mediated pathway.

Our laboratory investigated the possibility that the observed current desensitisation is 

due to concomitant activation of an inhibitory receptor-mediated Gq/i i pathway. Changes 

in intracellular Ca^  ̂ concentration were examined by loading cells with Fura-2  and 

measuring the ratio of emission intensities at 340nm and 380nm. We examined whether 

a Câ "̂  signal could be detected on application of a maximal dose of agonist to each of 

the receptor + channel HEK-293 cell lines. In two of the cell lines (HKIR3.1/3.2/M4 and 

HKIR3.1/3.2/a2A), a significant increase intracellular Câ "̂  was observed on agonist 

application (unpublished data. Dr. M. Nobles), suggesting that HEK-293 cells are highly 

likely to contain endogenous muscarinic (e.g. M% or M3) and adrenergic (e.g. ai)
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receptors coupled to Gq/n leading to PLC-p activation and IP3-mediated Ca^^

mobilisation. In contrast, no Ca^  ̂ response was detected in the HKIR3.1/3.2/A1 or

HKIR3.1/3.2/GGB cell lines after the application of baclofen and NECA respectively.

The HKIR3.1/3.2/D2 line was not tested. Clearly, the cell lines displaying fast current 

desensitisation do not necessarily co-activate PLC-P signalling pathways and, in the cell 

lines that do (HKIR3.1/3.2/a2A and HKIR3.1/3.2/M4), the current desensitisation is not 

comparatively greater (Figure 4.1). This data supports the contention that co-activation 

of Gq/11-mediated signalling pathways and PIP2 depletion does not account for the fast 

desensitisation phenomenon.

4.2.3 An inhibitory effect mediated by agonists at the Ai adenosine receptor

As described previously, NECA-stimulated currents displayed more profound 

desensitisation that was accompanied by an unusual current reactivation effect on 

removal of agonist. These kinetic effects were observed consistently in all 

HKIR3.1/3.2/A1 cells studied and also in recordings from HKIR3.1/3.2-expressing cells 

transiently transfected with the adenosine Ai receptor (data not shown). Other

investigators using adenoviral techniques to overexpress the Ai receptor in atrial 

myocytes reported that adenosine application resulted in a reversible inhibition of GIRK 

currents in GTPyS loaded atrial myocytes (Bosche et al., 2003). In light of our own 

observations and the above-mentioned report, this phenomenon was investigated further.

In the studies described thus far, the control pipette solution contained 0.3 mM GTP. In 

the series of experiments shown in Fig. 4.3, whole-cell patch clamp recordings were 

made in the HKTR3.1/3.2/A1 cell line using a pipette solution in which GTP was
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replaced with the hydrolysis-resistant GTP analogue, GTPyS (0.3-0.9mM). Following 

patch rupture, Kir3.1/3.2 currents were activated by GTPyS in an agonist-independent 

manner. Currents were monitored over 5-10 minutes to ensure they were inwardly 

rectifying until a stable baseline was reached (Fig. 4.3A). In Fig. 4.3B (left-hand and 

middle panels) we show that with intracellular GTPyS (G.3-G.9mM), application of 

NECA resulted in a direct and reversible inhibition of current in a dose-dependent 

manner (IGG nM-lG pM). Channel block with ImM Ba^  ̂confirmed that the Kir3.1+3.2 

current was active. Figure 4.3B (right-hand panel) shows a current trace recorded from a 

HKIR3.1/3.2/A1 cell transfected with the cDNA for the Gpl and Gyl subunits. 

Applications of IGpM adenosine and IGpM NECA induced current inhibition that was 

not proportionately greater than the inhibition observed in untransfected cells.

In Figure 4.3C, it is shown that NECA had no inhibitory effects on HKIR3.1/3.2 

currents (in the absence of Ai receptor expression). Furthermore, similar experiments 

were performed on GTPyS-loaded cells from HKIR3.1/3.2/GGB and HKIR3.1/3.2/D2 

cell lines using baclofen (IGG pM) and quinpirole (IG pM), respectively. Neither of 

these agonists induced current inhibition and representative current traces are shown in 

Figure 4.3D. Similarly no agonist-mediated inhibition was observed in GTPyS-loaded 

cells from the HKIR3.1/3.2/M4 cell line (data not shown). Control experiments recorded 

with standard pipette solution in which NECA was applied to HKIR3.1/3.2/D2 cells 

mediating dopamine-activated currents were performed to demonstrate that NECA does 

not block the Kir3.1/3.2 channel pore (data not shown).
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Figure 4.3: GTPyS-loaded cells reveal an inhibitory effect of A, agonists on the Kir3.1/3.2 
current that is unique to A, receptor-expressing cells.
A: C eils were dialysed with GTPyS-containing pipette solution for 5-10 minutes follow ing patch- 

rupture until K ir3.1/3.2 currents reached steady state. Here current-voltage traces show the gradual 

activation o f  K ir3.1/3.2 currents by GTPyS in an HKIR3.1/3.2/GGB cell. The voltage pulse protocol is 

shown in the far right-hand panel.

B: Follow ing 10 minutes dialysis with 0.3-0.9m M  GTPyS, current traces were recorded at a holding 

potential o f  -60m V  from HKIR3.1/3.2/A1 cells. The left-hand panel shows inhibition o f  currents by 

Ip-M N ECA, lOpM NECA, and ImM Ba^\ The middle panel illustrates the dose-dependence o f  the 

NECA effect on GTPyS-activated currents. Each trace is representative o f  4-5 similar recordings. The 

right-hand panel shows that in a KIR3.1/3.2/A1 cell overexpressing G p ly l currents are still inhibited 

by adenosine, N ECA and Ba^\ Barium was used as a positive control.

C: Current trace recorded from a GTPyS-loaded H K IR3.1/3.2 cell showing that A, agonist-induced  

current inhibition w as absent in the parent H K IR3.1/3.2 cell line (also seen in 2 other cells).

D: Traces recorded from GTPyS-loaded HKIR3.1/3.2/GGB and H K IR3.1/3.2/D2 cells. Their 

agonists, baclofen and quinpirole respectively, were applied. Similar results were obtained in 2 other 

cells o f  each line. 2 2 ]



As described in Chapter 3, NECA-activated currents initiated at the A l-G ial fusion 

desensitised significantly less than those activated by the Ai receptor. The 

desensitisation mediated by the Ai receptor appears to consist of two components: a 

general form of current decay mediated by all GPCRs and a specific Ai receptor- 

dependent inhibition, seen in GTPyS loaded cells. To investigate which component was 

absent in recordings from the Fused Clone 2 cell line, the Al-Gial-expressing cells 

were loaded with GTPyS (0.9mM). An example of a single recording made fi*om a 

GTPyS-loaded Fused Clone 2 cell that was not PTx-treated shows a very small current 

inhibition upon application of NECA (IpM) (Fig. 4.4A). In Figure 4.4B, a PTx-treated 

GTPyS loaded Fused Clone 2 cell did not show any current inhibition upon application 

of NECA. Similar recordings were made from one other cell of each. Due to time 

constraints, the PTx-sensitivity of this current inhibition was not investigated further. 

However it appears that the unique Ai receptor-dependent inhibition was absent from 

recordings made from PTx-treated Fused Clone 2 cells.

A Fused A1-Gia1 (no PTx) B FusedA1-Gia1 (+PTx)

-1-] NECA 1 mM Ba 2+
-0.5-1

NECA Im M B a^^

■pi

-1.0- r \ .
 ̂ 3Ü  -3-

-1.5-

-2.0-

-4- 1-------- 50s --------1 Rn.Q1------------- ------------------- 1

Figure 4.4: GTPyS-loaded Fused Clone 2 cells expressing Al-Gial(C->G) fusion.
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4.3.4 Fast desensitisation: the role of the G-protein cycle

Early studies in atrial myocytes found that desensitisation of iKACh only occurred at 

higher agonist concentrations. Therefore it was suggested that it was related to the 

intrinsic properties of the G-protein cycle (Kurachi et al., 1987). Here I investigate the 

agonist-dependence of this current desensitisation in the HKIR3.1/3.2/A1 cell line (Fig. 

4.5). The agonist NECA was applied at a low concentration (30nM; approximately 

ECso) and at a high, saturating concentration (IpM). At the lower agonist concentration, 

the current took longer to reach peak activation and the extent of channel desensitisation 

was significantly reduced. Furthermore, the initial rapid phase of the fast desensitisation 

appeared to be absent at 30 nM NECA, and the accompanying current reactivation effect 

that was observed on removal of 1 jiM NECA was greatly reduced.

30  nM NECA
B H K I R 3 . 1 / 3 . 2 / A 1

10s

1 nM NECA

C 50 o
«

;

1 mM 
(n=20)
30 nM 
(n=1G)

10 15 20

Time point (s)

10 s

Figure 4.5: Fast current desensitisation depends on the intensity of receptor 

stimulation. A: whole-cell current traces recorded at -60mV from the HKIR3.1/3.2/A1 

cell line in standard solutions showing a response to 30nM and IpM NECA.

B: Desensitisation data is summarised in the graph.
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The phosphorylation-resistant analogue of GDP, GDPpS, has been shown to attenuate 

many G-protein mediated signalling processes (Simmons & Mather, 1991; Terzic et al., 

1994; Kurachi et al., 1986), presumably by reversibly occupying the guanine-nucleotide 

binding pocket on the Ga subunit, thereby preventing binding of GTP and the formation 

of active Ga-GTP and GPy subunits. In the final set of experiments into the 

desensitisation phenomenon, the effect of competitive inhibition of GDP-GTP exchange 

was investigated by including GDPpS (1 and 3 mM) in the pipette solution.

Representative current traces for each condition are shown in Fig. 4.6A. The rate of 

activation of Kir3.1+3.2 currents was significantly slowed by the inclusion of either 

ImM or 3mM GDPpS in the pipette solution (Fig. 4.6C) and desensitisation was 

dramatically attenuated with 3mM GDPpS (p<0.001; one-way ANOVA) (Fig. 4.6B). Of 

interest, peak current amplitudes to lOOpM baclofen were not significantly altered 

(Imax (pA/pF):- control: -224 ± 34.4 (n=14); +lmM GDPpS: -169 ± 28.5 (n=10); 

+3mM GDPpS: -199 ± 26.0 (n=10)}. Surprisingly the rate of deactivation of currents on 

removal of agonist was significantly enhanced in the presence of GDPpS (single 

exponential tau:- control: 2.9 ± 0.25s; + ImM GDPpS: 2.2 ± 0.18s *p<0.05; + 3mM 

GDPpS: 1.7 ± 0.2s ***p<0.001).
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Figure 4.6: Both activation and desensitisation of Kir3.1/3.2 currents are inhibited 
by GDPpS in the pipette solution.
A: representative examples o f  current traces recorded at -60m V from HKIR3.1/3.2/GGB cells 

that had been dialysed for at least 7 minutes with pipette solution containing 0.3mM  GTP and 

2mM  ATP (control)plus either ImM or 3mM GDPpS as indicated (pH 7.25). GDPpS acts as a 

com petitive inhibitor with GTP for the nucleotide binding site on the G a  subunit. The solid 

horizontal bar indicates a 30 second application o f  1 OOpM Baclofen.

B: Desensitisation data are summarised in the graph (NS: not significant; ***p<0.001).

C: Activation (lag-t-ttp) and deactivation (single exponential time constants or x) parameters are 

summarised in the bar chart. Statistical differences were determined with a One-way ANOVA and 

Dunnett's comparison with the control (*p<0.05; ***p<0.001 ).
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These experiments demonstrate that the kinetics of the fast desensitisation phenomenon 

are influenced by the guanine nucleotide composition of the pipette solution and thus 

provide direct evidence that the G-protein cycle is implicated in the fast component of 

Kir3.1/3.2 current desensitisation. Inclusion of GDPpS in the pipette solution had a dual 

effect however: the activation rate was attenuated, consistent with a competitive 

inhibition for the GDP/GTP binding pocket, and the deactivation rate was also 

enhanced. Due to this complex interplay of kinetic processes, a curve-fitting analysis 

was applied to describe the kinetic events occurring during a drug application. A 

simplified model of the G-protein cycle is shown in Figure 4.7.

4.2.5 Kinetic modelling

A model of the G-protein cycle is presented here which includes three rate constants, 

kactj k] and kg, that are postulated to influence the kinetics of desensitisation (Figure 4.7). 

Prior to receptor activation, most G-proteins are in their heterotrimeric state with GDP 

bound. When considering a rapid sequence of reactions, the time constants for a series of 

rapid steps can summate (i.e. x = Xi + i 2 + X3) and constitute a lag prior to the rate- 

limiting step in the sequence (Lamb & Pugh, 1992). For the receptor-mediated activation 

of G-proteins, binding of agonist (A) to the receptor population (R), the transition of 

AR->AR*, and the formation of the ternary complex of AR*Ga-GDP.Py are assumed to 

be relatively fast reactions with small time constants. Their time constants are assumed 

to summate and account for by the observed lag prior to the current response, similar to 

that observed for invertebrate phototransduction (Lamb & Pugh). The first rate-limiting 

step is the receptor-catalysed exchange of GDP for GTP on the Ga subunit with a rate 

constant of kact-
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The intrinsic GTPase activity of the G-protein a  subunit causes hydrolysis of bound 

GTP molecule that regenerates Ga-GDP that resequesters G(3y and leads to channel 

closure. This process also occurs with a single rate constant, k], as found from fitting 

single exponential functions to the current deactivation phase after rapid removal of 

agonist from the cell (see Figure 2.15). Based on the assumption that reassociation of 

AR* with Ga-GDP. Py is rate limiting for activation, a third rate constant, k], has been 

introduced in this simplified scheme to account for the slower rate of reactivation of the 

G-protein pool following a powerful activation stimulus. It is postulated here to 

represent the reassociation of the inactive heterotrimer with the AR* complex; thus this 

“priming” step merely reflects the rate of formation of the ternary complex.

^ * . G a G D P ^ y
Pi

GaGDP (+Py) GaGTP + Py

kact=  r a t e  o f  G - p r o t e i n  a c t i v a t i o n  
k%= r a t e  o f  G T P  h y d r o i y s i s  
k a =  r a t e  o f  r e a s s o c i a t i o n  o f  t h e  

t e r n a r y  c o m p l e x

Figure 4.7: A simplified version of the G-protein cycle in the presence of an 

activated receptor, AR*. The three rate-limiting steps proposed to underlie fast current 

desensitisation: firstly receptor-mediated Kir3.1/3.2 channel activation with a rate 

constant of kact, then G-protein cycling back to its inactive state (k]), and finally 

reformation of the active ternary complex (kg).
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Changes in the proportion of the total G-protein pool occupying each state (shown in 

Figure 4.7 as Pi, ?2  and P 3) during the G-protein cycle can be described by the following 

differential equations:

dPi/dt = IC3P3 -  kactPi 

dPi/dt = kactPi -  k2P2 

dP3/dt = k2P] -  k3P3

The rate of change in free G py concentration in the membrane with respect to time 

(d[Gpy]/dt) is reported directly by the measured current, I(t). (To be precise, I(t) oc 

4[Gpy]). Therefore, the differential equation: dP^dt = kactPi -  kzPz describes the rate of 

change in current, dl/dt, during a drug application. Since the G-protein pool must be in

one of the three states: P%(t) + P2(t) + P3(t) = 1, the above 3 simultaneous equations can 

be solved by integrating. With complicated algebra, one of the terms can be eliminated 

to give a solution that is the sum of two exponentials:

P2(t) = P2(oo) + wi.exp(-Xit) + W2.exp(-^2t) 

where P2(oo) is the fraction of active G-proteins when a steady state is reached, wi and 

W2 are the amplitudes of the two components, and and X2 are the two eigenvalues or 

rate constants (units: s'^) for this quadratic equation.

Simplified equations for the roots of this quadratic equation can be rewritten as:

+ I 2 =  kact +  k 2  +  k s

^1. ^2 =  k a ct-k 2  +  k a c t .k s  +  k g

where kact is the receptor-catalysed GTP exchange rate, and k] is the intrinsic GTPase 

activity of the Ga subunit, and ka is the rate of reformation of the ternary complex.
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For this analysis, current m easured during a drug application w as found to be accurately  

described  by the sum  o f  tw o exponentials defined by the fo llo w in g  equation:

I(t) =  A l.e x p (- ( t -K ) /i i )  +  A 2 .ex p (-(t-K )/i2 ) +  C 

w here t is  tim e (m s), K is the tim e at the start o f  the fit (m s), A1 and A 2  are the 

am plitudes o f  each exponential com ponent (nA ), evaluated at the start o f  the fit relative

to the o ffse t value, C (nA ), and T, and T2 are the tim e constants reported for each  

exponentia l term (m s).

1nA

10s

Figure 4.8: Curve-fitting analysis of the drug-activated current.

Current traces w ere analysed by fitting a function describ ing the sum  o f  tw o  

exp on en tia ls (show n in red sym bols). Firstly the tw o cursors w ere p ositioned  as show n  

to d efin e  the area for curve fitting, w hich  w as the region over w hich  the drug w as  

applied. The first cursor w as placed at the start o f  the rising phase o f  current activation, 

excluding the lag phase. Then curve fitting to a “sum o f  tw o exp on en tia ls” function  

described by Equation 4.1 w as carried out using pC lam p softw are (C lam pfit, version  

6 .0 ). T he tw o tim e constants, T] and 1 2 , w ere recorded from  these fits. A dditionally , 

sin g le  exponential functions w ere used to describe the current activation and 

deactivation  phases, y ield ing tim e constants Tact and ideact, respectively .
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The reciprocal of the measured time constants (A<i=1/ti and X-2= 1/ t2) represent the roots 

of this quadratic function and can be written as:

X 1 + X 2 =  kact +  k 2 +  k g -( 1)

^ 1 . ^ 2  =  k a c t . k 2  +  k a c t . k g  +  k g -(2 )

where kact is the receptor-catalysed GTP exchange rate, and k2 is the intrinsic GTPase 

activity of the Ga subunit, and kg is the “rate of reformation of the ternary complex”.

The experimentally derived values for kact, measured from single exponential fits to the

activation curve, are very similar to X2 and can be eliminated from the root equation-(l)

to give an approximation of kg: kg % — k 2________(g)

Table 4.2: Summary of measured kinetic parameters (mean ± s.e.m.) from curve- 
fitting analyses of recorded data from the HKIR3.1/3.2/GGB cell line.

and X 2  are the two rate constants from the sum of two exponentials function used to 
describe the “drug on” phase of current traces, kact and k2 are the reciprocal values of Tact 
and Ideact time constants recorded from single exponential fits to the activation and 
deactivation phases respectively. The value for the third rate constant, kg, was estimated 
using equation (3) shown above. Significance was tested using a one-way ANOVA with 
a Dunnett’s posttest using the control column for comparison. NS=not significant;
***p<0 .0 0 1 .
PARAMETER X2

(Mor'.s-')
^1
(s')

kact
(Mol\s-^)

k i
(s')

ks
(Mof^s-^)

Control 4.84 0.126 4.72 0.376 0.25
(0.3mM GTP) ± 0.65 ±0.015 ±0.55 ± 0.037 ±0.03

+lmM GDPpS 1 .6 8 0.130 1.82 0.489 0.36
(GDPPS/GTP ± 0 .2 2 ± 0 .0 1 2 ±0.24 ± 0.044 ±0.04

=3.3)
*** NS *** NS NS

+3mM GDPpS 1.24 0.117 1 .2 2 0.680 0.56
(GDPpS /GTP ±0.23 ±0.017 ± 0 .2 0 ± 0.095 ± 0 .1 0

= 1 0 )
*** NS *** *** ***
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As shown in Table 4.2, the major kinetic differences arising from inclusion of GDPpS in 

the pipette solution are reflected in the X2 and kact parameters. Notably, values of X.2 are

very similar to measured kact values in the same condition suggesting that two 

parameters represent the same process, i.e. the activation limb of the G-protein cycle. 

This implies that the extent of desensitisation is closely coupled to the activation rate. 

The second overall rate constant was not significantly different across the treatment

groups. The differences in deactivation rate (k]) and the “repriming parameter”, kg, 

across treatment groups are linked since k] was used to estimate kg, so this may be an 

artifact of the analysis procedure. It appears that the retarding effect of GDPpS on the 

rate of current activation is the major determinant of the degree of desensitisation 

occurring downstream for these baclofen-initiated responses.

In the above curve-fitting analysis, I show that -  in the presence of an active receptor -  

the G-protein cycle is well described by a two exponential function, reflecting the 

interconversion between three states. Similar three state models have been used by other 

investigators to account for the kinetic features of the G-protein cycle, as discussed 

further below (Chuang et al., 1998; Jeong & Ikeda, 2001).
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4.3 Discussion:

Many investigators have studied the fast desensitisation of KirS.O currents in native and 

cloned systems (Kurachi et al., 1987; Yamada et al., 1998; Chuang et al., 1998; 

Kobrinsky et al., 2000; Meyer et al., 2001; Blanchet & Luscher, 2002). Early studies in 

atrial myocytes found that desensitisation only occurred at higher agonist concentrations. 

It was suggested that it might relate to intrinsic properties of the G protein cycle 

(Kurachi et al., 1987), and this hypothesis gained support from studies on cloned 

channels (Chuang et al., 1998). Here a similar agonist dependence with the Ai receptor 

is shown and it is demonstrated that desensitisation is a general feature of G-protein 

activation via all GPCRs studied. Furthermore, fast current desensitisation is inhibited in 

our system by GDPpS which retards GDP/GTP exchange and consequently inhibits G- 

protein cycling from inactive to active states. Paradoxically, it was found that the rate of 

current deactivation is enhanced by the inclusion of GDPpS in the pipette.

Of interest to this study, however, is that the forward limb of the G-protein cycle appears 

to drive current desensitisation, supporting the hypothesis that rapid G-protein activation 

and depletion underpinning the desensitisation phenomenon. With intracellular GDPpS, 

the data show that the slower a G-protein gated current activates, the less it 

desensitises. This supports the notion that fast, intense activation of the G-protein pool 

may lead to current desensitisation once substrate (Ga-GDP.GPy) for receptor-catalysed 

activation is exhausted. In this case, receptor reassociation with the G-protein becomes 

the rate-limiting step for the overall cycle, consistent with the findings of Tolkovsky and 

Levitizki (1978). Movement of G-proteins is limited by their diffusion within the plasma
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membrane and evidence suggests that GPCRs are highly clustered, such as at the 

synapse. Therefore it is not surprising that an intense stimulus (i.e. a maximal agonist 

application) in an area of high receptor density will rapidly activate the available G- 

protein pool. In the presence of a ligand-bound receptor, a steady state should be rapidly 

established since the rate of the forward reaction is proportional to the concentration of 

the reactant, Ga-GDP.Py.

k act k^jeact

AR* .Ga.GDP.py -> Ga.GTP + GPy Ga.GDP (+Py)

The first reaction is assumed to be a pseudo-first order process, with [AR*] in excess in 

our system, so the observed activation rate, kobs» is given by:

kobs = kact-[Ga.GDP.py] (with units M'\s'^)

Why are three interconverting G-protein states required to explain current 

desensitisation? If it was assumed there are only two forms of G-protein, active and 

inactive, with two rate constants (activation: kactl deactivation: kdeact) then the current 

amplitude should increase single exponentially with a time constant of l/(kobs + kdeact) 

until a steady state is reached. In this case no desensitisation should occur. To account 

for desensitisation in a two-state model, a gradual decrease in the on-rate or a gradual 

increase in the off-rate would be necessary during the course of an agonist application. 

Although a small decrease in the rate of current activation was observed between 1° and 

2° agonist-induced responses in the HKIR3.1/3.2/M4 line, this was insufficient to 

account for the pronounced decay in current during a single 2 0  second agonist 

application.
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For a system of n distinct states linked by zero- or first-order (or pseudofirst-order 

transitions) the forward reaction will approach a steady-state with a time course 

described by the sum of n-1 exponential components. Therefore the requirement for a 

two exponential function to adequately describe I(t) during the “drug-on” phase 

implicates a third kinetically important G-protein state; hence a third rate constant (kg) 

has been introduced to this scheme that is suggested to represent the reassociation of 

Ga-GDP.Py with the AR* complex for further rounds of G-protein activation. It is 

important to recognise that the proposed G-protein cycle (Fig. 4.7) represents a very 

simplistic view of the events underway during a drug application. It is hard to kinetically 

resolve reactions that differ in time constant by less than a factor of ten. Therefore there 

most certainly are other intermediate G-protein states in the cycle but, from this kinetic 

analysis, there is a minimum of three states that are kinetically important in the 

activation and desensitisation of Kir3.1/3.2 currents during a drug application.

As established in this chapter, the extent of desensitisation is positively correlated with 

the rate of current activation. However it is also dependent on the hydrolysis rate of GTP 

bound to the a  subunit. Chuang et al. (1998) showed that fast current desensitisation is 

abolished by non-hydrolysable GTP analogues. Furthermore, data is presented in 

Chapter 5 that shows that GIRK currents mediated by RGS-insensitive Ga subunits 

desensitise considerably less (Figure 5.6). The rate of GTP-hydrolysis (kdeact) for these 

RGS-insensitive Ga subunits was greatly attenuated (for example, in the 

HKIR3.1/3.2/D2 line, kdeact for Goa(C->G) = 35min’̂ ; kdeact via RGSiGoa(C^G) = 

2min'^) whereas the rate of activation via these Goa(C—>G) subunits was very similar. 

This reveals that fast cycling of Ga-GTP to Ga-GDP is also critical for fast
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desensitisation. Furthermore, it shows that endogenous RGS proteins are expressed in 

our cell system. In summary, the fast desensitisation of Kir3.1/3.2 currents is shown here 

to be dependent on the rates of current activation, deactivation and the stimulus 

intensity, consistent with the hypothesis that cycling of G-proteins can account entirely 

for the fast component of desensitisation.

The data presented here argue against the suggestion that hydrolysis of PIP2 by 

concurrent Gq\n-coupled receptor activation accounts wholly for rapid desensitisation 

(Kobrinsky et al., 2000). Indeed, another group have shown that this mechanism is at 

least one order of magnitude slower than the fast current decay I focus on in this chapter 

(Meyer et al., 2001). In HKIR3.1/3.2/M4 and HKJR3.1/3.2/a2A cells, concomitant Gq/n- 

mediated responses were detected by Ca^  ̂ imaging. However, these cell lines did not 

exhibit greater fast current desensitisation over a 2 0  second period in response to agonist 

(Fig. 4.1C). It is possible that a PLC-p mediated effect on GIRK signalling is not 

observed in these whole-cell recordings because Ca^  ̂ is quite heavily buffered by the 

pipette solution (approximately 20nM) and PLC-p activity is known to be strongly Ca^  ̂

dependent (Rebecchi & Pentyala, 2000). The small decline in wash currents in the M4 

receptor line indicated a weak inhibitory effect on Kir3.1/3.2 currents suggesting that a 

longer-term form of desensitisation may be initiated by coactivation of Gq-coupled 

GPCRs, such as by the M3 muscarinic receptor.

An additional rapid component of desensitisation was observed in the HKIR3.1/3.2/A1 

cell line, expressing the Ai adenosine receptor at high levels, that was independent of G- 

protein activation (i.e. it was observed when Kir3.1/3.2 currents were activated by
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GTPyS). This desensitisation, or inhibition, interfered with the proper description of the 

dose-response relationship for NEC A in eliciting Kir3.1/3.2 currents above lOOnM 

(Figure 3.5C). This inhibition is likely to account for the more profound desensitisation 

observed with the Ai receptor and the transient current increase upon agonist 

withdrawal, although the mechanism underlying this inhibitory effect remains 

mysterious. Other investigators have reported a similar phenomenon, seen after 

adenoviral expression of the Ai receptor in atrial myocytes (Bosche et al., 2003).

The Ai-mediated inhibition occurs as a direct consequence of agonist binding to receptor 

and is fully reversible on removal of agonist. It occurs downstream of G-protein 

activation and it is likely to represent a direct sequestration of Gpy subunits. Candidates 

include PLC-(3, GRK-2 or the Ai receptor itself. GPy subunits bind to and regulate 

several effectors including PLC-pi-3, Phospholipase A2, GRK-2 and 3, AC isoforms II- 

IV, and enzymes of the MAPK cascade (Clapham & Neer, 1997). Other groups have 

suggested that Gpy subunits, released from Gj/o heterotrimers, may couple Ai receptors 

to PLC-p in CHO cells and may also augment responses activated by Gq-coupled 

GPCRs (Tomura et al., 1997; Dickenson and Hill, 1998); therefore Gi/o-released GPy 

subunits may be siphoned off and bind to other effectors, such as PLC-p.

In our cell system, no transient increase in intracellular Câ "̂  was observed in response to 

Ai receptor stimulation, thus ruling out PLC-P activation. Translocation of the G-protein 

coupled receptor kinases GRK-2 or GRK-3 to the plasma membrane and sequestration 

of GPy subunits by interactions with the GRK C-termini presents a second possible
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mechanism (Pitcher et al., 1992), but evidence suggests that Ai receptors are 

comparatively poor substrates for GRKs (Palmer et al., 1996; lacovelli et al., 1999). The 

lack of a comparable effect in the other receptor lines studied sheds doubt on a role for 

GRKs in mediating Kir3.1/3.2 current inhibition.

Mounting evidence suggests that the GPy subunit plays a vital role in receptor-G-protein 

coupling (reviewed by Klinger et al., 2002). Firstly, Gpy subunits are essential for G- 

protein activation by the Ai receptor in studies on reconstituted phospholipid vesicles 

(Figler et al., 1996; Yasuda et al., 1996). Furthermore, the Ai receptor can distinguish 

between GPy dimers: when reconstituted with Gpiyz or Gpiys (with a geranylgeranyl 

group on the y subunit), purified Ai receptors bind agonist with considerably higher 

affinity and stimulate GDP/GTP exchange with greater efficacy than when reconstituted 

with Gpiyi (in which yi is famesylated) (Figler et al., 1997). These observations suggest 

that Ai receptors can directly bind GPy, as demonstrated for other GPCRs. A variety of 

techniques have shown direct interactions of GPy with the following GPCRs: rhodopsin 

(Phillips et al., 1992a &b; Kisselev et al., 1999), purified pi-adrenergic receptors 

(Heithier et al., 1992), the a 2A-adrenergic receptor (Taylor et al., 1994), and group III 

metabotropic glutamate receptors (O’Connor et al., 1999). The “lever hypothesis”, 

proposed by Henry Bourne and coworkers, suggests that the GPy subunit is pivotal in 

activation of Ga by interacting with both receptor and Ga to pry open the Ga guanine 

nucleotide-binding pocket, allowing GDP release and GTP-binding. Although they 

present an attractive mechanism for G-protein activation, this study was inconclusive 

(Rondard et al., 2001).
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Here it is proposed that high affinity interactions of activated Ai adenosine receptors 

with Gpy may indeed account for Ga activation, specificity for some heterotrimers over 

others, and the postulated agonist-induced sequestration of Gpy subunits by the Ai-R. 

An interesting finding was that in GTPyS-loaded cells expressing the A l-G ial fusion, a 

much smaller inhibitory effect was evident in response to NEC A in non-PTx treated 

cells, and no inhibitory effect was observed in PTx-treated cells. This suggests that the 

A l-G ial fusion mediates a weaker interaction with Gpy subunits, possibly due to steric 

hinderance of the tagged Ga subunit. Current reactivation on removal of the agonist 

noradrenaline fi*om HKIR3.1/3.2/a2A cells was also observed in approximately 20% of 

cells studied. Unfortunately experiments in GTPyS-loaded HKIR3.1/3.2/a2A cells were 

not done due to time constraints.

To provide direct evidence in support of the postulated interaction between Gpy dimers 

and the agonist-bound Ai adenosine receptor, speculatively suggested to account for the 

A 1-specific inhibitory effect on Kir3.1/3.2 currents, fluorescence resonance energy 

transfer (FRET) techniques are being established in our laboratory to look at real-time 

protein-protein interactions. An agonist-induced increase in FRET between fluorescently 

tagged Ai adenosine receptors and fluorescently tagged Gpy subunits in living cells 

should provide confirmation of such an interaction.
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CHAPTER 5: Deactivation of the GIRK channel

5.1 Introduction

In this chapter I study the kinetics of deactivation of the cloned neuronal G-protein gated 

channel, Kir3.1+3.2A, following stimulation of a number of GPCRs. Termination of 

channel activity on agonist removal has previously been thought to be solely dependent 

upon the intrinsic hydrolysis rate of the G-protein a  subunit. In this chapter I present 

novel data that reveals a more complicated picture of the kinetic events occurring at the 

receptor level. I hypothesize that there are two processes that account for channel 

deactivation: GTP hydrolysis by the G-protein a  subunit and, additionally, agonist 

unbinding from the GPCR. With some combinations of agonist\GPCR, the rate of 

agonist unbinding is found to be slow and rate limiting, and deactivation kinetics are not 

modulated by regulators of G protein signalling (RGS) proteins. In another group 

channel deactivation is faster and is limited by the hydrolysis rate of the G-protein a  

subunit. G-protein isoform and interaction with RGS proteins play a significant role with 

this group of GPCR.

The kinetic behaviour of G-protein gated channels following agonist application and 

withdrawal has been subject to intense investigation. To date, these issues have largely 

been addressed using the cloned atrial channel, Kir3.1 + 3.4, and the muscarinic M2 

receptor expressed in Xenopus laevis oocytes (Doupnik et al., 1997; Berman & Gilman, 

1998). In particular, a number of studies have sought to explain why these channels
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when expressed in Xenopus laevis oocytes deactivate more slowly than the native atrial 

current following stimulation of M2 receptors. The discovery of a novel protein family, 

the Regulators of G-protein signalling (RGS) proteins has, in part, accounted for this 

discrepancy (Doupnik et ah, 1997; Saitoh et al., 1997). RGS proteins interact with Gi/o 

and Gq/i 1 a  subunits to increase the intrinsic GTPase rate of the Ga subunit (Dohlman & 

Thomer, 1997; Koelle, 1997; Berman & Gilman, 1998). In Xenopus oocytes, 

overexpression of RGS proteins 1,2, 4, 5, 7 and 8  (Doupnik et al., 1997; Saitoh et al., 

1997; Chuang et al., 1998; Herlize et al., 1999) accelerates the channel deactivation 

kinetics and sharpens other kinetic parameters such that the measured time constants are 

more consistent with those occurring after stimulation of native channels in atrial cells 

(Carmeliet & Mubagwa, 1986; Kurachi et al., 1986; Bunnemann et al., 1996) and in 

neurons (Sodickson & Bean, 1996; 1998). It is apparent that the lack of RGS proteins 

endogenous to Xenopus laevis constitutes a missing component in this classical cell 

expression system.

The kinetics of G-protein signalling are several-fold faster in our HEK293 cell lines, and 

in this chapter I investigate whether a complement of RGS proteins is present in this cell 

expression system. Furthermore, the G-protein gated KirS.O family of channels can be 

activated by a wide variety of Gi/o coupled GPCRs in heterologous and native conditions 

(North, 1989; Luscher et al., 1997; Lesage et al., 1994 & 1995; Velimirovic et al., 1996; 

Inanobe et al., 1999), and it is important to establish what factors may limit the kinetics 

of their deactivation following stimulation by drugs, hormones or neurotransmitters.
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5.2 Results

In this chapter I use five dual receptor + channel stable cell lines to investigate 

Kir3.1/3.2 channel deactivation (Ai: HKIR3.1/3.2/A1, a 2A* HKIR3.1/3.2/a2, D2S: 

HKIR3.1/3.2/D2, M4: HKIR3.1/3.2/M4 and GABA-Bib\2: HKIR3.1/3.2/GGB). Of note, 

the HKIR3.1/3.2/a2 cell line used in this chapter is a different clonal isolate to the cell 

line studied in the previous two chapters. As for Chapters 3 & 4, maximal concentrations 

of agonists were applied for 20 seconds. The channel deactivation rate (expressed as a 

single exponential time constant, x, with units of seconds) was measured using a curve- 

fitting procedure (Fig. 2.15). Figure 5.1 A shows representative current traces obtained 

from HKIR3.1/3.2/D2 (10|iM quinpirole), HKIR3.1/3.2/a2 (3pM noradrenaline) and 

HKIR3.1/3.2/GGB (lOOpM baclofen) cells. Deactivation kinetics for responses of the 

HKIR3.1/3.2/M4 cell line to lOOpM carbachol and the HKIR3.1/3.2/A1 line to IpM 

NECA are also summarised in Fig. 5.IB. There is a striking variation in deactivation 

time constants ranging from ~2s in the HKIR3.1/3.2/M4 cell line to ~20s in the 

HKIR3.1/3.2/D2 cells. These values correspond to GTP hydrolysis rates of ~30min'^ and 

~3min‘  ̂ respectively, the latter being consistent with slow in vitro hydrolysis rates of 

purified G-proteins (Gilman, 1987) and similar to measured Kir3.1/3.2 current 

deactivation rates in Xenopus oocytes of ~5min‘  ̂ (Saitoh et al., 1997). In contrast, the 

fast current deactivation rates observed with the GABA-Bib/2 and M4-expressing cell 

lines were similar to reported Kir 3.0 deactivation rates in neurons and cardiac cells. 

This wide variation in deactivation rates represented an anomoly that required further 

investigation.
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Figure 5.1: Deactivation kinetics of Kir3.1/3.2 currents activated via different 
receptors show a wide variation.
Deactivation kinetics were characterised by fitting a single exponential function to the 
declining current phase after agonist removal, by positioning the cursors as shown (top 
panel), to yield a single deactivation time constant (x).
A: Representative current traces of cells from 3 different receptor+channel cell lines 
voltage-clamped at -60 mV and exposed to agonist for 20 s (shown by the horizontal bar).
B: Summary of deactivation data obtained from 5 cell lines expressing the Kir3.1+3.2A 
channel complex and the receptor indicated. Deactivation was significantly faster for 
currents activated via the GABA-B,b/2, and receptors, compared with A, or D̂  
receptor-activated currents. Significance was tested with One-way ANOVA with a 
Bonferroni multiple comparison of selected groups (*p<0.05; * * *p<0.001 ).
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First, the effects of receptor occupancy on channel deactivation were examined by 

varying the concentration of agonist used. Two agonist concentrations were chosen: a 

low concentration (approximately the EC50 value) and a high, saturating concentration. 

These experiments were performed using the HKIR3.1/3.2/GGB line (with IpM and 

lOOpM baclofen) and the HKIR3.2/3.2/A1 line using 30 nM and 1 pM NECA. As 

predicted by the theory of mass action, the decay of a single reactive species should 

proceed exponentially with a constant rate, regardless of the initial concentration of the 

reactant. Accordingly, agonist concentration did not influence channel deactivation 

following stimulation of either of these receptors (data not shown).

Next I examined whether different agonists would affect channel deactivation. For these 

experiments three different adenosine receptor agonists were selected on the basis of 

differences in their chemical nature and aqueous solubility (see Table 5.1 for chemical 

structures). When applied to HKIR3.1/3.2/A1 cells, NECA (1 pM) and adenosine (1 

pM), and the A 1-selective agonist N^-p-sulfophenyladenosine (SPA, lOOpM) all 

produced agonist-induced currents of similar magnitudes (Fig. 5.2A & B) but the 

kinetics of the channel response were clearly different (Fig. 5.2C). Channel activation 

kinetics (lag+ttp) was not affected by the nature of the agonist but there was a profound 

difference in deactivation kinetics between the three agonists such that the synthetic, 

light-sensitive compound SPA caused the slowest deactivation whilst adenosine induced 

the fastest deactivation (Fig. 5.2C).
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Figure 5.2: Effects of agonist type on channel deactivation kinetics.
A: Representative traces recorded at -60 mV from HKIR3.1/3.2/A1 cells in response to 
20s applications of NECA(1 pM), adenosine(l pM) or N-p-sulfophenyladenosine 
(SPA;100pM).
B: Mean current density data are summarized in the bar chart shown where each agonist 
caused a significant and reversible potentiation of currents (p<0.001). Agonist-induced 
current potentiations were not significantly different between treatment groups.
C: The bar chart on the left shows that the type of agonist used markedly affected the 
current deactivation time constant (x). Deactivation was dramatically accelerated with 
adenosine as an agonist (p<0.001) and slower with SPA (NS: not significant) when 
compared to NECA. On the right, the bar chart shows that channel activation kinetics 
were not significantly different between the agonists.
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The use of engineered PTx-resistant Gi\o a  subunits has made it possible to look 

exclusively at coupling between a number of Gi/o-coupled receptors and the channel via 

different Gj\oa isoforms. Recently we have extended this approach by developing a 

series of genetic constructs of PTx-resistant Gi/oa subunits that are fused to the cyan 

fluorescent protein (CFP) and have established transfection conditions under which 

these constructs are expressed at equivalent levels (Leaney et al., 2002). The kinetics of 

signalling mediated via these CFP-tagged Ga constructs was investigated in Chapter 3 

and it was shown that they each activate KirS. 1+3.2 currents with rates equivalent to 

those mediated via untagged Gj/o a  subunits with the C->G mutation. Here a comparison 

is made of the deactivation rates via Giai-3-CFP and Goa-CFP at equivalent 

concentrations with the Ai receptor in the HKIR3.1/3.2/A1 line and via Giai-CFP and 

Goa-CFP at equivalent concentrations with the M4 receptor in the HKIR3.1/3.2/M4 line. 

Examples of current traces recorded at -60mV are shown in Figure 5.3A.

There are two major points to note with this data. Firstly, there is a large difference in 

the observed deactivation rates between Mj-mediated and A1-mediated currents via both 

Gja2 and GoaA- Secondly, following M4 receptor stimulation a difference became 

apparent in channel deactivation rates between G i a i - C F P  and G o a - C F P :  channels 

deactivated significantly faster through G i a 2 - C F P  than G o a A - C F P  (Figure 5 . 3B ) .
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Figure 5.3: Effects of the G a isoform on channel deactivation.
A: Representative examples of current profiles recorded from HKIR3.1/3.2/A1 and 
HKIR3.1 /3.2/M4 cells transiently transfected with 1 pg cDNA for Gia2-CFP or GoaA- 
CFP, then PTx-treated for >16 hours and voltage clamped at -60 mV. Maximal 
concentrations of agonist (1 pM NECA and 100 pM carbachol, respectively) were 
applied for 20 seconds (shown by the horizontal bar).
B: Bar chart showing summary of data obtained. Channel deactivation via both Gia2 
and GoaA was significantly faster following stimulation of the M4 than the AI 
receptor (One-way ANOVA with a Bonferroni post test on selected data sets; p<0.001 ). 
While signalling via each of the G;/̂  a  isoforms in the HKIR3.1/3.2/Al line deactivated 
with similarly slow kinetics, in the HKIR3.1/3.2/M4 line currents mediated via Gia2- 
CFP deactivated faster than those mediated by GoaA-CFP subunits (p<0.05; t test on 
1/deactivation t).
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To determine whether differences in deactivation rates via different GPCRs might be 

due to selective regulation by RGS proteins, I looked at the role of RGS proteins in 

modulating the channel response to receptor stimulation. It has recently become 

apparent that the kinetics of KirS.O channel response can be accelerated by expression of 

these proteins (Doupnik et al, 1997; Berman & Gilman, 1998). Overexpression of RGS 

proteins leads to an increase in the both the deactivation and, unexpectedly, activation 

rates of Kir3.0 currents in heterologous expression systems (Saitoh et al, 1997; Doupnik 

et al., 1997). In the following experiments I examined whether one of the simpler RGS 

proteins, RGS8 , could differentially modulate the dynamics of current deactivation.

RGS8  (Ipg cDNA) was transiently transfected into each of the receptor + channel stable 

lines and marked differences were found in channel kinetics following RGS8 expression 

between different receptors. Whilst RGS8 had little effect on either activation or 

deactivation kinetics of Ai-mediated currents (Fig. 5.4 A&B, right-hand panel), 

overexpression of RGS8  solely increased deactivation rates following M4 receptor 

stimulation (Fig. 5.4 A&B, left-hand panel) with a slight trend to enhance activation. 

RGS8  increased both activation and deactivation rates of GABAg-mediated currents 

(Fig. 5.4 A&B, middle panel). The differential effects of RGS8  on receptor-mediated 

channel activation will be explored further in Chapter 6  using an engineered molecular 

construct in which DNA encoding the yellow fluorescent protein (YFP) was fused in 

frame to the cDNA for RGS8 , hereby referred to as RGS8 -YFP.
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Figure 5.4: RGS8 exerts different effects on current kinetic parameters in response 
to stimulation of different receptors.
A: Whole-cell currents were recorded from HKIR3.1/3.2/M4 (left-hand panel), 
HKIR3.1/3.2/GGB (middle panel) and HKIR3.1/3.2/A1 (right-hand panel) cells voltage 
clamped at -60 mV in response to 20 second agonist applications. The upper three traces 
show representative control responses whilst the lower three traces are in the presence of 
RGS8. 1 pg cDNA for RGS8 (pcDNA3.1) plus 50ng cDNA for GFP was transiently 
transfected as described in Section 2.2.2. Transfected cells were identified by 
epifluoresence of GFP and were recorded from 24-72 hours post-transfection.
B: Summary of kinetic data in the absence (“Control”) and presence (“+RGS8”) of 
RGS8. (i) In the HKIR3.1/3.2/M4 cell line, RGS8 only enhances the deactivation 
kinetics (deact i) but not the activation kinetics (lag+ttp). (ii) In the HKIR3.1/3.2/GGB 
cell line it significantly enhances both activation and deactivation parameters, (iii) In the 
HKIR3.1/3.2/Al cell line, RGS8 overexpression exhibits no effects on either parameter.
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To address the slow deactivation of quinpirole-mediated currents in the HKJR3.1/3.2/D2 

cell line, RGS8 (pcDNA3.1) was transiently transfected into these cells and currents 

were induced by rapid application of lOpM quinpirole. As shown in Figure 5.5A, 

currents activated by quinpirole deactivated with the same time constant when RGS 8 

was overexpressed in the cell {D2 control: 26.4 ± 2.6s (n=ll); D2 + RGS8: 26.2 ± 3.4s 

(n=5)}. However, current activation in the presence of RGS8 was accelerated, 

demonstrating that RGS8 was expressed and functional in these cells (Fig 5.5A(ii)). To 

test the possibility that the unbinding of quinpirole was rate-limiting for deactivation, the 

endogenous ligand dopamine was selected as an agonist and the RGS8-YFP construct 

was transfected into HKIR3.1/3.2/D2 cells, permitting direct selection of transfected 

cells by epifluorescence of the expressed chimaeric protein.

With dopamine (lOpM) as an agonist, both current activation and deactivation showed 

significant acceleration in the presence of RGS8-YFP and a two-phase deactivation 

process became evident as shown in Figure 5.5B (ii). The deactivation phase of 

dopamine-stimulated currents (+RGS8-YFP) was best described by a biexponential 

equation, “the sum of two exponentials”: I(t)= A2*exp(-t/i2) + Al*exp(-t/ii) + C, where 

t is time, ti and i 2 are the time constants for each exponential, AI and A2 are the 

amplitudes of each exponential component assessed at the start of the fit relative to C, 

the steady state asymptote (pCIamp software, Clampfit version 6.0). The majority of the 

control dopamine-stimulated current traces were adequately fit by a single exponential 

function (n=10). However, a subset of these responses (n=4) was better fit by a two- 

phase exponential deactivation curve, as judged by the F-test (GraphPad Prism, San 

Diego, USA).
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Figure 5.5: Deactivation of Dzs receptor-mediated currents is rate-limited by dissociation of the agonist, quinpirole, and is 

biphasic when currents are activated by dopamine in the presence of RGS8.

Data is summarised for the HKJR3.1/3.2/D2 cell line. Control and transfected, fluorescent cells (24-48 hours post transfection) were 

investigated using the whole-cell patch clamp technique.

A: (i) Representative examples of current traces recorded at -60mV from an untransfected control HKIR3.1/31.2/D2 cell (upper trace) 

and a cell transiently transfected with cDNAs for RGS8 (pcDNA3.1) (Ipg) plus GFP (50ng) (lower trace). The solid bar indicates a 20 

second application of agonist, quinpirole (lOpM). (ii) Summary of activation and deactivation data showing that, whilst activation 

kinetics were enhanced in the presence of RGS8 (p<0.001), deactivation kinetics were not changed. N numbers indicate the number of 

cells patched and are shown in parentheses.

B: (i) Examples of current traces recorded at -60mV in response to agonist dopamine (lOpM) in a control cell (upper panel) and a cell 

transfected with Ipg cDNA for RGS8-YFP (lower panel). Note the prominent biphasic current deactivation phase exhibited by the 

RGS8-YFP expressing cell, (ii) Summary of kinetic data showing a significant acceleration of the kinetics of activation (p<0.01) and 

the fast component of deactivation (p<0.001) by RGS8-YFP, although the slower deactivation component is not affected. For the 

control dopamine data set, the deactivation phase for 4 out of 14 current traces was better fit by 2 exponentials (F-test). For these 4 

cells, the fast deactivation tau was compared to the fast deactivation component of the RGS8-YFP-expressing cells (n=15). For the 

slow deactivation tau, the single exponential taus (n=10) were pooled with the slow deact taus (n=4) and compared with the RGS8- 

YFP slow deact taus (n=15) (Student’s t-test on 1/x; NS)

C: An example of a current trace recorded from an HKIR3.1/3.2/D2 cell, transfected with GoaA(C->G) and treated with PTx for 

<16hours, showing a response to lOpM dopamine with a two phase deactivation process.
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The fast deactivation taus from control recordings were compared with those from the 

RGS8-YFP-expressing cells, and were found to be significantly slower {D2 control: 6.6 

± 2.1s (n=4); +RGS8-YFP: 2.2 ± 0.3s (n=15); p=0.0175, t test}. The slow deactivation 

taus from the control set were pooled with the single deactivation taus from the 

remainder of the control cells and were compared to the slow deactivation tau from the 

RGS8-YFP expressing cells. These were not significantly different between groups {D2 

control: 36.2 ± 6.5s (n=14); +RGS8-YFP: 53.4 ±10.4s (n=15); p=0.106, t test}. In 

RGS8-YFP expressing cells, the percentage (mean ± s.e.m.) of fast-deactivating current 

of the total deactivating current, calculated with equation p=A2/(Al+A2), was 45 ± 5%.

The data present two intriguing possibilities: one might hypothesise that two populations 

of G-proteins are activated by the D] dopamine receptor: the deactivation kinetics of one 

populace is regulated by RGS8 accounting for the “fast” deactivation tau while the other 

group is “RGS-resistant” with a gradual intrinsic rate of GTP hydrolysis that accounts 

for the slow deactivation component. Alternatively, there may be two populations of D2 

receptors that display kinetically distinct ligand interactions.

The possibility that an “RGS-resistant” subset of G-proteins might be activated by the 

D2 receptor was tested by constraining signalling to a single population of PTx- 

insensitive GoaA(C^G) subunits. In support of the alternative hypothesis that dopamine 

may be acting at two distinct subsets of receptors, data from preliminary experiments 

showed that some dopamine-stimulated currents (mediated exclusively via transfected 

GoaA(C->G) subunits) deactivate in a biphasic manner (an example of a current trace is 

shown in Fig. 5.5C).
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To investigate the presence of a putative endogenous RGS protein in our mammalian 

HEK-293 cell lines, I utilised PTx-insensitive GottA 351(C—>G) subunits that were 

rendered “RGS-insensitive” (RGSi) by the introduction of a second point mutation, 

Glycine 184 to Serine. This residue lies on the first of the three “switch” regions of the 

G a subunit that undergo the most conformational change during GTP hydrolysis. 

DiBello and colleagues (1998) were the first to identify this mutation in yeast G-proteins 

that uncouples Ga subunits from RGS activity. The analogous mutations in mammalian 

GqŒa and G,ai (G184S and G183S respectively) were characterized using biochemical 

assays (Lan et al. 1998) and the Gly-^Ser mutations were shown to cause a 100-fold 

decrease in RGS4 binding, resulting in a dramatic reduction in GAP activity. These 

mutant RGSiGa subunits have been used in studies in native tissues to demonstrate that 

endogenous RGS proteins regulate Gpy-mediated signalling pathways (Jeong and Ikeda, 

2000; Chen and Lambert, 2000).

The kinetic signalling parameters via the GoaA(C->G) subunit are compared with those 

for RGSiGoŒA in the HKIR3.1/3.2/D2 cell line (Fig. 5.6 A,B&C) and HKIR3.1/3.2/GGB 

cell line (Fig. 5.6 D,E&F) using the agonists dopamine (lOpM) and baclofen (lOOpM) 

respectively. When transiently transfected into both cell lines it was found that the RGS- 

insensitive Ga subunit was able to support receptor-mediated channel activation with 

similar activation properties to GoaA(C—>G) and could stimulate currents of similar 

amplitudes to GoaA(C-^G). In both cell lines, current deactivation was dramatically 

slower through the RGSiGoaA subunit. These data suggest that Gi/o signalling pathways 

are indeed regulated by an RGS protein, expressed endogenously in HEK-293 cells.
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Figure 5.6: The presence of an endogenous RGS protein in HEK293 cells is apparent when signalling is constrained to RGS- 

insensitive G a subunits.

Either 500ng cDNA for Goa (C->G) or 500ng cDNA for RGSi Goa, plus 500ng pcDNA3.1 empty vector plus 50ng pEGFP (encoding 

GFP), was transiently transfected into HKIR3.1/3.2/D2 or HKIR3.1/3.2/GGB cell lines. Cells were PTx-treated at lOOng/ml for at least 

16 hours prior to recording. Transfected cells were identified by epifiuoresence of cotransfected GFP and were recorded from at a holding 

potential of -60mV using the whole-cell configuration of the patch clamp technique, 24 to 72 hours post transfection.

Left: A: representative current traces recorded from D] receptor-expressing cells are shown on the same time scale. Note the profoundly 

slower deactivation rate of the bottom trace, recorded from a cell expressing the RGSi Goa subunit. The solid bar indicates a 20 second 

application of agonist (lOpM Dopamine). B: current amplitudes are summarised in a bar chart (mean ± s.e.m). N numbers are indicated in 

parentheses. C: the kinetic parameters for each condition are summarised. Activation and desensitisation are not significantly different, 

but deactivation is profoundly slower through the RGS-insensitive GoaA subunit.

Right: D: examples of current traces on the same time scale recorded at -60mV from transfected HKIR3.1/3.2/GGB cells in response to 

lOOpM baclofen. E: summary of whole-cell current amplitudes, expressed as mean ± s.e.m. F: measured kinetic parameters are shown in 

the graphs in the lower panel (NS= not significant; **signifies that p<0.01 with a t test performed on normalised data sets, i.e.l/i).
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However, when either Giai(C-^G) or RGSiGiai(C—>G) were transfected into the 

HKIR3.1/3.2/A1 cell line, with NEC A (IpM) as an agonist, no statistically different 

changes in deactivation kinetics were detected. When signalling was constrained to 

Giai(C^G) and compared with RGSiGitti, the deact tau for Gjai was 29.9 ± 4.1s 

(n=10); for RGSi G,ai this was 51.2 ± 9.0s (n=9) (t-test on l/i: NS). This strongly 

suggested that a factor other than the GTP hydrolysis rate of the Ga subunit was 

influencing the rate of current deactivation in this cell line.

It was also noted that with the RGS-insensitive Ga subunits there was a marked 

decrease in current desensitisation during the course of a 20 second agonist application, 

although this was not significant. Graphs summarising the desensitisation data for 

HKJR3.1/3.2/D2 and HKIR3.1/3.2/GGB cell lines are shown in Fig. 5.6 C and 5.6 F. 

The experimental data show that an endogenous RGS protein is expressed in our HEK- 

293 cell line that enhances the rate of GTP hydrolysis by Ga subunits upon removal of 

agonist. Additionally, it also appears to enhance cycling of Ga-GTP to inactive Ga- 

GDP during the course of an agonist application, accounting for the decrease in current 

desensitisation when signalling is constrained via mutant RGSi Ga subunits. The 

endogenous RGS protein does not appear to influence activation kinetics however; in 

each of the cell lines transfected with RGS-insensitive Ga subunits (HKIR3.1/3.2/A1, 

D2 and GGB), no significant differences were detected in the lag+ttp parameter.
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5.3 Discussion:

The major findings presented in this chapter are that deactivation rates vary widely 

between the different GPCRs studied and are independent of receptor occupancy (i.e. 

agonist concentration). The data presented here supports the division of agonist/receptor 

combinations into two classes: for one class, the GTP hydrolysis rate is the kinetically 

important factor in channel deactivation, and for the other class the unbinding of agonist 

from the GPCR is rate-limiting. The evidence for this is reviewed below:

For the first class, such as the GABA-Bib\2 receptor with baclofen as an agonist or the 

M4 receptor with carbachol, the data are compatible with the intrinsic hydrolysis rate of 

the G-protein being rate limiting. In this case deactivation kinetics are enhanced by 

RGS8 overexpression and slowed by constraining signalling to occur via an RGS- 

insensitive G-protein. Signalling constrained via different Gi/o isoforms is fast but there 

are significant differences between Gia2 and GqŒa subunits. In the other agonist/receptor 

class, for example the Ai receptor with NEC A or the D]s receptor with quinpirole as an 

agonist, deactivation kinetics were slower. Increasing or decreasing the intrinsic 

hydrolysis rate of the G-protein by overexpression of RGS or signalling via an RGS 

resistant G-protein had little effect on overall kinetics. In addition, constraining channel 

activation through a series of different Gj\o isoforms results in similarly slow kinetics 

with no significant difference between the various isoforms. Finally, deactivation 

kinetics varies with the chemical nature of the agonist. These data support the idea that 

dissociation of agonist from the receptor is rate limiting for channel deactivation.
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The pre-eminent hypothesis in the field is that GIRK channel deactivation is determined 

by the Ga-GTP hydrolysis rate, and this rate dictates how fast G(3y is sequestered by 

Ga-GDP. In general, the intrinsic Ga-GTP hydrolysis rate is determined by the Ga 

isoform in the G-protein, which is modulated by RGS proteins and effectors with 

intrinsic GAP activity, such as PLC-p (Ross & Wilkie, 2000; De Vries et ah, 2000). 

However, in this chapter it was found that the deactivation kinetics of Kir3.1/3.2A 

currents vary widely depending on the agonist/GPCR combination. On a simplistic level, 

it is possible that either the channel, G-protein or receptor may be the major limiting 

factor in the deactivation phase of the current response.

Initial observations of the widely varying deactivation rates between different receptors 

make it unlikely that Gpy binding and unbinding are the rate limiting steps for channel 

activation and deactivation. However a paradox remains in that purified Gpy binds to 

Kir3.0 channel domains with high nanomolar (nM) or low micromolar affinities in 

binding assays, and the E C 50 for channel activation by GPy in inside-out patches is in the 

low nM range (Yamada et al., 1998; Wickman et al., 1994; Huang et al., 1995; Huang et 

al., 1997). Generally, high nanomolar affinities are consistent with slow unbinding rates, 

raising a discrepancy with the rapid deactivation rates observed for cloned and native 

channels. Speculatively, it is possible that association and dissociation of Gpy subunits 

occurs with Ga bound to the channel and residues important on Gpy for activation are 

shielded by the Ga-GDP subunit (Huang et al., 1995; Ford et al., 1998).
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Noticeably, the ligands identified in this study that dissociate from their target receptors 

in a rate-limiting manner are largely synthetic agonists developed for enhanced affinity 

at their cognate receptors. Table 5.1 shows the A% adenosine agonists used in this 

chapter. Extensive mutagenesis studies have been carried out on the Ai adenosine 

receptor to characterise the ligand-binding pocket, formed largely by amino acids in 

transmembrane domains III and VII, and a glutamine residue (Gln-92) in TMIII has 

been shown to be vital for high affinity binding of Ai-selective N^-substituted adenosine 

derivatives such as SPA (Rivkees et al., 1999). The chemical structure for quinpirole is 

also shown, an Eli Lilly compound LY-171555, and it is clearly chemically more 

complex than dopamine, having been synthesised for enhanced activity at the D2 (and 

D 3 )  dopamine receptors.

The anomalous ligand-receptor dissociation kinetics with dopamine in the 

HKIR3.1/3.2/D2 cell line, revealed by RGS8-YFP expression in Fig. 5.5, warrants 

further investigation. Dopamine is suggested to be a “sticky” ligand at a proportion of 

the D2 receptors where agonist unbinding appears to be the rate-limiting factor for 

deactivation. It is tempting to speculate that there are two distinct subsets of functional 

D2S receptors, possibly D2 monomers and D2 dimers, which exhibit different ligand- 

receptor dissociation kinetics. Radioligand binding experiments to determine the 

dissociation rate constants of radiolabelled dopamine from the D2S receptor would be 

required to resolve this issue. Evidence for D2 receptor dimérisation comes from studies 

using photolabelling and western blotting techniques, which have detected D2 dopamine 

receptor dimers in cell lines (Ng et al., 1996) and in human and rat brain (Zawarynski et 

al., 1998).
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Table 4.1: Chemical structures, formulae, molecular weights and synonyms for the Ai 

adenosine receptor agonists (top panel) and D2 dopamine receptor agonists (lower panel) 

used in these studies. The D2 agonist, bromocriptine, was tested on the HKIR3.1/3.2/D2 

cell line and was found to inhibit Kir3.1/3.2 currents, possibly by direct pore block. All 

compounds were obtained from Sigma Aldrich, Poole, UK.
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Furthermore, it has been proposed that D2 dimeric receptors selectively bind 

[^H] spiperone, whereas D2 monomers interact with [^HJraclopride (Armstrong & 

Strange, 2001). If D2 monomers and dimers exhibit such different antagonist binding 

profiles, this should allow easy characterisation of the two putative receptor populations 

in the HKIR3.1/3.2/D2 cell line. Intriguingly, D2 dimérisation may have implications for 

the kinetics of drug-receptor interactions. Dissociation of a ligand from a dimeric 

receptor may not display simple, first-order kinetics; indeed if a receptor was stimulated 

to dimerise by ligand binding, the ligand may become trapped within the binding pocket 

(Dean et al., 2001).

Other investigators have reported significantly different deactivation rates for the Œ2a 

and Œ2C adrenergic receptors with the physiological agonist, noradrenaline (Bunemann et 

al., 2001). In this chapter, deactivation of a 2A-mediated responses to noradrenaline was 

found to be intermediate in rate (see Fig. 5. IB) but this was later found to be enhanced 

by expression of RGS8  (data shown in Chapter 6 ). Therefore the a 2A adrenergic receptor 

with agonist noradrenaline can be grouped with the M4 and GABA-Bib/2 receptors and 

their respective agonists, carbachol and baclofen.

It would be of interest to extend these studies into the nature of interactions of the 

endogenous peptide ligands at the opioid receptors known to couple to Gi/o proteins. It 

has long been appreciated that some peptide agonists bind irreversibly to their cognate 

receptors, for example, the ligand endothelin-I at the Gq-coupled E T .a  and E T .b  

endothelin receptors (Hilal-Dandan et al., 1997) and, as a consequence, there is a 

persistence of signalling after agonist is washed off. Our cell expression system could
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prove to be a convenient assay system for peptide ligands that bind to Gi/o-coupled 

GPCRs, such as the p-,ô- and K-opioid receptors, to establish where ligand dissociation 

may be rate limiting for channel deactivation.

From experiments shown in this chapter (Fig. 5.6), it has become apparent that HEK- 

293 cells contain endogenous RGS proteins. Thus it is difficult to make categorical 

statements about the intrinsic hydrolysis rates of G-protein a  isoforms in living cells. 

The data do show significant differences for GjŒ] and GqŒa with the M4 receptor; 

however this could reflect an intrinsic preference for certain G-protein subunits by 

endogenous RGS proteins. Curiously, the data show that endogenous RGS proteins 

predominantly affect deactivation kinetics whilst overexpression of RGS8  additionally 

accelerates the activation rate for GABA-Bib\2. Furthermore, overexpression of RGS8  

seems to selectively accelerate activation kinetics via D2S and GABA-Bib\2 receptors but 

not for the M4 or Ai receptors. The data presented here show potential layers of 

selectivity and a role for the level of RGS expression. In Chapter 6 , the effects of RGS 

proteins on G-protein signalling are investigated further.

In summary, I show that there are two processes that account for channel deactivation:

(a) agonist unbinding from the GPCR and (b) GTP hydrolysis by the G-protein a  

subunit. The appreciation of such issues may have important consequences for cell 

signalling and drug design. For example, in synaptic transmission, these findings suggest 

that certain agonist/GPCR combinations may have more prolonged postsynaptic 

inhibitory effects. While some receptor pathways can follow a rapidly changing 

stimulus, others will integrate the signal with time to a new steady-state level.
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CHAPTER 6: The effects of RGS8 on GIRK channel 
kinetics. 

6.1 Introduction:

In this final results chapter I explore the role of a neuronal RGS protein, RGS8 , in the 

modulation of receptor-activated Kir3.1/3.2 kinetics. For this purpose new molecular 

tools are introduced by the in frame fusion of cDNAs for full-length RGS8 , the “RGS” 

domain and short C-terminus of RGS8  (ANRGS8 -YFP) and the N-terminus of RGS8  

alone (Nonly-YFP) to the yellow fluorescent protein (YFP). The main findings are that 

the N-terminus mediated the subcellular distribution of RGS8 to the cytoplasm and 

nucleus, and was important for the translocation of RGS8 -YFP to the cell membrane 

when Ga subunits were coexpressed. Kinetically, the major determinant of enhanced 

Kir3.1/3.2 channel kinetics was found to be the core “RGS” domain. Expression of this 

domain of RGS8 was sufficient to drive the enhancement of both activation and 

deactivation kinetics. RGS8 was observed to accelerate channel activation via D2, 

GABA-Bib/2 and M4 receptors while channel activation via the A% and Œ2a receptors was 

unaffected by expression of RGS8 . It is postulated here that this receptor-selective 

activity may reveal pre-coupling of G-proteins to the Ai and Œ2a receptors prior to 

agonist application.
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The recent discovery of the RGS protein family has provided the missing component 

that tightens up the temporal properties of GIRK signalling in heterologous cell systems 

(Doupnik et al., 1997; Saitoh et al., 1997). They enhance the rate of deactivation of the 

GIRK response by acting as GTPase activating proteins (GAPs) on Ga subunits, so as to 

promote the conversion of Ga-GTP to Ga-GDP, which competes with effectors for 

binding Gpy. However, RGS proteins do not solely function as negative regulators of G- 

protein signalling. They have additional positive role(s) as well. Because they expediate 

receptor-stimulated activation of GIRK channels, it has been proposed that RGS proteins 

may function as scaffolds to help preassemble signalling complexes (Doupnik et al., 

1997; Zeng et al., 1998). Alternatively, RGS proteins may promote entry into the G- 

protein cycle by physically aiding the dissociation of Ga-GTP and GPy subunits 

(Zerangue & Jan, 1998) or by encouraging the formation of fast-cycling signalling 

complexes, such as those proposed for receptor, G-protein and PLC-p (reviewed by 

Ross & Wilkie, 2000).

It has been demonstrated that some RGS proteins can only act as GAPs on very specific 

G a subunits (Ross & Wilkie, 2000). Therefore substrate specificity is one mechanism 

whereby RGSs can selectively modulate G-protein signalling. Furthermore, recent 

reports of receptor-selective interactions of RGS proteins suggest a scaffolding function 

for RGS proteins in organising receptor, G-protein and possibly effectors in quasi-stable 

signalling complexes. How might RGS proteins function in a GPCR complex to enhance 

signalling? The wide range of different domains -  outside of the RGS catalytic domain -  

on different RGS proteins, suggests the ability to interact with many other cellular
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proteins (Siderovski et al., 1999). For example, the PDZ domain on RGS 12 conveys 

receptor-selective binding to the IL-8  receptor (Snow et al., 1998). RGS 12 also contains 

a phosphotyrosine binding (PTB) domain that has been shown to interact physically and 

functionally with the phosphorylated aie subunit of N-type Ca^  ̂channels (Schiff et al., 

2000). GABA-b receptor stimulation activates GqŒ in DRG neurons, which leads to 

tyrosine phosphorylation of the aie N-type Ca^  ̂ channel subunit and slow, voltage- 

independent (VI) inhibition of channel activity. RGS 12 blocks VI inhibition by 

interacting with the phosphorylated channel through its PDB domain (Schiff et al., 

2000). This study demonstrates the importance of a region outside of the RGS domain in 

linking a GPCR to an effector protein, the N-type Ca^  ̂channel.

To explore possible receptor-selective and/or G-protein selective interactions of RGS 

proteins in the HEK-293 cell expression system characterised in these studies, the cDNA 

transcripts for RGS4, 7, 8 , 9, 10 and RGS-GAIP were acquired from the Guthrie cDNA 

Resource Centre, and these were transfected into various receptor cell lines. Preliminary 

experiments found that the neuronal RGS8 protein mediated the most profound effects 

on receptor-activated current in our cell lines. Similar effects were seen with RGS 10 and 

RGS-GAIP, whereas Goa-selective RGS7 had a weaker effect on channel deactivation 

kinetics than RGS8 , consistent with the finding that RGS7 requires coexpression of GPs 

for efficient GAP activity (Zhang et al., 2002). Differing levels of regulation by RGS4 

were observed from cell to cell, explained by the recent finding that RGS4 is subject to 

dual regulation by PIP3 and Ca^^-calmodulin complexes (Popov et al., 2000; Ishii et al., 

2002). Therefore it was decided to focus on the effects of RGS8  in our cell system.
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RGSS, consisting of 180 amino acids, belongs to the R4 subfamily consisting of RGSI, 

2, 4, 5, 8 , 13, 17 and 18 proteins that are made up primarily of the 120-130 residue 

“RGS” domain and less well-conserved amino- and carboxy-terminal domains. Below I 

summarise some of the main findings with RGS8  already presented in this thesis, and 

highlight the major questions addressed in this chapter.

In Chapter 5, expression of RGS8  was used as a tool to reveal where dissociation of 

agonist was rate limiting for channel deactivation. A complicated picture emerged with 

RGS8 expression (see Figure 5.4). Expression of RGS8 (pcDNA3.1) in the 

HKIR3.1/3.2/GGB cell line increased channel activation and deactivation rates, but in 

the HKIR3.1/3.2/M4 line it solely increased the deactivation rate. Activation via the A% 

receptor was not enhanced by RGS 8 whereas activation via the D] receptor was 

significantly accelerated. In both the HKIR3.1/3.2/A1 and HKIR3.1/3.2/D2 cell lines, 

expression of RGS8  was not found to increase the rate of current deactivation, 

presumably because the dissociation of agonists - NECA and quinpirole, respectively - 

was rate limiting for deactivation.

Furthermore, the rate of deactivation was dramatically slowed via RGSiGoaA(C^G) 

compared to GoaA(C—>G) when expressed in the HKIR3.1/3.2/GGB and D2 lines, 

although activation was not significantly changed. This showed that an RGS protein, 

endogenously expressed in HEK-293 cells, regulates Gj/o signalling pathways. However, 

this endogenous RGS protein appears to regulate channel deactivation kinetics without 

having much effect on receptor-mediated activation. Therefore we questioned whether
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the expression level of RGS proteins might play a prominent role in the regulation of G- 

protein signalling.

Here, utilising agonists that are not rate limiting for current deactivation, I present 

evidence to show that high-level expression of RGS 8 selectively enhances channel 

activation via some but not other G-protein coupled receptors. I ask whether these 

receptor-selective actions of RGSS can be accounted for by preferential regulation of 

different G-protein isoforms, and address the role of RGSS protein expression levels. 

Finally, I question whether distinct domains of RGSS are responsible for these effects on 

activation and deactivation kinetics, and address the role they play in the subcellular 

distribution of the YFP-tagged RGSS protein using confocal microscopy.
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6.2 Results

6.2.1 New tools: a fluorescently-tagged RGS8 construct, RGS8-YFP.

Previously, RGS8 was cotransfected into cells with 50ng GFP. Subsequently, transfected 

cells were identified by epifluorescence of the coexpressed GFP protein. Although this 

technique is generally quite reliable, it is preferable to identify cells expressing the 

protein of interest directly by, for example, introducing a fluorescent tag. The YFP- 

tagged full length RGS8 cDNA was constructed as described in Section 2.1.11. Two 

truncated mutants of RGS8 were also generated, as shown in the schematic below. Initial 

transfection studies were carried out to confirm that RGS8 -YFP cDNA could express a 

functional chimaeric protein that mediated effects similar to the untagged protein 

expressed with RGS8 (pcDNA3.1zeo) as shown in Figure 6.1. Transfections were made 

into the HK1R3.1/3.2/GGB cell line that showed the greatest enhancement of both 

activation and deactivation kinetics with RGS8 .

mm -  II - ■ I RGS8-YFP

I____II ------1 ANRGS8-YFP
Nonly-YFP

I 1 YFP

Key; ■ ■  NH2 terminus (35 a.a)
I I RGS domain (120-130 a.a)
□  COOH terminus (25 a.a)
I —   jYFP protein (240 a.a)

Schematic depicting the RGS8 cDNA constructs used in this chapter.
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Figure 6.1: New tools for studying RGS action: a chimaeric fluorescent protein, 
RGS8-YFP, exerts similar kinetic effects on GABA-B receptor-activated 
currents as RGS8.
Transient transfections were performed in the HKIR3.1/3.2/GGB cell line with either 
1 pg cDNA for the YFP-tagged RGS8 construct or Ipg RGS8 (pcDNA3.1) plus 50ng 
cDN A for GFP. Fluorescent cells were recorded from 24-72 hours posttransfection.
A: Representative whole-cell current recordings at a holding potential of -60mV, 
shown on the same time scale. The solid bar indicates a rapid application of agonist 
( 1 OOpM baclofen) and is positioned at zero current level.
B: Graphs summarise the kinetic parameters, (i) Activation (lag+ttp) is significantly 
enhanced in RGS8 and RGS8 -YFP transfectants. (ii) Current desensitisation did not 
differ across groups. Nonlinear regression (GraphPad Prism, GA, USA) generated the 
desensitisation curves that were fit well to a single exponential decay function with a 
good degree of convergence, (iii) Deactivation was dramatically accelerated in RGS8 

and RGS8 -YFP transfected cells. Statistical differences on normalised data sets (1/t) 
were tested using a one-way ANOVA, with a Dunnetf s posttest comparison against the 
control HKIR3.1/3.2/GGB data set (NS: not significant; *** indicates p<0.001).
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As shown in Figure 6.1, expressed RGS8 -YFP protein exerted similarly profound effects 

on GIRK activation and deactivation kinetics as its untagged counterpart. The 

desensitisation of currents was not changed by overexpression of either protein. The 

RGS8 -YFP construct expressed abundant levels of fluorescent protein that was 

concentrated in the nucleus and also visible in the cytoplasm of transfected cells. 

Confocal images depicting this prominent pattern of subcellular localisation of RGS8 - 

YFP are shown in Figures 6 .8  and 6.9.

Next I investigated the effects of RGS8 -YFP in the HKIR3.1/3.2/M4 line. As reported in 

Chapter 5, RGS8  (pcDNA3.1) expression in the HKIR3.1/3.2/M4 cell line did not 

significantly enhance channel activation kinetics (Figure 5.4). However, in these 

experiments with expression of Ipg RGS8 -YFP, activation kinetics (lag + ttp) were 

significantly accelerated {M4 control, lag+ttp: 3.51 ± 0.74s (n=14); M4 + RGS8 -YTP, 

lag+ttp: 1.50 ± 0.32s (n=10); p<0.05 with t test}. Similarly, deactivation of currents was 

accelerated by RGS8 -YFP. Representative current traces are shown in Figure 6.7.

A similar pattern was seen when RGS8 -YFP was overexpressed in the HKIR3.1/3.2/D2 

cell line: channel activation was significantly enhanced (D2 control with lOpM 

dopamine, lag+ttp: 1.92 ± 0.24s (n=18); D2 + RGS8 -YFP, lag+ttp: 1.03 ± 0.16s (n=14), 

p<0 .0 0 1  with t test} and deactivation was also significantly accelerated, revealing two 

distinct components of deactivation as shown in Chapter 5 (Fig. 5.5).
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6.2.2 Channel activation by certain receptors is immune to RGS8 
regulation.

The effects of the RGS8 -YFP protein were then investigated in the Ai adenosine 

receptor cell line (HKIR3.1/3.2/A1). No effect on kinetics was observed when RGS8  

(pcDNA3.1) was overexpressed in Chapter 5 where it was shown that in some cases the 

unbinding of agonist is rate-limiting for current deactivation, for example NECA at the 

Ai adenosine receptor. This prompted a careful choice of agonists for these experiments. 

The endogenous ligand adenosine was applied to HKIR3.1/3.2/A1 cells. Adenosine 

(IpM) was found to activate Kir3.1/3.2 currents with greater efficacy than IpM NECA 

{+ adenosine: -360 ± 52 pA/pF (n=15) vs. + NECA: -193 ±25 pA/pF (n=20); p<0.05, t 

test}. Moreover, adenosine-induced currents deactivated significantly faster than NECA- 

induced currents (time to half current decay: + adenosine: 6 .8  ± 0.7s; + NECA: 25.0 ± 

2 s; p<0 .0 0 1 , t test).

The measurement “time to half current decay” (see Figure 6.2) was used as difficulty 

was experienced in fitting single exponential curves to the current deactivation phase 

due to the anomalous “current reactivation” effect (seen on removal of either agonist 

from the cell). The opposing effects of the current reactivation and concomitant current 

deactivation resulted in a bi-exponential deactivation phase that was difficult to 

interpret. Observed current reactivations were larger and more prominent for the slowly 

dissociating compound, NECA, as compared to the short, sharp current reactivations 

seen on removal of adenosine from the Ai receptor-expressing cells.
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Figure 6.2: Expression of RGS8-YFP or AN-RGS8-YFP in the Aj receptor cell 
line has no effect on activation kinetics.
In these experiments, Ipg cDNA of the YFP-tagged RGSS construct was transiently 
transfected into the HKIR3.1/3.2/A1 line. Cells were directly selected for patch- 
clamping by epifluorescence, 24-72 hours post transfection.
A: Representiative current recordings at -60mV show responses to IpM adenosine.
B: The bar chart shows basal, peak and wash current amplitudes. Basal currents were 
significantly reduced in RGSS-YFP-expressing cells (p<0.05).
C: Bar charts summarise the main findings. Current deactivation, measured as “time to 
half current decay”, occurred significantly faster in RGSS-YFP-expressing cells 
(p<0.001, unpaired t test on 1/t). However, activation kinetics were not changed by 
RGSS-YFP expression (p>0.05) even though RGSS-YFP is clearly expressed and 
functional in these cells.
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Figure 6.2 summarises the main findings from transient transfection of l|ig cDNA of the 

YFP-tagged RGS8 construct into the HKIR3.1/3.2/A1 line. Activation kinetics were not 

changed by RGSS-YFP expression {AI control + IpM adenosine, lag+ttp: 1.11 ± 0.07s; 

AI + RGSS-YFP, lag+ttp: 1.19 + 0.07s; NS}. Similarly current desensitisation in 

response to a 20 second agonist application was unaffected (data not shown). However, 

basal currents were significantly reduced in the RGSS-YFP-expressing group (Ai 

control: -125 ± 26 pA/pF; + RGSS-YFP: -69 ± 6  pA/pF; p<0.05, t test). This reduction in 

basal currents is consistent with the classical function of the RGS domain to shut down 

any basally active Ga-GTP subunits. Using “time to half current decay” as a measure of 

deactivation, RGSS-YFP expression significantly accelerated the deactivation of 

adenosine-induced currents (Ai control: 6.S1 ± 0.70s (n=15); + RGSS-YFP: 2.70 ± 

0.23s (n=14); p<0.001, t test}. There was one outlier in the RGSS-YFP data set of 16 

seconds that was excluded. Clearly RGSS-YFP is expressed and functional in 

HKTR3.1/3.2/A1 cells as shown by the enhancement of deactivation kinetics and 

reduction in basal currents in the presence of RGSS-YFP.

Why then are the activation kinetics not affected in a similar manner to the other cell 

lines studied? RGS proteins have been suggested to preassemble signalling complexes 

between M2 muscarinic receptors and their target G-proteins (Doupnik et al., 1997; 

Zhang et al., 2002). I hypothesised that the Ai adenosine receptor may already reside in 

a pre-coupled complex with G-protein heterotrimers in the absence of RGSS. The 

concept of receptor and G-protein residing in a complex prior to agonist stimulation, 

described as “precoupling”, is still controversial. One particular GPCR, the azA-
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adrenergic receptor, has been investigated thoroughly in this respect. By kinetic analysis 

of radiolabelled agonist binding to human platelet membranes, Neubig and colleagues 

(1988) calculated that over one third (37%) of the azA-adrenergic receptor population 

was pre-coupled to G-protein prior to agonist binding.

Therefore the kinetics of Kir3.1/3.2 current activation was investigated in the 

HKIR3 .1/3 .2 /a 2A cell line. Two agonists were used in these experiments: phenylephrine 

(PE) is reportedly a selective a ]-adrenergic receptor agonist but was found to act as a 

strong partial agonist at the ajA receptor in these studies. Also, the non-selective, full 

agonist noradrenaline (NE) was applied to each cell following a 5-minute wash period 

since the possibility that dissociation of noradrenaline might be rate limiting for 

deactivation had not been ruled out. RGS8 -YFP (Ipg) and ANRGS8 -YFP (Ipg) were 

transfected into HKIR3 .1/3 .2 /a 2A cells and these were recorded from at 24-72 hours post 

transfection.

The results are summarised in Figure 6.3. Representative current traces are shown in 

Figure 6.3A for a control HKIR3 .1/3 .2 /a2A cell (top panel) and a cell expressing RGS8 - 

YFP (lower panel). Activation via the « 2A receptor was not enhanced by RGS8 -YFP 

expression with either a partial agonist (lOpM PE) or a full agonist (3pM NE) (Fig. 

6.3C). ANRGS8 -YFP (Ipg) was also expressed in case the N-terminus of RGS8  

precludes the association of RGS8 with the ajA receptor and G-protein heterotrimer. 

This was found not to be the case because ANRGS8 -YFP was equally ineffective in 

enhancing activation.
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Figure 6.3: The effects of RGS8 -YFP and the N-terminally deleted construct, ANRGS8 -YFP, in the 

HKIR3 .1 /3 .2 /a 2A cell line.

RGS8 -YFP (l|ig) and ANRGS8 -YFP (l|xg) were transiently expressed in HKIR3 .1/3 .2 /a 2A cells. Whole-cell current 

recordings from control cells and from transfected cells (identified by epifiuoresence of the expressed construct) were 

made at -60mV, 24-72 hours post transfection.

A: Characteristic current traces from a control cell (top panel) and a cell expressing RGS8 -YFP (lower panel). In each 

experiment, the cell was challenged with a 20 second application of the partial agonist, PE (lOpM), followed by a 5- 

minute wash period, and then the full agonist noradrenaline (NE; 3pM) was applied for 20 seconds.

B: The magnitude of the basal, peak and wash current responses are shown in the bar chart in response to each agonist, 

with RGS8 -YFP or under control conditions as indicated. The peak response to the partial agonist, PE, was 

significantly attenuated in RGS8 -YFP-expressing cells compared to control cells (p<0.01, t test).

C: The activation data (lag+ttp) is summarised in the bar chart. Activation kinetics were not changed by RGS8 - or 

ANRGS8 -YFP with either agonist.

D: Deactivation was significantly enhanced in cells expressing RGS8 - or ANRGS8 -YFP after removal of either agonist. 

Significance was evaluated separately for each agonist with the Student’s t test or one-way ANOVA where appropriate. 

N numbers are indicated in parentheses.
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Interestingly, it was found that expression of RGS8 -YFP significantly depressed peak 

current amplitudes stimulated by the partial agonist, lOpM PE, but not by the full 

agonist, 3pM NE. Current activation was significantly slower with PE compared to NE, 

but neither was enhanced by RGS8 -YFP expression. Similarly, ANRGS8 -YFP 

expression did not enhance activation kinetics. As expected, current deactivation was 

significantly faster with RGS8 -YFP and ANRGS8 -YFP, and unbinding of noradrenaline 

was found not to be rate limiting for deactivation.

6.2.3 Does RGS8 function in a G-protein isoform selective manner?

To address the question of differential activity of RGS8  on activation kinetics, it was 

asked whether signalling mediated via the GqOLa subunit is more profoundly regulated by 

RGS8  than signalling mediated via Gja subunits. When initially characterised, RGS8  

was shown to bind with a high affinity to GqŒa and G,a3 subunits, but did not co- 

immunoprecipitate with any other Gj/o G-proteins (Saitoh et al., 1997). Experiments from 

our laboratory using PTx-resistant Ga subunits have shown that the M4 muscarinic and 

GABA-Bib/2 receptors can signal via PTx-resistant GqŒa and Gja2 subunits whereas the 

D2 dopaminergic receptor reportedly couples exclusively to GqOLa subunits (Leaney & 

Tinker, 2000). Activation via each of these three GPCRs is accelerated by RGS8  

expression (see data summarised in Figure 6.10). On the other hand, the Ai-R and Œ2A-R 

can both couple to all three Q a  subunits and GqŒa with roughly equal efficacy. 

However each receptor may preferentially associate with a particular Ga subtype in the
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ternary complex. Does RGS8  recognise the composition of the ternary complex and 

show substrate specificity for certain heterotrimeric G-proteins?

In the following experiments, cDNAs encoding the untagged PTx-resistant forms of 

either Gitt2 or GqŒa were expressed, together with either empty plasmid vector or RGS8 - 

YFP, in the HKIR3.1/3.2/GGB cell line. Cells were PTx-treated in all instances for at 

least 16 hours prior to recording. The regulation of each Ga subunit by RGS8  was thus 

investigated in isolation.

As shown in Figure 6.4, the activation and deactivation kinetics of currents mediated by 

either GjŒ] or GqŒa were significantly enhanced by coexpression of RGS8 -YFP. As 

previously noted in Chapter 3, the GABA-Bib/2 heterodimeric receptor activates currents 

significantly faster via the GottA subunit as compared to those activated via Gja2. 

However RGS8 -YFP had a significant effect on current activation rates mediated by 

both G-protein isoforms, although this was more pronounced for GqŒa (p<0.001) than 

for GiŒ2 (p<0.05).
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Figure 6.4: The regulation of Gia2 and GoaA G-protein isoforms by RGS8-YFP.
Transfections of PTx-insensitive Ga subunits (500ng) plus either SOOng of pEYFP-Nl 
vector (control), or SOOng RGS8 -YFP (+RGS8 -YFP) were made into 
HK1R3.1/3.2/GGB cells. Cells were PTx-treated for at least 16 hours and recordings 
were made 24-72 hours after transfection.
A: The upper panel shows representative control traces from cells expressing GoaA(C- 
G) (left) and Gia2(C-G) (right). The lower panel shows recordings from cells 
additionally expressing RGS8 -YFP.
B: Summary of activation (lag+ttp) and deactivation (deact x) data. Significance was 
tested with unpaired t tests on 1/t and indicated by asterices: *P<0.05; ***p<0.001.
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From Figure 6.4, it is apparent that both G\a2 and GottA subunits are regulated to a 

similar extent by coexpression of RGS8 -YFP. The data from these experiments and 

similar experiments using the CFP-tagged Gjtt2 and GoŒa subunits in the 

HKIR3.1/3.2/M4 line are summarised in the table below. Data in the control column 

shows signalling via endogenous G-proteins, for comparison.

Table 6.1: RGS8 regulation of G qCLa  and Gitti subunits in the HKIR3.1/3.2/GGB 

and HKIR3.1/3.2/M4 cell lines. Summary of current amplitudes and kinetic parameters 

mediated by transfected PTx-insensitive Ga subunits, in PTx-treated cells.

GABAb line

(+100pM

baclofen)

Control

(n=13)

+  G o o lA  

(n=8)

+GoaA+

R8

(n=8)

+Gia2

(n=8)

+Gia2 + R8 

(n=7)

Peak -  basal 

(pA/pF)

-209.3

±39.6

-116.4

±23.3

-128.1

±44.2

-128.5

±35.7

-65.7 

± 17.5

Lag-Http (s) 2.1 ± 0.3 3.3 ±0.6 1.2 ±0.07 

P<0.001; ttest

9.2 ±1.2 5.3 ±0.7 

P<0.05; t test

Deact I (s) 3.3 ±0.25 3.4 ± 0.9 0.9 ±0.3 

P<0.05; t test

4.6 ± 0.7 2.2 ± 0.7 

P<0.05; t test

M4 line 

(+10/100 pM 

carbachol)

Control

(+10pM

carbachol)

(n=12)

+Goa-CFP

(n=7)

+Goa-CFP 

+ R8

(n=8)

+Gia2-

CFP

(n=10)

+Gia2-CFP 

+ R8

(n=7)

Peak -  basal 

(pA/pF)

-160

±15.1

-81.4

± 2 0 .2

-72.1

±19.4

-132.9

±18.2

-35.7

±10.5

Lag+ttp (s) 3.6 ± 1.0 6.1 ±1.2 2.3 ±0.3 

P<0.01; t test

5.3 ±0.9 2.8 ±0.4 

p=0.054; t test

Deact T (s) 4.8 ±0.4 1.8 ±0.4 0.7 ±0.01 

P<0.01; t test

1 .0  ± 0 .1  0 .6  ± 0 .1  

P<0.05; t test
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In the GABA-Bib/2 and M4 cell lines, Gja]- and GottA-mediated currents were faster to 

deactivate when coexpressed with RGS8  (Table 6.1). However the rate of hydrolysis of 

GTP-bound to GqŒa was more profoundly enhanced by RGS8 than that of Gja2, which 

is consistent with biochemical data that indicates that RGS8  has the strongest affinity for 

GottA and Giaa subunits (Saitoh et al. 1997). Activation kinetics showed a similar 

pattern: in the HKIR3.1/3.2/GGB line, both GjŒ2- and GottA-mediated currents were 

significantly faster to activate with RGS8 (although more prominently for Goa) and 

when signalling via the M4 receptor, RGS8  enhanced the rate of activation of GoŒA- 

mediated currents, but for Gitt2 this was not significant (p=0.054).

Although the Ai-R can signal with comparable efficacy through GoŒa and Gja 1.3 

subunits, the possibility that the Ai receptor signals preferentially through a population 

of Ga subunits that is not strongly regulated by RGS8 cannot be excluded. In the 

following experiments the Ai receptor was constrained to signal via the GoaA(C-^G) 

subunit that was shown above to be strongly regulated by RGS8 . The results, shown in 

Figure 6.5, demonstrate that activation of Ai receptor-mediated currents is not 

accelerated by RGS8 -YFP expression, even when currents are activated exclusively via 

the GoaA(C->G) subunit in PTx-treated cells. Deactivation was significantly enhanced 

although little effect was observed on current desensitisation. Clearly the differential 

effects of RGS8  on channel activation do not occur at the level of the G-protein. It 

appears that the selective effects of RGS8 on receptor-activation of Kir3.1/3.2 currents 

are likely to occur at the level of the receptor.
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Figure 6.5: Activation through the Aj receptor, constrained to signal through 
GoaA(C-G) subunits, is not enhanced by RGS8-YFP expression.
The HKIR3.1/3.2/A1 cell line was transiently transfected with SOOng GoaA(C-G) 
plus SOOng RGS8 -YFP or SOOng pEYFP-Nl (empty vector). Transfected cells were 
PTx-treated ( 1 OOng/ml > 16hours) and recorded from 24-72 hours post transfection.
A: Examples of current traces recorded at -60m V from cells transfected as indicated. 
The horizontal bar depicts a 20 second application of 1 pM adenosine.
B: Bar chart summarises whole-cell current amplitudes (mean and s.e.m.).
C: Summary of activation (lag-i-ttp) and deactivation kinetics. The activation of 
currents by the A, receptor, mediated via GoaA subunits, is not changed by RGS8 - 
YFP expression but deactivation, measured using the “time-to-half-current-decay” 
parameter, is significantly accelerated by RGS8 -YFP (* *p<0.01, t test on 1 /t).
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6.2.4 The role of RGS8 expression in modulation of channel activation
kinetics:

To determine whether acceleration of activation kinetics with RGS8-YFP was an artifact 

of overexpression, inducible RGS8-YFP stable cell lines were established using the 

HKIR3.1/3.2/M4 and HKIR3.1/3.2/GGB as parent lines. As described in Section 2.2.4, 

RGS8-YFP was subcloned from pEYFP-Nl into an inducible plasmid vector, 

pcDNA5/TO (Invitrogen, Groningen, Netherlands) and this was cotransfected with 

pcDNA6/TR into both cell lines. Cells were grown under selective antibiotic pressure 

(727 pg/ml G418, 364 pg/ml Zeocin, 400 pg/ml hygromycin and 5 pg/ml blasticidin) 

until monoclonal isolates became apparent. These were screened with fluorescence 

microscopy to establish whether they expressed the inducible plasmid (expressing 

RGS8-YFP) and the repressor plasmid, pcDNA6/TO, expressing the TetR protein that 

inhibits expression of the inducible gene. It was found that the inducible 

HKIR3.1/3.2/GGB cell lines expressed a high basal level of RGS8-YFP protein and 

were not suitable for these experiments.

The inducible cell lines established using HKIR3.1/3.2/M4 as a parent line exhibited 

better basal gene repression. A particular clonal isolate was selected that could be 

induced with tetracycline to express RGS8-YFP in a dose-dependent manner, hereby 

designated HKJR3.1/3.2/M4/RGS8-YFP-T. Firstly, fluorescent read-outs from plate 

reader experiments on living cells, coupled with electrophysiology, were used to 

establish concentrations of tetracycline (Tet) that resulted in medium (0.3pg/ml) and
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high (lO^ig/ml) levels of RGS-YFP expression. From the plate-reader experiments the 

EC50 for tetracycline-induction of RGS8-YFP was found to be only 0.03 pg/ml Tet, 

presenting a discrepancy between induction of the fluorescent protein and detection of a 

functional response. It is possible that the signal from the plate-reader saturates at low 

levels of fluorescent protein. Therefore immunoblotting against the tagged fluorescent 

protein would present a more reliable technique.

The kinetics of Kir3.1/3.2 currents mediated in this cell line were characterised by 

analysis of current recordings in response to lOOpM carbachol (Figure 6.6). The 

manufacturers recommend that the optimum tetracycline exposure time for expression to 

be 24 hours. Therefore cells were induced with Tet at t=0 and investigated using the 

whole-cell configuration of the patch-clamp at t= 24-36 hours.

Cells induced at 0.3pg/ml Tet were not found to mediate faster current kinetics whereas 

cells that had been induced with lOpg/ml Tet exhibited Kir3.1/3.2 currents that 

deactivated significantly faster (Fig. 6.6D). The activation kinetics in neither group was 

significantly different. However there was a trend for channel activation to occur faster 

in the lOpg/ml Tet treated cells. Importantly it appears that the GAP effect of RGS8 is 

observed at low expression levels of RGS8, whereas acceleration of the channel 

activation rate via the M4 receptor is only evident at high levels of RGS8-YFP 

expression (see Figure 6.7). This provides an explanation for the lack of a significant 

effect of RGS8 (pcDNA3.1) expression on activation kinetics via the M4 receptor in 

Chapter 5.
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Figure 6.6: The role of RGS8-YFP expression in regulation of channel activation and deactivation kinetics.

The HKIR3.1/3.2/M4/RGS8-YFP-T inducible cell line was established using a four-pronged antibiotic selection strategy as described 

in Section 2.2.4. This particular monoclonal isolate was selected on the basis of low basal expression of RGS8-YFP and a dose- 

dependent induction of RGS8-YFP expression on treatment with tetracycline (Tet).

A: The top panel shows laser scanning confocal images of fields of cells induced with Tet as indicated. Corresponding bright field 

images of the same field of cells are shown in the lower panel. Very low basal expression of RGS8-YFP (0 Tet) was detected in this 

cell line. Moderate induction of RGS8-YFP at 0.3 and l.Opg/ml Tet shows good membrane localisation of the fluorescent protein. At 

high concentrations of Tet (lOpg/ml), some RGS8-YFP appears to aggregate in the nucleus of induced cells.

B: Summary of three independent experiments using a fluorescent microplate reader (described in Section 2.2.4). Fluorescence 

measurements were made using an excitation filter at 485nm and an emission filter in the range of 580 ± 20nm. The mean E C 50 value 

for RGS8-YFP protein induction was found to be 0.03 ± O.Olpg/ml tetracycline.

C: Activation kinetics (lag+ttp) are shown here. The 0 pg/ml Tet group was pooled with the HKIR3.1/3.2/M4 control data set 

because they were found to be kinetically equivalent. No significant difference in activation kinetics across treatment groups was 

detected although there is a slight trend towards faster activation in the 10 pg/ml Tet group (p>0.05, one-way ANOVA).

D: Deactivation kinetics were significantly enhanced in the 10 pg/ml Tet group (p<0.001, one-way ANOVA) and there was a strong 

trend for deactivation to occur faster in 0.3 pg/ml Tet induced-cells.
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6.2.5 The roles of the RGS8 domains in modulating Kir3.1/3.2 kinetics:

As described in Section 6.1, new cDNA tools were introduced to investigate the effects 

of RGS8: the “RGS” domain and short C-terminus of RGS8 (ANRGS8-YFP) and the N- 

terminus of RGS8 alone (N-only-YFP), each fused with the yellow fluorescent protein 

(YFP). When expressed in HEK293 cell lines, these constructs produced chimaeric 

YFP-tagged truncated RGS8 proteins, one in which the N-terminus of the protein was 

deleted (AN-RGS8-YFP) and the other in which the 35 N-terminal amino acids were 

preserved, but the remainder of the RGS8 cDNA was deleted (N-only-YFP).

In Figure 6.7, Ipg cDNA for each of these constructs was transfected into the 

HKIR3.1/3.2/M4 cell line. Representative current traces are shown in the top panel (A) 

and the kinetic data is summarised below. Both RGS8-YFP and AN-RGS8-YFP enhance 

activation to a roughly similar extent (Fig 6.7B(i)) although this was not significant for 

AN-RGS8-YFP. This indicates that the “RGS box” itself is crucial for rapid G-protein 

activation. However the N-terminus of RGS8 is likely to play a role in the localisation of 

RGS8-YFP at the plasma membrane, as investigated in the next section, accounting for 

the less profound acceleration of current activation by the AN-RGS8 truncated protein. 

Predictably, deactivation was accelerated strongly by expression of RGS8-YFP and AN- 

RGS8-YFP (but not Nonly-YFP), consistent with the finding that the GTPase activity 

resides in the conserved “RGS box” (De Vries et al., 1995; Berman & Gilman, 1998) as 

shown in Fig. 6.7B(ii).
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Figure 6.7: The kinetic effects of the “RGS” and N-terminal domains of RGS8 in the HKIR3.1/3.2/M4 ceil line.
Each of the RGS8-YFP constructs ( 1 |ig cDN A) was transiently expressed in the HKIR3.1 /3.2/M4 cell line.
A: Representative whole-cell current traces, recorded at -60mV from control and transfected HKIR3.1/3.2/M4 cells, as indicated, in response to 
20 second applications of carbachol ( 1 OOpM).
B: Summary of activation and deactivation data. Expression of RGS8-YFP significantly shortened the lag+ttp (p<0.05) and ANRGS8-YFP 
shows a similar trend, although this was not significant (one-way ANOVA). The N-only construct had no effect on activation. Deactivation was 
significantly accelerated in RGS8-YFP- and ANRGS8-YFP-expressing cells.
C: This bar chart summarises current amplitudes before, on and after agonist application. In both RGS8-YFP- and ANRGS8-YFP-expressing 
cells there is a trend towards decreased peak currents (NS; one-way ANOVA) that was not seen with the N-only construct.

288



Current desensitisation during a 20 second application of lOOpM carbachol was 

unchanged by the expression of RGS8-YFP, ANRGS8-YFP or Nonly-YFP (data not 

shown). Of interest the peak current amplitudes in RGS8-YFP and ANRGS8-YFP- 

expressing cells were somewhat reduced as compared to control or N-only-expressing 

cells (Fig. 6.7C), suggesting that expression of the “RGS” domain may shift the dose- 

response curve for carbachol to the right. Similarly, a significant reduction in peak 

current amplitudes was seen with RGS8-YFP expression in the HKIR3.1/3.2/a2A line 

with the partial agonist, phenylephrine (lOpM), and in the HKJR3.1/3.2/D2 line with 

lOpM dopamine. This shows that, due to the GAP activity of the expressed RGS8 

construct, the above-mentioned concentrations of agonists no longer represent a 

maximal dose, because the dose-response curve is slightly right-shifted in the presence 

ofRGS8.

The truncated RGS8 constructs were also transiently expressed in the HKIR3.1/3.2/GGB 

cell line, and the kinetic data is summarised in Table 6.2. The RGS8-YFP and AN- 

RGS8-YFP constructs exerted identical kinetic effects in the HKTR3.1/3.2/GGB cell line 

to those observed in HKIR3.1/3.2/M4, with enhancement of activation and deactivation 

parameters. As before, the Nonly-YFP construct did not affect either parameter. In the 

HKIR3.1/3.2/GGB line, no effect was seen on peak current amplitudes (data not shown). 

This suggests that lOOpM baclofen represents a maximal concentration of agonist even 

in the presence of RGS8-YFP. This is consistent with an E C 5 0  value of 3pM for baclofen 

at the HKIR3.1/3.2/GGB line (personal communication. Dr. J.L. Leaney).
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Table 6.2: Summary of kinetic data from HKIR3.1/3.2/GGB cells transfected with 

RGS8  and RGS8 -YFP-tagged constructs (l^ig cDNA) in response to 20 second 

applications of lOOpM baclofen. Asterices indicate statistical differences from control 

as determined by a One-way ANOVA with Dunnett’s posttest (*p<0.05; *** p<0.001).

Parameter G AB A-B1 b/2 

Control
+ RGS8  

pcDNA3.1
+RGS8 -

YFP
+AN-RGS8 -

YFP
+Nonly-

YFP

N=13 N =ll N =ll N=10 N = ll
Lag + ttp (s) 2.60 ± 0.73 0.99 ± 0.07 1.32 ±0.42 0.92 ±0.10 3.97 ±1.33

*** *** *** NS
Deact T (s) 3.18 ±0.27 1.48 ±0.39 

$
0.90 ±0.19 

***
0.94 ± 0.33 

***
3.21 ±0.37 

NS
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6.2.6 Subcellular localisation of the YFP-tagged RGS8 constructs:

Confocal images were collected in the D2s-receptor cell line, HKIR3.1/3.2/D2, to 

determine what role the N-terminus played in the subcellular distribution of RGS8 . As 

shown in Figure 6 .8 , both full-length RGS8 -YFP and the Nonly-YFP peptide (but not 

the ANRGS8 -YFP protein) show a highly characteristic cytoplasmic and presumed 

nuclear localisation. Although a nuclear dye was not available in our laboratory to 

confirm this observation, this is consistent with the findings of others who found that 

RGS8 was localised in the nucleus by virtue of its N-terminus (Saitoh et al., 2001). The 

N-terminus contains a putative nuclear localisation sequence in amino acids 7-11, 

PRRNK (Saitoh et al., 2001).

As shown in Fig. 6 .8 , the ANRGS8 -YFP protein is distributed throughout the cytoplasm 

and, to some extent, excluded from the nucleus. This shows that the RGS8  protein, 

synthesised on the ribosomes in the cytoplasm, is specifically transported into the 

nucleus via nuclear pore complexes (NPCs) on the basis of recognition of the nuclear 

localisation sequence in the N-terminal region of this protein. Small molecules (less than 

40kDa), such as the YFP molecule expressed alone, can diffuse passively through the 

NPCs (reviewed by Stewart et al., 2001). Notably, none of the tagged RGS8 constructs 

localise at the plasma membrane with the GPCR, revealing the absence of a physical 

association with GPCRs and suggesting a lack of lipid modifications on the RGS 8  

molecule to promote membrane association.
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Figure 6 .8 : The subcellular distribution of the YFP-tagged RGS8  constructs.

Transient transfections o f  cD N A  ( l | i g )  encoding each o f  the constructs w ere m ade into  

the H K IR 3.1 /3 .2 /D 2 cell line. L iving ce lls  w ere im aged 24 -7 2  hours post transfection, 

and representative laser scanning confocal im ages are show n above. Top left: Full-length  

R G S8 is predom inantly concentrated in the nucleus and also  expressed  in the cytoplasm  

o f  transfected ce lls . Top right: D eletion  o f  the N -term inus results in nuclear exc lu sion  o f  

this construct that is d iffu sely  distributed throughout the cytoplasm . Bottom left: The  

N on ly-Y F P  construct distributes to the nucleus and cytoplasm , sh ow in g  that this dom ain  

o f  the R G S8 m olecu le  is responsib le for subcellular localisation . Bottom right: 

transfected YFP is d iffu sely  distributed throughout the cell.
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Saitoh et al. (2001) found that RGS8 (tagged to the red fluorescent protein) translocated 

to the plasma membrane in DDT1MF2 cells when the constitutively active Goa 

(Q205—>L) mutant subunit was coexpressed. This translocation of RGS8 was found to 

be dependent on the N-terminus.

In light of these experiments we investigated the translocation of RGS8 -YFP to the 

plasma membrane (p.m.) in our cell lines with coexpression of CFP-tagged Ga subunits. 

The colocalisation of RGS8 -YFP with CFP-tagged Ga subunits in HKJR3.1/3.2/D2 cells 

was characterised by cotransfection of RGS8 -YFP (Ipg) with GoaA-CFP (500ng). In 

control experiments, RGS8 -YFP (Ipg) was cotransfected with SOOng pECFP-mem 

(Clontech), a plasmid encoding CFP tagged with membrane-targeting sequences (mem- 

CFP). It was found that RGS8 -YFP clearly translocated to the p.m when coexpressed 

with GoaA-CFP (Fig. 6.9A) but not with mem-CFP (Fig. 6.9E). Membrane localisation 

was also seen with Gia2-CFP coexpression (not shown). Then colocalisation of RGS8 - 

YFP with the RGS-insensitive GoaA-CFP mutant was investigated. No colocalisation of 

these proteins at the p.m. was observed (Fig. 6.9B). Clearly a high affinity interaction 

between the “RGS” domain of RGS8 -YFP and the G-protein Ga subunit was required 

for membrane localisation of RGS8 . Next the role of the N-terminus in translocation of 

RGS8 -YFP to the p.m. was investigated by cotransfection of cells with GoaA-CFP and 

either N-only-YFP (Fig, 6.9C) or ANRGS8 -YFP (Fig. 6.9D).
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Figure 6.9: Colocalisation of RGS8 -YFP with GottA-CFP at the plasma membrane.

The montage of laser scanning confocal images shows images of YFP-tagged proteins 

(left panel), CFP-tagged proteins (middle panel) and the two images merged (right 

panel). As described in Section 2.2.4, for the collection of images where colocalisation 

of CFP- and YFP-tagged proteins was studied, each fluorophore was imaged 

sequentially and controls were performed to ensure that there was no “crosstalk” 

between fluorophores (where the excitation of one fluorophore causes emission of light 

from the other fluorophore) -  see Panel F. The 457 nm Argon laser line with a 485/30- 

emission filter (470 -  500 nm) was used to image CFP, then the 514 nm Argon laser line 

and a 545/40 emission filter (525 -  565 nm) was used to image YFP.

A: Cells cotransfected with RGS8 -YFP and GottA-CFP show pronounced colocalisation 

of the two proteins at the p.m.

B: Transfection of RGS8 -YFP with RGSi-GoaA-CFP (184G-^S) mutant does not result 

in colocalisation at the p.m. suggesting the RGS8 -YFP needs to interact directly with 

GottA-CFP for efficient translocation to occur.

C: The Nonly-YFP construct does not colocalise with GottA-CFP confirming that the 

core “RGS domain” of RGS8  is necessary for this protein-protein interaction.

D: Expressed ANRGS8 -YFP shows weaker colocalisation with GottA-CFP at the p.m. 

Analysis of this colocalisation was found to be not significant, n=5 (data not shown).

E: An example of a control experiment in which cells were cotransfected with RGS8 - 

YFP and mem-CFP. The merged image shows no colocalisation of these proteins, as 

would be expected.

F: As a control to demonstrate there was no cross-talk between YFP and CFP laser lines, 

this cell expressing RGS8 -YFP and untagged GoŒa (C-^G) was imaged as described 

above. Strong membrane localisation of RGS8 -YFP is evident. The CFP laser line 

(middle) detected no YFP-tagged protein. Similar controls were performed for the YTP 

laser line (not shown).
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No colocalisation of the Nonly-YFP protein with GottA-CF? was observed, and 

considerably less translocation of the ANRGS8 -YFP protein to the p.m. was seen 

compared to that of full-length RGS8 -YFP. The final image (Fig. 6.9F) shows a control 

experiment in which RGS8 -YFP was cotransfected with the untagged GqŒa subunit. 

Prominent membrane localisation of RGS8 -YFP is shown and, importantly, no YFP was 

imaged with the CFP laser line (middle panel. Fig 6.9) demonstrating that there was no 

cross-talk in the imaging protocols for the YFP- and CFP-tagged proteins. From these 

experiments it is apparent that both the N-terminus and the “RGS” domain are requisite 

for the efficient translocation of RGS8 -YFP to the plasma membrane upon coexpression 

of a Ga subunit.
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6.3 Discussion

6.3.1 Summary

There has been intensive research into the roles of the RGS proteins since their 

discovery (reviewed by Siderovski et al., 1996; De Vries et al., 2000; Ross & Wilkie,

2000). In particular, the paradoxical enhancement of activation of the G-protein gated 

channel has intrigued many scientists (Doupnik et al., 1997; Saitoh et al., 1997; Chuang 

et al., 1998; Granneman et al., 1998; Bunneman & Hosey, 1998; Herlize et al., 1999). 

Proposed mechanisms to account for this phenomenon include a physical scaffolding 

function for RGS proteins (Doupnik et al., 1997; Zeng et al., 1998; reviewed by Sierra, 

Popov & Wilkie, 2002), a “kinetic scaffolding” role (Ross & Wilkie, 2000; Zhong et al., 

2003), or a role for the RGS protein in promoting the dissociation of Ga-GTP from the 

Gpy dimer (Zerangue & Jan, 1998).

The main findings in this chapter are that the N-terminus of RGS8  dictates the 

subcellular localisation of RGS8 to the cytoplasm and nucleus and is important for the 

translocation of RGS8 -YFP to the cell membrane when Ga subunits are coexpressed. 

For the enhancement of Kir3.1/3.2 channel kinetics, the major player is the “RGS box”. 

This domain of RGS8 was found to be sufficient to enhance activation and deactivation 

kinetics in our cell expression system. An intriguing finding was that RGS8  displayed a 

receptor-selective effect on current activation kinetics, as discussed in Section 6.3.4.
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6.3.2 The role of the N-terminus of RGS 8

When expressed alone, the N-terminus of RGS8  was not found to have any kinetic 

effects on current activation or deactivation in HKIR3.1/3.2/GGB or HKIR3.1/3.2/M4 

cells. It was also found that the N-terminus of RGS8 was not responsible for precluding 

an effect on activation via the Œ2a receptors. This is contradictory to the findings of 

Jeong and Ikeda (2001) who found that the N-terminus of RGS 8  was necessary for rapid 

coupling of the Œ2a receptor to PTx- and RGS-insensitive Goa(C351^G, G184->S) 

subunits, expressed heterologously in rat sympathetic neurons with the Kir3.1 and 3.4 

channel subunits. The effect observed by Jeong and Ikeda (2001) was independent of the 

RGS domain and the authors suggested that the N-terminus of RGS8  may interact with 

the tt2A receptor to facilitate the interaction of GPCR with G-protein.

In contrast to their findings, in this study the ANRGS8 -YFP protein was found to be 

sufficient to mediate enhanced deactivation and activation of currents in our 

HKIR3.1/3.2/GGB and HKIR3.1/3.2/M4 cell lines. This is in line with the findings of 

Saitoh et al. (2001) who find that “turning on” and “turning off’ kinetics of M2- 

stimulated GIRK currents in Xenopus oocytes are similarly enhanced by RGS8 and 

ANRGS8 -YFP. Interestingly, attenuation of pheromone-induced mating responses in 

yeast cells is less efficiently modulated by N-terminally deleted RGS mutants (RGS4 

and 16: Srinivasa et al., 1998; RGS8 : Saitoh et al., 2001). This suggests that the 

subcellular distribution of RGS proteins, mediated by the N-terminus, is more pertinent 

for RGS function in yeast cells.
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From the confocal images presented in this chapter, it is apparent that the N-terminus of 

RGS8 plays an important role in the subcellular distribution of RGS8 . Quantitative 

analysis of confocal images from our laboratory showed highly significant colocalisation 

of RGS8 -YFP with GoaA-CFP at the p.m. However this was not significant for AN- 

RGS8 -YFP coexpressed with GoŒa-CFP (Hosny, Benians & Tinker, 2003; abstract in 

press). This suggests a role for the N-terminal region in the translocation of RGS8 -YFP 

with GoaA-CFP to the p.m. However, ANRGS8  has a similar affinity for GoaA to full- 

length RGS8  (Saitoh et al., 2001). Furthermore, coexpression of the RGS-insensitive 

GoaA-CFP mutant failed to translocate RGS8 -YFP to the p.m., which is indicative that a 

strong interaction with the Ga subunit is required for membrane localisation.

A two-step model for RGS-YFP membrane localisation is proposed here. Firstly, a high 

affinity interaction between the Ga subunit and the “RGS” domain is required to 

chaperone the RGS8 -YFP to the p.m. At the membrane, RGS8 -YFP is weakly 

membrane-associated by virtue of its affinity for the Ga subunit (that is anchored at the 

p.m. by palmitate and myristate fatty attachments). Secondly, a modification to the N- 

terminus of RGS8  is required to strengthen this membrane association, such as 

palmitoylation, accounting for the less efficient membrane localisation observed for 

ANRGS8 -YFP when coexpressed with GoaA-CFP. Two cysteine residues that represent 

potential targets for pamitoylation are present on the N-terminus of RGS 8 .

A similar two-step model has been proposed for the membrane targeting of Gi/o Ga 

subunits that are first N-myristoylated, promoting a weak association with plasma
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membranes, and -  if the membrane has the capacity to carry out palmitoylation -  the Ga 

subunit becomes palmitolyated and firmly attached (reviewed by Chen & Manning,

2001). Efficient translocation of RGS8 to the p.m. by G,vo a  subunits could represent an 

important regulatory mechanism for the localisation of both signalling molecules within 

the cell, preventing excessive expression of one at its site of action without the other.

6.3.3 The role of expression in modulation by RGS8-YFP

Notably, in these experiments RGS8 -YFP was expressed at high levels. To investigate 

whether the prominent nuclear localisation and enhanced activation kinetics seen with 

RGS8 -YFP might be artefactual due to overexpression, the inducible RGS8 -YFP cell 

line was established. The main finding was that, at the top level of RGS8 -YFP induction 

(lOpg/ml Tet), the rate of deactivation was significantly enhanced whereas channel 

activation was not. It appears that the acceleration of G-protein activation via the M4 

receptor by RGS8 -YFP only occurs at very high levels of expression. Therefore, in a 

physiological setting, the acceleration of activation kinetics by RGS8  may not be a 

feature of the GIRK signalling pathway.

However, while G-protein expression levels do not vary much, several RGS mRNA 

and/or protein levels have been shown to be upregulated by persistent activation of a 

GPCR by a ligand, or in disease states (reviewed by De Vries et al., 2000). For example, 

the yeast RGS protein, Sst2, is upregulated by prolonged pheromone exposure, leading 

to rapid inhibition of signalling (Dohlman & Thomer, 1997). Similarly, chronic
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administration of amphetamines has induced upregulation of RGS2 and RGS3 in rat 

brain, while increased transcription of RGS4 mRNA was induced by opioid 

administration (reviewed by Neubig, 2002). In heart failure, mRNA levels for RGS2, 3 

and 4 in cardiac tissues are upregulated, where they might function to negate damaging 

Gq-mediated signalling that leads to cardiac hypertrophy and remodelling as seen in 

transgenic mice overexpressing the Gq a  subunit (Rogers et ah, 2001).

A second interesting point from the inducible RGS8 -YFP experiments is that the 

confocal images of induced RGS8 -YFP show reasonable membrane localisation of the 

RGS8 -YFP protein with less profound nuclear and cytoplasmic localisation. It appears 

that induction of low levels of RGS8 -YFP leads to trafficking of this protein to the p.m., 

likely aided by coexpression of endogenous G-protein subunits. The prominent 

localisation of RGS8 -YFP to the nucleus is still apparent in strongly induced cells 

(lOpg/ml Tet) suggesting that, at high levels of expression, compartmentalisation of 

RGS8 to the nucleus may serve as a protective mechanism for the cell.

6.3.4 The receptor-selective effects of RGS8-YFP

While RGS8 had no effect on the rate of channel activation via the A% and Œ2a 

receptors, it was found to enhance activation via the D2, GABA-Bib/2 and M4 receptors 

(see Figure 6.10 below). Three different models are discussed below to account for the 

receptor-selective actions of RGS8 on channel activation. Firstly, a scaffolding role for 

RGS8  in preassembling the G-protein at the GPCR is considered. Secondly a role for
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RGS8 in kinetic scaffolding is discussed and, finally, I consider a direct effect of RGS8  

binding to the G-protein heterotrimer in promoting G-protein activation by GPCR 

dimers.

NS
+ RGS8

0-2A

NS
+ RGS8

(18)D2

+ RGS8

GABA-B

+ RGS8 ***

M4
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Figure 6.10: Summary of the activation kinetics (lag+ttp) for each cell line studied, 

in the absence or presence (+RGS8) of RGS8-YFP.

Data has been shown in previous figures. In each cell line there was a significant 

enhancement of deactivation kinetics. The bar chart shows analysis of 20 second 

responses to maximal concentrations of full agonists: Ai: 1 pM NEC A, Œ2a; 3 pM 

noradrenaline, D2S: 10 pM dopamine, GABA-B ib/2: lOOpM baclofen; M4: lOOpM 

carbachol. Significance was tested with the unpaired Student’s t test.
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A scaffolding role for RGS8

It is proposed that the receptor-selective effect of RGS8  on activation kinetics may 

reveal a level of constitutive pre-coupling between the G-protein heterotrimer and the Ai 

and tt2A receptors. For the D2, GABA-Bib/2 and M4 receptors, where pre-coupling of 

GPCR to G-proteins is believed to be absent, RGS8 played a prominent role in 

enhancing G-protein activation. What do these data reveal about the mechanism of RGS 

action? It is tempting to speculate that these data support a role for RGS8  in physically 

scaffolding G-proteins at the receptor. Where GPCR and G-protein are presumed to exist 

in a pre-coupled complex, RGS8 expression has little effect on G-protein activation. For 

GPCRs that are intrinsically slower to activate the Kir3.1/3.2 channel, RGS8  expression 

significantly enhances G-protein activation, suggesting that RGS8 may bring the G- 

protein heterotrimer and the GPCR into closer proximity prior to agonist arrival.

This view is supported by a comparison of activation kinetics through the different 

GPCRs used in this study, summarised in Figure 6.10. Current activation via the Ai 

receptor is fast and is not enhanced by RGS8 -YFP {+lpM ADO, lag+ttp: 1.11 ± 0.01s 

(n=14); +lpM ADO + RGS8 : 1.19 ± 0.01s (n=15)} whereas signalling via the GABA- 

Bib/2 receptor, for example, is slow in the absence of RGS8 -YFP and approaches fast Ai- 

like kinetics when RGS8  is overexpressed {+100pM baclofen, lag+ttp: 2.60 ± 0.7s 

(n=13); +RGS8 -YFP: 1.32 ± 0.4s (n=ll)}. Furthermore, activation via the a 2A receptor 

is fast with full agonist NE but much slower with the partial agonist, PE. Neither is
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enhanced by RGS8 -YFP expression, suggesting the occlusion of RGS8  from a tight 

complex between the aiA-R and G-protein.

RGS8 in kinetic scaffolding:

Confocal images show that RGS8 -YFP does not associate with the GPCR at the p.m., 

making a direct interaction between GPCR and RGS8  highly unlikely. Furthermore, in 

the absence of the N-terminus of RGS8 , ANRGS8 is equally effective in accelerating 

activation via the D2, GABA-B ib/2 and M4 receptors showing that the catalytic and C- 

terminal domains of RGS 8 are sufficient to drive the acceleration of G-protein 

activation. These data support an alternative hypothesis of a role for RGS8  in kinetic 

scaffolding.

Receptor-activation of G-proteins in areas of high receptor density, such as our cell 

lines, should lead to rapid depletion of the receptor’s substrate, Ga-GDP.py (Zhong et 

al., 2003). GAP activity by RGS8  or ANRGS8  should prevent local depletion of Ga- 

GDP.py and allow rapid reactivation by GPCRs, possibly by encouraging entry into an 

“inner cycle” in which the activated G-protein does not necessarily diffuse away from 

the ligand-bound receptor, permitting rapid cyclical deactivation and reactivation in the 

presence of an RGS protein (Ross & Wilkie, 2000). The lack of an increase in current 

desensitisation, the maintained peak current amplitudes in the presence of RGS8  and the 

ability of the catalytic “RGS box” alone to enhance current activation all support the 

“kinetic scaffolding” hypothesis.
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As discussed in Chapter 4, the “G-protein cycle” hypothesis that best accounts for the 

fast current desensitisation involves intense receptor-stimulation of the G-protein pool, 

depletion of Ga-GDP.py and rapid regeneration of Ga-GDP from Ga-GTP. The Ga- 

GDP resequesters free GPy subunits, accounting for the decay in Kir3.1/3.2 current in 

the presence of agonist. Any perturbation to the system that should act to increase the 

rate of GTP hydrolysis by the Ga subunit -  such as the overexpression of an RGS 

protein -  would be predicted to increase the desensitisation of currents. On the other 

hand, a decrease in the rate of deactivation should be reflected as a decrease in the 

desensitisation of currents. Indeed, there was a clear trend towards reduced current 

desensitisation mediated by the RGS-insensitive Ga subunits (Fig. 5.6). However, at 

high levels of RGS8-YFP expression in all cell lines studied, an increase in current 

desensitisation was not observed (see Fig. 6.1). This can be explained by the dual action 

of RGS8: the increase in the rate of G-protein deactivation (GTP hydrolysis) is 

accompanied by a concurrent increase in the rate of G-protein activation. Thus, whilst 

RGS8 draws off active Ga-GTP subunits, it also feeds in to the G-protein cycle, 

presumably according to a kinetic scaffolding mechanism.

Importantly, currents mediated via the Ai and a 2A GPCRs (in which the rate of 

activation was not enhanced by RGS8) did not desensitise to a greater extent in the 

presence of RGS8. Therefore it appears that RGS8 may indeed promote G-protein 

activation via these receptors but, because activation is intrinsically fast due to 

constitutive GPCR/G-protein precoupling, this effect is not evident from analysis of 

Kir3.1/3.2 current traces.
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A similar argument can be applied to the lack of effect, generally, of RGS8  expression 

on peak current amplitudes. In most cell lines studied with a saturating concentration of 

agonist, there appeared to be no decrease in agonist potency with RGS 8 expression. If 

RGS8  were to act solely as a negative regulator of signalling at the Ai and Œ2a GPCRs, 

and additionally as a positive regulator of signalling via D2, GABA-Bib/2 and M4 

receptors, a decrease in responsiveness at the A] and Œ2a receptors would be expected.

There was a trend towards reduced peak currents in RGS8 - and ANRGS8 -expressing 

HKER3.1/3.2/M4 cells, and in the HKIR3.1/3.2/D2 line (with dopamine) and 

HKIR3 .1/3 .2 /a 2A line (with PE) peak current responses were attenuated in the presence 

of RGS8 -YFP. These data indicate that the dose-response curves may indeed be shifted 

to the right, consistent with the GAP activity of the expressed RGS8  constructs. 

However in the HKIR3.1/3.2/A1 and « 2A lines, no decrease in potency of the full 

agonists - adenosine and noradrenaline respectively - was observed.

Therefore a kinetic scaffolding mechanism might account for the enhancement of 

activation kinetics by RGS8 whereby the GAP activity of RGS8  prevents the depletion 

of heterotrimeric G-protein and promotes rapid reactivation by the GPCR (Ross & 

Wilkie, 2000; Zhong et al., 2003). This is likely to occur at all the receptors studied, but 

may have been masked by the intrinsically rapid G-protein activation kinetics occurring 

at the Ai and aiK receptors.
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A role for RGS 8 in promoting the release of CPy dimers upon receptor 
activation:

While RGS proteins bind preferentially to the transitional complex, Giai-A1F4‘, over 

Gjai-GTP, they have little or no affinity for Ga-GDP (Berman et ah, 1996a). However, 

at high levels of RGS8 protein expression, weak interactions with G-protein 

heterotrimers cannot be entirely discounted. Mechanistically, how might RGS8 promote 

G-protein activation? X-ray crystallographic images of the G-protein heterotrimer 

(Lambright et al., 1996) and the GiŒi-RGS4 complex (Tesmer et al., 1997) show that the 

binding regions for Gpy and RGS proteins on the Ga subunit overlap. Similarly, 

experiments from Ross’s laboratory have shown that Gpy inhibits GAP stimulation of 

Ga GTPase activity, suggesting that GPy and RGS may compete for overlapping 

binding sites on Ga (Chidiac & Ross, 1999).

The G-protein crystal structure in a complex with RGS4 reveals a conformational 

change in the Ga N-terminus (Arg28 to Val30) that may rotate the G-protein 

heterotrimer, presenting a much broader membrane-facing surface for receptor 

activation while maintaining the N-terminal membrane attachment (Figure 6.11). 

Evolutionary trace (ET) analysis of aligned G-protein sequences has identified 

conserved residues on this broad membrane-facing surface with the correct electrostatic 

properties for GPCR dimer interactions (Dean et al., 2001). The largely negative 

potential of many of the external residues on the Ga subunit is suggested to promote 

interactions with the mostly positive amino acids on the intracellular loops of the GPCR.
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Figure 6.11: Possible mechanism of RGS action on G-protein activation.

(A) shows the configuration of the transducin Gta subunit as found in crystals of the 

heterotrimeric structure (Lambright et al., 1996). In (B) the conformation of the Gjai 

subunit in a complex with RGS4 is shown (Tesmer et al., 1997).

(C) shows a schematic diagram. On the left, a monomeric receptor contacts the G- 

protein heterotrimer with the same structure as shown in (A). For rhodopsin, the 

cytoplasmic face is narrow (-40Â) compared to the membrane-facing expanse of 

heterotrimeric transducin (~75Â). On the right, the schematic shows a Ga subunit in the 

same configuration as in (B) in which all the conserved sites on Ga, identified by the ET 

method, face the membrane. This presents a GPCR binding face of approximately 75Â 

that is suitable for contact with a GPCR dimer [From Dean et ah, 2001].
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In his paper describing the ET analysis of GPCRs and G-proteins with a view to 

showing dimérisation of the GPCR, Dr. Mark Dean comments that:

“The simultaneous interaction between the G-protein and both a GPCR 

dimer and the membrane would require a conformational change in the 

region where the a-helical N-terminus joins the main Ga ras-like domain.

This conformational change would be similar to the one observed in the G- 

protein-RGS X-ray crystal structure; it would weaken the interaction 

between Ga and Gpy and would thus help to initiate the release of Gpy.”

RGS8 is tentatively proposed here to weakly bind to the G-protein heterotrimer and 

reorientate its configuration at the cell membrane. This would facilitate the interaction of 

dimeric receptors such as D] homodimers (Ng et al., 1996; Zawarynski et al., 1998) and 

the GABA-B ib/2 heterodimer with the inactive G-protein, and enhance the kinetics of G- 

protein activation. However, the interaction between Ga and Gpy subunits should not be 

weakened in the absence of an interaction with a ligand-bound GPCR dimer, as shown 

by the lack of an increase in basal GIRK currents when RGS8 is expressed at high levels 

in our cell system.

According to this model of RGS8 action, activation kinetics via the Ai and a%A receptors 

should be unchanged because these GPCRs operate effectively as monomers. A different 

mechanism of G-protein activation is proposed for monomeric GPCRs versus dimeric 

GPCRs: while dimers contact the broad membrane-facing surface of the Ga subunit 

(Fig. 6.11C), monomers have a small contact surface with Ga and additionally need to 

interact with the Gpy subunit. As mentioned previously, the “lever” hypothesis of G-
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protein activation proposes that a monomeric receptor uses the GPy dimer to pry open 

the lip of the GDP binding pocket on Ga (Rondard et al., 2001). Evidence supporting 

this model of monomeric receptor activation comes from several sources. The Œ2a 

receptor has been found to interact with peptides derived from G p  subunit (Taylor et al., 

1994; 1996). The Ai adenosine receptor selectively interacts with GaPy heterotrimers 

with distinct y subunit compositions (Yasuda et al., 1996) suggesting a direct interaction 

with G py subunits. In this study GIRK currents activated by the Ai receptor were found 

to exhibit profound current desensitisation in the presence of agonist, and prominent 

current reactivation upon removal of agonist These phenomena have been proposed to 

reflect the sequestration and release of G py subunits respectively, indicative of a high 

affinity interaction with the G py dimer. Similarly, currents initiated at the Œ2a receptor 

also produced current reactivations in approximately 20% of HKIR3.1/3.2/a2A cells 

studied. Most tellingly, the A] and Œ2a receptors were intrinsically faster to activate 

GIRK currents than the D2 receptor, at similar receptor expression levels, possibly 

reflecting a different mechanism of G-protein activation.

To summarise, the receptor-selective actions of RGS8  on GIRK activation kinetics can 

potentially be explained by any of the three afore-mentioned models. The most 

speculative is the final model in which weak RGS 8  association may reorientate the 

heterotrimeric G-protein at the cell membrane, facilitating interactions with ligand- 

bound dimeric receptors (D2 and GABA_b), thereby enhancing the kinetics of G-protein 

activation. Homodimerisation of the M4 muscarinic receptor has not been studied, 

although it has been shown for the M3 receptor (reviewed by Angers et al., 2002).
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CHAPTER 7: Conclusions and future directions.

The GIRK channel acts as a sensitive biosensor for the level of free OPy in the cell 

membrane, allowing one to follow the activity of the G-protein cycle. The heterologous 

cell expression system presented here provides a good model of the physiological 

channel response: Firstly, receptor-activated GIRK currents in native cells (neurons and 

atrial myocytes) exhibit responses with similar temporal properties. For example, in 

hippocampal neurones baclofen-mediated responses deactivate in ~1 second following 

agonist removal (Sodickson & Bean, 1996; 1998). This is in good agreement with 

GABA-B ib/2 deactivation rates described here, especially with RGS8 expression. 

Secondly, activation kinetics and the dynamics of current desensitisation are sensitive to 

the guanine nucleotide composition of the pipette solution. Therefore the G-protein 

cycle underlies the kinetics of these components of the channel response. Furthermore, 

for most agonist/GPCR combinations, the kinetics of deactivation was enhanced by the 

expression of GAP proteins such as RGS8. Therefore the “turning off’ of the channel 

reflects the GTP hydrolysis activity of the Ga subunit, and the binding and unbinding of 

Gpy subunits to the channel complex does not appear to be rate limiting to the response. 

Therefore receptor-activation of GIRK allows one to follow the G-protein cycle. The 

sensitivity of the GIRK-based assay is such that differences in the efficacy of agonists, 

the preferences of GPCRs for certain G-protein Ga isoforms, and RGS-selective effects 

on GIRK activation can be monitored using the kinetics of the channel response.
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The major findings of this study are summarised below:

The rate of activation of the GIRK channel was found to be dependent on the 

concentration of the agonist-occupied receptor complex (AR*), in line with the findings 

of Tolkovsky and Levitzki (1978) in their study of (3-adrenergic receptor activation of 

adenylate cyclase. GIRK activation was slowed by the inhibition of GDP/GTP 

exchange, consistent with the hypothesis that exchange of GDP for GTP on the Ga 

subunit is the rate-limiting step for receptor-mediated activation of G-proteins (Ferguson 

et al., 1986).

Novel data was presented to show that inhibition of GDP/GTP exchange reduces the fast 

desensitisation of G-protein activated currents, supporting the model whereby fast 

desensitisation is accounted for by the cycling of the Ga subunit from active to inactive 

forms (Chuang et al., 1998). Due to concurrent Gq-mediated PLC-p activation, Ca^  ̂

mobilisation was seen in the HKTR3.1 /3.2/a2A and HKIR3.1/3.2/M4 cell lines in which 

desensitisation was not found to be greater. This supports the hypothesis that hydrolysis 

of PIP2 by PLC-P does not account for the fast desensitisation of GIRK currents (Meyer 

et al., 2001). An additional rapid component of desensitisation was observed in the 

HKIR3.1/3.2/A1 cell line that occurred downstream of G-protein activation. Other 

investigators have reported a similar phenomenon, after overexpression of the Ai 

receptor in atrial myocytes (Bosche et al., 2003). The dose-dependence of this 

phenomenon, the more profound desensitisation of currents activated by the A% receptor 

and the transient current reactivation seen consistently upon agonist withdrawal, suggest
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to us that it may reflect a direct sequestration of Gpy subunits by the Ai receptor itself. 

However further studies would be required to define the underlying mechanisms, such as 

the study of fluorescence resonance energy transfer (FRET) between a fluorescently 

tagged Ai receptor and the Gpy dimer (composed of either Gp-YFP or Gy-CFP), upon 

ligand binding and dissociation.

Deactivation of GIRK currents was found to be rate-limited, in some cases, by the 

dissociation of agonist from its cognate receptor. This effect was seen for synthetic 

ligands (SPA, NECA and quinpirole), designed for high affinity binding to their target 

GPCRs. Considering the extensive range of neurological, endocrine and cardiovascular 

diseases treated using either agonists or antagonists at G-protein coupled receptors, this 

finding has important implications for medicinal chemistry and drug design. Persistent 

activation of a GPCR by a synthetic drug may lead to a considerably different response 

in the cell or tissue targeted for treatment, affecting the extent of GPCR desensitisation 

and the time course of ion channel modulation, for example. Depending on the nature of 

the specific disorder, this may have advantageous or deleterious consequences for 

pharmacotherapy.

In the light of findings that some peptide ligands bind irreversibly to their GPCRs (for 

example, endothelin-1 at the ET-A and ET-B receptors, Hilal-Danden et al., 1997), it 

would be useful to extend this study to characterise the dissociation of endogenous and 

synthetic opioid receptor peptide and non-peptide ligands from their receptors. 

Morphine, the prototypical opioid of abuse, fails to induce both desensitisation and
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internalisation of |i-opioid receptors, in contrast to most endogenous opioids. Different 

rates of agonist dissociation may provide a very simple explanation for the differential 

desensitisation of responses elicited at p-opioid receptors (Whistler et al., 1999).

In addition to the time-course and extent of desensitisation of the responses elicited, the 

rate of agonist dissociation can also effect the efficacy of the response, as first proposed 

by Stickle & Barber (1992). Stickle and Barber described this as the “switching” effect, 

defined as the ability of agonist to move amongst receptors, which determines the 

lifetime of the agonist-receptor (AR*) complex. Monte Carlo simulations demonstrate 

that “switching” promotes the activation of multiple G-proteins by allowing AR* 

complexes to access G-proteins anywhere on the cell surface, not just in the vicinity of a 

single AR* complex (Shea & Linderman, 1997). Evidence in support of agonist 

“switching” is presented in this thesis whereby the rapidly dissociating A% agonist 

adenosine (IpM) activated GIRK currents with greater efficacy as compared to NECA 

(IpM) that was slow to unbind from the A] receptor.

The expression of an RGS protein was required to differentiate between rapidly- and 

slowly-dissociating agonists. In this regard, the unusual bi-exponential deactivation of 

GIRK currents elicited at the D2S dopamine receptor was only detected in the presence 

of RGS8. Two distinct subsets of functional D2 receptors, one might suggest D2 

monomers and D2 dimers, were proposed to account for this observation. There is 

evidence that D2 receptors expressed in cell lines exist as homodimers (Ng et al., 1996), 

that D2 receptors exist as dimers in human and rat brain tissue (Zawarynski et al., 1998)
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and that D2 dimeric receptors exhibit different ligand binding properties to D2 monomers 

(Armstrong & Strange, 2001). Radioligand binding and time-course experiments would 

be required to confirm the existence of two subpopulations of D2 receptors in our cell 

system, to show that these have distinct pharmacological properties and to confirm that 

these properties are linked to the kinetic behavior seen in this study.

The novel data showing a differential effect of RGS8  on the activation of GIRK currents 

by different Gi/o coupled GPCRs, presented in Chapter 6 , represents the least completed 

work in this thesis. It is difficult to be categorical about a model that may explain this 

effect, so three have been put forward. The molecular mechanisms underlying this effect 

remain elusive, although it cannot be accounted for by differential receptor-activation of 

G-protein a  isoforms or by a selective association of RGS8 with different GPCRs 

through its N-terminus. While the N-terminus of RGS4 has been shown to convey 

receptor-selectivity (Zeng et al., 1998; Xu et al., 1999), this does not appear to be the 

case for RGS8 . The selective acceleration of G-protein activation via the D2, M4 and 

GABA-B ib/2 receptors is likely to reveal differences in the mechanism of G-protein 

activation by the different GPCRs studied in this thesis. For example, the pre-coupling 

of the A] and a 2A receptors to heterotrimeric G-proteins is proposed in Chapter 3 to 

account for the faster activation of GIRK currents via these receptors. These fast kinetics 

may conceal an effect of RGS8 , acting through a physical or kinetic scaffolding 

mechanism. Doupnik and coworkers propose a similar GPCR/G-protein pre-coupling 

mechanism to explain the anomalous steady-state GIRK currents and activation kinetics
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via M2 muscarinic receptors that they observe with RGS4 and RGS7 in Xenopus oocytes 

(Zhang et al., 2002).

Alternatively, as discussed in Chapter 6, differences in the mode of G-protein activation 

may reside in the monomeric or dimeric structure of the GPCR. Speculatively, RGS8 

may act preferentially to promote G-protein activation by dimeric receptors. We are 

establishing FRET techniques in our laboratory whereby real-time interactions between 

fluorescently tagged proteins can be followed in living cells. To further investigate the 

intriguing findings with RGS8, we hope to use FRET to study the interactions between 

fluorescently tagged GPCRs (or GPCRs with fluorescent ligands bound to their 

extracellular face), between tagged GPCRs and RGS8-YEP, and between Ga-CFP and 

RGS8-YFP, in response to fast agonist application. These studies should shed light on 

the complex protein-protein interactions and molecular mechanisms governing the 

unusual kinetics of this response.

As summarised below, kinetic evidence presented in this thesis provides indirect 

evidence in support of the existence of a GIRK-Gi/oa subunit complex that maintains the 

specificity and speed of the response. Firstly, while the agonist-receptor complex does 

appear to act catalytically, the rate of channel activation is independent of Ga 

concentration. This is inconsistent with a model in which the G-protein is a separate 

physical entity in the cell membrane. In this case, subunit separation and diffusion of 

GPy to the channel should result in complicated activation kinetics. Similarly, the rate of 

adenylate cyclase activation was also found to be independent of Ga concentration;
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subsequently it was found that Ggtt is firmly associated with the catalytic subunit of AC 

(reviewed by Levitzki & Klein, 2002). Secondly, the size of GIRK currents is dictated 

by Ga concentration (Jeong & Ikeda, 2001; Zhang et al., 2002; Benians et al., 2003). 

This data supports the concept that the direct transfer of a G(3y dimer from a Ga subunit 

to the GIRK channel complex controls channel gating (reviewed by Sadja et al., 2003). 

Thirdly, channel deactivation is fast, in spite of a nanomolar affinity of GIRK channel 

subunits for Gpy (Huang et al., 1995; Huang et al., 1997; Wickman et al., 1994; Yamada 

et al., 1998). Finally, the rate of channel deactivation is sensitive to the state of the 

ternary complex. Where the ternary complex is weakened, for example by fusion of the 

Ai receptor to Giai(C->G), the rate of deactivation is faster, suggesting that the channel 

can “sense” the state of the Ga subunit. Furthermore, the increased deactivation rate of 

GIRK currents with intracellular GDPpS is indicative of a near-instantaneous 

sequestration of Gpy by the Ga subunit when it enters an inactive (GDP- or GDPPS- 

bound) state.

Together with the rapid activation kinetics and strict Gj/o-GIRK coupling specificity 

observed in vivo (Leaney et al., 2000), these data summate to present a picture of the 

GIRK channel and G-protein in an intimate membrane-delimited signalling complex 

(Figure 7.1). In such a complex, transfer of Gpy firom an activated G-protein to the 

channel should occur rapidly with exquisite specificity, and resequestration of the GPy 

dimer by Ga-GDP would merely involve shielding the overlapping binding regions on 

the Gp propeller, responsible for Ga and GIRK interactions (Fig. 1.5; Ford et al., 1998).
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Figure 7.1: Diagram showing the proposed membrane-delimited complex of the 

GIRK channel and G-protein heterotrimer.

The GIRK channel is depicted above in an intim ate com p lex  w ith the Gi/o G a  subunit on  

the inner surface o f  the cell m em brane. T his com plex  should prom ote rapid and sp ecific  

activation o f  the channel by G(3y subunits released from Gi/o heterotrim ers, and rapid 

deactivation by the sh ield ing o f  residues on G py important for channel gating b y  the 

G D P-bound G a  subunit. The activated G PCR is show n precoupled to the Gi/o G a  

subunit that is a lso  associated  w ith an R G S protein, a llow in g  rapid cyc lin g  betw een  

active and inactive states. A dditional GIRK m odulatory pathw ays are depicted  above: 

Gs-m ediated PK A  activation can increase channel activity, w h ile  PIP2 hydrolysis by  

PLC -p (Gq activated) is associated  w ith run dow n o f  channel activity.

[From Sadja et al, 2003]
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