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Abstract Sarah Cockerill

Second Messenger modulation of the Human Ether a go-go Related Gene
(HERG) potassium channel

HERG {human ether-a-go-go related gene) encodes the major pore-forming subunit 
of Ijtr, a current which is vital for normal repolarisation of the cardiac action potential. 
Attenuation of IKr can lead to long QT syndrome, which can predispose individuals to 
arrhythmias and sudden cardiac death. Given the physiological importance of HERG 
potassium currents, it is important to understand how they are regulated by 
intracellular signalling pathways.

Whole cell voltage clamp and calcium imaging techniques were used to investigate 
modulation of HERG channels expressed in HEK 293 cells by second messenger 
pathways. Stimulating protein kinase C (PKC) by G^/n-coupled muscarinic receptor 
stimulation to elevate diacylglycerol (DAG) and calcium, using OAG (an analogue of 
DAG), or elevating calcium using ionomycin resulted in a sustained decrease of 
HERG current. This HERG current response is likely to be mediated by a  or jS 
(calcium-sensitive) isoforms of PKC. 2P labelled phosphate incorporation into 
HERG in OAG treated and non-treated cells was used to determine if PKC directly 
phosphorylates the channel. Two protein bands at 155 and 135 kDa, corresponding to 
mature and core glycosylated forms of HERG respectively, were observed in 
untreated cells, indicating phosphorylation under basal conditions. Stimulation of 
PKC significantly increased phosphorylation of both bands. HERG currents were also 
attenuated by activation of cAMP dependent protein kinase (PKA). However, in 
contrast to PKC, PKA stimulation resulted in a net dephosphorylation of HERG. 
Overall, the phosphorylation assays suggest HERG channel phosphorylation is 
dynamically regulated by PKC, PKA and protein phosphatases.

In the course of this study it was also found that HERG is directly blocked by 
caffeine. Caffeine block is open/inactivation state dependent. Caffeine binds within 
the inner cavity, to sites that include Phe656 and Tyr652.
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Chapter 1

Introduction 

LI Potassium channel structure

Potassium channels are membrane-spanning proteins that selectively conduct 

potassium ions across the cell membrane, along the electrochemical gradient. The 

mammalian family of potassium channels can be sub-divided into three groups, 

based on structure:

1. Voltage gated channels, comprised of six transmembrane domains

2. Inward rectifier channels, comprised of two transmembrane domains

3. Two-pore channels, comprised of four transmembrane domains 

(Hille, 2001; figure 1.1).

1.1.1 Structure of voltage gated potassium channels

1.1.1.1 Structure of the pore region

The Human Ether-a-go-go Related Gene (HERG) channel belongs to the family of 

voltage gated potassium channels. Each subunit has intracellular N and C termini, 

and six transmembrane domains, denoted S1-S6. S1-S4 form the voltage sensing 

domain (discussed later), and S5-S6 form the pore forming domain. Our 

understanding of the structure of the pore of voltage gated potassium channels has 

been advanced in recent years by x-ray crystallography. A number of high 

resolution structures of prokaryotic potassium channels have been published. Doyle 

et al. (1998) solved the first crystal structure of a potassium channel (KcsA), which 

was isolated from the bacterium Streptomyces lividans. KcsA has two 

transmembrane domains, which are joined by ~30 amino acids that form the pore 

helix and the ‘turret’, that extends above the membrane. Despite being a two 

transmembrane channel, it it more closely related to voltage gated channels than 

inward rectifer potassium channels (Kir), and has 32% sequence homology with the 

pore region of Shaker, the archetypal voltage gated potassium channel (Ky). The 

KcsA crystal structure shows a symmetrical assembly of four subunits around a 

central pore. The subunits are arranged in such a way that the shape was likened to 

an ‘inverted teepee’ structure, with the S2 inner helices (analagous to S6 in Ky

1



Figure 1.1

The mammalian groups of potassium ion channels. Schematic diagram shows 6 transmembrane domain voltage gated 
potasssium channels, two transmembrane inward rectifier potassium channels and four transmembrane, two-pore potassium 
channels. All have intracellular N- and C-termini.
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channels) being wide apart at the extracellular side of the membrane and lying 

closer together at the intracellular side. The central pore of the channel is a wide, 

aqueous cavity, which narrows toward the cytopasmic end, where the four 

converging inner helices are thought to form the activation gate. This gate is almost 

fully closed, leading the authors to propose the channel was crystallised in the 

closed state (figure 1.2). The pore loop contains the potassium selectivity-signature 

sequence (glycine, tyrosine, glycine), and forms the selectivity filter, the narrowest 

section of the pore on the extracellular side. The selectivity filter is lined with polar 

carbonyl oxygen groups pointing towards the permeation pathway that operate to 

stabilise potassium ions that have shed hydrating waters on entering the filter.

A further study solved the structure of a calcium-gated potassium channel, MthK, 

from Methanobacterium thermoautotrophicum (Jiang et al., 2002) and proposed a 

general mechanism for activation gating. The structure was crystallised in the 

presence of calcium, and the S2 helices are splayed open at the intracellular side 

relative to KcsA This creates a large aperture on the cytoplasmic side of the pore 

of approximately 12A in diameter, which provides a path wide enough for the 

movement of potassium ions between the cytoplasm and the selectivity filter. This 

led the authors to believe this channel was isolated in the open state. Comparing the 

crystal structures for KcsA and MthK suggests the inner helices move radially 

outwards upon channel activation, bending around a glycine hinge. Glycine confers 

flexibility to peptides because its small side groups gives it the ability to adopt many 

angles around the peptide bond. The glycine residue in the inner helix (S6  in 

voltage gated channels) is highly conserved in potassium channels, suggesting the 

glycine hinge may be a common mechanism of channel activation.

Once the channel is activated, ion conduction through the pore and selectivity filter 

is mediated by a number of different amino acids in the channel. Negatively 

charged amino acids at the intracellular entrance to the pore act to attract the 

positively charged potassium ions close to the pore, thus raising their local 

concentration. The walls of the cavity are lined by hydrophobic residues, allowing 

the hydrated potassium ions to easily pass from the intracellular solution into the 

central cavity. The potassium ion must then pass through the selectivity filter. The 

selectivity filter forms the narrowest part of the channel pore, with the main 

constituents of the selectivity filter being carbonyl oxygens from the glycine, 

tyrosine, valine and threonine resides, which are highly conserved amongst

3



Figure 1.2
The pore and selectivity filter of potassium channels is formed by two transmembrane domains and the peptide linker. Schematic 
diagram represents three a subunits of a potassium channel based on the KcsA crystal structure. The transmembrane domains are 
represented by alpha helical structures. Ml and M2 correspond to S5 and S6 respectively in 6  transmembrane domain channels. Red 
circles represent potassium ions.
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potassium channels. This region is so narrow that a hydrated potassium ion must 

shed most of its water molecules to pass through. The size of the region is 

determined by the interaction between residues in the selectivity filter and residues 

in the pore helices, and it is these interactions that determine the ion selectivity of 

the channel.

1.1.1.2 Structure of the voltage sensing region (S1-S4)

Mammalian voltage gated potassium channels have 6 transmembrane segments, of 

which the fourth contains several positively charged amino acids. It was thought 

that this region was the main part of the voltage sensor, acting as a highly sensitive 

transistor, recognising transmembrane voltage changes and responding to them 

accordingly, to cause conformational changes and therefore open or close the 

channel (Hille, 2001). The S4 segment in a voltage-gated channel contains between 

four and eight positively charged residues at approximately every third amino acid 

position (Liman and Hess, 1991). Fluorimetry techniques, which detect changes in 

fluorescence emission caused by changes in the local environment have shown the 

S4 segment to move in response to depolarisation (Mannuzzu et al., 1996; Loots 

and Isacoff, 1998), and mutational studies have shown that neutralising specific 

basic residues in the S4 region alters gating of the channels (Tristani-Firouzi et al., 

2002). Accessibility studies such as cysteine scanning mutagenesis, which measure 

the accessibility of specific amino acids to a reactive agent in the open or closed 

state of the channel, have shown exposure of specific residues on the intra- or extra

cellular faces of the membrane, to depend on membrane voltage (Liu et al., 2003a), 

again suggesting that the S4 segment is highly mobile. Studies have also shown the 

S4 segment to interact electrostatically with negative charges in the S2 and S3 

segments (Sato et al., 2003; Papazian et al., 1995), suggesting S4 operates as part of 

a larger voltage sensing unit. Taken together, these studies provide evidence for 

models of voltage sensing in which the electrical field moves ‘gating charges’ 

across the membrane, resulting in conformational changes of the protein and 

opening of the activation gate. Putting this in the context of a conventional model 

for voltage gated potassium channels, it was hypothesised that the S4 domain moves 

in a helical screw motion in response to depolarisation, with the positive charges 

moving toward the extracellular side of the channel (figure 1.3A). A recent paper 

however, proposed a different structure of the voltage-gated channels.

5



Figure 1.3
The conventional and new model of voltage sensing. The conventional model (A) suggests a translation and/or possible rotation of the 
S4 domain across the membrane in response to depolarisation. The new model (B) is based upon a ‘voltage paddle’ on the outside edge of 
the channel, which moves through the plasma membrane in response to depolarisation. In both models the S4 domains are marked by +ve 
charges shown in red.

Conventional model

New model

From Jiang et al., 2003a
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Jiang et al. (2003a) crystallised a voltage gated potassium channel from the 

thermophilic archaebacteria Aeropyrum pernix, which they called the KvAP 

channel. They hypothesised that the voltage sensor (S4), which is directly attached 

to the S5 domain by a helical linker, might open the channel by pulling S5, and 

therefore S6 , away from the central pore upon membrane depolarisation. The 

channel is hypothesised to consist of three layers, with the S5 and S6 domains 

forming the ion conduction pathway, SI and S2 forming the next layer, with S3 and 

S4 on the outer perimeter of the structure. They found that the S3 segment was 

made of two separate helices, S3a and S3b. S3b and the amino terminus of S4 are 

tightly packed together, forming a helix-tum-helix structure, termed the ‘voltage 

paddle’. This structure is mainly hydrophobic and highly mobile, and unlike the 

conventional model, is located at the perimeter of the channel and moves through 

the lipid upon depolarisation. Biotinylation studies were used to study the 

movement of the voltage paddle (Jiang et al., 2003b). This technique allows the 

accessibility o f specific, biotinylated residues to the external or internal 

environment to be investigated in a state dependent manner, as streptavidin can bind 

to these residues only when they are within 10 A of the membrane surface. They 

found the voltage paddle, S3b and the first few residues of S4 to be inaccessible 

from both the extracellular and intracellular sides at negative membrane voltages, 

therefore lying deeper than 10 A from the membrane surface. When the channel 

was opened, the tip of the voltage paddle and the first two-and-a-half helical turns of 

S4 moved, and became accessible to the external side of the membrane. They 

proposed that the voltage paddles move approximately 2 0  A from the internal side 

toward the external side of the membrane, tilting from a horizontal position to a 

vertical one. This movement of the voltage paddles would allow the channel to 

open by pulling the S4-S5 linker (figure 1.3B). This ‘voltage paddle’ model is 

novel and highly controversial. There is very little experimental evidence that 

supports this model of voltage sensing over the conventional model.

1.1.2 Structure of the HERG potassium channel

The HERG channel is a 1159 amino acid, 155KDa structure. As previously 

mentioned, it is a voltage gated channel, so consists of four pore forming (a) 

subunits, each having six membrane-spanning regions, with large intracellular N-

7



Figure 1.4

HERG channel structure. A Schematic diagram of one subunit of the HERG channel. The channel has 6 transmembrane domains, and large 
intracellular N- and C-termini. The S4 domain contains several positively charged amino acids which are thought to contribute to voltage 
sensing. B Four a subunits form a functional HERG channel. The S5, P-loop and S6 regions from all four subunits form the pore of the 
channel, with the S1-S4 transmembrane domains arranged around the pore.
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and C- termini. A schematic diagram of the HERG channel can be seen in figure 

1.4. Some channels have known auxiliary (P) subunits, and it is possible that all 

voltage dependent potassium channels have them (reviewed in Nerbonne and Guo, 

2002). Thus, HERG may form a tetrameric pore-forming complex with an 

unknown number of p subunits. Identified p subunits have a number of roles, and 

increase the functional diversity of channels. Co-expression of the a, pore-forming 

subunits with P subunits often increases surface expression of functional channels. 

Co-expression can also alter the voltage dependence of activation and/or 

inactivation, open probability and may even confer properties that they would not 

otherwise have, such as inactivation (Lewis et al., 2004). p subunits can also 

modify regulation by signalling molecules and confer new pharmacological 

properties upon channels.

There is strong evidence that HERG encodes the pore forming subunit of Ijcr, a 

delayed rectifier potassium current (Sanguinetti et al., 1995; Trudeau et al., 1995). 

Essentially, HERG and Ijtr currents are very similar (figure 1.5). However, the 

current flowing through the HERG channel shows slightly different kinetics to those 

seen with Iitr in vivo. The kinetics of HERG activation and deactivation are about 4 

times slower than Ij<r (Sanguinetti et al., 1995), suggesting HERG may co-assemble 

with another subunit to form Ikx The minimal potassium channel (minK) and the 

minK related protein 1 (MiRPl), both single transmembrane spanning proteins, 

have both been implicated as p subunits that co-assemble with HERG to produce Ijcr 

current. However, the contribution of any P-subunits to Ikt is controversial.

Abbott et al. (1999) used co-immunoprecipitation to show MiRPl and HERG form 

a stable complex when over expressed in vitro. When currents were measured from 

cells co-expressing MiRPl and HERG, it was found that deactivation was 

accelerated and voltage-dependent activation was shifted to more positive 

potentials. The HERG-MiRP channel also became more sensitive to block by E- 

4031 and clarithromycin, two well-characterised Ikj blockers. A more recent paper 

has shown MiRP2 to suppress the expression of HERG when co-expressed in 

oocytes (Schroeder et al., 2000). Again, this provides evidence that members of the 

MiRP family of proteins may interact with HERG to form a more Ifcr-like current. 

However, other studies have observed no effect of co-expression of MiRP on
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Figure 1.5
The HERG current shows similar properties to Ikt. A Representative Ijtr recorded from guinea pig ventricular myocytes in 
response to a standard I-V protocol (described in Chapter 4). B Representative HERG current expressed in Xenopus oocytes in 
response to the same I-V protocol. Currents start to activate at around -40 mV, and currents during the test pulse increase until cells 
are depolarised more positive to around 0 mV, where currents start to decrease, due to an increasing amount of inactivation of 
channels. Tail currents are indicative of the proportion of activation at each test pulse, and increase up to ~ +10 mV, at which point 
the channels are maximally activated, and remain maximally activated at voltages positive to this.

+10 mV

+40 mV +20 mV
\

250 pA |____  IKr
250 ms

From: Bers (2001)

100nA |_____  HERG
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HERG currents. Weerapura et al. (2002) compared the pharmacological and 

biophysical properties of the HERG channel expressed in CHO cells with and 

without co-expression of MiRPl. Co-expression of HERG and MiRPl did not 

significantly alter the pharmacological sensitivity of the current to quinidine, E- 

4031 or dofetilide. The study found co-expression of MiRPl caused a 

hyperpolarising shift of voltage-dependent activation, moving it further from Iicr 

like properties, and therefore leading the question of how physiologically relevant 

this alteration would be. The group concluded that MiRPl did not contribute to the 

Ikf current carrying complex.

The use of anti-sense oligonucleotides to minK attenuated Ii<r (Yang et al., 1995) in 

AT-1 cells, an immortalised atrial myocyte-derived cell line, and Kubersmidt et al. 

(1999) showed IKr was significantly reduced, and deactivation of the current was 

slower in minK knockout mice. Co-expressing minK with HERG in CHO cells 

however amplified currents when compared to currents from expression of HERG 

only (McDonald et al., 1997). This study also observed that minK and HERG form 

stable complexes when co-expressed in CHO cells, shown by co- 

immunoprecipitation. Although the data indicates a role for minK in Ijtr, the 

evidence is inconclusive. There is also no direct evidence for co-assembly of 

HERG and minK in cardiac myocytes. Thus, the contribution of p subunits to the 

HERG channel remains unresolved.

1.2 Gating properties of the HERG potassium channel

The HERG channel can exist in three different states -  closed, open and inactivated 

- and it is thought these processes are controlled by two gating processes: activation 

and inactivation. When both the activation and inactivation gates are open, the 

channel is open and can pass current. When the activation gate is closed, the 

channel is closed and cannot pass current, even when the inactivation gate is open. 

If the inactivation gate is closed, but the activation gate is open, the channel is 

‘inactivated’, and cannot pass current. A schematic diagram of this is shown in 

figure 1.6. Activation and inactivation of the HERG channel are both voltage 

dependent, and are entirely independent of one another, yet seemingly controlled by 

a single voltage sensor. The mechanism of how this occurs is still largely unknown. 

The gating properties of the HERG channel are unusual when compared to other 

voltage gated potassium channels such as the Shaker channel. The HERG channel
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Figure 1.6
The HERG channel has an activation and inactivation gate. Schematic diagram of two gate model of channel gating. In the closed state (A) 
both the activation and inactivation gates are closed, and so no ion flux can occur. B Both activation and inactivation gates are open, allowing 
ion flux. This is the only state in which the channel can conduct. C The activation gate is open, however the inactivation gate is closed, so ion 
flux cannot occur, thus the channel is inactivated.

Inactivation gate
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C

Activation gate
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shows slow activation and deactivation, but a very significant rapid inactivation of 

the current during membrane depolarisation (Zhou et al., 1998; Tristani-Firouzi and 

Sanguinetti, 2003). The HERG current displays inward rectification. Traditionally, 

an inward rectifier is a channel that favours entry of ions in the inward rather than 

outward direction. Thus, conductance is larger upon hyperpolarisation than 

depolarisation. HERG current decreases at membrane potentials positive to ~0 mV. 

This decrease is due to an increasing amount of inactivation at positive potentials. 

Thus, the HERG channel exhibits a ‘window current’ (shown in figure 1.7). At 

membrane potentials below -50 mV the activation gate is not open, so no current 

can pass (refer to figure 1.6A). As the membrane potential becomes more positive, 

the activation gate of channels opens, so current can pass (figure 1.6B). However, 

inactivation also increases over this voltage range, so although the number of 

channels activated increase, the proportion of channels inactivated also increases, 

thus decreasing current availability. Therefore, any shifts in the voltage dependence 

of activation or inactivation can profoundly alter current amplitude.

1.3 Physiological roles of the HERG channel

HERG is a member of the ether-a-go-go (EAG) family of ion channels, and is most 

abundantly expressed in the heart (Pond and Nerbonne, 2001). It is also expressed 

in neuronal tissue and some cancerous tissues, namely those of epithelial, muscle 

and neuronal origin. The roles of HERG expression in these tissues will be 

discussed in this section.

1.3.1 Role of HERG in the heart

There is now strong evidence that HERG encodes the a , pore-forming subunit of 

Iitr, a delayed rectifier potassium current (Sanguinetti et al., 1995; Trudeau et al., 

1995). iKr-like channels were first described by Shibaski et al. (1987), when 

investigating Ik in sinoatrial node and atrialventricular nodal cell of the rabbit. This 

study described a current which increased in amplitude with increased extracellular 

potassium, that was highly selective for potassium and had a single current 

conductance of 11 pS. The current also showed a decrease in open probability with 

progressively larger depolarisations, and showed a fast onset and removal of 

inactivation. The study also described the channel as an inward rectifier as a result
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of this inactivation. Ik was later separated pharmacologically into its two 

components: k r  and Iks (Sanguinetti et al, 1995).

Although not identical, HERG and k r currents have similar kinetics (Hancox et al., 

1998, figure 1.5). Both iKr and HERG are blocked by class III anti-arrhythmic 

drugs, the antihistamine terfenadine and the antipsychotic serindole amongst others 

(Brown and Rampe, 2000), and both HERG and Ikr have similar single channel 

conductance values of around 12 pS (Sanguinetti et al., 1995). A paradoxical 

increase in amplitude of both HERG and Ikf is seen when extracellular potassium 

concentration is increased, and when HERG is expressed in mammalian cell lines, 

the current itself is similar to that of 1^ (Sanguinetti et al., 1995). 1^ is one of 

several currents responsible for termination of the plateau phase, and repolarisation 

of the cardiac action potential. activates slowly upon depolarisation, so does not 

play a role in the initial phases of the cardiac action potential. It instead plays a 

vital role in the latter stages of the cardiac action potential, when the outward 

current contributes to the repolarisation of the cardiac action potential. It is the 

balance of slow activation and deactivation, along with fast inactivation and 

recovery from inactivation of the channel that gives the current the ability to 

contribute to the repolarisation of the action potential so effectively. Therefore, if 

kinetics or amplitude of the HERG/Ikf current are altered, repolarisation of the 

cardiac action potential is compromised. Other delayed rectifier potassium currents 

that contribute to the repolarisation of the cardiac action potential are Iks (slow 

delayed rectifer potassium current that contributes to the action potential in the 

ventricles) and Ikuf (ultra rapid delayed rectifier potassium current which contributes 

to atrial repolarisation) (Roden, 2002). The details of these currents, along with 1^, 

are shown in table 1.1.

14



Figure 1.7

HERG current properties. The HERG current is a window current. Activation of the channel increases as membrane potential becomes 
more positive from -50 mV. The V0.5 of activation is -22.39 ± 0.84 mV. However, inactivation of the channel also increases as 
membrane potential becomes more positive, causing less availability of current. The V0.5 of inactivation is -72.89 ± 1.98 mV. The steady 
state amplitude of current is defined by the area under both curves and is known as a window current. This data was obtained using whole 
cell patch clamp at 37°C from HEK cells stably expressing HERG. n=26 for activation measurements, n=13 for inactivation 
measurements.
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1.3.1.1 HERG current and Long QT Syndrome

Attenuation of potassium ion flow through the delayed rectifier cardiac channels can lead to 

long QT syndrome (reviewed in Witchel and Hancox, 2000). This causes abrupt loss of 

consciousness or sudden death from ventricular arrhythmia in both children and adults. It can 

be clinically identified on a body surface electrocardiogram (ECG), shown as a lengthening 

of the interval between the Q and T points (figure 1.8 A and B). The interval between these 

two points on the ECG is representative of the time from the ventricular action potential 

upstroke to repolarisation. Long QT syndrome is more common in females. The QT interval 

is known to change with age in healthy subjects. Males and females have similar QT interval 

lengths during childhood, but it is shorter in adult males than females (Locati et al., 1998). 

This difference may induce a bias, which would favour long QT syndrome diagnosis in adult 

females. Long QT syndrome increases an individuals risk of cardiac arrhythmias such as 

Torsades de Pointes (twisting of the points, shown in figure 1.8C). In this arrhythmia, rapid 

cardiac contractions result in reduced ventricular filling, reduced cardiac output, and 

therefore a decreased blood flow to the brain, resulting in loss of consciousness. This 

condition can develop into ventricular fibrillation, which can be fatal. Long QT syndrome is 

often precipitated by stress, and it is thought that this increased sympathetic stimulation of the 

heart causes an increased cardiac calcium current during repolarisation. In healthy patients, 

sympathetic stimulation also causes a concurrent increase in the delayed rectifer potassium 

current Iks (discussed later), thus shortening action potential duration and protecting the heart 

from premature excitation caused by the large calcium current. However, in patients with 

long QT syndrome, this protection cannot be given, leading to early after depolarisations 

(EADs), caused by the increased calcium current (reviewed in Roden et al., 1996). These are 

observed during the repolarisation phase of the action potential, and are thought to maintain 

or initiate Torsades de Pointes by triggering multiple action potentials.

There are different forms of long QT syndrome. Long QT syndrome can be inherited, where 

the HERG gene contains mutations that reduce the function of the channel (Curran et al., 

1995). There are over 100 known mutations that can occur in the HERG channel alone that 

can cause this. Mutations in other genes can also cause long QT syndrome. These genes 

encode for a variety of proteins including minK and MiRPl, ankyrin B and KCNQ1 (which
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Table 1.1

Shows a summary of the kinetics of the delayed rectifier potassium currents involved in the repolarisation of the cardiac action 
potential

! Current Gene Activation
Kinetics

Inactivation
Kinetics

Deactivation
Kinetics

Associated
subunits?

IlCr KCNH2
(HERG)

Rapid Very rapid Slow -  over MinK?
several seconds Mirp 1 ?

Iks KCNQ1 Slow - over 
several seconds

No inactivation Slow MinK

iKur KCNA5 Ultra-rapid
2-20mSec

No inactivation Kvpl
KvP2

Adapted from Hille (2001) and Roden et al. (2002)



Long QT syndrome is shown on a body surface ECG, and can lead to fatal arrhythmias. A Representation of a body surface ECG 
under normal conditions (i) and with long QT syndrome (ii). The interval between the Q and T points on the body surface ECG is 
characteristically lengthened, due to a longer period of repolarisation. B Long QT syndrome can lead to cardiac arrythmias such as 
Torsade de Pointes, for which a representative ECG is shown.
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encodes the pore-forming subunit of Iks)- Long QT syndrome can also be acquired (Spector 

et al., 1996; Busch et al., 1998; Chouabe et al., 1998). HERG/Ijcr current can be attenuated by 

many compounds and drugs. These are diverse in both structure and function, and include 

class III anti-arrhythmics such as ibutilide and quinidine, antibiotics such as erythromycin, 

anti-histamines such as terfenadine, calcium channel blockers such as bepridil, and anti- 

psychotics such as sertindole and pimozide (Fermini and Fossa, 2003). This promiscuous 

block of the channel is thought to be partly due to the HERG channel having an unusually 

large inner vestibule, which can trap drugs, causing an increased binding affinity (Mitcheson 

et al., 2000). Although the exact mechanism of block that these diverse compounds have 

upon the HERG channel is unknown, HERG is also unique in that it has two aromatic amino 

acid residues that face into this cavity, which may allow HERG to form hydrophobic, polar 

and cation-7c interactions with drugs and make HERG more susceptible to drug block. Thus, 

HERG is linked to drug induced and inherited forms of long QT syndrome and the associated 

increased incidence of fatal arrhythmias.

1.3.2 The role of HERG in cancerous tissue

The role of HERG in non-excitable cells is yet to be fully elucidated. Studies have shown 

both HERG mRNA and protein to be expressed in a number of cancerous tissues of various 

origins. These include human melanoma cells (Meyer et al, 1998), atrial tumour cells 

(Bhattacharyya et al., 1997; Kabir et al., 2000), human endometrial cancer cells (Cherubini et 

al., 2000) and human prolactin secreting adenoma cells (Bauer et al., 2003), amongst others. 

The expression of HERG in primary tissues has also been shown to be specific to cancerous 

growth over benign tumour growth (Lastraioli et al., 2004). Smith et al. (2002) showed 

HERG mRNA was up-regulated in a number of different cancerous cell lines, with HERG 

current amplitude corresponding to this up-regulation. Exactly why HERG is expressed in 

these tissues has not been reported, prompting the question ‘Do non-excitable cells become 

cancerous because they express HERG, or do they express HERG because they are 

cancerous?’ Altered setting of the resting membrane potential ( V r e s t )  m a y  contribute to 

tumour cell growth. Tumour cells expressing HERG show a more depolarised V r e s t  than 

non-expressing cells (Bianchi et al., 1998), which may provide optimal conditions for 

unlimited tumour cell growth. Studies have shown HERG-expressing cells, including tumour
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cells, to proliferate at a faster rate than non-HERG expressing cells (Wang et al., 2002a; 

Smith et al., 2002). This proliferation can be blocked using the HERG-specific blockers 

dofetilide and E-4031, suggesting it is HERG conductance that causes the increased 

proliferation rate. However, the link between these factors has not been elucidated.

HERG channels have also been implicated as pro-apoptotic proteins. Wang et al. (2002a) 

showed both HEK 293 cells expressing the HERG protein, and tumour cells expressing 

HERG endogenously, including SK-BR-3 cells (human mammary gland adenocarcinoma 

cells), SH-SY5Y cells (neuroblastoma cells) and HL-1 cells (rat atrial tumour cells), all to be 

more susceptible to apoptosis after insult, compared to cells not expressing the HERG 

protein, including the tumour cell lines A549 and SK-Mel-28. The same group later 

investigated the possible secondary messenger pathways involved in HERGs pro-apoptotic 

property (Han et al., 2004). In this study, expression of the HERG protein in HEK 293 cells 

increased apoptosis in response to H2O2 insult, compared to non-transfected HEK 293 cells. 

Expression of pro- and anti-apoptotic proteins was altered in cells expressing the HERG 

protein. Expression of the active forms of caspases 3 and 9, executioners of apoptosis, was 

raised in both basal and apoptotic cells compared to wild type cells. The active forms of the 

pro-apoptotic proteins p38 mitogen activated protein kinase (MAP kinase) and stress 

activated protein kinase (SAP kinase) were also increased in apoptotic cells expressing 

HERG. The pro-apoptotic effects of HERG, and expression of other pro-apoptotic proteins 

in these cells could be inhibited using the HERG-specific blockers dofetilide or E-4031, 

suggesting apoptosis was down-stream of HERG conductance. The authors suggested that an 

increased HERG conductance would lead to a large potassium efflux, perhaps leading to cell 

shrinkage. This cell shrinkage would initiate activation of death signalling proteins, such as 

p38 MAP kinase, or SAP kinase. This leads to an increased caspase activity, which causes 

cell death. Of course, these studies were carried out on the HEK 293 cell line, which is not a 

cancerous cell line. But if HERG is pro-apoptotic, as shown in the above studies, the 

question of why it is expressed in tumour cells, which are apoptosis resistant, must be asked. 

No studies have yet addressed this question.

In summary, although a number of observations have been made regarding cancerous cells 

expressing the HERG channel, the exact mechanism and reason behind an increased 

expression of the channel in cancerous tissues remains elusive.

21



1.3.3 HERG channels in neuronal tissue

In the nervous system, voltage gated potassium channels play an essential role in controlling 

cellular excitability by regulating action potential waveform and firing frequency, and 

regulating interspike membrane potential. However, as in cancerous tissue, the role of HERG 

expression in neuronal tissue is not yet fully understood. There is a wide distribution of ERG 

channels in neuronal tissue. Using the reverse transcription polymerase chain reaction (RT- 

PCR) and immunohistocemisty, ERG channels were shown to be expressed in a number of 

regions of the central nervous system, including the olfactory bulb, cerebral cortex, 

hippocampus, hypothalamus and cerebellum (Papa et al., 2003). ERG expression has also 

been shown in cerebellar Purkinje neurons (Sacco et al., 2003). Emmi et al. (2000) showed 

ERG channels expressed in hippocampal astrocytes and glia may contribute to the control of 

neuronal excitability by an indirect mechanism involving glial cells. Further evidence 

towards this hypothesis was provided by Meves et al. (1999) and Selyanko et al. (2000), who 

showed ERG channels may be involved in control of sub-threshold properties of neurons, as 

they underlie the slow component of the M-current expressed in neuroblastoma-glioma 

hybrid cells. The M-current is a low-threshold slowly activating potassium current that exerts 

negative control over neuronal excitability, and is inhibited by activation of the Gq/n-coupled 

signalling pathway.

It has been hypothesised that ERG may also contribute to neuronal survival in response to 

ischaemic insult. ERG1 channel currents (found primarily in the heart) are enhanced upon 

oxididative stress, and in response to reactive oxygen species (ROS) whereas ERG2 and 

ERG3 channel currents (found primarily in neuronal tissue) are not altered (Taglialatela et al.,

1999). ERG1 transcripts are expressed in inhibitory intemeurons in the cortex and 

hippocampus (Saganich et al., 2001), which are highly resistant to ischaemia, whereas ERG2 

and ERG3 are expressed in CA1 pyramidal neurons, which are highly vulnerable to 

ischaemic insult, leading to the speculation that ERG channels may play a role in cell survival 

(Saganich et al., 2001). Of course, many other cellular factors are likely to differ between 

these cell types, and no studies have directly investigated the role of neuronal ERG in cell 

survival, so this role is purely speculative. ERG expression has been shown in the 

subventricular zone (Papa et al., 2003), which is an important layer in the differentiation and 

proliferation of stem cells. Although no studies have been carried out on the effect of ERG
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on stem cells, it may be that ERG expression drives differentiation and proliferation in this 

region of the central nervous system.

In summary, although a number of observations about ERG channel expression in neuronal 

tissue have been made, speculating a role for ERG in neuronal excitability, cell survival and 

cell differentiation and proliferation, firm conclusions about the role of ERG expression in 

neuronal tissue are yet to be made.

1.4 Cellular signalling

The activity of cellular proteins can be altered, or modulated, by numerous signals from both 

the extracellular and intracellular environments. Modulation mostly occurs in vivo in 

response to extracellular stimuli, such as hormones, light and chemical stimuli (so called 

‘first messengers’). Cells are able to transduce these extracellular signals across the 

membrane via receptor proteins. G-protein-coupled receptors (GPCRs) are ubiquitously 

expressed, seven transmembrane domain spanning proteins, to which a specific extracellular 

signalling molecule can bind. GPCRs are coupled to a family of GTP binding proteins (G- 

proteins). G-proteins are the middle segment of a signal transduction mechanism in the cell, 

and couple receptor activation with effector molecules such as kinases and ion channels. G- 

proteins consist of three subunits, a, P and y. Guanine nucleotides bind to the a subunit, 

which has catalytic activity to convert GTP to GDP. The p and y subunits are hydrophobic 

and remain associated as a complex. When an agonist is bound to a GPCR, a conformational 

change occurs, causing the receptor to have high affinity for aPy. Association of this 

complex with the receptor causes bound GDP to dissociate and be replaced with GTP. This 

in turn causes dissociation of a from py. Both G-protein components are freely diffusible 

within the membrane, and are promiscuous in the sense they can interact with numerous 

different effector proteins. This interaction is terminated by hydrolysis of GTP to GDP, by 

the GTPase activity of the a subunit. The a subunit then reunites with the Py complex, thus 

completing the cycle (reviewed in Rang et al., 1998). The product of G-protein action on an 

effector molecule is often a ‘second messenger' (see below). Second messengers can then act 

on further effector proteins to cause a signalling cascade, or act directly on target proteins, 

such as ion channels. Modulation of ion channels by second messengers can alter their 

activity by several mechanisms. Current amplitude can be altered by shifts in the voltage

23



dependence of activation and/or inactivation, and modulation can also alter the open 

probability of the channel to alter current amplitude. This alteration of channel properties can 

be due to phosphorylation of the pore-forming subunits, recruitment of accessory proteins, or 

phosphorylation of a p subunit. Examples of all of these mechanisms of modulation of a 

variety of ion channels will be discussed throughout this chapter.

1.4.1 G-protein subtypes and signal transduction

There are more than 18 different genes and splice variants encoding the a subunits of G- 

proteins, 5 genes encoding the p subunits and more than 12 genes encoding the y subunit. 

This means there is potential for many different trimers. However, not all p subunits can 

combine with all y subunits, so this limits the number of combinations. The a subunit tends 

to determine the function of the G-protein, and the function of the Gs, Gi and Gq/i i G-protein 

families will be discussed in this section. However, the Py complex can also act on target 

proteins. This will be discussed in more detail later.

1.4.1.1 Cyclic 3 \  5’-adenosine monophosphate (cAMP) coupled G-proteins

The Gs protein is coupled to numerous GPCRs, including the p-adrenergic receptors. When 

activated, Gs activates adenylyl cyclase. Adenylyl cyclase synthesises cAMP from ATP, so 

this activation of adenylyl cyclase causes an increased synthesis of cAMP. The effects of 

cAMP will be discussed later in this section. The Gj protein negatively couples to adenylyl 

cyclase when activated, thus decreasing its activity and therefore decreasing cytosolic cAMP 

levels. Thus, the cAMP levels are regulated by a number of GPCRs in one of two ways. 

Figure 1.9 shows these cellular pathways. Adenylyl cyclase is expressed in a number of 

tissues, including brain, retina, lung, testis, skeletal muscle and the heart (Simonds, 1999). 

There are nine mammalian adenylyl cyclase isoforms, ranging between 1164-1353 amino 

acids in size. Types 2, 4, 5, 6 and 7 are expressed in the heart. An overview of how these 

cardiac isoforms are regulated is given in table 1.2 .

1.4.1.2 cAMP signalling

cAMP was the first second messenger to be identified (Sutherland et al., 1965), and it has 

been shown to effect numerous functions in prokaryotic and eukaryotic cells, such as the shut
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down of glycogen synthesis, regulation of gene transcription and growth signalling (reviewed 

in Gomperts et al., 2003). cAMP can bind to effector proteins to directly alter activity. One 

of the most well characterised ion channel family that are modulated by cAMP are the 

hyperpolarisation-activated cyclic nucleotide-gated (HCN) channels. HCN channels belong 

to the voltage gated channel family, show -30% homology to the eag family of channels, and 

are found in a variety of cell types, including cardiac myocytes, neurones and photoreceptors 

(reviewed in Robinson and Siegelbaum, 2003). The channel is open at negative potentials 

and closes with depolarisation, allowing the current (called If in cardiac cells and Ih in 

neurones) to support pacmaker activity in both the heart and spontaneously spiking neurones 

(reviewed in DiFrancesco, 1993; Pape, 1996). Elevation of cAMP augments If (Brown et al., 

1979), and it has since been shown this is not due to phosphorylation of the channel 

(DiFrancesco and Tortora, 1991). The direct binding of cAMP to the cyclic nucleotide 

binding domain (CNBD) on HCN channels allows the channel to open more rapidly, and 

shifts the voltage dependence of activation (DiFrancesco and Tortora, 1991). It has been 

shown the CNBD domain may actually inhibit HCN channels, with cAMP relieving this 

inhibition when bound to the CNBD (Wainger et al., 2001). The inhibition and relief by 

cAMP binding depends on interactions of the CNBD with the core transmembrane domain 

and the C-linker, a conserved 80-amino acid region linking the S6 transmembrane segment to 

the CNBD (Wang et al., 2001a). In has since been shown that binding of cAMP to the 

CNBD by electrostatic and hydrogen bonding interactions produces a conformational change 

in the CNBD and C-linker, which in turn is coupled to the S6 transmembrane domain to 

promote channel opening (Zagotta et al., 2003).

Although this evidence shows cAMP can modulate ion channels directly, cAMP can also act 

as a second messenger to activate protein kinase A (PKA), which regulates a host of 

processes within the cell, including modulation of ion channels by direct phosphorylation. 

This will be discussed in the next section of this chapter.
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Figure 1.9
The signalling pathways that alter cytosolic cAMP levels. Agonists acting at GPCRs coupled to either Gi or G s alter the cytosolic cAMP 
levels. Activation of Gj decreases adenylyl cyclase activity, to deacrease cAMP levels. Activation of G s increases the activity of adenylyl 
cyclase, thus increasing cytosolic cAMP levels. cAMP can act as a second messenger itself, directly binding to target proteins. It also causes 
activation of PKA, which can phosphorylate target proteins.
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Table 1.2
Regulation of adenylyl cylase isoforms by G-protein, PKA, PKC and calcium-dependent mechanims. Table only includes adenylyl 
isoforms expressed in the heart.

Adenylyl 
Cylase subtype

G-protein subunit 
modulation

PKA regulation PKC regulation Ca2+/CaM regulation

AC2 as and py increase activity
-

Increases activity
-

AC4 as and Py increase activity
-

Decreases activity
—

AC5 cij and Py decrease 
activity
as increases activity

Decreases activity PKCa/^ increase activity Calcium decreases 
activity

AC6 as increases activity 
ai and py decrease 
activity

Decreases activity Decreases activity Calcium decreases 
activity

AC7 as and py increase activity
-

Increases activity
-

Adapted from Simonds (1999)
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1.4.13 PKA signalling

PKA is a ubiquitous, broad-specificity serine/threonine kinase that is activated by cAMP and 

consists of a regulatory subunit dimer, and two catalytic subunits. Four cAMP molecules are 

required in order to activate PKA, with two binding to each of the regulatory subunits. Upon 

cAMP binding, the regulatory subunit has a decreased affinity for the catalytic subunit, 

therefore causing dissociation. The catalytic subunits are then able to phosphorylate target 

proteins. In mammals, there are four regulatory subunit genes (RIa, Rip, R lla  and RHP), 

and three catalytic subunit genes (Ca, Cp, Cy; reviewed in Gomperts et al., 2003). PKA is 

compartmentalised within the cell through binding of the regulatory subunit to subcellular 

structures by A kinase anchoring proteins (AKAPs; discussed later). PKA is a known 

modulator of ion channel activity, modulating channels such as the Kv4.2 potassium channel, 

a voltage dependent, rapidly inactivating channel. This channel is expressed in ventricular 

myocytes, and on the soma and dendrites of dentate gyrus and hippocampal CA1 and CA3 

neurons. It is thought to underlie the A-type potassium current in ventricular myocytes and 

dendrites. The Kv4.2 subunit has nine putative sites for PKA phosphorylation. Anderson et 

al. (2000) showed that the Kv4.2 subunit is a substrate for PKA. Using phosphopeptide 

mapping, two PKA phosphorylation sites on Kv4.2 were defined as functionally important, 

from the nine putative sites. These are located on the N- and C- termini of the subunit. 

Phosphorylation of Kv4.2 decreases current, and this is likely to be important for the increase 

in hippocampal neuron excitability mediated by PKA activation. The presence of an 

ancillary protein, the K+ channel interacting protein (KchIP3) is required for PKA 

phosphorylation of Kv4.2 (Schrader et al., 2002).

The human inward rectifier current lKir2.2 is also modulated by PKA (Zitron et al., 2004). 

There is growing evidence that Kir2.2 encodes for I k i , an inward rectifier potassium current 

that plays a significant role in the heart. Iki has importance both in the terminal phase of 

repolariation of the action potential, and it is essential in maintaining the resting membrane 

potential ( V r e s t ) -  Activation of PKA by forskolin or Ro-20-1724 significantly increased 

currents of cloned Kir2.2 channels in Xenopus oocytes, which was abolished in the presence 

of the PKA inhibtor KT-5720. Mutating the single putative PKA phosphorylation site, 

Ser430, to an alanine, removed all modulation by forskolin and Ro-20-1724, suggesting the 

effects of these compounds were due to a single phosphorylation of the channel by PKA. In
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vivo, PKA-mediated attenuation of Iki could induce action potential shortening, which may 

decrease the risk of of ventricular arrythmias (Miake et al., 2003).

The p-adrenergic receptors are coupled to the Gs-family of G-proteins. Thus, activation of 

these receptors causes an increase of cAMP in the cell. The p3-adrenergic receptor and its 

associated cAMP/PKA second messenger pathway have been implicated in the regulation of 

Iks, a delayed rectifier potassium current involved in cardiac action potential repolarisation. 

Kathofer et al. (2000) showed that applying isoprenaline to guinea pig cardiomyocytes 

caused both Iks activating and tail currents to increase by -250%. As this may have included 

contamination by other currents, the study then investigated the effects of isoprenaline on 

Xenopus oocytes co-expressing the Iks complex (KvLQTl/MinK) and the p3-adrenergic 

receptor. Application of isoprenaline increased current by -99%  and shifted the voltage 

dependence of activation by - 6  mV. Incubating oocytes in cholera toxin, to activate Gs 

proteins increased basal current significantly, and application of isoprenaline to these cells 

produced no further increase in current. Taken together, this suggests that Gs proteins are 

involved in the coupling of P3-adrenergic receptors and KvLQTl/MinK channels.

1.4.1.3 GBy signalling

The py complex is able to directly modulate target proteins. The most well characterised of 

these is the G-protein coupled inward rectifer potassium channel (GIRK channel), that 

mediate acetylcholine-activated potassium currents in cardiac atrial and nodal cells. 

Experiments have shown the muscarinic receptors (M2 and M4) activate Gj to release Py, 

which acts directly on the GIRK channels to activate them (Kofuji et al., 1995; Lei et al.,

2000). Evidence has shown the Py complex remains bound to the membrane during this time, 

so potential target proteins for Py must be membrane-, or membrane-associated proteins, 

which also must carry a consensus motif for Py binding. Other effects which Py subunits 

transduce include inhibition of the L-type calcium channel (Viard et al., 2001), inhibition or 

activation of adenylyl cyclase (dependent on the type of adenylyl cyclase -  see table 1.2 ; 

Simonds et al., 1999), and activation of MAP kinase (Guillard et al., 2003).
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1.4.2 Phospholipase C (PLC) coupled G-proteins
Upon activation, both Gq and Gn increase activity of PLC. The phospholipase C/inositol 

phosphate pathway was discovered in the mid 1970’s when it was noticed that many 

hormones the caused an increase in free calcium also increased the rate of degradation of 

phosphatidlyinositols. Later, it was realised that one molecule in particular, phosphatidyl 

inositol 4,5-bisphosphate (PIP2) plays a key role in this pathway (Berridge and Irvine, 1984). 

PIP2 is hydrolysed by the membrane bound protein phospholipase C (PLC), to form 

diacylglycerol (DAG) and inositol trisphosphate (IP3). Both of these products are able to 

interact with other cellular proteins, and therefore act as second messengers. IP3 binds to the 

IP3 receptor found on the endoplasmic reticulum, to cause the release of calcium from 

intracellular stores into the cytosol, therefore increasing the cytosolic calcium concentration 

(Willars and Nahorski, 1995a). DAG directly binds to protein kinase C (PKC), increasing its 

activity.

1.4.2.1 Calcium signalling

Calcium is an abundant element, and is an important second messenger with a role in 

regulating many cellular processes, including muscle contraction, cell division and 

exocytosis. Calcium is tightly regulated both spatially and temporally by a number of 

signalling pathways. In the heart, intracellular calcium concentration constantly oscillates 

throughout the cardiac cycle, from 100 nM during diastole to over 1 pM during systole, and 

intracellular calcium modulates several ion channels. Intracellular calcium ions can have 

direct effects in gating of channels. Modulation of gating has been shown for calcium, 

chloride and potassium channels. Calcium-activated potassium channels are ubiquitously 

expressed, and can be classified into three groups -  BK channels (big conductance), SK 

channels (small conductance), and IK channels (intermediate conductance). As well as 

having differing conductances, these three channel types differ in their voltage and calcium 

sensitivity, and pharmacology (reviewed in Hille, 2001). Calcium binds directly to BK 

channels, at regions called ‘calcium bowls’ on the C-terminus that contain many negatively 

charged residues (Schreiber and Salkoff, 1997). However, the SK channels do not bind 

calcium directly, and require the calcium sensor calmodulin to convey calcium sensitivity 

(Keen et al., 1999). This differing mechanism of calcium sensing may explain the different 

calcium sensitivities of the channels.
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Another ion channel modulated by calcium is the M-type potassium channel (Gamper and 

Shapiro, 2003). The M-type potassium channel is present in neurons and plays a major role 

in determining neuronal excitability. Once class of M-type potassium current is formed from 

KCNQ2 and KCNQ3 subunits. Gamper and Shapiro used whole cell recording and calcium 

imaging, carried out simultaneously in CHO cells expressing KCNQ2/KCNQ3 channel 

heteromultimers. Increasing cytosolic calcium concentration from 80 nM to above 300 nM 

inhibited current, but this inhibtion was small and variable between cells, suggesting the 

calcium sensitivity of the channels in a given cell may be due to relative abundence of the 

channel and an endogenous calcium sensing protein. Transfecting cells with calmodulin 

increased the calcium sensitivity of the KCNQ2/3 currents, with currents responding quickly 

to changes in intracellular calcium. There was a strong dependence of the current amplitude 

on cytosolic calcium concentration. This dependence was lost when cells were transfected 

with a dominant negative form of calmodulin, which is unable to bind calcium, thus showing 

calcium sensitivity of KCNQ2/3 channels was mediated via calmodulin. The group also 

found KCNQ2/3 channel subunits were able to bind calmodulin. Using cultured rat superior 

cervical ganglion (SCG) sympathetic neurons, and transfecting them with a dominant 

negative form of calmodulin, the study found calmodulin was a requirement for bradykinin- 

mediated inhibition of M-current, however, it was not required for muscarinic receptor- 

mediated inhibition, suggesting there may be different mechanisms for inhibition.

Calmodulin has also been shown to be the calcium-sensor for L-type calcium channels 

(Peterson et al., 1999). Elevated intracellular calcium causes inactivation of the L-type 

calcium channel, thus acting as a negative feedback loop to regulate cytosolic calcium 

concentration. Peterson et al. (1999) suggested calmodulin is likely to be constitutively 

tethered to the N-terminus of the L-type calcium channel, independent of activation by 

calcium. However, calcium activation of calmodulin is likely to cause an IQ-like motif 

(calmodulin binding motif) on the C-terminus of the channel to bind to calmodulin (which 

remains tethered at the N-terminus), thus causing a conformational change around the 

intracellular side of the pore, and causing inactivation of the channel.

Thus, although calcium can modulate ion channels by binding to channel subunits, for some 

channels an intermediate, calcium-sensing protein is required to convey the calcium 

sensitivity of the channel.
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1.4.2.2 Protein kinase C signalling

PKC is a protein expressed ubiquitously in cells. It is a single polypeptide, characterised by 

an N-terminal regulatory domain, which is between 20-40 kDa, and a C-terminal catalytic 

domain, which is around 45 kDa. There are also four conserved domains (C1-C4), of which 

there is high sequence homology within the PKC family. C 1 is a cysteine-rich region, which 

acts as the DAG/phorbol ester binding domain. C2 contains a recognition sequence for acidic 

lipids and calcium. The C3 and C4 domains are the ATP- and substrate- binding lobes of the 

kinase core. These four conserved regions are separated by five, isozyme-specific, variable 

regions. PKC uses MgATP as a substrate, and typically phosphorylates serine or threonine 

residues. Activation of PKC requires phosphorylation at the catalytic domain and 

detachment of the pseudo substrate domain (autoinhibitory site) from the active site. DAG 

activates PKC by binding to a hydrophilic site in the Cl domain, making the domain 

hydrophobic and allowing Cl to interact with the plasma membrane. This interaction brings 

about a conformational change to separate the catalytic and pseudo substrate domain, 

therefore activating the protein. PKC is also activated by a number of other mechanisms. 

Increased cytosolic calcium activates some isozymes of PKC by causing the C2 domain to 

bind to phospholipids and bring about dissociation of the catalytic and pseudo substrate 

domains. Phorbol esters such as PdBu and PMA also activate PKC. Binding of lipids, such 

as lysophosphatidylcholine and arachidonic acid, activates PKC by inducing a 

conformational change that removes an autoinhibitory domain from the active site of the 

enzyme (reviewed in Gomperts et al., 2003). So far, ten different PKC isozymes have been 

identified, and these can be grouped into three sub-families, which are classified according to 

the stimuli that activate them. The conventional PKCs (cPKC); a , pi, (311, and y, all require 

either phosphatidylserine, calcium, DAG or phorbol esters for activation. These are also 

known as the calcium-sensitive PKC isoforms. The novel PKCs (nPKC); 5, s, r\ and 0, are 

insensitive to calcium, yet are still activated by phosphatidylserine, DAG and phorbol esters. 

Finally, the atypical PKCs (aPKC); i and A., are insensitive to activation by calcium, DAG 

and phorbol esters (reviewed in Mochly-Roscn and Gordon, 1998). Figure 1.10 shows the 

cellular signalling pathways that result in activation of PKC. PKC is involved in many 

diverse processes, including receptor desenitisation, regulation of transcription, ion channels, 

immune responses, cell growth, and learning and memory. Usually, there are several PKC
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isozymes within a cell, and the various PKC isozymes clearly mediate different functions. 

PKC isozymes were among the first signalling proteins to be shown to change their 

subcellular location upon activation. They undergo translocation from one intracellular 

compartment to another upon activation (Wolf et al., 1985). There are several proteins that 

bind PKCs to specific subcellular targets. These substrates that interact with C-kinase 

(STICKs) link the cytoskeleton to the plasma membrane, bind phosphatidylserine and act as a 

substrate for PKC. Other PKC binding proteins are receptors for activated C-kinase 

(RACKs) and proteins interacting with C-kinase (PICKs). These are not substrates for PKC, 

but do show some specificity for binding PKC isoforms. The primary functions of STICKs, 

RACKs and PICKs is to position individual PKCs in appropriate positions to allow them to 

respond to a specific signal, and bring PKC into close proximity to their substrate, thus 

perhaps restricting any inappropriate phosphorylation events (reviewed in Gomperts et al., 

2003).

Protein phosphorylation by kinases including PKC, plays a key role in the regulation of 

almost all eukaryotic processes. Cellular targets for phosphorylation are broad, and include 

ion channels, such as the AMPA receptor and the shaker K+ channel, ion exchangers, for 

example the Na+/H+ exchange, metabolic enzymes such as ATP citrate lyase, and cyclic AMP 

response element binding protein, (CREB), involved in transcriptional regulation (Shabb,

2001). It is thought that PKC can act both directly and indirectly on ion channels, by directly 

phosphorylating the channels, or by inducing second messenger phosphorylation cascades, 

which ultimately lead to the modulation of the ion channel by a messenger downstream of 

PKC. Ion channels that are known to be regulated by PKC include the ROMK1 channel. 

Zeng et al. (2003) showed this channel to be inhibited by PKC in a PIP2 dependent manner. 

Application of PMA and OAG to wild type and a mutant channel with a reduced PIP2 

sensitivity (containing the point mutation S219A) in Xenopus oocytes reduced both wild type 

and S219A ROMK1 currents, and this attenuation was blocked using the PKC inhibitor 

calphostin C. The open probability of the channel was reduced with PKC activation, but this 

could be reversed by direct application of PIP2 to the cell, suggesting that PKC reduces 

channel activity by decreasing PIP2 interactions with the channel. The group concluded that 

PIP2 depletion by the PLC pathway was not sufficient for current attenuation, and found PKC



Figure 1.10

The cellular signalling pathways induced by activation of a Gq/n-coupIed GPCR, leading to release of calcium and activation of PKC.
Activation of a Gq/ncoupled GCPR activates PLCp, which hydrolyses PIP2 to form IP3 and DAG. IP3 causes release of calcium from intracellular 
stores, and DAG activates PKC. Activation of PKC negatively feeds-back to PLCp.
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activation caused a further depletion of PIP2 that cumulatively, caused attenuation of 

ROMK1 current. However, the mechanism for PKC-mediated depletion of PIP2 was not 

investigated in this study.

The L-type calcium channel is another ion channel modulated by PKC. Studies activating 

PKC have shown a variety of Ica. l  responses. Callaghan et al. (2004) showed Ica, l  in rabbit 

portal vein myocytes increased in response to PKC activation, whereas Belevych et al. (2004) 

showed Ica, l  in guinea pig ventricular myocytes decreased with PKC activation. Due to 

studies being carried out using different experimental conditions, on different species, it may 

be possible that differences in regulation are due to different PKC isoforms regulating the L- 

type calcium channels in different ways. It may also be possible that modulation of the 

channel requires accessory proteins, for example AKAPs (discussed later), and RICKs and 

RACKs which may not be present in some tissues

The Kvl.5 channel, which encodes for IkUi-, is modulated indirectly by PKC by 

phosphorylation of a (3 subunit. Williams et al. (2002) showed that application of PMA to 

Kvl.5 channels expressed alone in Xenopus oocytes had no effect on current amplitude. Co

expressing Kvl.5 channels with the Kvpl.2 lead to a current that was attenuated upon 

application of PMA. This attenuation could be partially blocked using the PKC inhibitor 

chelerythrine. The resulting current from co-expressing Kvl.5 channels with a similar p 

subunit was not modulated by PMA. This suggested that the K vpl.2 was important in the 

modulation of the Kvl.5 channel by PKC. The study confirmed the co-assembly of the 

Kvl.5 and Kvpl.2 subunits by use of co-immunoprecipitation analysis. Phosphorylation 

assays confirmed that both the Kvl.5 and Kvpi.2 subunits are in vitro substrates for PKC, 

and are phosphorylated in the presence of constitutively active kinase.

Liu et al. (2003b) showed the Kvp2 subunit to be directly phosphorylated. In vitro, the Kvp2 

subunit was phosphorylated in the presence of PKCa. Kvp2 expressed in COS-7 cells also 

showed a pronounced phosphorylation upon stimulation with PMA. The phosphorylation site 

on Kvp2 was located to S266 using high performance liquid chromatography (HPLC) 

analysis.
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1.5 Modulation of the HERG potassium channel bv second messengers

The study of how HERG and Ikt are modulated by native signalling pathways is still in its 

infancy. The HERG channel contains putative protein kinase A, B and C phosphorylation 

sites, as well as a cyclic nucleotide binding domain (CNBD), a tyrosine kinase 

phosphorylation site, 21 casein kinase II phosphorylation sites and a Per-Amt-Sim (PAS) 

domain (figure 1 .1 1 ), suggesting that the channel may interact with other molecules, and may 

be modulated by many different mechanisms. There have been several studies carried out 

that show the modulation of the HERG channel by protein kinases and cAMP, although 

responses between these studies vary greatly. These differences in results are likely to be due 

to the difficulties encountered when trying to isolate different branches of the second 

messenger pathway, along with differences between tissue types and expression systems.

1.5.1 G„/n-activated signalling modulation of HERG

As previously described, activation of the PLC signalling pathway may cause a depletion of 

PIP2 in the cell, activation of PKC and a release of calcium from IP3 sensitive calcium stores. 

In this section modulation of HERG and closely related channels by these three mechanisms 

will be reviewed.

1.5.1.1 Modulation bv phospholipids

PIP2 has been shown to have direct effects on HERG current expressed in CHO and HEK 

cells (Bian et al., 2001). Directly perfusing PIP2 into the cell increased HERG current 

amplitude by between 20-80%, negatively shifted voltage dependent activation o f the current 

by 10 mV and accelerated activation. The voltage-dependence of inactivation was not 

significantly altered. However, the time-dependence was slowed in the presence of increased 

PIP2 levels. Neither deactivation nor single channel conductance were altered with increased 

PIP2 levels. Using a monoclonal antibody that disrupts interactions with PIP2 decreased 

HERG current significantly, and voltage dependent activation was shifted by +7 mV. 

Stimulating the a  1-adrenergic receptor, therefore activating the PLC pathway, in the presence 

of B APT A and PKC inhibitors attenuated current, which was abolished when an excess of 

PIP2 was present. This study suggests a role of PIP2 in the modulation o f the HERG channel. 

When PIP2 is depleted, HERG current is attenuated. The study suggested a direct interaction
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Figure 1.11

The intracellular face of the HERG channel has numerous putative sites of phosphorylation. The HERG channel contains four 
putative PKA phosphorylation sites, 18 putative PKC phosphorylation sites, two PKB phosphorylation sites, one cyclic nucleotide binding 
domain (CNBD), one putative tyrosine kinase phosphorylation site and a Per-Amt-Sim (PAS) domain. Not shown on the below cartoon, 
the HERG channel also contains 21 putative casein kinase II phosphorylation sites.
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between PIP2 and HERG. Recently the same group studied the interaction between PIP2 and 

the HERG channel further, using two HERG mutants (Bian et al., 2004). Charged segments 

of ion channels have been proposed as potential PIP2 binding sites (e.g. in K a t p  channels, Fan 

and Makielski, 1997). The HERG channel contains a charged segment in the C-terminus of 

the channel, between residues 881-894. Bian et al. created two HERG mutants, a 

framedeletion of the entire charged segment (D-HERG), and a channel in which numerous 

mutations had been carried out to neutralise the charged segment (M-HERG). Both M- 

HERG and D-HERG lost the ability to be modulated by PIP2. Using a PIP2 binding assay, 

the group showed both M-HERG and D-HERG had inpaired ability to bind PIP2 when 

compared to WT HERG, although some binding was still observed. The group concluded the 

site they mutated on the C-terminal of the HERG channel seems to be responsible for the 

majority of the PIP2-mediated modulation, although there may be second PIP2 binding site on 

HERG. This study also investigated the effects of PIP2 in Ikf in isolated rabbit ventricular 

myocytes. They found the aiA adrenergic agonist phenlyephrine, which would activate the 

Gq/11-coupled pathway, to inhibit current. The effect of phenylephrine was accentuated in the 

presence of PKC inhibitors, suggesting that PKC has effects to increase current when 

stimulated in this cell system. Application of a PIP2 neutralising antibody had similar effects 

to application of phenylephrine, leading the group to suggest that Ur is attenuated by a PIP2- 

dependent mechanism.

Other studies suggest HERG activity is altered by the phospholipid metabolite 

lysophosphatidylcholine (LPC) (Wang et al., 2001b). LPC is present in a variety of tissues, 

can accumulate rapidly in the heart during ischemia and can induce action potential 

shortening (Liu et al., 1991). Wang et al. investigated if this was due to an interaction with 

HERG. They showed LPC reversibly increased HERG current when applied extracellularly 

to HEK cells, in a voltage dependent manner. Voltage dependence of inactivation was 

shifted by +20 mV, while voltage dependence of activation was unaltered. The same group 

(Wang et al., 2004), have shown enhancement of HERG to be specific to lysophospholipids 

with 16 hydrocarbons. Enhancement of current was not due to incorporation of LPCs into the 

membrane, nor was it due to second messenger modulation of HERG. The group 

hypothesised that it was due to a direct interaction between LPCs and HERG. The group also 

noted a difference of voltage-dependent effects between lysophospholipids of different
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headgroup charge. They hypothesised that this was due to positively charged headgroups 

only being able to bind to negative charges on HERG, whereas headgroups containing both 

positive and negative charges could bind to both negative and positive charges on HERG. 

The study was not able to test this hypothesis directly.

1.5.1.2 Receptor dependent modulation of I r̂

Early studies carried out on guinea pig ventricular myocytes showed PKC to increase Ik 

(Tohse et al., 1987). These studies were carried out prior to Ik being separated into its two 

components, iKr and Iks- Application of 12-O-tetradecanoylphorbol-13-acetate (TPA) 

increased Ik , but only when cytosolic calcium was at concentrations higher than 10'10M. The 

authors postulated that calcium may modulate the current directly during calcium transients, 

but when calcium was at a lower concentration PKC would modulate the current, therefore 

allowing constant modulation of the current.

Heath and Terrar (2000) showed the involvement of PKC in the modulation of Ikt, the native 

HERG current. This study was carried out using sharp electrode or perforated patch clamp to 

avoid dialysis of intracellular components out of the cell. Application of isoprenaline or 

forskolin to ventricular myocytes increased the tail currents of 1^ by 50% and 73% 

respectively, and shifted voltage dependent activation more negative by 5 mV and 10 mV 

respectively. Isoprenaline and forskolin both activate PKA (via an elevation of cytosolic 

cAMP), so initially it was suggested that PKA modulated HERG current. The intracellular 

pathway underlying the response to isoprenaline and forskolin was investigated by the use of 

PKA and PKC inhibitors. Incubation of the cells in staurosporine, a non-specific protein 

kinase inhibitor, attenuated her current by -50%, suggesting a basal modulatory role for 

protein kinases. Addition of forskolin to staurosporine treated cells did not initiate a 

response, suggesting that the forskolin response was mediated through a protein kinase 

pathway. To investigate the role of kinases further, specific kinase inhibitors were used. 

Bisindolylmalemide-1, a specific PKC inhibitor, abolished both the forskolin and 

isoprenaline-mediated responses. The specific PKA inhibitor KT-5720 did not inhibit the 

responses. These results suggested that PKC, but not PKA was involved in the modulation of 

her in guinea pig ventricular myocytes. The study also investigated the effects of isoprenaline 

via calcium dependent modulatory pathways. As observed previously, isoprenaline induced



an increase in L-type calcium current. It was proposed that this increase in calcium influx 

into the cell might activate PKC, as this increase was a requirement for PKC mediated 

effects. Nifedipine, a calcium channel blocker, inhibited the isoprenaline-mediated increase 

of current. The role of intracellular calcium was investigated further, using BAPTA-AM, a 

membrane permeant calcium chelator. Cells exposed to this had reduced currents compared 

to control cells, suggesting that calcium levels are important in the basal modulation of Ikt. 

Application of isoprenaline to cells treated with BAPTA-AM caused a small increase in 

current, which was significantly less than the increase in control conditions. The study 

concluded that PKC enhanced the Ur in a calcium-dependent manner.

Angiotensin II acts on the angiotensin receptor, a GPCR coupled to Gq/n that activates PKC. 

In cardiac myocytes, long (5 second) depolarising pulses in the presence of angiotensin II 

decreased both activating and tail currents, made up of both U r and Iks, in a highly voltage 

dependent manner (Daleau and Turgeon, 1994). When a shorter depolarisation was applied 

(250 ms), only allowing activation of Ur, an increase in current was seen upon application of 

angiotensin II. This suggested that angiotensin-induced signals differentially modulated Ur 

and Iks- However, inhibitors of the different pathways were not used in this study.

A study using histamine as an agonist, also showed opposite modulatory effects on Ikt and Iks 

(Matsumoto et al., 1999). Histamine activates the Hi histamine receptor that is coupled to 

Gq/i i. Dissociated guinea pig atrial myocytes were whole cell patch clamped, with cells 

being depolarised for 300 ms periods. The effects of histamine were highly voltage 

dependent. Both tail and activating Ik increased at membrane potentials between +20 mV 

and +40 mV, but a decrease was observed between -20 mV and -10  mV. The augmentation 

of Ik in response to histamine was increased when cells were depolarised for longer (3 

seconds, which would measure Us)  ̂ and conversely the inhibition of Ik was more prominent 

when cells were depolarised for shorter time periods (200  ms, which would measure U r). 

This suggests that Hi receptor-mediated signalling oppositely modulates I^an d  U s, causing a 

decrease of U r, and an increase of Us- Using the PKC inhibitor calphostin C abolished the 

enhancement of Iks, suggesting that the mechanism is PKC dependent, but did not abolish the 

inhibition of U r, suggesting that this is PKC independent. The study did not investigate any 

other possible mechanisms of modulation of by histamine, although possible mechanisms 

include calcium release or cross talk of signalling pathways.
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A variety of Ijcr responses to Gq/i 1 coupled receptors have been observed. More recently, 

studies have been done using recombinant HERG channels to investigate modulation by 

PKC. This will be discussed in the following section.

1.5.13 Modulation of HERG by PKC-dependent pathways

Studies on the modulation of HERG channels in various expression systems have shown 

conflicting results. Barros et.al. (1998) investigated the modulation of the HERG channel by 

PKC, through a G-protein coupled receptor. This study was carried out using Xenopus 

oocytes co-expressing HERG and the thyrotropin-releasing hormone (TRH) receptor. The 

TRH receptor is coupled to Gq/n G-proteins, and therefore the PLC pathway. Addition of 

TRH was seen to elicit significant changes in HERG channel gating mechanisms, attenuating 

current by -50%, shifting the voltage dependence of activation by -20  mV, accelerating 

deactivation and slowing activation. Inactivation was not affected. These effects were 

mimicked when the PKC activator PM A was added. Incubating the oocytes in the specific 

PKC inhibitor bisindolylmaleimide 1 (bis-1), abolished the TRH response. This compound 

also inhibited the PMA regulation of the channel. From these results, it was concluded that a 

PKC-dependent pathway was involved in the modulation of the HERG channel in this 

expression system. Although this study was not carried out in mammalian tissue, it does 

provide evidence for a mechanism for the physiological regulation of the HERG channel and 

therefore cardiac function, by a PKC-dependent mechanism. This study was not able to 

conclude if PKC had direct and indirect effects on the HERG channel to cause the change in 

kinetics seen.

However, Schledermann et al. (2001), using a neuronal cell background, investigated the 

modulation of over expressed rat ergl, erg2, erg3 and HERG channels by TRH in anterior 

pituitary cells, using the perforated patch whole cell technique. Application of TRH to these 

cells caused a reduction in HERG currents and a positive shift of activation. Inactivation was 

not altered, but deactivation was accelerated. These results correlated with those gained by 

Barros et al. (1998). To investigate the mechanism of TRH action on HERG, the group tried 

to inhibit the effects of TRH using various different modulators. PKC activity was inhibited 

using 1 pM bis-1, or down-regulation by 16 hour incubation in PMA, but this did not inhibit 

the effect of TRH, suggesting that PKC was not involved in the modulation of HERG current
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in anterior pituitary cells. The group also looked at the TRH effect in the presence of other 

compounds to investigate the modulation of the current, including those that inhibited the 

cAMP-PKA pathway, inhibitors of tyrosine kinase and mitogen-activated protein kinase. 

Inhibition of each of these signalling pathways had no effect upon TRH modulation of HERG 

current. From these results, the group were unable to identify which signalling pathway(s) 

were involved in the TRH modulation of the HERG channel.

In a study carried out in the tsA-201 cell line (a transformed HEK 293 cell line stably 

expressing the SV40 T-antigen), stimulation of the Mi and M3 muscarinic receptors by the 

muscarinic agonst oxotremorine-M (oxo-M) modulated ERG current (Hirdes et al., 2004). 

The currents showed substantial rundown, so analysis of the effects of oxo-M was difficult. 

Oxo-M caused around a 30% inhibition of ERG current, which could be inhibited when the 

muscarinic antagonist atropine was present. Muscarinic receptor activation reduced maximal 

activation of the current signicantly, but had only minor effects on deactivation and 

inactivation of the current. Current density was significantly decreased when cells were 

transfected with constitutively-active forms of Gs and G13, and was entirely abolished when 

cells expressed the constitutively-active form of Gq. It was then suggested that it was via this 

G-protein pathway that oxo-M mediated its effects. Expressing the dominant negative form 

of Gq reduced inhibtion seen with oxo-M, whereas the dominant negative form of G13 had 

liitle effect. When calcium was removed from both the internal and external solutions, and 

20 mM BAPTA was added to the pipette solution, oxo-M did not have an effect on ERG 

current. However, when calcium levels were buffered to 129 nM, the oxo-M response was 

retained. These results suggested that a minimum level of calcium was required for the 

response to occur, but a rise in calcium was not necessary. A role for protein kinases was not 

established. PMA did not mimic the effects of oxo-M, and a PIP2 neutralising antibody and 

inhibitors of PKC, PKB, tyrosine kinase did not attenuate the effects of oxo-M. However, 

some inconsistencies were observed. Although the PKC specific inhibitor calphostin C 

attenuated oxo-M effects by 40%, another PKC specific inhibitor bis-1 did not alter oxo-M 

effects. The group concluded the oxo-M modulation of ERG current was mediated through 

the PLC signalling pathway, but did not involve the classic messengers PKC or calcium. 

Thomas et al. (2003) were able to show that the phorbol ester, and PKC activator PMA 

modulated HERG current in Xenopus oocytes. Activation of the channel was shifted by + 31
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mV, current amplitude was decreased by 55%, and deactivation was accelerated by 32% after 

30 minutes of PMA application. This modulation could be attenuated by various degrees by 

incubating the oocytes in various concentrations of the PKC inhibitors bis-1 or Ro-32-0432 

prior to application of PMA. To identify potential phosphorylation sites, 17 out of 18 

putative PKC phosphorylation sites were mutated. This mutant was called APKC HERG. 

Mutation of the 18th site, Thr74, generated a non-functional channel (18M HERG). APKC 

HERG currents showed similar kinetics to that of the wild type channel, and surprisingly, 

were still modulated by PMA, with this modulation again blocked with PKC-specific 

inhibitors. The authors suggested that although PKC does modulate the HERG current, it is 

not via direct phosphorylation of HERG. Thymeleatoxin, a specific activator of the 

conventional PKC isoforms, mimicked the effects of PMA. Co-expressing the HERG 

channel with minK or MiRPl did not alter the modulation of the current, suggesting PKC 

modulation of the current was not through these accessory subunits. To test if cytoskeletal 

elements played a role in the modulation of the current, the group used cytochalasin B, which 

inhibits the polymerisation of actin monomers to actin filaments, and colchicine, which 

disrupts microtubules. Neither changed the basal current, or altered the shift in activation and 

decrease in current observed upon application of PMA. The PKC-dependent modulation 

seen by Thomas et al. could be through the putative PKC phosphorylation site at Thr74, since 

the effect of mutating this site could not be investigated. Thr74 appears to play an important 

role in the channel processing and/or basal channel activity. The modulation observed in this 

study may also be due to non-specific actions of PMA in Xenopus oocytes. Curiously, the 

shift in activation by PMA could be fully blocked by the PKA inhibitor KT-5720. This 

suggests that PMA alters the channel kinetics via PKA in addition to PKC. Another possible 

explanation for PKC modulation of APKC HERG could involve upstream targets of PKC. 

PKC can activate a number of signalling molecules, including MAP kinase, which might 

modulate the HERG channel directly. In this instance, a PKC mediated modulation of 

current would be observed in the absence of PKC phosphorylation sites.

In a further study by this group, aiA adrenoceptors and HERG were co-expressed in Xenopus 

oocytes, and the effects of phenylephrine, an agonist at the aiA receptor, on HERG were 

observed (Thomas et al., 2004). Phenylephrine attenuated HERG current due to a ~ +10 mV 

shift in the voltage dependence of activation, and also caused a slight (9%) acceleration of

43



deactivation. This effect could be inhibited by either a 30 minute pre-incubation in the PKA- 

specific inhibitor KT-5720, or a 4 hour pre-incubation in the PKC-specific inhibitor Ro-32- 

0432, suggesting both kinases were required to transduce the effects of phenylephrine. 

However, a HERG mutant containing point mutations at all PKA phosphorylation sites and 

all (except Thr 74) PKC phosphorylation sites (termed APKA APKC HERG) continued to be 

modulated by phenylephrine in a manner similar to wild type currents. The authors 

concluded that this suggests neither PKC and/or PKA alter HERG by direct phosphorylation, 

but did not exclude the possibility that the remaining Thr 74 site could be responsible for 

phenylephrine-mediated modulation of HERG current.

Several studies have been carried out on the PKC-mediated modulation of the HERG current. 

These studies have provided some evidence of PKC modulation of the HERG channel, and 

generally have shown the trend that HERG current is attenuated with PKC activation, and 

activation of the channel is shifted to more positive potentials. Although this is a general 

trend in these studies, the detail of this modulation varies between studies, with some 

showing a large attenuation of current, and others a small effect. This may be due to the 

tissue used in individual studies, or the individual experimental conditions. Although studies 

have shown HERG current to be modulated when PKC is activated, no studies have provided 

evidence of how this modulation may occur. Modulation may occur either through direct 

means, (e.g. PKC phosphorylating the channel directly), or indirect means (e.g. PKC induces 

a further signalling cascade to modulate the channel, or directly phosphorylating an auxiliary 

subunit).

1.5.1.4 Modulation by calcium

Several studies suggest W HERG channels may be modulated by calcium dependent 

processes. Early studies on Ik in guinea pig ventricular myocytes showed the current to be 

calcium sensitive. Tohse (1990) used whole cell patch-clamp technique to show Ik increased 

when cytosolic calcium concentration was raised. Elevating cytosolic calcium increased the 

number and open probability of the Ik channels. However, since Ik had not been separated 

into its two components, Ikf and Iks, it was not clear which channel type was affected.
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Heath and Terrar (2000) investigated iKr in guinea-pig ventricular myocytes by p-adrenergic 

stimulation. As described earlier, they concluded that the enhancement of Ijcr was calcium- 

dependent and probably mediated by PKC. However, the data also suggested a seperate PKC 

independent attenuation of current when cytosolic calcium was lowered with BAPTA. It 

was concluded that calcium played a role in the basal regulation of Ikp 

EAG, a close relative of HERG is regulated by calcium in several ways. Stansfeld et al. 

(1996) showed increasing intracellular calcium from 30 to 300 nM induced a rapid inhibition 

or rat ether-a-go-go (rEAG) channels, stably expressed in HEK cells, which was reversible. 

Calcium was unlikely to be an open channel blocker, and the inhibition of current by calcium 

was not blocked by incubation of the cells in non-specific kinase blockers, calmodulin kinase 

II blockers or calcineurin blockers. Subsequently, Schonherr et al. (2000) found that elevated 

intracellular calcium reversibly inhibited hEAG, but that cytosolic components were required. 

The response to calcium was lost in excised patches from Xenopus oocytes unless the patches 

were pushed back into the oocyte, a technique called cramming. The study identified 

calmodulin as the calcium sensor for hEAG, which bound to an amphipathic helix on the C- 

terminus of the channel in a calcium-dependent manner, with apparent Kd of 480 nM. More 

recently, calcium/calmodulin-dependent protein kinase II (CaMKII) has been shown to 

regulate drosophila EAG (Wang et al., 2002b). Inhibiting CaMKII with an inibitor peptide, 

or mutating the putative phosphorylation site on the channel, reduced current amplitude and 

accelerated decay of current during the depolarisations. Their results were consistent with the 

channel being constitutively phosphorylated by CaMKII.

At the time this project was started there was limited evidence that might be regulated by 

calcium, and that EAG, which has high sequence homology with HERG, was highly sensitive 

to calcium. There have been no studies on HERG modulation by intracellular calcium.

1.5.2 Modulation of HERG bv the adenylyl cyclase coupled pathway

Arrhythmias associated with familial long QT syndrome can be fatal, and are often 

precipitated by stress, extreme emotion and physical exertion (Priori et al., 1997). Under 

stressful conditions, there is release of catecholamines such as adrenaline and noradrenaline, 

which act on p-adrenergic receptors. This therefore suggests that p-adrenergic stimulation, 

and the associated cAMP/PKA pathway may be modulating channels important in cardiac
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repolarisation, such as the HERG channel. HERG subunits have four putative PKA 

phosphorylation sites, and a cyclic nucleotide binding domain (CNBD; see figure 1.11). 

Thus, cAMP may be able to modulate HERG activity by dual cAMP dependent pathways. 

This will be discussed in this section.

1.5.2.1 cAMP modulation of HERG currents

Cui et al. (2000) observed that stimuli that caused an increase in intracellular cAMP 

concentration had multiple effects on HERG channels. Increasing intracellular cAMP levels 

by directly perfusing cAMP into the cell attenuated HERG current by 40%, and accelerated 

deactivation. No shift in voltage dependent activation or inactivation was observed. Further 

investigation into the mechanism of this modulation, using a PKA-specific peptide inhibitor, 

revealed that raising cAMP alone caused a negative shift in the voltage dependence of 

activation. Using binding assays, this study showed cAMP bound directly to HERG with an 

affinity of 40 pM. The group also showed HERG protein could be phosphorylated in vitro 

with the catalytic subunit of PKA. It was therefore hypothesised that the balance between the 

effects of PKA and cAMP produces the overall change that is seen in HERG channel kinetics 

during periods of elevated intracellular cAMP, which are dominated by PKA effects on the 

channel. Interestingly, co-expressing HERG with MiRPl or minK, both possible p-subunits, 

showed the effects of cAMP binding to HERG to be predominant. Further to this study, the 

same group investigated the function of the cyclic nucleotide binding domain (CNBD) in the 

HERG channel (Cui et al., 2001). As expected, the CNBD mutants showed a decreased 

ability to bind cAMP. Mutating the CNBD led to a loss of functional HERG current, 

although surface expression was seen. It was proposed that along with the ability of cAMP to 

modulate the HERG channel, the ability of the channel to bind cAMP is essential for normal 

HERG channel function, which may be suggestive of a constitutive role for cAMP in the 

modulation of HERG channels.

A receptor family that is expressed in the heart, and is coupled to G-proteins is the endothelin 

receptors. Endothelin (specifically endothelin-1; ET-1) has previously been shown to induce 

a number of cardiac effects, including a shortening of the action potential and 

hyperpolarisation. It has been shown that the main mechanism of action of ET-1 is an 

inhibition of adenylyl cylcase, via the E T a  receptor. Therefore, activation of the E T a
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receptor would decrease intracellular cAMP. A study carried out by Magyar et al. (2000) 

elicited Iicr by 1 second depolarising pulses to a variety of potentials in healthy, human 

ventricular myocytes. The evoked current could be fully inhibited with the inhibitor E-4031, 

suggesting there is no contamination with other currents. Application of ET-1 significantly 

decreased Ikf in a voltage dependent manner. ET-1 did not affect either of the potassium 

channels It0 and Iki in the same preparations. When observing action potential duration, 

application of ET-1 lengthened action potential when measured at both APD50 and APD90 

time points. Isoprenaline, which activates adenylyl cylcase, therefore increasing cAMP 

levels, was shown to fully reverse the effects of ET-1, suggesting it is the inhibition of 

adenylyl cylcase that mediates the inhibition of Ikp

1.5.2.2 Protein kinase A modulation of HERG channel currents

Kiehn et al. (1998) investigated the effects of PMA on HERG channels in guinea pig 

cardiomyocytes and expressed in Xenopus oocytes, and found current amplitude decreased 

upon application of PMA. They found that although PMA is known to be a PKC activator, 

specific inhibitors of PKC (chelerythrine or bis-1) could not inhibit the attenuation of current 

that was observed. When specific PKA inhibitors were applied however (H-89 or KT-5720), 

the effect of PMA was attenuated greatly, suggesting a possible role for PKA in the 

modulation of the HERG channel. Forskolin induced similar effects to PMA, again 

providing evidence that that PKA shifts the voltage dependence of activation and attenuates 

HERG current.

The modulatory effects of PKA on the HERG channel in Xenopus oocytes have also been 

studied by Thomas et al. (1999). The HERG channel protein contains four putative PKA 

phosphorylation sites (figure 1.11). By mutating, and therefore effectively removing, these 

sites within the HERG channel (to create the 4M HERG mutant), they were able to 

investigate the effects of Ro-20-1724, a cAMP-specific phosphodiesterase (PDE IV) inhibitor 

in these mutants compared with wild type HERG. In the presence of Ro-20-1724, which 

increases intracellular cAMP levels and therefore increases PKA activity, the wild type (WT) 

activation curve was shifted by 12 mV, and current amplitude was reduced by 19%. In 

channels with all four phosphorylation sites mutated, this change was absent, so it was 

concluded that PKA produces these effects on the HERG current through direct
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phosphorylation of the channel. Mutating each PKA phosphorylation site separately, then 

applying Ro-20-1724 to these mutants produced small decreases in current. The total 

decrease seen with these four mutants totalled that seen with the four PKA phosphorylation 

site removed. This data suggested that cAMP does not have a direct effect on the HERG 

* channel, instead mediating its effects through PKA. This study also investigated the effects

of forskolin on the 4M HERG mutant. Curiously, although effects from forskolin application 

were reduced in the 4M HERG mutant compared to the WT HERG channel, the study still 

observed a significant effect of forskolin. This is likely to be due to cAMP effects on the 

channel, but why these effects were not observed when using Ro-20-1724 was not discussed. 

Zhang et al. (2002) also showed PKA modulation of HERG current, in HEK-293 cells and 

I Xenopus oocytes. Application of 10 pM forskolin and the phosphodiesterase inhibitor 3-

isobutyl-l-methylxanthine (IBMX; 100 pM) reduced HERG current expressed in HEK cells 

by 83%, and caused a slight, but non-significant positive shift in the voltage dependence of 

activation. Adding the catalytic subunit of PKA into cells through the pipette solution 

attenuated current by -57%, and shifted activation by ~ +15 mV. A membrane permeable 

analogue of cAMP attenuated current by -30%, but did not alter the voltage dependence of 

( activation, however, the direct effects of cAMP were not considered in this study. Using P

incorporation techniques, the group also investigated the phosphorylation state of the 

channel. They found that when expressed in Xenopus oocytes, the channel is phosphorylated 

under basal conditions, and application of either PMA or forskolin in the presence of 

phosphatase inhibitors could not alter this amount of phosphorylation. A mutant HERG 

channel (4M HERG), which lacks the four PKA phosphorylation sites, showed no difference 

> in basal phosphorylation state, suggesting that PKA plays no role in basal phosphorylation of

the channel. This study suggests that although PKA seems to play a role in the modulation of 

the HERG channel, no direct effect of PKA phosphorylation of the channel can be observed. 

The group suggested that this may be due to a large number of other potential 

phosphorylation sites on the channel, potentially totalling around 40, and therefore any 

change with PKA may not be recognised using this assay method.

) In summary, the effects of raising cAMP on HERG currents seen are two fold, due to

separate effects of cAMP binding and PKA activation. However, it seems that the effects of 

PKA are predominant. The effects of forskolin or isoprenaline on HERG currents vary
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between studies, but generally show a significant attenuation of current and a positive shift in 

voltage dependent activation. However, some anomalies remain, such as the complete loss of 

effect by the phosphodiesterase inhibitor Ro-20-1724 in the 4M HERG channel, as it would 

be expected that the effects of cAMP would remain. Since Cui et al. (2000) found the 

predominance of effects to change with co-expression of either MiRPl or minK, it may be 

the differences in effects are due to different endogenous expression of these proteins 

between tissues that determine the modulation of HERG by the cAMP signalling pathway. 

However, without further experiments this issue remains unresolved.

1.6 Additional modulators of the HERG channel 

1.6.1 Modulation of HERG by external calcium

Studies by Johnson Jr. et al. (1999) have shown the HERG channel to be modulated by 

external calcium. HERG currents expressed in CHO cells were decreased, and the voltage 

dependence of activation shifted to positive potentials by raising calcium from 1.8 mM to 10 

mM. The decrease of HERG current was not due to a time-, or voltage- dependent calcium
' j i

ion block, and replacing calcium with other divalent ions, such as Mg did not have the same 

effect. It was hypothesised that calcium specifically interacts with, or influences the voltage 

sensor of the channel, but not by charge screening, since activation but not inactivation was 

affected. Charge screening by divalent ions would be expected to influence both voltage 

dependent processes. Clamping the cells using a protocol similar to that of a cardiac action 

potential showed that increasing calcium levels close to physiological range (1 mM-3 mM) 

decreased HERG current by 50%. The mechanism of this attenuation of current is not clear, 

but a direct interaction with specific residues Glu518 and Glu519 close to S4 has been 

suggested (Johnson Jr. et al., 2001).

1.6.2 Protein kinase B modulation of IlERG channel currents

Protein kinase B (PKB) is a serine/threonine kinase. In mammals there are three subtypes, 

which share high homology. These are PKBa, PKBp and PKBy. The activation mechanism 

of PKB is not clear. Activation of receptor tyrosine kinases, can lead to the recruitment of 

PI-3 kinase (PI-3K) to the membrane of the cell. PI-3K phosphorylates the second messenger 

PDP2 to form PIP3. This molecule is able to then recruit PKB to the membrane, and alter its
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conformation to allow phosphorylation and therefore activation of PKB. Activation of PKB 

requires two sites of phosphorylation. One of these sites is phosphorylated by the 

phosphoinositide-dependent kinase-1 (PDK-1), the other by either autophosphorylation or an 

unidentified kinase. Once PKB is activated, it is released from the membrane, and is able to 

translocate to other regions of the cell to phosphorylate target proteins. PKB is known to 

regulate cellular processes such as cell cycle progression, and pro-survival signals, such as 

increasing transcription of CREB-regulated survival genes (reviewed in Neri et al., 2002; 

Nicholson and Anderson, 2002).

The HERG channel protein contains two putative PKB phosphorylation sites, one on the N- 

terminus and one on the C-terminus (figure 1.11). Only one study has been carried out on the 

role of PKB in the modulation of the HERG channel (Zhang et al., 2003). HEK-293 cells 

stably expressing HERG were transiently transfected with either constitutively active mutants 

of PKB or PI-3K, thereby increasing basal PKB activity. Under these circumstances, HERG 

current increased by up to 50% compared to mean current amplitudes in cells only transfected 

with HERG. Transient transfection with dominant negative mutants of PKB or PI-3K, which 

caused effective ‘knockout’ of PKB activity, attenuated current by around 50% when 

compared to control HERG current amplitudes. The group concluded that the HERG channel 

is more likely to be modulated directly in a basal manner, since knockout of PKB led to an 

effect on HERG current.

1.6.3 Modulation bv src tyrosine kinase and phosphatase

14 src-related kinases have been identified. They are 60 kDa proteins, which are associated 

with many cellular processes, via the phosphorylation of different signalling molecules, such 

as the focal adhesion protein pl30cas, involved in integrin mediated cell adhesion, and 

extracellular signal related kinases (ERKs), which can mediate many physiological processes. 

The HERG channel contains sequence motifs that underlie interactions with cytosolic 

protein-tyrosine kinases (PTKs), so Cayabyab and Schlichter (2002) investigated possible 

modulation of endogenously expressed rERG 1 (the rat homologue of HERG) and rERG2 in a 

highly proliferating rat microglial cell line (MLS-9 cells). Immunoprecipitating proteins 

from cell lysates using an anti-phosphotyrosine antibody and then probing with an anti- 

HERG antibody revealed the r-ERGl and 1-ERG2 channels were constitutively tyrosine
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phosphorylated, which could be reduced by 25% and 40% by the protein tyrosine kinase 

inhibitors herbimycin A and genistein respectively. ERG current amplitude was attenuated 

using the same inhibitors or a src-selective inhibitory peptide. The scrambled peptide did not 

have any effect on the current amplitude. The src-selective activating protein increased ERG 

current. Co-immunoprecipitation studies carried out showed the ERG channel may exist as a 

macromolecular structure with src.

The same group later showed a specific tyrosine phosphatase, SHP-1, to be able to modulate 

ERG-1 current in MLS-9 cells. (Cayabyab et al., 2002) SHP-1 showed opposing effects to src 

tyrosine kinase seen in the previous study, attenuating current. Wild type SHP-1, and 

catalytically active SHP-1 both attenuated current when applied acutely to cells, by around 

50%. This could be reversed in the presence of phosphatase inhibitors. Transfecting the wild 

type and catalytically active SHP-1 forms decreased basal ERG current, but western blot 

analysis showed there was no change in channel protein level.

This suggested that in MLS-9 cells, tyrosine phosphatases are important in the basal 

regulation of ERG-1 current, and it may, at least partially, be a balance of tyrosine kinase and 

phosphatase activity that dictates current amplitude.

1.6.4 Modulation bv the Rho family of GTPases

Application of thyrotropin releasing hormone (TRH) to preparations expressing HERG and 

the TRH receptor produces a reduction of ERG current (Barros et al., 1998; Schledermann et 

al., 2001). This is thought to be due to activation of PKC through the PLC pathway, but the 

electrophysiological evidence for this is not conclusive. Although Barros et al. were able to 

fully inhibit this response using PKC inhibitors, Schledermann et al. were unable to work out 

a mechanism for this inhibition, provoking the theory that another signalling pathway may be 

involved in this regulation. The Rho protein is stimulated by guanine nucleotide exchange 

factors (GEFs) within the cell that are activated by Ga 13-coupled receptors. Storey et al. 

(2002) investigated the possible mechanism of TRH-mediated modulation of ERG current 

expressed in GH4C1 cells (a pituitary cell line). Application of TRH attenuated ERG current, 

but this attenuation could not be inhibited by the use of either a PKA inhibtor peptide, or 

calphostin C to inhibit PKC, thus prompting the question of how TRH mediated its effects on 

ERG current. To investigate the possible role of Rho GTPases, cells were transfected with
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constitutively-active Gai3, which would upregulate activity of Rho. In these cells, basal ERG 

current was reduced by 50%. When constitutively-active Rho was transfected into cells, 

similar results were observed. Currents were also reduced upon direct application of active 

Rho protein through the pipette solution. Cells transfected with the dominant-negative form 

of Rho showed no differences in basal current, however these cells showed no response to 

application of TRH. Taken together, this provides evidence for a potential role for the Rho 

GTPase in the modulation of ERG channels. The thyroid hormone 3, 5, 3’-triiodothyronine 

(T3) counteracts the stimulatory effects of TRH in the pituitary, and is also known to reduce 

spike frequency in GH4C1 cells. Application of T3 to cells rapidly increased ERG current by 

greater than 100%. Since Rac and Rho are known to have opposing effects in other 

processes, it was thought that Rac may modulate ERG current to cause this augmentation in 

response to T3. There is no widely accepted mechanism of Rac-activation by T3, however 

the authors postulated that T3 may activate PI3-kinase, which has been shown to increase 

Rac activity through activation of Rac GEFs. The constitutively-active form of Rac increased 

ERG current by 63%, with the dominant negative form having no effect on basal current. 

However, the dominant negatve form completely blocked the effects of T3 on ERG current. 

This study showed the opposing effects of the GTPases on ERG current, but was unable to 

distinguish if this modulation was through direct interactions of the GTPases with the 

channel, or through a further messenger cascade.

Figure 1.12 summarises the signalling pathways that may modulate the HERG channel.
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Figure 1.12
Possible second messenger modulation pathways for the HERG channel that have described in the literature. Abbreviations: cAMP: 
cyclic adenosine monophosphate; DAG: diacylglycerol\ FFA: free fatty acids; GEF: guanine nucleotide exchange factor; IP3: insositol 1,4,5- 
trisphosphate; LysoPC: lysophosphat idyl choline; PDK-1: 3-Phosphoinositide-dependent protein kinase-1; PIP2: phosphatidylinositol-4,5- 
bisphosphate; PIP3: phosphatidyl inositol-3,4,5-trisphosphate; PKA: protein kinase A ; PKB: protein kinase B\ PKC: protein kinase C; PLA2: 
phospholipase A2\ PLCp: phospholipase C /?; PLD: phospholipase D\ SHP-1: src-homology 2-containingprotein.
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1.7 The HERG channel and associated subunits

In addition the possibility of HERG potentially associating with Mirpl and minK, the HERG 

channel may also form complexes with a variety of proteins including p-integrins (Cherubini 

et al., 2002), KCR1 (Kupershmit et al., 2003) and 14-3-3 proteins (Kagan et al., 2002).

1.7.1 Association with B-integrins

The integrin family of proteins mediate cell adhesion to the extracellular matrix. They 

anchor the extracellular matrix to the actin cytoskeleton, and can also trigger multiple 

signalling pathways. These may regulate proliferation, differentiation and cell migration 

(reviewed in Juliano, 2002). Activation of HERG has been shown in neuronal, haemopoietic 

tumour cells and leukemic preosteoclastic cells after integrin-mediated adhesion (Arcangeli et 

al., 1996; Bianchi et al., 1998; Hofmann et al., 2001). Cherubini et al. (2002) used 

immunoprecipitation techniques to show a physical interaction between P-integrins and the 

HERG channel. This work was carried out in HEK cells, and showed the full length N- 

terminal of HERG was required for P-integrin binding. This complex was localised to 

caveloea/lipid rafts. They also showed HERG to be activated upon integrin mediated cell 

adhesion, and this activation was sustained via a Gj-dependent pathway. Taken together, this 

data suggests the complex between HERG and P-integrins can occur in a number of cell 

types. Since integrin receptors are the adhesion receptors mainly involved in tumour cell 

growth and proliferation (reviewed in Hanahan and Weinberg, 2000), these findings may 

provide a functional link between HERG expression and function in cancer cells.

1.7.2 Association with KCR1

KCR1 is a protein with a predicted structure of 12 membrane spanning segments. It has 

previously been shown to alter gating function of rat neuronal EAG channels when expressed 

in COS-7 cells (Hoshi et al., 1998). Kupershmidt et al. (2003) showed co-expression of 

KCR1 with HERG in CHO cells did associate with HERG on the plasma membrane, 

however, no changes in gating function of HERG were altered by KCR1. The study did find 

however that co-expression of HERG and KCR1 reduced drug blockade of current by the 

well characterised HERG blocker dofetilide. There was a 51% reduction of current upon 

exposure to dofetilide in cells expressing HERG only, which was reduced to a 26% reduction
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in cells expressing HERG and KCR1. Co-expression of HERG with MiRPl did not alter the 

pharmacological properties of the current, however the authors concluded that KCR1 and 

MiRPl may both interact with HERG in a manner that is functionally competitive.

1.7.3 Association with 14-3-3 proteins

14-3-3 proteins are homo- or hetero- dimeric adaptor proteins that modulate interactions 

between components of the signalling pathway. They interact physically with the client 

proteins when the client is specifically phosphorylated, so the binding of 14-3-3 proteins is 

phosphorylation dependent. Using a yeast two-hybrid screen, Kagan et al. (2002) found there 

were eight potential binding sites for 14-3-3 proteins on each subunit of the HERG channel, 

and showed the 14-3-3 proteins to interact with both the N- and C- termini of the HERG 

channel. Binding of 14-3-3 caused a -11 mV shift in the voltage dependence of activation, 

and accelerated activation. The binding of 14-3-3 proteins to HERG after PKA 

phosphorylation maintained the phosphorylated state of the channel. It was also suggested 

that 14-3-3 binding would counteract the attenuation of HERG caused by PKA 

phosphorylation.

1.7.4 Association with A kinase anchoring proteins (AKAPs)

It is likely that the unique cellular functions of the protein kinases are determined by the 

binding of the kinases to specific anchoring proteins. A-kinase anchoring proteins (AKAPs) 

co-ordinate signal transduction, and do this by binding to multiple signalling enzymes near to 

the target substrates, for example ion channels on the plasma membrane. AKAPs are targeted 

to specific intracellular structures and locations, and are able to bind protein kinases, and 

contribute to compartmentalisation of the kinase. This allows the kinase to work highly 

specifically.

All AKAPs contain at least two protein-protein interaction domains, one which tethers the 

AKAP to various subcellular structures (e.g. ion channels) and the other to PKA. The PKA 

binding is through the interaction of the hydrophobic surface of an AKAP amphipathic helix 

and the hydrophobic surface of the X-type, four-helix bundle formed by the N-terminal 

domains of the RII homodimer of PKA (Colledge and Scott, 1999). The binding of PKA to 

tethered AKAPs has been shown to contribute to the specificity of PKA.
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It is estimated that around 10-20 different AKAPs may be expressed in an individual cell. 

Each is located differently, and therefore each making different contributions to the kinase 

signalling. AKAPs introduce several levels of further complexity to the modulation of 

cellular proteins, since they are able to bind to PKA, PKC and also phosphatases. Cellular 

structures that have been associated with AKAPs include microtubles, centrosomes, the 

smooth sarcoplasmic reticulum, the golgi and the nucleus (Kapiloff, 2002). It is thought that 

AKAPs are targeted to their specific target proteins through a leucine/isoleucine zipper motif 

(Kass et al., 2003; Tian et al., 2003). A number of channels that interact with AKAPs have 

been shown to have this motif, an a-helical structure that forms coiled coils. Coiled coils are 

comprised of heptad repeats (<abcdefg)n where hydrophobic residues occur at positions a and 

d, and b, c, e , f  g  are hydrophilic residues. The leucine/isoleucine zipper motif was originally 

found as the motif that mediates binding of transcription factors to DNA (Kara et al., 1990), 

but has been shown to co-ordinate signalling pathways in a number of tissues. The HERG 

channel has a modified leucine zipper motif at the C-terminal of the channel (personal 

communication, Dr. Caroline Dart, Department of Cell Physiology and Pharmacology, 

University of Leicester), suggesting that it may be capable of forming macromolecular 

signalling complexes.

1.7.4.1 AKAPs mediate ion channel modulation

The ROMK1 channel, found in the kidney, is modulated by a PKA dependent pathway. This 

modulation has been shown to be dependent on AKAPs (Ali et al., 1998). Forskolin only 

increased current expressed in oocytes when the channels were co-expressed with AKAP 79. 

cAMP analogues were also applied to the channels, and again, effects were only seen when 

the ROMK1 channel was co-expressed with AKAP 79.

AKAPs have been shown to play a role in long QT syndrome. The slow component of the Ik 

cardiac current, Iks, associates with the AKAP yotiao. Yotiao is a 210 kDa protein, which is 

also capable of binding the NMDA receptor and protein phosphatase I in the brain (Westphal 

et al., 1999). The binding of yotiao to Iks has been shown to be important in PKA modulation 

of the channel, and can be blocked by a point mutation of the channel, G589D (Marx et al., 

2002), found in some patients with long QT syndrome. The mutation lies within the leucine 

zipper motif of Iks, on the C-terminus and prevents binding of yotiao and modulation by
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PKA. This leads to an attenuation of activity of the channel with sympathetic stimulation, 

and therefore prolongs action potential duration.

A series of experiments by Hoshi et al. (2003) suggest AKAP 150 interaction with KCNQ2, 

are critical for regulation of the muscarinic receptor modulated potassium current (M- 

current). Co-immunoprecipitation mapped this interaction between residues 321-499 of 

KCNQ2 and 1-143 of AKAP 150. Displacing AKAP 150 using a soluble antagonist of 

KCNQ2/AKAP150 interaction inhibited the muscarinic Mj receptor-mediated attenuation of 

current. This modulation was restored in the presence of AKAP 150. Further co- 

immunoprecipitation studies showed the PKC isoform PKCpiI to precipitate with KCNQ2, 

but only in the presence of AKAP 150. Phosphorylation of KCNQ2 increased in the presence 

of an Mj-receptor agonist, but this was only seen in the presence of AKAP 150. Mutational 

analysis showed mutation of three putative PKC sites on KCNQ2 (S534A, S541A, R543A) to 

decrease Mi-agonist mediated attenuation of current. Together, these data suggest that PKC 

directly modulates the M-current through the Gq/n pathway, and that this modulation is 

dependent on interactions between the channel and AKAP 150.

1.8 Conclusions and summary

HERG channel currents have important physiological roles in the heart and other cell types. 

It is therefore important to understand how the current responds to signalling stimuli. Studies 

reviewed in this chapter suggest modulation of the HERG channel is potentially very 

complex, and it has been reported that a number of signalling molecules within the cell 

regulate HERG channel activity. The modulation of the HERG channel has been reported to 

be both constitutive (under constant regulation), and acute (regulated in short bursts, for 

example upon stimulation of a signalling pathway by a GPCR). Normal functioning of the 

HERG channel is likely to be dependent on a number of factors. Failure of any part of the 

signalling pathway could lead to an altered modulation of HERG. Mutations at 

phosphorylation sites or other modulatory sites could lead to loss of physiologically 

important regulation of channel activity.

Studies investigating modulation of HERG often have conflicting results. This could be due 

to a number of different circumstances, such as cell-specific differences in expression of 

signalling molecules and/or |3 subunits to HERG. In addition, a number of studies carried out
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to investigate the modulation of the HERG channel have used non-mammalian tissue, for 

which the signalling pathways may differ to mammalian tissue. Other reasons for conflicting 

results include the use of different agonists and inhibitors, which sometimes may not posses 

the required selectivity, therefore inhibiting or activating more than one signalling pathway, 

and potentially leading to a misinterpretation of results. Finally, different experimental 

conditions between laboratories may also contribute to differences. Clearly, further research 

is required to elucidate mechanisms that modulated HERG/Iitr channel activity.
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Chapter 2

Aims

The overall aim of work to be undertaken during this PhD was to understand how the 

potassium channel encoded by the human ether-a-go-go related gene is regulated by 

neurotransmitters and hormones through second messenger pathways. The variability seen in 

previous studies when investigating modulation of the HERG channel may result from the 

difficulty of precisely dissecting out mechanisms in whole cells, since there is likely to be 

overlap and cross talk between the second messenger transduction pathways. The aim of this 

project was to investigate individual signalling pathways in turn, under carefully controlled 

conditions.

The hypothesis of this project is that multiple intracellular regulators modulate HERG and 

Ikt, including protein kinases A and C, calcium, and cAMP. This regulation may be through 

direct or indirect interactions with the channel.

The first aim was to determine if calcium is involved in the modulation of the channel. This 

was carried out using substances that are known to increase intracellular calcium levels, 

including ionomycin, caffeine, and methacholine (a muscarinic receptor agonist). The results 

from these experiments lead us to then investigate the role PKC plays in the modulation of 

the HERG channel, identify the PKC isoforms involved and the sites of phosphorylation. A 

further aim was to investigate modulation of HERG currents and changes in subunit 

phosphorylation in response to PKA activation.
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Chapter 3 

Materials and Methods

3.1 Cell lines

HERG currents were recorded from, and biochemical assays were carried out on three 

different mammalian cell lines:

A) Stably transfected Human Embryonic Kidney 293 cells (HEK 293), expressing 

HERG (HERG-HEK cells), kindly provided by Professor Craig January, University of 

Wisconsin.

B) Stably transfected Human Embryonic Kidney 293 cells, expressing the muscarinic M3 

receptor (HEK-m3 cells), kindly provided by Dr Gary Willars, University of Leicester.

C) Wild type (WT) HEK 293 cells.

In addition, guinea pig ventricular myocytes and Xenopus oocytes were used both in 

biochemical assays and for electrophysiological work.

3.1.1 HERG-HEK cells

HERG-HEK cells were maintained in Dulbecco’s MEM with glutamax-1, sodium pyruvate, 

glucose and pyridoxine (Gibco), supplemented with 10% foetal bovine serum, (Gibco) 400 

pg/ml geneticin (Sigma) and 50 pg/ml gentamycin (Sigma) at 37°C in 5% CO2 incubator.
•y

Cells were grown in 25 cm flasks, and passaged every 3-4 days. To passage cells, they were 

washed with 6ml phosphate buffered saline (PBS; Gibco) twice, before the PBS was 

carefully removed, and 1ml trypsin-EDTA xl (Trypsin; Gibco) was added, and cells were 

returned to the incubator for ~2 minutes. Once cells had lifted off the flasks they were 

suspended in 3 ml media (to make a total of 4 ml solution), before a 1:4 split was carried out. 

Media was changed the following day to remove any trypsin from the media.

3.1.2 HEK-m3 and WT HEK cells

HEK-m3 and WT HEK cells were maintained in MEM alpha media without nucleosides 

(Gibco), supplemented with 10% foetal bovine serum and 50,000 U penicillin and 

streptomycin (Gibco) per 500 ml, at 37°C under 5% CO2. Cells were grown in 80 cm2 flasks,
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and passaged every 3-4 days. To passage cells, they were washed twice with 10 ml PBS, 

before the PBS was carefully removed, and 5 ml trypsin was added to lift cells from the flask 

as described above. Cells were suspended in 10 ml PBS to make a total of 15 ml, and 

centrifuged at 1000 rpm for 2 minutes 30 seconds. Once cells were pelleted, all solution was 

carefully removed, and cells were resuspended in 5 ml media, before a 1:5 split was carried 

out. Media changes were made every 2 days.

3.1.3 Transfection of HEK Cells

Transient transfection is a method to temporarily induce protein expression in cells. DNA of 

the protein of interest is inserted into the cells using a cationic lipid reagent. Positively 

charged lipids are formulated in aqueous solution with a neutral co-lipid, such as cholesterol, 

to form unilamellar and multilamellar liposomes. These interact spontaneously with the 

negatively charged backbone of DNA to form complexes. These complexes interact with the 

negatively charged cell membrane, resulting in delivery of the macromolecule into the cell. 

Once inside the cell, the DNA is transported to the nucleus, where it is transcribed, then 

expressed in the cytoplasm.

Cells were plated out on 6 -well plates 24 hours before transient transfection so that they were 

approximately 60% confluent for transfection. Between 1-5 pg HERG DNA (WT, APKC or 

4M HERG, see section 3.3 for details on vectors) was used per transfection, with between 

0.5-1 pg eGFP, used as a marker for transfection. For the 18M HERG mutant, up to 10 pg 

DNA was added per transfection, as functional expression of this mutant was not observed in 

studies by Thomas et al. (2003). For transfection of PKC isoforms (a kind gift from Stephen 

Ferguson, Robarts Research Institue, Ontario, Canada), functional studies carried out by 

Babwah et al. (2003), 1 pg DNA was used per transfection. Since these isoforms were GFP 

tagged, co-transfection with eGFP was not required. 3 pi Lipofectamine™ 2000 (Invitrogen) 

was used per pg DNA to be transfected, and the volume was adjusted using serum-free MEM 

alpha media (Invitrogen) so that each transfection totalled 100 pi. The transfection mixture 

was left to equilibrate for 20  minutes at room temperature before being added slowly to cells. 

Media was replaced 6 hours post transfection, and cells were harvested for biochemical 

assays or electrophysiological recording 48 hours post transfection.
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M ock transfections were also carried out tor use as control cells. These contained 

Lipofectam ine and serum -free m edia only, and were prepared and added to cells as described 

above.

3.2 Electronhvsiological Recordings

The m ethod o f voltage clam p allow s ion flow across the m em brane to be m easured as an 

electric current whilst the voltage o f  the cell is clam ped to controlled potentials. This m ethod 

allows ion channel currents to be studied at constant, know n voltages. In voltage clam p 

experiments, the voltage is changed  rapidly from one potential to another, allow ing 

capacitive current to be isolated from  ionic current. There are m any configurations o f  the 

voltage clam p technique, including patch  clam p, which is suitable for recording relatively 

small currents, and two electrode vo ltage  clam p that can be used for recording large currents. 

Both o f these configurations have been  used in this body o f  w ork and will be described 

below. In brief, both m ethods use a feedback  am plifier that receives a signal from  a voltage- 

sensing electrode, and com pares this w ith  a com m and potential. The difference betw een the 

signals is am plified and applied to the m em brane as a current via the current electrode, thus 

clam ping the m em brane at a specified  voltage. In patch clam p conditions, one electrode is 

used to both sense voltage and inject current. However, in tw7o-electrode voltage clam p, the 

voltage m easuring and current in jection  are done by separate electrodes.

3.2.1 Whole cell natch clamp of HEK cells

M em brane currents in m am m alian cell lines in this thesis were m easured using the w hole

cell patch-clam p technique (H am il e t.a l., 1981). W hole cell recordings are achieved form ing 

a high resistance seal betw een the p ipette  tip and cell m em brane (G igaohm  seal) and 

rupturing the patch  o f  m em brane w ith in  the patch pipette using suction, to get low  resistance 

access to the intracellular side o f  the m em brane. This m ethod, in addition to allow ing 

electrical access to the entire cell, allow s m olecules to be introduced to the cell, such as 

peptides, therefore allow ing m anipu la tion  o f  the intracellular environm ent. O f  course, the 

disadvantage to this techn ique is cytosolic com ponents, including ions and sm all proteins, 

com e into diffusional equ ilib rium  with the solution in the patch  pipette. Potential
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repurcusions o f  this will be discussed in chapter 4. In spite o f  this disadvantage, the w hole

cell patching technique is the m ost w idely used m ethod for recording m em brane currents.

3.2.1.1 Electrophysiological recordings apparatus

The recording cham ber was m ounted on an inverted m icroscope (Eclipse TE300, N ikon) (see 

figure 3.1). Cells could be visualised by phase contrast m icroscopy to allow  precise 

positioning o f the patch pipette relative to the chosen cell. The m icroscope w as also fitted 

w ith epi-fluoresence to enable identification o f cells expressing GFP, w hich w as used in 

some experim ents as a m arker for cells transiently co-tranfected w ith H ERG  or PK C. The 

recording cham ber was connected to the ground socket on the headstage, via an agar bridge 

and silver/silver chloride pellet and w ire assem bly. The purpose o f  an agar bridge is to 

provide an electrical connection betw een the bath solution and headstage w ithout transfer o f  

ions or solute.

A three-way m anipulator (PCS-5000 series. Burleigh) was in place on this electrophysiology 

rig. Both coarse and fine m anipulation allow ed the electrode to be m oved on three planes.

The m icroscope, headstage and m anipulator were shielded against external electrical noise 

using a Faraday cage, and were m ounted on an anti-vibration table to reduce vibrations that 

w ould otherwise damage form ation and m aintenance o f  the seal. The perfusion o f  

physiological solution on this rig was designed to optim ise relatively fast solution changing 

and linear How through the recording cham ber. Using a peristaltic pum p (G ilson), a constant 

flow  rate o f 1 ml m in’1 was in place. The bath volum e was 0.5 m l, allow ing com plete bath 

exchange w ithin ~30 seconds, although exchange o f solutions around cells at the bottom  o f  

the cham ber is likely to be slow er than this. Three way solenoid valves (Lee Products) were 

used to switch betw een solution lines, f our separate perfusion lines were available. A n 

electronic sw itching device contro lled  w hich line o f  solution w as directed tow ards the 

recording cham ber, w ith other lines returning back to solution reservoirs (figure 3.2 for a 

schematic diagram). All lines were prim ed before experim ents w ere started to prevent air 

bubbles m oving into the recording cham ber. An in-house built Peltier device w as used to 

heat solutions to 35-37°C before entering the cham ber. This device was calibrated  w eekly 

using a second therm om eter to m easure the tem perature o f  the solution in the recording 

chamber. Solution w as rem oved from the bath via a suction tube. The rate o f  suction was



Figure 3.1
Electrophysiological rig set-up. A The recording chamber, and coarse manipulator (and 
headstage) were mounted on the microscope. B. The recording chamber in detail.
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Figure 3.2
Schematic diagram of the perfusion system used on this electrophysiological rig.
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constant, and was regulated by the same peristaltic pump as the perfusion into the bath. The 

suction tube out of the bath was designed so that solution as well as air was sucked together. 

This allowed for a constant solution level in the recording chamber. The suction system 

included a bubble trap, which also functioned as an electrical circuit breaker, and was 

grounded to reduce electrical noise.

3.2.1.2 Preparation of cells

HERG-HEK cells were loosened from the flasks using either 4 ml Splittex (Autogen 

Bioclear), or 1 ml trypsin. 10 ml of PBS (Gibco) was added to this to dilute the enzymes and 

stop their actions. Cells were kept in this solution at 37°C for up to a maximum of 7 hours. 

500 pi trypsin-EDTA was used to loosen HEK-m3 and WT HEK cells from the 6 -well plate 

wells. 5 ml of PBS was added per well, and cells were pelletted by centrifugation (as for cell 

passage). Cells were then resuspended in 10 ml PBS. Cells were kept in this solution at 

37°C for up to a maximum of 7 hours. All cells types were left to adhere to the surface of the 

recording chamber for 15 minutes before recording.

3.2.1.3 Recording solutions

Cells were superfused with extracellular Tyrode, containing (in mM) NaCl 140, MgC^ 1, 

KC14, glucose 10, HEPES 5, CaCh 2, pH 7.4, at 37°C. Borosilicate glass pipettes (Harvard 

Apparatus) were pulled and fire polished to get final resistances of 2 to 4 MQ. They were 

filled with an intracellular solution containing (in mM) KC1 130, MgATP 5, HEPES 10, pH 

7.2. In some experiments BAPTA free acid was added to internal solution. pH was 

corrected to 7.2 with KOH.

Junction potentials arise at the tip of the recording electrode. These are a result of different 

anionic and cationic mobililties, and different solute concentrations between the intracellular 

and extracellular solutions. However, in recording conditions described here the junction 

potential was calculated to be 2 mV, therefore small in amplitude and unlikely to 

contaminate recordings.

Compounds applied to cells in electrophysiological experiments were made as at least 1000- 

fold stock concentrations in a suitable vehicle (typically dimethylsulphoxide (DMSO) or 

ethanol), and stored at -20°C. On the day of use, compounds were made up to the required
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concentration in the appropriate physiological solution. Total DMSO concentration did not 

exceed 0.1% in solutions. Fresh compound solutions were used each day.

3.2.1.4 Acquisition of data

The patch clamp amplifier is a current to voltage (I/V) amplifier with a basic configuration as 

shown in figure 3.3A. To get rapid changes of membrane potential it is necessary to supply 

large currents due to membrane capacitance. Capacitance compensation currents are applied 

to the pipette input of the I/V amplifier via capacitors, so as to supply capacity current that 

would be otherwise supplied by the output. For this purpose, the voltage command to Vref is 

modified by a separate parallel circuit, so that its amplitude and rise time can be varied, 

inverted and injected via the capacitor into the input (for modified circuit see figure 3.3B). It 

is adjusted to give a square, initial step on the ‘pipette’ current output. Calibration of the 

compensation circuit allows Cm (cell capacitance) and Rs (series resistance) to be read from 

the front panel of the amplifier. In my experiments, whole cell capacitance measurements 

ranged between 10 pF and 29 pF, and series resistances were between 3 MQ and 8 MQ. The 

presence of the series resistance Rs (arising from pipette and access resistance through the 

ruptured membrane) gives rise to an error voltage between the clamped pipette value and the 

true value of the membrane potential. The effect of Rs is to underestimate Vc by an amount 

proportional to the recorded current. Compensation for this effect (called series resistance 

compensation) is made by feeding back a proportion of the current signal to Vref. In 

commercial amplifiers the value of series resistance is taken and a proportion is added to Vref. 

In our recordings, series resistance was compensated by 60-80%.

A computer generates the voltage protocols, and records membrane current and voltage 

signals. It is interfaced with the voltage clamp amplifier (Axopatch 200B, Axon 

Instruments) via a digital/analogue converter (Digidata 1322A, Axon Instruments) (figure 

3.4). In our recording conditions membrane current and voltage data were filtered at 1 kHz 

and recorded to the hard disk of the computer at a sampling frequency of 2.5 kHz. For 

experiments in which the inactivation of the channel was measured, the data were filtered at 

2 kHz and recorded at a sampling frequency of 10 kHz.
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Figure 3.3
Patch clamp amplifier circuits. A The basic configuration of the patch clamp amplifier, where 
the amplifier (FBA) maintains the (-) input at the same potential as (+) (Vr), by negative 
feedback through resistor Rf. B The patch clamp amplifier with an additional parallel circuit to 
modify the voltage command to Vref to compensate for the transient initial capacity current.
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Figure 3.4
The flow of electronic data. The schematic diagram shows the flow of electronic data 
between the voltage clamp amplifier, oscilloscope, digidata and computer in order to generate 
voltage protocols, stimulate cells and record currents
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3.2.2 Voltage clamp recordings from Xenopus oocytes

Recordings were made in Xenopus oocytes using the two-electrode voltage clamp (TEVC) 

method. The cell is penetrated with two electrodes, a membrane potential recording 

electrode and a current-delivering electrode. Xenopus oocytes were not used in experiments 

investigating the modulation of the HERG channel, as we wanted to avoid potential 

differences in signalling pathways and protein expression in these cells when compared to 

mammalian cells. Oocytes were used to investigate the mechanism of caffeine block of the 

HERG channel. Measuring drug block of the HERG channel is often carried out on channels 

expressed in Xenopus oocytes, as channels expressed in this system do not exhibit rundown 

of current (described in section 4.2.5), and often recording viability is longer than in patch 

clamped cells.

3.2.2.1 Isolation of Xenopus oocytes

Isolations were carried out at room temperature. Female Xenopus laevis frogs were 

humanely killed by anaesthetic, followed by cervical dislocation and pithing to destroy the 

spinal cord and brain. An incision was made in the abdomen to enable ovarian lobes to be 

removed. Oocytes are surrounded by a follicular cell layer, blood vessels and connective 

tissue that needs to be removed to make electrophysiological recordings. Oocytes were 

separated into clumps of around 10-20 oocytes, and placed into OR2 solution, containing (in 

mM) NaCl 82.5, KC1 2.5, Na2H P04 1, MgCl 1, HEPES 5 (pH 7.5). Between 10-15 ml 

oocytes could typically be collected per frog. Oocytes were washed with OR2 solution 6-7 

times, or until solution was clear, pouring off excess solution and single oocytes each time. 

25 ml sterile-filtered collagenase at a concentration of 1 mg/ml was added to oocytes, and 

oocytes were placed on a rocker at 15 rpm for 1 hour. After enzymatic digest, oocytes were 

washed with OR2 solution until solution was clear (approximately four times), repeated with 

Barths solution, containing (in mM) NaCl 8 8 , KC1 1, CaCl2 0.41, Ca(NOs) 0.33, M gS04 1, 

NaHC03  2.4, HEPES 10, pH 7.4. Oocytes were then placed in a large petri dish, containing 

fresh Barths solution, and the follicular layer manually removed with fine forceps. Once 

defolliculated, oocytes were sorted into groups of 30, and stored in Superbarths solution 

(Barths solution supplemented with 1 mM sodium pyruvate and and 50 pg ml’1 gentamycin). 

Oocytes were stored overnight at 18°C, until they were injected with cRNA.
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3.2.2.2 cRNA Injection into Xenopus Oocytes

Glass pipettes were pulled and tips broken to ~30 pm to ensure tips were of the correct size 

for injection and had sharp edges to insert cleanly through the vitelline and plasma 

membranes and minimise damage to oocytes. Glass pipettes were filled with mineral oil 

(Sigma), ensuring no air bubbles were present, mounted onto the injector (Nanoliter 2000, 

World Precision Instruments) and RNA pulled into the tip of the pipette. The injection 

pipette was then positioned over each oocyte, and pushed into the cell before the RNA was 

injected. Slight swelling of the oocyte was indicative of injection of RNA. Volumes of 

between 20 to 60 nl were injected. Depending on how well channels expressed, between 5 to 

30 ng RNA were injected into each oocyte. Each pipette was used to inject up to 30 oocytes 

with the same aliquot of RNA. Superbarths solution was replaced every 24 hours, and dead 

oocytes removed.

3.2.2.3 Two-Electrode Recording from Xenopus Oocytes

Membrane currents in xenopus oocytes were recorded using the two-electrode voltage clamp 

technique. Oocytes were perfused with a low-chloride solution, containing (in mM) NaMES 

96, KMES 2, Ca(MES)2 2, HEPES 5, MgC^ 1 (pH 7.6). Two-way solenoid valves (Lee 

Products) were used to switch between solution lines. Four separate perfusion lines were 

available. An electronic switching device controlled which line of solution was directed 

towards the recording chamber. All lines were primed before experiments were started to 

prevent air bubbles moving into the recording chamber. Recordings were obtained at room 

temperature.

Glass pipettes (World Precision Instruments) were pulled from thin walled glass and filled 

with 3 M KC1 at least 48 hours before use. Pipettes were placed into recording solution and 

tips were ‘brushed’ or carefully broken to obtain resistances of 1-2 MQ. Oocytes were then 

placed in the recording chamber, and constantly perfused with recording solution. Pipette 

tips were positioned close to the oocyte membrane, and electrode potential zeroed relative to 

the bath ground. Pipettes were then sequentially pushed into the oocyte, ensuring both 

pipettes were fully inserted into the oocyte, yet were far enough from each other so no 

interference was caused.

Individual recording protocols will be explained in section 3.2.3.
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3.2.3 Voltage protocols and data analysis of electrophvsiological recordings

3.2.3.1 Current-Voltage relationship of HERG

To analyse the voltage dependence of activation of the HERG current expressed in HEK 

cells,

current-voltage (I-V) protocols were used. Currents were elicited by applying 5 second 

depolarising test potentials from a holding potential of -80 mV. Test potentials were in the 

range of -50 mV to +40 mV in 10 mV increments. This activates channels, but inactivation 

also occurs during this time. Repolarisation to -50 mV allows recovery from inactivation, to 

give a characteristically large tail current. The tail potential was applied for 2 or 3 seconds, 

during which current decay due to deactivation is observed. In order for the channel to fully 

close between voltage sweeps, there was a 15 second delay between the start of each sweep. 

This voltage protocol is referred to as the ‘I-V protocol’ in the results text, and is shown in 

figure 3.5A. HERG currents expressed in Xenopus oocytes were recorded using two- 

electrode voltage clamp. Currents were elicited by a 5 second depolarising test pulses from a 

holding potential o f -90  mV. Test potentials ranged between -60 mV to +50 mV, in 10 mV 

increments. Tails currents were recorded by repolarising to -70 mV for 2 seconds.

Plotting current amplitude at the end of the test potential against membrane potential shows 

the isochronal I-V relationship of the HERG current. Current at the end of each test potential 

was normalised to the maximum amplitude for each cell. Normalised current was then 

plotted as a function of voltage. By plotting the peak tail current against test potential, the 

voltage dependence of activation of the HERG current is produced. This represents the 

proportion of channels open at each test potential. Peak tail currents were normalised against 

the maximum peak tail current in each cell and mean, normalised currents plotted as a 

function of test potential using Prism 3.0 (Graph Pad, San Diago, USA). These data were 

fitted with a Boltzmann function (shown below) to obtain values for half maximal activation 

( V 0 . 5 )  and slope (a measure of the relative voltage sensitivity of the channels).

Y  I min +  (Im ax"Im in )

(1 + exp(V 0.5 -x!  slope))

72



where: I min : minimum value on the curve

Imax: maximum value on the curve 

V0.5: mid-point of the curve 

Slope: gradient of the curve 

Y: conductance 

x : membrane potential

3.2.3.2 Time dependence of activation of HERG current

In addition to being voltage dependent, activation of the HERG current is also time 

dependent. In order to measure the rate of activation, an ‘envelope of tails’ protocol was 

used. Here, the channels are fully opened with test potentials to 0 mV of progressively 

increasing duration and channel activation is assessed from tail current amplitude following 

each test pulse. To measure HERG currents in HEK cells, cells were held at -80 mV and 

depolarisations to +40 mV were initially applied for 20 ms. This interval was increased in 20 

ms increments to a maximum of 400 ms. Each depolarisation was followed by a repolarising 

pulse to -50 mV for 60 ms to elicit a tail current. There was a 15 seconds delay between the 

start of each sweep to ensure the HERG channel was fully closed. This voltage protocol is 

shown in figure 3.5B. The same protocol was used in Xenopus oocytes, but the holding 

potential was set to -90 mV.

To analyse these data, peak tail currents for each time interval were measured and normalised 

to the maximum tail current for each voltage protocol. This allows measurement of the 

proportion of channels open after each time period. These data were then plotted as a 

function of the test pulse duration and fitted with a single exponential in order to extract the 

time constant of activation.

3.2.3.3 Steady state inactivation of HERG current

Inactivation of HERG channel current is also voltage dependent and occurs alongside 

channel activation. To study the voltage dependence of steady state inactivation, a triple 

pulse protocol was used. In HEK cells, HERG currents were fully activated with a 1 second 

depolarising pulse to +40 mV from a holding potential of -80 mV. A 5 ms voltage pulse to 

potentials between -140 mV and +20 mV is applied, and current through non-inactivated
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channels measured at the beginning of a third pulse to +40 mV. There was a 15 second delay 

between the start of each sweep to ensure the HERG channel was fully closed. This will be 

referred to as the ‘steady state inactivation’ protocol in the results text, and is shown in figure 

3.5C.

To analyse steady state current inactivation, peak currents at the beginning of the third pulse 

were normalised to the maximum peak current, plotted as a function of membrane potential 

during the second pulse using Prism 3.0, and fitted with a Boltzmann function as described 

above. From this the midpoint of inactivation (V0.5), and the slope could be measured.

3.2.3.4 Deactivation of HERG current

The voltage dependence of deactivation of the HERG channel, and the reversal potential of 

HERG currents expressed in HEK cells can be determined using a ‘fully activated I-V’ 

protocol. Depolarising pulses to +20 mV were applied for 1 second from a holding potential 

of -80 mV to allow full current activation. Deactivation was observed with 5 second test 

pulses to potentials within the range o f -120 mV to +40 mV. A 15 second delay was in place 

between the start of each voltage sweep to allow the HERG channel to close fully. This 

voltage protocol will be referred to as ‘fully activated I-V’ protocol in the results text, and is 

shown in figure 3.5D. A similar protocol was used to measure these parameters of HERG 

current in Xenopus oocytes. The only differences were that cells were held at -90 mV, the 

first depolarisation was to +40 mV, and a wider range of test potentials (-140 mV to +30 

mV) were applied.

To measure the time course of HERG current deactivation, current traces were fitted with the 

following standard exponential function using Clampfit (PClamp 8):

/(t)= I A.e  ̂+ C
i=l

where: A: amplitude

x: time constant 

C: constant y-offset 

i: each component
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From this, time constants for the fast and slow components of deactivation could he 

measured and statistical significance was assessed as paired data. However, the relative 

proportion of current fitted by each x value was not examined in these experiments.

This protocol also allowed the voltage at which current changes direction (reversal potential) 

to be determined. This was measured by plotting peak current as a function of membrane 

potential. The reversal potential is the potential at which the current values cross the x-axis 

(zero current line), when there is no net movement of ions.

3.2.3.5 Repetitive pulsing protocol

A depolarisation to 0 mV protocol was used to characterise the effects of compounds on 

HERG currents. Once whole cell configuration was achieved, cells were held at -80 mV and 

5 second depolarising pulses to 0 mV applied to elicit maximum amplitude currents. A 

repolarising pulse to -50  mV was applied to cells for 2 or 3 seconds to elicit tail currents. 

This voltage protocol will be referred to as the ‘depolarisation to 0 mV’ protocol in the 

results text, and is shown as figure 3.5E. The voltage protocol was repeated every 15 

seconds, to allow complete deactivation between test pulses. Peak tail currents from each 

voltage sweep were measured, and normalised to peak tail currents under control conditions. 

HERG currents showed rundown (a time-dependent decrease of current amplitude) when 

recorded in mammalian cells. Therefore, current amplitudes in test conditions were 

compared to data gained for rundown of current only (see section 4.2.5 for data). For these 

experiments deactivation time constants could be fit to currents to get absolute deactivation 

values. However, the proportion of deactivation fitted with each x value was not examined.
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Figure 3.5 Voltage protocols used to measure HERG channel current parameters. All
protocols shown are those used to measure HERG current in HEK cells. A Current-voltage (I-V) 
protocol. B Envelope of tails protocol. C Steady state inactivation protocol. D Fully activated I-V 
protocol. E Depolarisation to 0 mV protocol.
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3.2.3.6 Data Analysis

Prism 3.0 (GraphPad, San Diego, USA) was used to analyse and plot results. All recordings 

were paired (unless stated) and the Student’s t-test was used to test for significance. 

Significance was accepted when p<0.05. All data shown are mean ± standard error of the 

mean (S.E.M.) unless otherwise stated.

3.3 Molecular Biology

3.3.1 Restriction digests of constructs

4M HERG, APKC HERG and 18M HERG cDNA constructs, in which putative 

phosphorylation sites have been mutated were a kind gift from Dr. Dierk Thomas (University 

of Heidelberg, Germany). They were supplied in the non-mammalian vector (pSP64, 

Promega), and needed to be subcloned into a mammalian vector (pcDNA 3.0, Invitrogen) for 

transfection into HEK cells (for vector maps see figure 3.6). The HERG encoding region 

was between Hindlll and EcoRI restriction enzyme sites. pSP64 and

pcDNA 3.0 constructs were subjected to a simultaneous double restriction digest with 

Hindlll and EcoRI for 1 hour at 37°C. Hind III was used at 10 units pg' 1 DNA, and EcoRI at 

2 units pg’1 DNA in EcoRI buffer. Digested DNA was run on a 1% agarose gel with 0.003% 

ethidium bromide to enable DNA visualisation. Typically, gels were run for 50 minutes at 

120 V to ensure clear separation of 3.5 and 3 kb DNA bands corresponding to the HERG 

encoding region and vector respectively. DNA was visualised using a UV lightbox, and the 

band corresponding to the HERG DNA was quickly cut from the gel, ensuring minimal 

exposure to UV light. Extraction of DNA from this segment of agarose was carried out using 

a Qiaquick gel extraction kit (Qiagen), following the manufacturers protocol. Briefly, gel 

was dissolved in solubilisation buffer for 10 minutes at 50°C, which solubilised the agarose 

gel and provided optimal conditions for DNA binding. The solution was passed through a 

column to bind the DNA from the gel solution. The column was then washed and the eluant 

discarded. The DNA was then eluted from the column with lOmM Tris.Cl (pH 8.5) and 

quantified by gel electrophoresis, by comparing with markers of known size and quantity 

(Hyperladder I, Biorad). The pcDNA3.0 vector was subjected to the same procedures to 

produce vector DNA with complementary sticky ends for ligating the HERG DNA into.
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Figure 3.6
Vectors used in this body of work. A Vector map for the non-mammalian vector pSP64. 
HERG mutants were cloned between the Hindlll and EcoRI restriction sites (high-lighted in 
blue) in the multicloning region. Taken from the Promega website. B Vector map for the 
mammalian vector pcDNA3. Hindlll and EcoRI restriction sites are highlighted in blue. Taken 
from the Invitrogen website
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3.3.2 Ligation of constructs

The pcDNA 3.0 vector and HERG inserts were ligated together using the Roche ligation kit, 

following the manufacturer’s protocol Briefly, the vector and insert DNA were mixed in a 

3:1 molar ratio of insert:vector to give a total of 88 ng DNA, and made up to a total volume 

of 17 pi using PCR-grade water. 2 pi lOx ligation buffer and 1 pi T4 ligase was added. 

Several controls were carried out alongside the experimental reaction. These were reactions 

that included vector DNA only, insert DNA only, and a reaction that did not include T4 

ligase. These allowed us to check for self-ligation or the presence of uncut DNA. The 

ligation mix was heated to 22°C for 20 minutes, then stored overnight at 4 °C.

3.3.3 Preparation of agar plates

Luria-Bertani (LB) agar plates were made prior to transformation of the DNA. 8.75 g LB 

agar powder (Sigma) was added to 250 ml milliQ water, briefly mixed, then autoclaved. The 

melted LB agar was left to cool for 5-10 minutes at room temperature, until it reached 55°C. 

Ampicillin was then added to a final concentration of 50 pg ml'1, and plates were poured, 

ensuring no air bubbles were present. Plates were left to set for approximately 30 minutes 

and excess water evaporated off in a 37°C incubator. Plates were wrapped in clingfilm and 

stored upside down at 4°C for a maximum of one week.

3.3.4 Transformation of competent cells

DH5a library efficiency competent cells (Invitrogen) were transformed by taking up plasmid 

DNA, following the manufactuter’s protocol. Briefly, the competent cells were slowly 

thawed on ice. 50 pi cells were used per transformation. 5 pi of ligation product was mixed 

gently with each aliquot of competent cells. 0.1 ng P ucl8 plasmid DNA was used as a 

positive control to test transformation efficiency, and was added to one aliquot of cells. Cells 

were left for 30 minutes on ice to allow DNA to bind to sites on the cell wall and cells were 

then heat-shocked by heating to 42°C for 45 seconds, and rapidly transferring to ice for 2 

minutes. Salt optimised and carbon (SOC) media (Invitrogen) was warmed to 42°C. 900 pi 

of SOC media was added to each transformation sample, and cells were placed in a shaker 

set at 225 rpm and incubated at 37°C for 1 hour to allow transformed bacteria to express 

amplicillin resistance. After the 1 hour incubation, 200 pi of each sample was spread onto
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the agar/ampicillin plates. Plates were left at room temperature for 15 minutes to allow the 

transformation sample to absorb onto the plates, before being placed upside down in a 37°C 

incubator overnight. The following morning plates were checked for colonies. Each colony 

is a bacterial clone that has antibiotic resistance because it has taken up plasmid DNA. If 

colonies were detected, the next stage was to grow up single clones and extract the DNA. 

Plates were stored wrapped in clingfilm and upside down at 4°C until required

3.3.5 Preparation of DNA

Plasmid DNA can be extracted from bacterial cultures using commercially available kits. To 

prepare DNA on a small scale (mini-prep), 5 individual colonies from each plate were picked 

and each placed in 5 ml LB broth (20 g/1), containing 100 pg ml"1 amplicillin. These were 

placed in a shaker set at 225 rpm and 37°C, and cultured overnight. The following day, 500 

pi of each preparation was taken and added to 500 pi of a 60% glycerol solution (containing 

300 pi glycerol and 200 pi PCR-grade water), mixed and stored at -80°C to create a glycerol 

stock of individual bacterial clones containing plasmid DNA. The remaining culture was 

prepared using a nucleobond plasmid purification kit (BD Biosciences), following the 

manufacturer’s protocol, and using all provided solutions. Briefly, cells were pelletted down 

by centrifugation (3000 rpm for 5 minutes). Supernatant was carefully removed, and cells 

were resuspended in buffer, before lysis buffer was added to cells in order to break up 

bacterial cell walls and release DNA. Neutralisation buffer was added to precipitate 

chromosomal DNA and proteins, which were pelletted by centrifugation to leave the plasmid 

DNA in solution. The supernatant was passed through a column to bind and collect DNA. 

The columns were washed and DNA was eluted from the column with elution buffer. 

Samples were run on a 1% agarose gel with 0.003% ethidium bromide to the check size and 

quantity of DNA. This also allowed us to check if samples were contaminated by 

chromosomal DNA. Typically, a miniprep would yield 6 pg of DNA. DNA samples were 

then sent to the Protein and Nucleic Acid Chemistry Laboratory (PNACL; University of 

Leicester) for sequencing. Sequences were compared to the wild type (WT) HERG sequence 

using the vector NTI computer programme. Once sequences were confirmed, DNA was 

prepared on a large-scale (maxi-prepped) using similar methods. Typically, a maxi-prep of
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DNA would produce 120 pg of DNA. DNA was stored in appropriate aliquot sizes (typically 

10 pg/aliquot) at -20°C until required for cell transfection.

3.3.6 Preparation of template DNA

To make DNA template to use for preparation of cRNA, DNA must first be linearised. This 

was done using the EcoRI restriction enzymes. 10 pg of DNA was incubated in 2 units 

EcoRI pg' 1 DNA, in EcoRI buffer, for 1 hour at 37°C. A sample of digested DNA was 

checked on a gel to ensure linearisation was complete. 100 pg/ml of proteinase K and 0.5% 

SDS was added to linearised DNA and incubated for 30 minutes at 50°C to denature and 

digest contaminating proteins, particularly RNases. The linearised DNA was then purifed 

using the Qiaquick gel extraction kit (Qiagen). Three volumes of solubilisation buffer and 1 

volume of isopropanol were added to provide optimal conditions for DNA binding. The total 

solution was passed through a column, the column washed, and DNA eluted using 10 mM 

Tris.Cl (pH 8.5). The DNA samples were then quantified by gel electrophoesis, by 

comparision to Hyperladder I markers. DNA was diluted in diethylpycarbonate (DEPC)- 

treated water to final concentrations of 0 .2  pg/ml.

3.3.7 Preparation of cRNA

The in vitro transcription reaction was prepared at room temperature, using filter pipette tips, 

and wearing lab coat and gloves to protect from contamination with RNases. In vitro 

transcription was carried out using a mMessage mMachine kit (Ambion), following the 

manufacturer’s protocol. Briefly, 1 pg of DNA template was added to RNA polymerase 

enzyme mix and NTP/CAP mix, to synthesise capped RNA. The additional of a cap 

structure at the 5’ termini greatly improves the stability of RNA when injected into oocytes. 

The solution was mixed thoroughly and incubated at 37°C for 2 hours. After this incubation, 

1 pi of DNase 1 was added to remove DNA from the reaction, and the reaction was incubated 

at 37°C for 15 minutes. The quality of RNA was checked by running a sample on a 1% 

denaturing agarose MOPS EDTA sodium acetate (MESA) gel. If the quality and amount of 

RNA was of a high enough standard the protein and nucleotides were removed using 

NucAway spin columns (Ambion), following the manufacturer’s protocol. Columns were 

hydrated at room temperature for 15 minutes using RNase-free water. After this time excess
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water was removed from columns by centrifugation at 750 g for 2 minutes. Water was 

discarded, and RNA samples were added to the column without disturbing the gel bed. The 

column was placed in a sample collection tube and centrifuged at 750 g for 2 minutes. The 

spin column was then discarded. RNA was quantified using a spectrometer (Genequant II), 

diluted to appropriate concentrations and stored at -70°C until required for injection into 

Xenopus oocytes.

3.4 Measurement of cytosolic calcium levels

Many molecules absorb light, but the energy is usually degraded as heat. A molecule can be 

used as an indicator if its absorbance changes as a consequence of interacting with its 

environment. When some molecules absorb light, they re-emit it at other specific 

wavelengths. Relatively few molecules fluoresce with significant efficiency, and those that 

do are termed ‘fluorophores’. A fluorescent indicator consists of a fluorophore linked to 

another component that interacts with the specific substance to be measured. In this section 

of work we use the calcium binding fluorescent dye fura-2. The acetoxymethyl ester of fura- 

2, fura-2-AM is very polar, thus making it membrane permeant. Once in the cell, the ester 

groups are cleaved from the molecule, trapping it inside the cell. Upon calcium binding, the 

fluorescent excitation maximum of the indicator shifts from 363 nm (Ca2+-free) to 335 nm
24* •(Ca -bound), whilst the emission maximum remains unchanged at -510 nm. Fura-2 is 

excited at 340 and 380 nm, and the ratio of the fluorescence intensities corresponding to the 

two excitations is used to calcuate intracellular calcium changes (Bright et al., 1989). Thus, 

fura-2 is a ratiometric dye. This corrects for changes in dye concentration and distribution, 

amount of light, photodegredation and changes to cell size or shape.

3.4.1 Preparation of cells

To measure intracellular calcium, HERG-HEK and HEK-m3 cells were firstly loosened from 

the flask/well as described for electrophyiological recordings. Whilst in extracellular Tyrode 

they were loaded for 15 minutes at room temperature with 2 pM fura-2-AM, (Molecular 

Probes). Cells were then washed and left to adhere to the surface of the chamber for 10 

minutes before perfusion was started. For experiments using BAPTA-AM, cells were 

incubated with 5 mM BAPTA-AM at the same time as the fura-2-AM incubation.
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3.4.2 Imaging of cells

Cells were constantly perfused at 35°C using a peristaltic pump-based perfusion system. 

Flow rate was 1 ml min'1. Cells were imaged using a Nikon 200 inverted microscope with a 

40x objective. The fluorophore was excited with light from a delta-RAM monochromator 

(PTI) at 340 and 380 nm and emitted light at 520 nm was imaged with a CCD camera. Data 

acquisition was performed using PTI Imagemaster software. Measurements of emission at 

340 and 380 nm were taken every 2 seconds from each selected region of interest, and a ratio 

produced. These data were then imported into Prism 3.0, where a timecourse of fura-2 ratios 

could be plotted.

3.5 Phosphorylation assays

Phosphorylation of proteins by kinases is central to many cellular processes, including signal 

trasnduction. Phosphorylation modifies proteins by the addition of negatively charged 

phosphate groups to serine, threonine and tyrosine residues. The phosphorylation assay used 

in this thesis directly allows the phosphorylation state of a chosen protein to be examined. In 

these experiments, cells are loaded with P- labelled ATP. Phosphorylation of a protein 

causes the addition of the radio-labelled phosphate group into the protein. Upon 

dephosphorylation of the protein, the phosphate group is removed from the target protein by 

phosphatases, and the radiolabel is also removed. The technique employed here, measures 

the emission from the radiolabel to measure P incorporation into the protein. The more 

emission (measured as a signal on a radiolabel-sensitive film), the more incorporation into 

the protein.

3.5.1 HEK cell phosphorylation assay

HEK cells were grown to -90%  confluency in 6 -well plates. Cells were initially washed 

once with phosphate free Krebs buffer (warmed to 37°C), containing (in mM) NaCl 118, 

KCL 4.3, M gS04.7H20  1.17, CaCl2.2H20  1.3, NaHC03 0.34, glucose 11.7, HEPES 10 (pH 

7.4). A concentration of 5 pCi/ml of [32P]-orthophosphate was made up in phosphate-free 

Krebs buffer, and 1 ml of this solution was added to each well of cells. Cells were incubated 

for 1 hour at 37°C. After the incubation, lOOx stock solutions of test reagents were added to 

the medium on the cells, gently mixed, and left to incubate at 37°C. DMSO concentrations
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did not exceed 0.1%. The experiments were stopped by removal of buffer and addition of 1 

ml ice-cold solubilisation buffer/well, containing (in mM) Tris 10, EDTA 10, NaCl 500, 1% 

Nonidet P-40, 0.1% SDS, 0.5% deoxycholate (pH 7.4). Cells were solubilised for 5 minutes 

on ice, collected, then cleared by centrifugation at 13000 rpm for 5 minutes at 4°C. Non

solubilised material was pelletted-out during this stage. Typically, 850 pi of cleared lysate 

was removed and placed into fresh tubes. Solubilised HERG proteins were 

immunoprecipitated by incubation with 5 pg of anti-HERG antibody (in-house, raised in 

rabbit against sequence CIGNMEQPHMDSRIGW, characterised by Pepceuticals, Ltd. 

(Leicester, UK) by ELISA) for 90 minutes at 4°C. In some experiments muscarinic M3 

receptors were immunoprecipitated, using 3 pg anti-M3 antibody (a kind gift from Andrew 

Tobin, University of Leicester). Isolation of immune complexes was carried out using 180 pi 

protein A-sepharose beads (Amersham; 1.5 g suspended in 50 ml TE buffer (containing, in 

mM: 10 mM Tris, 5 mM EDTA)). Protein A binds to antibodies with high affinity, and 

binding to sepharose beads allows for easy isolation of the target protein. Samples were 

rotated and constantly mixed for 15 minutes at 4°C. The bead-immune complex was then 

washed using TE-P-glycerolphosphate solution, containing (in mM) Tris-HCl 10, EDTA 10, 

P-glycerolphosphate 20 (pH 7.4). The bead-immune complex was incubated in 15 pi 

Laemmli buffer, containing Tris-HCl 62.5mM, 2% SDS, 10% glycerol, 0.01% bromophenol 

blue, 5% mercaptoethanol (pH6 .8), at 60°C for 2 minutes. This separated the antibody, 

protein A-sepharose beads and target protein. Proteins were resolved by 8% SDS-PAGE, 

and gels were run at 200 V for 60 minutes. Gels were stained with Coomassie blue stain 

(containing per litre: 1.5 g brilliant blue stain (Sigma), 50% H2O, 40% methanol, 10% 

ethanoic acid) and incubated for 10 minutes and shaken at 20 rpm. Coomassie blue stain 

allows visualisation of protein, and allows us to check for equal antibody loading between 

lanes. Excess stain was washed off for 10 minutes using destain (containing: 50% H2O, 40% 

methanol, 10% ethanoic acid). Gels were then dried onto filter paper for 45 minutes at 80°C, 

and subjected to autoradiography at -70°C for 16-24 hours, using Hyperfilm MP 

(Amersham). Densitometry was used to quantify intensity of bands (for detail see section 

3.8.3).
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3.5.2 Isolation of Guinea pig ventricular myocytes

We wanted to measure phosphorylation of the ERG subunit expressed in cardiac tissue. To 

do this ventricular myocytes were isolated from adult male albino guinea pigs within the 

weight range 250-500g using methods described previously (Lawrence and Rodrigo, 1999). 

The animals were killed by cervical dislocation in accordance with Home Office schedule 1 

regulations. The heart was excised and immediately placed into cold, nominally calcium free 

Tyrode, containing (in mM) 135 NaCl, 6 KC1, 0.33 NaH2P0 4 , 5 sodium pyruvate, 10 

glucose, 10 HEPES, 1 MgCL, pH 7.4 (adjusted using NaOH). The aorta was canulated and 

perfused for 6 minutes with nominally calcium free solution. All perfused solutions were at 

37°C. The atria were cut off and discarded. The heart was then perfused for between 6 to 10 

minutes with nominally calcium free solution containing the following: BSA (prepared from 

factor V albumin) 1.6 mg ml'1, protease (type XIV) 0.6 mg m f1 and collagenase type I 1 mg 

ml'1. Perfused enzyme solution was discarded for the first 2 minutes, then subsequently 

collected and recycled within the perfusion system. The time of enzyme perfusion was 

determined by the appearance of rod shaped ventricular myocytes from solution exiting the 

heart. Once these were seen, and the heart was soft to the touch, the heart was perfused for 3 

minutes with normal Tyrode solution, containing (in mM) 135 NaCl, 6 KC1, 0.33 N a^P O ^ 5 

sodium pyruvate, 10 glucose, 10 HEPES, 1 MgCb, 2 CaCb, pH 7.4 (adjusted using NaOH). 

The heart was then cut into three pieces, and shaken in a flask in a 37°C water bath for 5 

minutes in 10 ml normal Tyrode. Following this, heart tissue was placed into a new flask 

containing fresh normal Tyrode, and shaken at 37°C. The process was repeated until the heart 

was completely digested. The fractions of solution were sieved to remove the remnants of 

the tissue and placed in a test tube. Cells were left to settle for 10 minutes, supernatant 

removed and then re suspended in normal Tyrode.

3.5.3 Guinea Pig ventricular myocyte Phosphorylation Assay

The full yield of cells from the ventricular myocyte isolation from a single guinea pig was 

used for each phosphorylation assay. The cells were split into between 3-6 test tubes and left 

to settle. They were then washed with phosphate free Krebs buffer, and resuspended in fresh 

phosphate free Krebs buffer and left to settle. A concentration of 5 jnCi ml"1 of [32P]- 

orthophosphate was made up in phosphate free Krebs buffer, and 1 ml of this solution was
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added to each tube of cells. Cells were incubated for 90 minutes at 37°C, and were gently 

resuspended every 10 minutes. Test reagents were added directly to the tubes, as lOOx stock 

solutions. Cells were left to settle during this period, and the experiment was stopped by 

removal of buffer and addition of ice-cold solubilisation buffer (as for HEK cell 

solubilisation). Cells were solubilised for 10 minutes on ice, collected, then cleared by 

centrifugation at 13000 rpm for 5 minutes at 4 °C. Typically, 850 jliI of cleared lysate was 

removed and placed into fresh tubes, and solubilised ERG proteins were immunoprecipitated 

by incubation with anti-HERG antibody for 2 hours at 4°C. The rest of the procedure was 

carried out as described above for HEK cells. Gels were dried and subjected to 

autoradiography (-70°C) for up to 9 days.

3.5.4 Analysis of phosphorylation assays

Autoradiographs from phosphorylation assays were analysed by densitometry using the 

Alpha Imager 3400 system and computer programme (Alpha Innotech Corporation). 

Background signal of each lane was taken into consideration when measuring density of 

bands to control for any changes in background signal. Measuring each band gave an 

arbitary unit of signal strength. Using these values a percentage change in phosphorylation 

signal from base-line values could be calculated.

3.6 Western Blot Analysis

The technique of western blotting allows the expression pattern of cellular proteins to be 

investigated. Cell lysates are run on a SDS-PAGE gel to separate proteins by size, then 

transferred onto a nitrocellulose film. The procedure uses an antibody to detect specific 

proteins. This primary antibody binds to the protein of interest. A secondary antibody that 

has a high affinity for the primary antibody is then hybridised. The secondary antibody is 

conjugated to horseradish peroxidase (HRP), a molecule that allows visualisation of the 

antibody by the ECL+ kit (Amersham). Combined HRP and peroxide catalysed oxidation of 

acridan substrate generates thousands of acridinium ester molecules each minute. These 

react with peroxide under slightly alkaline conditions to produce a high intensity 

chemiluminescence with maximum emission at a wavelength of 430 nm. The resulting light
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can be detected on autoradiography film. Resulting signals represent expression of the 

protein. This section describes the procedure for western blotting.

To identify PKC isoforms expressed in HERG-HEK cells, and to identify which are down- 

regulated upon chronic agonist stimulation, HERG-HEK cells were grown to -90% 

confluency in 6 well plates. Phorbol 12-myristate 13-acetate (PMA), or its inactive analogue, 

4aPMA, were added to cells to make a final concentration of 1 pM in the media. DMSO 

concentrations did not exceed 0.1%, and 0.1% DMSO controls were also carried out. After 

incubation with PMA or 4aPMA for 24 hours, media was removed, each well of cells was 

washed with 1 ml PBS, and lysed with 200 pi ice-cold solubilisation buffer (as for 

phosphorylation assay). Cells were solubilised for 10 minutes on ice, collected, then cleared 

by centrifugation. Protein concentrations were determined using the Lowry protein assay 

(see section 3.10). For single-well gels, samples were loaded at 360 pg total protein/gel. 

Proteins were resolved by 10% SDS-PAGE (for detection of PKC and p-actin proteins) or 

8% SDS-PAGE (for detection of HERG protein). The Colorburst™ electrophoresis marker 

(Sigma) was used to determine molecular weights. This produced bands at the following 

sizes (in kDa): 220, 100, 60, 45, 30, 20, 12, 8 . Typically, gels were run at 200 V for 50-60 

minutes. Once run, gels were transferred to nitrocellulose using the semi-dry blotting 

method. Blotting was carried out using a Trans-blot SD Semi dry transfer cell (Biorad). 

Typically, blotting was carried out for 25 minutes at 15 V. Samples were then blocked at 

4°C overnight in 5% milk, made in 0.137 M tris buffered saline (TBS), containing (in mM) 

NaCl 85, KC1 2.7, Trizma base 25 (pH 8.0), with 0.1% TWEEN-20.

Primary antibodies were made up in 0.137 M TBS containing 0.1% TWEEN-20 (pH 7.4), 

and were applied at the following dilutions (as recommended by the supplier): PKC

Isoforms: a  1:1000; p 1:250; 5 1:500; 8 1:1000; y 1:1000; p 1:250; i 1:250; X 1:250; 0 1:250 

(BD Biosciences), HERG: 1:1000 (in house), P-actin: 1:1000 (Sigma). All antibodies were 

applied for 1 hour at room temperature. During this incubation, blots were rocked at 

approximately 20 rpm. After incubation in primary antibody, blots were briefly rinsed with 

0.137M TSB containing 0.1% TWEEN-20 and then more completely washed 3 times for 10 

minutes using the same solution. Secondary antibodies were made up in 0.137M TBS 

containing 0.1% TWEEN-20, and were applied at the following dilutions: anti-rabbit: 1:1000
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(Sigma), anti-mouse: 1:1000 (Sigma). All antibodies were applied for 1 hour at room 

temperature and the blots constantly rocked at approximately 20 rpm.

Protein detection was carried out using ECL+ (Amersham), following the manufacturer’s 

protocol. Briefly, for each piece of nitrocellulose to be exposed, 500 pi Solution A was 

mixed with 12.5 pi Solution B. Excess wash solution was removed from nitrocellulose, and 

the ECL+ mix was added to the protein face of the nitrocellulose, and left for 5 minutes. 

After this time period, excess ECL+ solution was removed from the nitrocellulose, which 

was wrapped in clingfilm, ensuring no air bubbles were between the clingfilm and the protein 

face of the nitrocellulose. This was then placed protein-face up into a hypercassette, where it 

was exposed to Hyperfilm ECL (Amersham) for appropriate lengths of time (typically 5 

minutes for PKC detection, 30 seconds for P-actin detection, 2 minutes for HERG detection), 

then developed using a hyperprocessor.

3.7 Lowry Protein Assay

The Lowry protein assay was used to quantify total protein levels in cell lysates. This 

allowed us to correct for protein levels when loading lysates in western blots. This assay is 

based on the biuret reaction. Copper sulphate is added to the protein solution in strong 

alkaline conditions. A purple-blue colour is produced, which results from complex formation 

between the cupric ions and the peptide bond. However, the biuret reaction is somewhat 

insensitive. The Lowry method amplifies the biuret reaction by subsequent reaction with the 

Folin phenol reagent. Although more sensitive protein assays are available, the Lowry assay 

is still widely used, and is capable of detecting protein levels from less than 25 to over 1200 

pg m l'1 protein (Williams and Halsey, 1997).

Quantification of total protein was carried out as previously described (Lowry et al, 1951). 

All measurements were made in duplicate. A standard curve was created using bovine serum 

albumin (BSA) at concentrations of 25, 50, 100, 200, 250 and 400 pg/ml. Samples to be 

quantified were diluted by a factor of 20 to enable accurate measurement. The light 

absorbance of standards and samples were read at 750 nm. Estimation of total protein in the 

samples was carried out using a linear regression curve (Prism 3.0).
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3.8 Muscarinic Acetylcholine receptor Binding Assay

In order to accurately estimate the muscarinic acetylcholine receptor population in the HEK 

cell lines used in this thesis, we used a binding assay. The radiolabelled ligand used in these
“X  Texperiments, [ H]-N-methyl-scopolamine ([ H]-NMS), is a highly specific, high affinity 

antagonist of muscarinic acetylcholine receptors. Use of an antagonist in these binding 

assays means the receptor it binds to will not be internalised and down-regulated. [ H]-NMS 

is also relatively impermeable to the cell membrane, thus allowing only binding to receptors 

expressed at the cell surface. Incubating cells in [ H]-NMS allows it to bind to any available 

receptors. After washing to remove unbound [ HJ-NMS, we are able to measure the 

muscarinic population by measuring radioactivity in each sample, and correcting for protein. 

Cells were plated out on poly-L-lysine coated 24-well plates two days prior to the 

experiment, to enable cells to be 50-70% confluent for the experiment. Each experiment was 

carried out in triplicate, with corresponding wells to measure total binding (TB), non-specific 

binding (NSB) and total protein (TP). Media was aspirated off, and all cells were washed 

twice with 1 ml Krebs-Henseleit buffer (KHB) containing (in mM) NaCl 118, KC1 4.7, CaCb 

1.3, KH2P 0 4 1.2, M gS04 1.2, Na HCO3 25, HEPES 5, glucose 10, pH 7.4. KHB was heated 

to 37°C and gassed with 95% O2 / 5% CO2 . After washing, buffer was fully aspirated and 

400 pi KHB was added to each well. To define non-specific binding, 10 pM atropine was 

added to NSB-allocated wells to occupy high affinity receptor sites for NMS. After a 10 

minute incubation at 37°C with atropine (to allow equilibration), approximately 3 nM [3HJ- 

NMS was added to all wells allocated to measure NSB and TB. Cells were incubated with 

[3H]-NMS for 1 hour at 37°C. After this time period, plates were transferred to ice. All 

wells were aspirated, and cells were washed twice with 1 ml ice-cold KHB, in order to
• • • • • • "Xminimise dissociation of [ HJ-NMS from receptors. Once washed, cells were incubated with 

0.1M NaOH for 30 minutes at 37°C, in order to solubilise cells. After this incubation, the 

full 500 pi volume was removed into scintillation vials and 4.2 ml scintillation fluid was 

added. Vials were then vortexed, and counted on a 3 minute [3H] protocol. A Lowry protein 

assay was used to determine protein levels in the TP allocated wells (as described in section
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33.10). Data were analysed using the following equation to work out total binding of [ HJ- 

NMS (pmol):

Counts (d.p.m.) x ____________ 1000________

2.22 x 106 (d.p.m./pCi) [3H]-specific activity (pCi /pmol)

The [3H] -NMS specific activity was 84 pCi /nmol

Data were then normalised to total protein and values expressed in fmol mg' 1 total protein.
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Chapter 4

Characterisation of HERG currents in HEK 293 cells and Xenopus oocytes

4.1 Introduction

In order to investigate modulation of the HERG channel current by second messenger 

systems, recombinant HERG channels expressed in the HEK mammalian cell line were used. 

This allowed investigation of the current in a mammalian background, without potential 

contamination from other currents. Although the ideal option, physiologically, would be to 

record Iitr from ventricular myocytes, this was not done for this study. This was mainly due 

to the difficulty of measuring Iitr, the current for which HERG is the pore-forming subunit. 

Ikj amplitude in ventricular myocytes is small, and Iitr is easily contaminated with other 

membrane currents, including those of ion channels, ion exchangers and transporters. A 

stably transfected HEK cells line was available that has been well-characterised by many 

laboratories (Zhou et al., 1998). For some experiments HERG was transiently transfected 

into HEK cells. The HEK cell background was used throughout most studies in this thesis. 

The Xenopus oocytes expression system was also used in these studies. These cells however, 

were not used in studies characterising the modulation of current, as there may be differences 

in expression of modulatory proteins in these cells compared to mammalian cells.

HERG channels have unusual kinetics compared to other voltage-gated potassium channels. 

Activation and deactivation are slow, occurring over several seconds, whereas inactivation of 

the channel is rapid (Zhou et al, 1998; Tristani-Firouzi and Samguinetti, 2003). Activation 

and inactivation are seemingly controlled by a single voltage sensor, which translates the 

change of membrane voltage into a change in protein conformation that alters channel 

conduction (Liman and Hess, 1991; Loots and Isacoff, 1998, Liu et al., 2003a, Jiang et al., 

2003a). Activation and inactivation appear to occur independently in the HERG channel, 

again leading to speculation of how this can occur when seemingly controlled by the same 

mechanism. Therefore, the kinetics of the HERG channel are complex. The studies in this 

chapter aimed to characterise the WT HERG channel in both Xenopus oocytes and HEK 

cells. Although characterisation of the HERG channel has been carried out by many others 

previously, these experiments allowed me to ensure the currents I was observing had similar
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kinetics to previous reports, and validated our experimental recording conditions. These 

studies also allowed me to investigate kinetic differences between HERG currents expressed 

in mammalian and non-mammalian tissues.
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4.2 Results

4.2.1 Current-volta2 e relationships for HERG current expressed in HEK 293 cells

HEK 293 cells stable expressing HERG currents were voltage clamped, and currents were 

measured using the whole cell configuration of the patch clamp technique. Currents were 

elicited using the I-V protocol (for detail see section 3.2.3.1). Figure 4.1 A shows a 

representative family of HERG currents. For clarity, currents evoked by different voltage 

pulses are shown as different colours. Currents during the test potential were first observed at 

around -40 mV, and increased until cells were depolarised to potentials greater than 0 mV. 

After this point the current amplitude decreased. This has been referred to as inward 

rectification and is due to an increasing amount of channel inactivation at more positive 

potentials (shown later in this chapter). Under conditions used in this study, HERG 

isochronal end pulse current peaks at 0 mV, before decreasing with further voltage pulses 

(figure 4.IB). Figure 4.1C shows the mean activation curve produced from a total of 26 cells. 

This data was fitted with a Boltzmann function to obtain values for half maximal activation 

(V0.5) and slope factor. The V0.5 for activation of HERG currents expressed in HEK cells was 

-20.51 ± 1.87 mV, with a slope factor of 7.35 ± 0.51 (n=26)

HERG currents expressed in Xenopus oocytes were recorded using two-electrode voltage 

clamp. Currents were elicited using the oocyte I-V protocol (for detail see section 3.2.3.1). 

A representative family of HERG currents recorded in response to this voltage protocol can 

be seen in figure 4.2A. For clarity currents produced at different voltages are shown in 

different colours. Currents were analysed as described for HERG currents in HEK cells. 

Figure 4.2B shows the mean isochronal I-V relationship of the HERG channel when 

expressed in Xenopus oocytes. In these recording conditions, isochronal end-pulse current 

peaked at -20 mV, after which currents reduced due to an increased inactivation of the 

channel. Figure 4.2C shows the activation curve of the current under these recording 

conditions, fitted with a Boltzmann function. The V0.5 for activation of HERG currents 

expressed in Xenopus oocytes was -25.73 ± 3.12 mV, with a slope factor of 7.94 ± 0.37 

(n=5).
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Figure 4.1
The current-voltage relationship of the HERG channel. A Representative family of 
currents current elicited using the I-V protocol. For clarity the current from each voltage 
is shown as a different colour. B Normalised mean isochronal end pulse currents plotted 
as a function of voltage (n=26). C Normalised mean peak tail currents plotted against 
voltage and fitted with a Boltzmann function (n=26).
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Figure 4.2
Current-voltage relationship of HERG currents expressed in Xenopus oocytes. A
Representative family of currents elicited using the protocol shown in panel A. B 
Normalised mean isochronal end pulse currents plotted as a function of voltage (n=5). 
C Normalised mean peak tail currents plotted as a function of voltage and fitted with a 
Boltzmann function (n=5). Error bars are smaller than point size.
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In addition to being voltage dependent, activation of the HERG current is also time 

dependent. To measure this, the envelope of tails voltage protocol (see section 3.2.3.2) was 

used. Representative current traces produced by this protocol are shown in figure 4.3A. 

Figure 4.3B shows the mean data produced from this voltage protocol for HERG currents 

expressed in HEK cells, normalised to the maximum current. Fitting this with a single 

exponential function gave a time constant for activation of 116.24 ± 13.06 ms ( n=7).

Figure 4.3C shows the mean, normalised data for the time course of activation of HERG 

channels expressed in Xenopus oocytes, measured at +40 mV. Activation was much more 

rapid in channels expressed in oocytes. Fitting this data with a single exponential function 

gave a time constant of activation of 29.64 ± 2.44 ms (n=5). Because the time constant of 

activation was measured in HERG-HEK cells and Xenopus oocytes at different voltages they 

are not directly comparable.

4.2,2 Inactivation of HERG channels

Inactivation of the HERG channel current is also a voltage dependent process, which occurs 

alongside activation of the channel. To measure this, I used the steady state inactivation 

protocol (for details see section 3.2.3.3). Figure 4.4A shows a set of representative current 

traces for the entire duration of this voltage protocol. The section of the trace indicated 

between the two arrows in panel A, is shown on an expanded time scale in figure 4.4B. Any 

current trace showing any deactivation (shown as a decay of current at more negative 

potentials, seen at -140 mV in panel A) was discarded. Peak current at the beginning of the 

third pulse was normalised to the maximum peak current, plotted as a function of voltage 

(seen in figure 4.4C), and fitted with a Boltzmann function. From this the midpoint of 

inactivation, and the slope could be measured. In HEK cells, the V0.5 of inactivation was -  

75.87 ± 2.05 mV, and the slope was -20.80 ± 0.69 (n=13).

A similar protocol was used to measure steady state inactivation of HERG currents expressed 

in Xenopus oocytes. Mean, normalised data from this is shown in figure 4.4D. The V0.5 was 

-87.12 ± 4.00 mV, and the slope -24.86 ± 2.05 (n=5).
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Figure 4.3
The envelope of tails protocol measures time dependent activation of HERG. A
Representative currents measured from HEK cells using the envelope of tails protocol. 
B Mean, normalised time-course of activation for HERG current in HEK cells 
measured at 0 mV (n=7). C Mean, normalised time-course of activation for HERG 
current in Xenopus oocytes measured at +40 mV (n=5).
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Figure 4.4
Steady state inactivation of the HERG channel in HEK cells. A Current traces 
elicited during complete steady state inactivation protocol. The dotted line indicates the 
zero current line. B Current on an expanded time scale. Current shown in B was recorded 
between the two points indicated by arrows in panel A. C Normalised mean data 
measuring steady state inactivation as a function of voltage in HEK cells (n=13). D 
Normalised mean data measuring steady state inactivation in oocytes (n=5). Data are
fitted with a Boltzmann function (solid lines).
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Figure 4.5
The ‘fully activated I-V’ protocol with HERG currents expressed in HEK cells. A
representative current trace elicited. For clarity, current evoked at each voltage potential is 
shown as a different colour. Red arrow represents the zero current line. B Mean time constants 
of deactivation as a function of voltage. C Mean peak tail currents (measured at the point of the 
black arrow in panel A), plotted as a function of voltage (n=5).
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4.2.3 Deactivation of HERG channels

The voltage dependence of deactivation of the HERG channel, and the reversal potential of 

HERG currents expressed in HEK cells can be observed using the fully activated I-V voltage 

protocol (for details see section 3.2.3.4). Representative traces of HERG current in response 

to this protocol can be seen in Figure 4.5 A. Deactivation of HERG current is highly voltage 

dependent. Time constants (x) for deactivation of HERG currents were measured by fitting 

the currents at each membrane potential with a double exponential function, x values are 

plotted as a function of voltage in figure 4.5B. These data show a slowing of deactivation as 

membrane potential becomes more positve. At -110 mV, the slow and fast time constants 

were 189.07 ± 48.94 ms and 28.76 ±8.18 ms, compared to 1227.74 ± 16.99 ms and 194.36 ± 

49.73 ms measured at -60 mV (n=5).

The fully activated I-V protocol also allows the reversal potential of the current to be 

determined, by observing at what potential the current changes direction upon repolarisation. 

For HERG current under our recording conditions, the reversal potential was measured at -79 

mV (n=5) (figure 4.5C). The calculated value for Ek based upon potassium concentrations 

used and the temperature in my recording conditions is -92 mV. Although not the same as 

E k , the reversal potential measured experimentally shows the HERG channel has a high 

potassium selectivity.

Using a similar voltage protocol, the reversal potential of the HERG current in oocytes can be 

measured. The reversal potential of the HERG channel expressed in oocytes could then be 

calculated. Under my recording conditions, this was calculated as -114 mV (n=4, figure 

4.6B). Since I am not controlling the internal environment of the cell when I record HERG 

currents in oocytes, I am unable to calculate Ek. The voltage dependence of deactivation 

could also be measured from this protocol (figure 4.6C). At -110 mV slow and fast time 

constants were 270.79 ± 41.88 ms and 51.35 ± 3.70 ms, compared to 1589.83 ± 176.43 ms 

and 339.44 ± 52.52 ms at -60 mV (n=4). The x values were a little slower in oocytes than in 

HEK cells, but this is likely to reflect differences in recording temperatures.
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Figure 4.6
The ‘fully activated I-V’ protocol on HERG currents expressed in oocytes. A
Representative family of currents elicited. For clarity, each separate trace is shown as a 
different colour. The black arrow indicates the zero current line. B Mean peak tail 
current measured where the thick black arrow is shown in panel A, plotted as a function of 
voltage (n=4). C Mean time constants of deactivation (n=4).
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4.2.4 Dofetilide block of HERG current

The HERG channel current is blocked by a large number of pharmacological agents. This 

allows the HERG current to be easily identified and separated from endogenous currents. To 

determine if current during voltage pulses was predominantly HERG, 1 pM dofetilide, a well 

characterised HERG channel blocker was applied. The ‘depolarisation to 0 mV’ voltage 

protocol (for details see section 3.2.3.5) was repeated to determine when current amplitude 

stabilised. Dofetilide was then applied extracellularly, and repepitive pulsing continued. 

Current during the test pulse and peak tail current amplitude started to decrease the first pulse 

after dofetilide application. The onset of block by dofetilide was relatively slow. Maximal 

effects of dofetilde were observed after -  250 seconds. Representative current traces in 

control conditions and in the presence of dofetilide are shown in figure 4.7A. The peak tail 

currents from each voltage were normalised to peak tail currents before dofetilide application. 

The mean time course of the effects of dofetilide is shown in figure 4.7B. Decay of current in 

the presence of dofetilide was fitted with a single exponential function, giving a time constant 

of 36.63 ± 6.70 seconds (n=5). Peak tail currents with maximum effects of dofetilide were 

0.41 ± 0.22% of control currents (n=5). All current elicited by the tail potential was 

inhibited. This suggests there are minimal contaminating currents in HEK cells that are 

observed at this voltage. Some current during the depolarising pulse was observed to remain 

after dofetilide block of HERG current. This remaining current showed a rapid activation, 

and a slow decay with time. It is likely that this current is a transient outward potassium 

current endogenously expressed in HEK cells. Although some current remained at the end of 

the depolarising pulse, this was small (9.13 ± 1.34% of control current). However, this 

contaminating current may be modulated by the various compounds applied to the HEK cells 

in experiments in this thesis. As a result of this of this, all effects seen from compound 

application in this thesis will be measured as the effects they show on peak tail current only. 

This allows us to be confident that we are measuring the effects of compound on HERG 

currents only.

I-V and steady-state inactivation protocols (see sections 3.2.3.1 and 3.2.3.3 respectively) 

were also carried out before and during dofetilde application. This allowed us to measure any 

current remaining at other voltages. Figure 4.8A shows mean isochronal current-voltage 

relationship in control conditions and after dofetilide application (n=5). Data has been
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Figure 4.7
The current measured in HERG HEK cells is blocked by the HERG channel 
inhibitor dofetilide. A Representative current trace in control conditions and 
after attainting steady state block with 1 pM dofetilide. Dotted line represents the 
zero current line. B The mean time-course of the effects of lpM  dofetilide 
application on peak tail currents (n=5).
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Figure 4.8
Block of HERG current by dofetilide A Normalised mean isochronal end pulse current 
from an I-V protocol in control conditions and with lpM dofetilide. B Normalised mean 
peak tail current in control conditions and with dofetilide, fitted with Boltzmann functions 
(n=5, error bars are smaller than point size). C Normalised current amplitude at the 
beginning of the third pulse of the steady state inactivation protocol in control conditions 
and with dofetilide, fitted with Boltzmann functions (n=5, error bars are smaller than point 
size).
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normalised to the maximal isochronal current in control conditions. It is clear that dofetilide 

blocks the majority of current measured using the I-V voltage protocol. However, there is a 

small outward current that increases with increased voltage. The amplitude of this current at 

+40 mV however is negligible, being 3.24 ± 1.42% of maximum current in control conditions 

(n=5). Figure 4.8B shows the mean activation curve of the HERG current in control 

conditions and in the presence of dofetilide (n=5). Data in this graph has been normalised to 

the maximum peak tail current in control conditions. It is clear that dofetilide blocks all 

current at all voltages as current remaining at the test potentials was negligible in the 

presence of dofetilide. Maximum current in the presence of dofetilide was observed at +40 

mV, where it was 0.24 ± 0.05% of maximal control current. Figure 4.8C shows a 

representative steady state inactivation plot in control conditions and in the presence of 

dofetilide (n=5). Currents were normalised to the maximum tail current in control conditions. 

Using this voltage protocol, currents were negligible at all voltages in the presence of 

dofetilide. Maximal currents were measured at -120 mV, where currents were 2.34 ± 0.16% 

of control current (n=5). This suggests that only HERG currents are activated at the voltages 

used in this protocol.

4.2.5 Rundown of HERG current in HEK cells

Rundown of current can be defined as a decrease in amplitude of current with time in control 

conditions. Rundown of current is evident during whole cell patch clamp recordings, and is 

likely to be due to dialysis of an intracellular factor out of the cell. Rundown of ERG current 

expressed in mammalian tissue during whole cell recording is a well-known phenomenon 

(Hirdes et al., 2004). The extent of rundown of the current varies between studies. This is 

likely to be due to a number of factors, including intracellular solution composition and 

electrode size, which may alter the rate of dialysis of intracellular factors. Therefore, we 

needed to characterise the rundown of the HERG current in HEK cells under our recording 

conditions.

I found rundown to vary between cells. Some cells showed profound rundown within 30 

seconds after recording started, and others seemed to show little rundown after 10 minutes. 

No pattern between rundown and cell parameters (current size, cell size) were observed.
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Cells showing a profound rundown were discarded, as any effects of compound applied to 

these cells would be difficult to monitor.

In order to evaluate the rundown of current, I measured peak tail currents from HEK cells 

stably expressing HERG current in control Tyrode using the ‘depolarisation to 0 mV’ voltage 

protocol over a 15 minute time period. This allowed me to compare the amplitude of current 

in control conditions to the amplitude in test conditions. For experiments that were carried 

out over a shorter time period, the current amplitude at the end of the experiment was 

compared to the corresponding time in rundown experiments. This allowed me to test if 

there was any statistical significance between data sets.

The mean rundown from 35 cells is plotted in figure 4.9A. The peak tail current from the 

first four voltage sweeps was averaged to produce a starting value. All subsequent tail 

currents recorded after this were normalised to this value. After a 15 minute recording 

period, peak tail current was 78.56 ± 1.94% of starting current. Current rundown had a linear 

time course, showing on average, a decay of 1.5% per minute.

I also tested if the voltage-dependence of the HERG current changed when recordings are 

carried out over a long period of time. There was no significant shift in the V0.5 for activation 

over time (see figure 4.9B). The midpoint of activation at the start of recording was -23.51 ± 

0.58 mV, compared to -22.81 ± 1.09 mV after 15 minutes recording (n=15, p>0.05). The 

slope factor was also not significantly altered. In control conditions this was 6.83 ± 0.50, 

compared to 7.46 ± 0.96 after 15 minutes (p>0.05).

I measured steady state inactivation of the current at the start of the recording and after 15 

minutes of recording (see figure 4.9C). The V0.5 of inactivation was measured at -76.48 ± 

1.45 mV at the start of recording, compared with -77.20 ± 1.48 mV after 15 minutes (n=8). 

This difference was not statistically different (p>0.05). The slope factor of the curve was also 

unaltered. At the start of recording this was -17.61 ± 1.20, compared to -20.09 ± 1.93 after 

15 minutes (p>0.05).

Deactivation of the current after a test-pulse to 0 mV was measured over a 15 minute time 

period, and fitted with a double exponential function. Mean time constants for the start and 

end of the 15 minute recording period can be seen in figure 4.9D. The mean time constants at 

the start of recording were 1272.56 ± 55.89 ms, and 243.36 ± 14.38 ms, compared to 1275.92
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± 56.27 ms and 242.93 ± 13.78 ms after 15 minutes (n=35). There was no statistically 

significant change in either the fast or slow time constants of deactivation over time (p>0.05). 

To summarise, results from this rundown study allow us to be confident that any effects on 

activation, inactivation or deactivation of the current we observe during test conditions are 

not due to rundown of the current.
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Figure 4.9
Rundown of the HERG current expressed in HEK cells. A The mean time-course of 
rundown of tail current, measured over 15 minutes (n=35). B I-V protocols were run at 
the start and end of the 15 minute recording period to investigate changes to voltage 
dependence of activation. Normalised peak tail currents were plotted against test potential 
and fitted with Boltzmann functions (n=15). C Voltage dependence of steady state 
inactivation. Data was collected at the start of recording, and after 15 minutes of 
recording and fitted with Boltzmann functions (n=8). D Fast and slow deactivation times 
constants (n=35) at the start of recording (denoted by “start”) and after 15 minutes of 
recording (denoted by “end”).
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4.3 Discussion

4.3.1 Characterisation of WT HERG channel currents

In  th is  ch a p ter  I h a v e  c h a r a c te r ise d  W T  H E R G  cu rren ts e x p r e s s e d  in  H E K  c e l ls  an d  Xenopus 

o o c y te s .  Z h o u  e t  a l. ( 1 9 9 8 )  fir st  c h a r a c te r ise d  th e  H E R G -H E K  c e l l  l in e  u s e d  in  th is  th e s is ,  

an d  fo u n d  th e  V 0.5 o f  a c t iv a t io n  w a s  - 2 5 . 9  m V , w ith  a  s lo p e  fa c to r  o f  6 .0 ,  n o t  d is s im ila r  to  

v a lu e s  m e a su r e d  in  m y  w o r k  o f - 2 0 .5 1  ±  1 .8 7  m V  an d  7 .3 5 .  O th er  s tu d ie s  th a t h a v e  s tu d ie d  

H E R G  in  c u ltu r ed  m a m m a lia n  c e l l s  h a v e  y ie ld e d  a v a r ie ty  o f  r e su lts . In  H E K  c e l ls ,  T h o m a s  

e t  a l. (1 9 9 9 )  s h o w e d  th e  V 0.5 fo r  a c t iv a t io n  w a s  - 4 . 3  m V  an d  K a g a n  e t  a l. ( 2 0 0 2 )  m e a su r e d  it 

as a p p r o x im a te ly  0  m V . O th er  s tu d ie s  h a v e  fo u n d  th e  V 0.5 o f  a c t iv a t io n  o f  H E R G  c h a n n e l  

cu rren ts in  H E K  c e l l s  to  b e  - 2 3  m V  (H a n  e t  a l.,  2 0 0 4 ) ,  - 1 6 .9  m V  (S u n  e t  a l.,  2 0 0 4 )  an d  

a p p r o x im a te ly  0  m V  ( W e i e t  a l.,  2 0 0 2 ) .  S tu d ie s  in v e s t ig a t in g  H E R G  c h a n n e ls  e x p r e s s e d  in  

C H O  c e l ls ,  a n o th e r  m a m m a lia n  c u ltu r e d  c e l l  l in e ,  h a v e  a ls o  y ie ld e d  v a r y in g  re su lts . 

W ee a p u ra  e t  a l. ( 2 0 0 2 )  s h o w e d  th e  V 0.5 o f  a c t iv a t io n  w a s  - 2 2  m V , a g a in  n o t  d is s im ila r  to  

resu lts  fro m  o u r s tu d y  a n d  th a t o f  Z h o u  e t  a l. H o w e v e r ,  in  a  s tu d y  ca rr ied  o u t  b y  M c D o n a ld  

et al. ( 1 9 9 7 ) ,  th e  V 0.5 o f  a c t iv a t io n  w a s  m e a su r e d  as + 1 2  m V . B ia n  e t  a l. ( 2 0 0 4 )  m ea su re d  

th e  V 0.5 o f  a c t iv a t io n  a s  + 0 .9 9  m V , C u i e t  a l. ( 2 0 0 0 )  m e a su r e d  it  a s  - 5  m V  an d  B e r u b e  et al. 

(1 9 9 9 )  as - 8 . 5  m V . T h e s e  r e c o r d in g s  w e r e  a ll ca rr ied  o u t  u s in g  s im ila r  in tra- an d  ex tr a 

c e llu la r  s o lu t io n s ,  s o  th e  q u e s t io n  o f  h o w  th e s e  d if f e r e n c e s  a r ise  m u s t  b e  p o s e d . T h e  

d iffe r e n c e s  in  V 0.5 v a lu e s  b e t w e e n  s tu d ie s  m a y  b e  d u e  to  a  n u m b e r  o f  fa c to r s . T h e  H E R G  

c h a n n e l is  s e n s i t iv e  to  tem p e ra tu r e  (Z h o u  e t  a l., 1 9 9 8 ) ,  s o  th is  m u s t  b e  ta k e n  in to  a c c o u n t  

w h e n  c o m p a r in g  d a ta  fr o m  d iffe r e n t  s tu d ie s . T e s t  p u ls e  d u r a tio n  m u s t  a ls o  b e  ta k e n  in to  

a c c o u n t, as H E R G  cu rren t a c t iv a t io n  is  a ls o  t im e -d e p e n d e n t  (Z h o u  e t  a l. ,  1 9 9 8 ;  H a n c o x  e t  a l.,

1 9 9 8 ) . S h o r t te s t  p u ls e s ,  d u r in g  w h ic h  H E R G  cu rren t m a y  n o t  f u l ly  a c t iv a te , m a y  c a u se  

ap p aren t sh if ts  in  th e  v o lt a g e  d e p e n d e n c e  o f  a c t iv a t io n .

In  th e  sa m e  c e l l  l in e  a s  th a t u s e d  in  th is  s tu d y , Z h o u  e t  a l. ( 1 9 9 8 )  s h o w e d  th e  p r e s e n c e  o f  a 

sm a ll-a m p litu d e  b a c k g r o u n d  cu rren t, s im ila r  to  th a t s e e n  in  m y  s tu d ie s . S im ila r ly  to  m y  d ata , 

th e g ro u p  fo u n d  th is  b a c k g r o u n d  cu rren t h a d  a lin e a r  r e la t io n s h ip  w ith  v o lt a g e ,  in c r e a s in g  as  

v o lta g e  w a s  in c r e a se d  d u r in g  th e  te s t  p u ls e .  A g a in , l ik e  d a ta  s h o w n  in  th is  ch a p te r , n o  cu rren t 

w a s  e v o k e d  d u r in g  r e p o la r is a t io n  to  - 5 0  m V  to  m e a su r e  H E R G  ta il  cu rren ts .

In  th e s e  H E R G -H E K  c e l l s ,  Z h o u  e t  a l. fo u n d  th e  r e v e r sa l p o te n t ia l  o f  H E R G  cu rren t to  b e  

a rou n d  - 8 5  m V  w h e n  r e c o r d in g  cu rren ts  in  4  m M  e x tr a c e l lu la r  p o ta s s iu m , a g a in  a  s im ila r
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value to that measured in my data, showing the HERG channel has a high potassium 

selectivity. This similarity between my data and that of Zhou et al., who made and 

characterised the HERG-HEK cell line we used, allows me to be confident the current I am 

recording in HEK cells under our conditions is HERG current, and is not contaminated by 

endogenous currents.

When comparing deactivation kinetics measured in this body of work to other studies 

measuring HERG current in HEK cells, similarities are seen. Weeapura et al. (2002) fitted 

time constants of deactivation (measured at -50 mV) with a double exponential function, 

leading to time constants of ~ 1 100 ms and -230 ms, which are very similar to those observed 

in this study. Other studies measuring deactivation at -50 mV with a double exponential 

have shown values o f -1027 ms and -137 ms (Zhou et al., 1998), -1000 ms and -100 ms 

(Wu et al., 2003) and -100 ms and -1200 ms (Sun et al., 2004). Again, similarities between 

this data and that in this body of work allows me to be confident the current I am measuring 

is HERG.

A study carried out by Wang et al. (1997) characterised the activation kinetics of HERG 

channels expressed in Xenopus oocytes. This study found the midpoint of activation of 

HERG currents was -21 mV, with a slope factor of activation of 7.0. This data is very 

similar to my own findings of the midpoint of activation being -25 mV, with a slope factor of 

7.9. Other studies carried out in Xenopus oocytes yielded V0.5 values for activation of -19.5 

mV (Weeapura et al., 2002), -33.9 mV (Aydar and Palmer, 2001) and -19.2 mV (Schonnherr 

et al., 1996). Again, like in mammalian cells, a range of values have been measured. This is 

also likely to be due to differences in recording conditions, such as pH, extracellular 

concentration of divalent cations or test pulse duration.

4.3.2 Molecular basis of HERG channel gating

The kinetics of the HERG channels are unusual. HERG currents show slow activation and 

deactivation, occurring over a few seconds, but very rapid inactivation of the channel, which 

occurs over tens of milliseconds. The structural basis for these kinetics is not yet fully 

understood. The HERG channel is made up of four subunits, each of which have six 

membrane-spanning regions. The S4 domain contains six positively charged residues. It is 

thought these residues contribute to the voltage sensitivity of the channel. The mechanism of
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voltage sensing in potassium channels is thought to involve a rotation and possible translation 

of the S4 domain relative to the electric field, that it is coupled to opening of the activation 

gate of the channel (reviewed in Swartz, 2004). So the slow activation of HERG could be 

due to either a slow coupling between the movement of S4 and opening of the activation gate, 

or a slow movement of the S4 domain in response to a change in membrane voltage. Gating 

currents are the currents passed by a channel in the absence of ionic current, and correspond 

to movement of charged residues across the membrane. Studying these currents allows the 

movement of the S4 domain to be observed. In a study carried out investigating gating 

currents of HERG, Piper and colleagues (2003) showed the time constant for the gating 

current upon channel opening was slow. This suggests that the movement of the voltage 

sensor itself is slow, although the underlying mechanism remains unknown. The amino acid 

sequence of the HERG channel differs from that of other voltage gated potassium channels 

(such as Shaker channels) in a number of ways. These include additional charges in the 

HERG channel. These are negative charges, and may interact with the positive charges on 

the S4 domain. One residue in particular, D540, when mutated, causes the HERG channel to 

open upon both depolarisation (like WT channels), and also with hyperpolarisation 

(Sanguinetti and Xu, 1999). This suggests this residue is important in stabilising the closed 

state of the HERG channel.

The slow closing, or deactivation of the HERG channel is thought to be due, in part, to the N- 

terminal domain. Studies have shown that if the first portion of the HERG channel is deleted 

(up to amino acid 370), deactivation of the channel is significantly faster (Schronherr and 

Heinemann, 1996). In more recent studies, it has been shown that just deleting amino acids

2-9 has a similar effect to deleting the whole N terminus (Morais-Calbral et al., 1998). Fast 

deactivation of N-truncated channels could be rescued by intracellular application of a 

peptide encoding the first 135 amino acids of the channel. Wang et al. (2000) later showed 

this effect could be attributed to the first 16 amino acids only. Wang et al. (1998) showed 

deactivation was accelerated in the presence of elevated extracellular potassium, consistent 

with the hypothesis that the inward potassium flux would decrease the ability of the N- 

terminus to bind to the channel and slow deactivation. Channels containing a mutation at 

Gly546 (which is found in the S4-S5 linker) produced a mutant identical to N-truncated
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mutants, suggesting the N-terminal binds to a site close to the S4-S5 linker. The same 

research group were able to show it was likely that three or more amino termini were required 

to bind to the channel to slow deactivation (Wang et al., 2000), consistent with findings from 

the mERGl channel (London et al., 1997).

Inactivation of the HERG channel, as previously mentioned, is extremely rapid when 

compared to the activation and deactivation of the channel. This implies that the activation 

and inactivation processes are not governed by the same voltage dependent process. Mutants 

of HERG lacking the N-terminus still show inactivation (Schonnherr and Heinemann, 1996), 

suggesting the HERG channel does not exhibit N-type inactivation. Inactivation of HERG 

can also be disrupted by point mutations without any effects on activation (mutation of S631; 

Schonnherr and Heinemann, 1996), again providing evidence that activation and inactivation 

of the channel are not governed by the same process. The EAG channel family, which is 

closely related to the ERG channel family, does not inactivate. The importance of the S5/P- 

loop region of HERG was shown in studies carried out on EAG/HERG chimeras and HERG 

mutants by Ficker et al. (1998). This study localised the inactivation domain to HERG to the 

S5-S6 domain. A number of point mutations of the HERG channel reduced or abolished 

inactivation. These included a mutation at residue Ser620, to threonine, and mutations at 

Ser631 to alanine and valine. These residues are located in the S5-S6 linker, which forms the 

outer mouth of the channel. Further studies have shown amino acids between points 585- 

594, located in the S5 domain, to also be important for inactivation of the HERG channel 

(Liu et al., 2002). All of these mutants have shown an altered selectivity for potassium, 

which is not surprising, as the S5, P-loop and S6 regions form the pore region of the HERG 

channel. Accumulating evidence suggests inactivation of the HERG channel is due to a 

collapse of the pore, or C-type inactivation. A hallmark of C-type inactivation is sensitivity 

to extracellular tetraethylammonium (TEA) and Smith et al. (1996) showed HERG channel 

inactivation was slowed by extracellular, but not intracellular, TEA. However, inactivation 

of the HERG channel is still much more rapid than inactivation of other voltage gated 

potassium channels, such as the shaker channel, which also shows C-type inactivation, albeit 

not voltage dependent (Roux et al., 1998). This therefore may indicate that another element 

is involved in inactivation of the HERG channel. One of these elements may be the
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difference in residues forming the selectivity filter of the HERG channel. In the HERG 

channel, the selectivity filter is formed by the amino acid residues glycine, phenylalanine and 

glycine. However, in the majority of other voltage gated potassium channels this motif is 

glycine, tyrosine, glycine. It has been suggested that the tyrosine in KcSA and Shaker 

channels hydrogen bonds to tryptophan residues in the pore helix, thus stabilising the 

selectivity filter and slowing inactivation (Doyle et al., 1998). In contrast, the HERG channel 

lacks both the tyrosine and trytophan residues, meaning the selectivity filter may not be 

stabilised, leading to a more rapid inactivation (reviewed in Vandenberg et al., 2003).

Like activation, inactivation of the HERG channel is voltage dependent, implying that a 

region of the HERG channel must act as a voltage sensor for inactivation. Experimental data 

using voltage clamp fluorimetry showed the extracellular side of the S4 region to move on a 

similar timescale to inactivation (Smith and Yellen, 2002). This suggests that the S4 region 

is involved in both activation and inactivation of the HERG channel. However, how S4 

movements couple to both activation and inactivation gates remains unclear.

The unusual kinetics of the HERG channel currents mean it contributes to the latter part of 

the cardiac action potential. Ijcr is one of several currents that regulates the length of the 

cardiac action potential. At the start of the action potential, the membrane potential becomes 

positive, to around +20 to +40 mV . At these voltages the HERG channel is inactivated, so 

little current passes through the channels. As the action potential starts to repolarise, recovery 

from inactivation occurs, and current starts to flow to repolarise membrane potential (Hancox 

et al., 1998). If Iicr is reduced in any way, final repolarisation of the action potential will be 

slowed, therefore causing a lengthened action potential and long QT syndrome. As already 

discussed, long QT syndrome can be caused by both drug block, and inherited mutations of 

HERG, the latter of which can attenuate current by causing altered gating, trafficking or 

conduction of the channel.

4.3.4 Comparing HERG channel kinetics to IKr kinetics

Although HERG current and Ijtr are similar, there are some differences in the kinetics of the 

HERG current expressed in mammalian tissue, and the kinetics of Ijtr expressed in cardiac 

myocytes. This is likely to be due to a number of factors.
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Iitr was first identified in guinea pig ventricular myocytes (Sanguinetti and Jurkiewicz, 1990). 

Since then, currents with similar characteristics have been described in a number of cardiac 

cell types, including atrioventricular nodal cells, atria and SAN (Mitcheson and Hancox,

1999), from a number of species, including mouse (Davies et el., 1996), cat (Follmer et al., 

1990) and rabbit (Cordeiro et al., 1998). The voltage dependent activation processes of Iicr 

are similar across species and tissue type. Examples of measured Vo.5 include -13.7 mV 

from rabbit ventricular myocytes (Carmeliet, 1992), -10.8 mV from rabbit AV nodal cells 

(Mitcheson and Hancox, 1999), and -14.9 mV from guinea pig ventricular myocytes (Heath 

and Terrar, 1996). Generally, channel activation occurs at voltages above -40 mV, and is 

maximal at around +20 mV. Outward current peaks at around 0 mV, before showing inward 

rectification at more positive voltages. However, the time-dependence of activation varies 

greatly across species. When comparing gating kinetics of Ii<r from different species 

measured using similar recording conditions, it has been shown that the activation and 

deactivation rates of iKr in guinea-pig are relatively fast when compared to other species. 

Activation at 0 mV had a time constant of 40 ms. Deactivation measured at -40 mV had a 

time constant of 119 ms (Sanguinetti and Jurkiewicz, 1990). Kinetics of 1^ measured in 

rabbit and canine were relatively slow in comparison. Activation at 0 mV had time constants 

of 400 ms and 600 ms respectively, with deactivation measured at -40 mV having time 

constants of 600 ms and 500 ms respectively (Clay et al., 1995; Lui and Antzlevitch, 1995). 

Iicr measured in human atrium showed kinetics intermediate to those measured in guinea pig, 

rabbit and canine. Activation at 0 mV had a time constant of 200 ms, with the time constant 

of deactivation at -40 mV measured as 234 ms (Wang et al., 1994).

Comparing the kinetic properties of to that of the HERG channel expressed in mammalian 

tissue, for example HEK cells, as used in our study, shows some differences between 

currents, including the voltage dependence of activation. Obviously, differences in recording 

conditions must be taken into account when comparisons are made, as temperature and pH 

are two conditions which have been shown to alter channel kinetics (Zhou et al., 1998, 

Berube et al., 1999). However, when recording conditions are taken into account, some 

similarities are seen. The deactivation rate at -40 mV of the HERG channel expressed in 

HEK cells (Zhou et al., 1998) was similar to IKr recorded in human atrial myocytes (Wang et 

al., 1994). Of course, being a human-derived cell line, HEK cells may endogenously express
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subunits that may alter channel kinetics. Evidence of this has not been shown, but possible 

contributions of P subunits should be considered.

The 1^ channel may be made up of HERG subunits and p subunits. The contribution of any 

P-subunits to Ikt is controversial. Suggested p sunubits are minK and MiRPl. Knocking 

down minK expression by transfection of anti-sense oligonucleotides attenuated Iicr (Yang et 

al., 1995) in AT-1 cells, an immortalised atrial myocyte-derived cell line. Kupershmidt et al. 

(1999) showed in minK knockout mice, 1^ was significantly reduced, and deactivation of the 

current was slower. Co-expressing minK with HERG in CHO cells however amplified 

currents, when compared to currents from expression of HERG only McDonald et al., (1997). 

This study also showed by co-immunoprecipitation that minK and HERG form stable 

complexes when co-expressed in CHO cells. Although the data indicates a role for minK in 

IKr, the evidence is inconclusive. There is also no direct evidence for co-assembly of HERG 

and minK in cardiac myocytes.

A family of three minK related peptides (MiRPs) have been identified, (reviewed in Abbott 

and Goldstein, 2001). Studies have shown mutations in minK can cause long QT syndrome 

(Sesti and Goldstein, 1998; Schulze-Bahr et al., 1997), and data has also been produced 

suggesting mutations in MiRP may also cause arrhythmias (Abbott et al., 1999). Using co- 

immunoprecipitation, Abbott et al. (1999) showed MiRPl and HERG formed a stable 

complex. When currents were measured from cells co-expressing MiRPl and HERG, it was 

found kinetics of the HERG channel were altered. Deactivation was accelerated and voltage- 

dependent activation was shifted to more positive potentials. The HERG-MiRP channel also 

became more sensitive to block by E-4031 and clarithromycin, two well-characterised 1^ 

blockers. A more recent paper has shown MiRP2 to suppress the expression of HERG when 

co-expressed in oocytes (Schroeder et al., 2000). Again, this provides evidence that members 

of the MiRP family of proteins may interact with HERG to form a more Iicrlike current. 

Others studies however have observed no effect of co-expression of MiRPl on HERG 

currents. Weerapura et al. (2002) compared the pharmacological and biophysical properties 

of the HERG channel expressed in CHO cells with and without co-expression of M iRPl. Co

expression of HERG and MiRPl did not significantly alter the pharmacological sensitivity of 

the current to quinidine, E-4031 or dofetilide. The study found co-expression of MiRPl to 

cause a hyperpolarising shift of activation of the channel, thus moving it further from Iicr-like
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properties. Deactivation was accelerated at potentials below the reversal potential, therefore 

leading the question of how physiologically relevant this alteration would be. However, at 

more physiologically relevant membrane potentials, deactivation was unaltered. The group 

concluded that MiRPl did not contribute to the Iitr current carrying complex.

A recent study has shown Xenopus oocytes to endogenously express a family of MiRP 

proteins (xMiRPs; Anantharam et al., 2003). Injecting HERG-expressing oocytes with RNAi 

to xMiRP2 decreased xMiRP2 expression, and increased HERG current, suggesting xMiRP2 

causes a suppression of HERG current. This data also suggests the HERG current measured 

in Xenopus oocytes may due to a complex of several subunits. Therefore, this data must be 

taken into consideration when expressing HERG currents in Xenopus oocytes.

Evidence for the role of p subunits is inconclusive. Although studies have shown co

expression and co-immunoprecipitation in vitro and using cell lines, no direct evidence 

describing direct interactions between HERG and MiRPs in cardiac tissue has been shown.

Another factor that may cause differences between HERG currents and l^T is alternative 

splicing. A N-terminal splice variant of the HERG channel has been identified in both mouse 

and human cardiac tissue (London et al., 1997; Lees-Miller et al., 1997). This lacks part of 

the N-terminus, having only a 36 amino acid terminal, compared to 396 amino acids in the 

full length isoform. This splice variant, as expected from data already discussed above, 

shows a much faster rate of deactivation. It has been proposed that the full length HERG 

channel and the splice variant can form both homo-and hetero- tetramers. London et al. 

(1997) cloned three different ERG isoforms from a mouse heart cDNA library, named 

mERGla (homologous to HERG), mERGla’ (which lacks the first 59 amino acids) and 

mERGlb (which has an N-terminal domain dissimilar to ERG1). They found mERGla and 

mERGlb to be expressed in the heart. Expressing the mERGla and mERGlb isoforms in 

Xenopus oocytes showed the isoforms may co-express, as mERGlb expression increased in 

the presence of mERGla. Co-expression of mERGla and mERGlb produced currents with 

deactivation kinetics much faster than expression of mERGla or HERG alone. Deactivation 

time constants were more similar to 1^ expressed in mouse cardiac myocytes. This suggests 

that it may be the co-expression of two isoforms of ERG that form Iki- Recently, its has been 

suggested that the canine cardiac Ikt channel is made up of the cERG la (full length) and
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cERG lb (N-terminal splice variant), (Jones et al., 2004). Both variants of ERG were 

identified in canine ventricular tissue using western blot procedures. To test if the two 

isoforms were associated, co-immunoprecipitations were carried out. The study showed that 

ERG la and ERG lb  isoforms associate in canine ventricular myocytes in vivo. Using 

immunocytochemistry, the study was also able to show the ERG la  and ERG lb isoforms 

localised to the same subcellular compartment, which was characteristic of T-tubular 

localisation. However, this study did not measure currents made up of homo- and hetero- 

tetramers, so although able to conclude the two isoforms can co-localise in canine ventricular 

tissue, the possible physiological effects on ionic currents was not determined.

The two studies described above suggest the pore forming subunit of the Iitr channel may be 

composed of more than one ERG isoform. Thus, the resulting kinetics of Ikr in different 

tissues could depend on the expression levels of the different isoforms.

Another isoform of HERG has been identified in human heart (Kupershmidt et al., 1998). 

This isoform, HERGuso lacks part of the C-terminal of the channel. This isoform did not 

produce a functional current when expressed alone, however when co-expressed with ‘full 

length’ HERG, the kinetics of HERG were altered, attenuating current, accelerating 

activation and shifting activation to more negative potentials by ~9 mV. This again suggests 

that the full length HERG isoform is able to interact with other variants of the channel. 

However, in this study there was no evidence shown of protein expression of HERGuso in the 

heart, so the relevance of this data is still unknown.

In summary, it is unknown why HERG current recorded in heterologous expression systems 

is different to 1^ recorded from cardiac myocytes. It may be due to differences in recording 

conditions, or expression of different a and p subunits. Although several candidates for these 

‘extra’ subunits have been proposed, there is little convincing evidence of these subunits 

interacting with the HERG subunit in cardiac myocytes.

4.3.5 Rundown of the HERG current

In this body of work I have characterised HERG current rundown with time when currents 

are measured using whole cell recording techniques. The phenomenon of rundown has been 

shown in previous studies, for a number of ion channels. These include the K a t p  channel 

(Ribalet et al., 2000), calcium currents recorded in bovine chromaffin cells (Elhamdani et al.,
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1995), Type IA nicotinic currents recorded from hippocampal neurons (Alkondon et al., 

1994), and rERG current expressed in tsA-201 cells (Hirdes et al., 2004). In this latter study, 

it was shown rERG current ran down by approximately 1.3% per minute, which is not 

dissimilar to results from my study. I have shown under my recording conditions, HERG 

currents run down by approximately 1.5% per minute.

The exact cause of rundown of current is unknown, although it has been shown in a number 

of studies that using the perforated patch technique, which eliminates dialysis of intracellular 

contents, eliminates rundown. Warth and Hume (1997) demonstrated this for cAMP- 

dependent chloride channels in guinea pig myocytes, and Wanke et al. (1994), for high- 

voltage activated calcium currents. This suggests intracellular components, which are 

dialysed out of the cell during whole cell recording, may be key for maintenance of current 

amplitude. Indeed, for HERG currents, application of PIP2 to the cytoplasmic face of excised 

patches slowed rundown (Bian et al., 2001). Similar effects of PIP2 have been shown for the 

KCNQ1/KNCE1 channel complex, which encodes for Iks (Loussouam et al., 2003). 

Complete rundown of current occurred within 5 minutes when patches were excised into 

control solution. Inclusion of 5 pg m l'1 PIP2 in the cytosolic solution markedly slowed 

rundown, although it did not abolish it entirely. Application of 1.4 mM MgATP to these cells 

also slowed rundown, and the group were able to show application of both PIP2 and MgATP 

completely abolished rundown. The group hypothesised that PIP2 and MgATP were both 

essential for the maintenance of basal Iks amplitude, using independent mechanisms.

The rundown we observed in this study, although large enough to be taken into consideration, 

had a linear time course and was not drastic enough to interfere with recording HERG 

currents using the whole cell technique. Therefore, all electrophysiological recordings from 

HEK cells shown in this thesis were carried out using the whole cell technique.

In conclusion, measuring HERG in a cell line may not be a perfect representation of Ikf 

expressed in cardiac myocytes. However, the expression system I am using allows 

manipulation of the environment, without contaminating endogenous currents. The

differences between HERG current and Iicr will be taken into consideration throughout the 

course of this thesis when possible.
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Chapter 5

Modulation of the HERG channel by second messengers

5.1 Introduction

There have been several studies that have investigated the modulation of the HERG channel 

by protein kinases (Barros et al., 1998; Kiehn et al., 1998; Thomas et al., 1999; Thomas et al., 

2003). However, few studies have been carried out to investigate the potential for 

modulation of the HERG channel by intracellular calcium. Calcium is an important second 

messenger in the heart. In a study recording Iitr in guinea-pig ventricular myocytes it was 

shown that the calcium chelator BAPTA significantly attenuated basal Iitr (Heath and Terrar,

2000). Studies have also shown the EAG channel to be modulated by calcium. The EAG 

channel is closely related to HERG, with regions of high sequence homology. Stansfeld et al. 

(1996) and Schonherr et al. (2000) both showed elevated calcium to cause a rapid, reversible 

attenuation of EAG current. Stansfeld et al. hypothesised this was due to a direct effects of 

calcium on the channel, however the study carried out by Schonherr et al. concluded that 

modulation was due to binding of calcium calmodulin to an amphipathic helix on the C- 

terminus of EAG.

The initial aim of this body of work was to investigate if the HERG channel is modulated by 

changes in intracellular calcium concentrations. Two approaches were used. I raised 

intracellular calcium directly using the calcium ionophore ionomycin. I also used an agonist 

of the muscarinic M3 receptor, which is coupled to the Gq/j 1 G-proteins, and causes release of 

calcium from intracellular IP3-sensitive calcium stores. My results suggested calcium itself 

did not have a direct effect on HERG channels expressed in HEK 293 cells, but the HERG 

channel could be modulated by a protein kinase C (PKC) dependent pathway.

Several previous studies investigating PKC modulation of the HERG channel have been 

carried out in Xenopus oocytes (Thomas et al., 1999; Thomas et al., 2003). Modulatory 

pathways in these cells may differ from those in a mammalian cell system. Studies on 

modulation of HERG channels by PKC have yielded a variety of results. A general trend in 

Xenopus oocytes has been HERG current attenuation, due to a positive shift in the voltage 

dependence of activation (Kiehn et al., 1998; Barros et al., 1998). However, some studies 

show a large decrease in current, accompanied by a small shift in activation, whereas others
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have shown a larger shift in activation with a more modest attenuation of current. These 

differences are important because they suggest different mechanisms of HERG channel 

modulation. Kiehn et al. (1998) showed the effects of PKC activation on the HERG channel 

to only be inhibited by PKA inhibitors, suggesting some cross-talk of signalling pathways. 

However, Barros et al. (1998) showed the effect to be PKC-specific, since it was inhibited by 

GF109203X (bis-1), a specific inhibitor of PKC.

In my studies, I sought to investigate the modulation of the HERG channel by calcium and 

PKC in mammalian cells, under carefully controlled experimental conditions. Contamination 

of HERG currents by other membrane currents with overlapping voltage- and time-dependent 

kinetics was minimised by over-expressing HERG in HEK 293 cells that contain small 

endogenous currents. A number of approaches were used to investigate modulation of the 

HERG channel current by PKC. As the HERG channel is highly susceptible to direct block 

by a variety of compounds, using several approaches gave me confidence that results using a 

single approach were not simply due to pharmacological blockade of the HERG channel.
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5.2 Results

5.2.1 Response of the HERG channel currents to rises in cytosolic calcium

5.2.1.1 Application of ionomvcin

Application of the calcium ionophore, ionomycin, causes an increase in cytosolic calcium by 

allowing calcium entry into the cytosol from both the external environment (Bolger et al., 

1983) and intracellular stores (Poggioli et al., 1982). Ionomycin and calcium form a lipid- 

soluble complex, giving the ability to convey calcium across the cell membrane (Bennett et 

al., 1979). In my studies, 5 pM ionomycin was used as a tool to elevate cytosolic calcium, 

and investigate how this altered HERG channel currents. I carried out calcium imaging on 

HERG-HEK cells, to determine the time course and amplitude of calcium changes in 

response to ionomycin. I found 5 pM ionomycin to cause a large increase in cytosolic 

calcium levels in these cells. Figure 5.1 A shows typical changes in cytosolic calcium in 

response to ionomycin application. In 18 cells, the mean cytosolic calcium rise was from a 

baseline value of 0.92 ±0.10 (fura 2 340/380 ratio) to a value of 3.66 ± 0.29 in the presence 

of ionomycin (p<0.05). This elevation of calcium was maintained upon superfusion of cells 

with control Tyrode.

To measure the effects of ionomycin on HERG channel current stably expressed in HEK 

cells, the ‘depolarisation to 0 mV’ voltage protocol was used. Cells were pulsed repeatedly 

using this protocol until current amplitudes stabilised, before switching to a solution 

containing 5 pM ionomycin. Ionomycin had rapid effects on the HERG current. Figure 5.IB 

shows representative current traces in control conditions and once the maximal effect of 

ionomycin application had been attained. Attenuation of current occurred on the first 

voltage pulse, with the maximal effects of ionomycin occurring within 120 seconds (figure 

5.1C). The time course of ionomycin effects in individual cells were fit with single 

exponential functions, and the mean time constant was 48.38 ± 18.11 seconds (n=6). Current 

remaining after ionomycin application was 59.64 ± 4.32% of control. The effect of 

ionomycin was sustained, and was not significantly reversible after a five minute washout 

period. To investigate whether the attenuation of HERG current at 0 mV was due to a shift in 

voltage-dependent properties, HERG currents were measured at a range of potentials with the 

I-V protocol. A representative family of currents in response to the I-V protocol, and the
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Figure 5.1
Application of ionomycin attenuates HERG current. A Representative fiira-2 ratio 
showing changes in cytosolic calcium in a single cell in response to ionomycin. B 
Representative HERG current traces in control conditions and during 5pM ionomycin 
application. C Time course of HERG current response to ionomycin (n=6). Peak tail 
currents were normalised to control amplitudes and the mean normalised current 
amplitudes plotted against time.
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Figure 5.2
Ionomycin does not significantly change activation or inactivation of the HERG 
channel. A. A family of currents evoked by the I-V protocol before (left) and during 
(right) 5 pM ionomycin. For clarity, only current evoked at -40, -20, 0 and +20 mV are 
shown B. Voltage dependence of activation of HERG current in control conditions and 
with 5 pM ionomycin. Peak tail currents are normalised to maximum amplitudes and 
plotted against test potential (n=5). C Voltage dependence of inactivation measured with 
the triple pulse protocol in control and with 5 pM ionomycin (n=5).
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mean activation curves are shown in figures 5.2A and B. Ionomycin decreased current 

amplitudes at all potentials. There was a small positive shift in the V0.5 for activation of 1.71 

± 0.68 mV (n=5), which was not significant (p>0.05). The slope of the activation curve was 

unaltered (7.25 ± 0.25 in control compared to 7.24 ± 0.22). We also tested if the attenuation 

of current was due to a change in the inactivation properties of the current. Figure 5.2C 

shows the mean results on the voltage-dependence of inactivation before and during 

ionomycin application. I found the V0.5 of inactivation to shift by 1.46 ± 1.55 mV in the 

presence of ionomycin, but this was not a significant change (n=5, p>0.05). The slope factor 

was also unaltered by ionomycin (-21.09 ± 0.31 in control compared to -22.01 ±0.16 during 

ionomycin application). We also investigated if ionomycin alters the deactivation properties 

of the HERG channel. Current deactivation of the channel measured at -50 mV showed a 

small but insignificant acceleration (p>0.05). The slow and fast time constants were 1303.00 

±31.83 ms and 240.52 ± 17.74 ms in control conditions, compared to 1293.04 ± 125.22 ms 

and 204.81 ± 13.67 ms with ionomycin (n=6 , data not shown). The positive shift of 

activation and inactivation, and the acceleration of deactivation kinetics of the channel in the 

presence of ionomycin were not significant. It is unlikely that the combination of these two 

effects leads to the attenuation of current in the presence of ionomycin. Ionomycin may 

decrease current by decreasing open probability and/or decreasing surface expression of 

HERG channels.

5.2.1.2 Activation of the Gn/11-coupled pathway

Ionomycin raises calcium to very high, sustained levels. To determine if calcium release 

from intracellular stores via a receptor mediated and physiologically relevant mechanism 

could also alter HERG currents we used methacholine, an agonist to the muscarinic M3 

receptor. The muscarinic M3 receptor is a G-protein coupled receptor coupled to PLC via 

Gq/11 proteins that increases cytosolic calcium by opening IP3 receptors on the ER. I first 

tested if application of a supra-maximal concentration (1 mM) of methacholine to HERG- 

HEK cells could raise calcium by stimulating the endogenous population of receptors. 

However, cytosolic calcium in these cells did not change upon application of methacholine. 

A representative trace showing cytosolic calcium levels in HERG-HEK cells in response to 

methacholine is shown in figure 5.3A. The baseline fura-2 340/380 ratio was 0.92 ± 0.14.
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Figure 5.3
HERG-HEK cells do not respond to the muscarinic receptor agonist methacholine. A
Representative fura-2 ratios showing cytosolic calcium in a single cell in response to 1 mM 
methacholine. B Response to 1 mM methacholine of HERG currents. Peak tail currents were 
normalised to control amplitudes and the mean normalised current plotted against time (n=5).
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Maximal fura-2 340/380 ratio was 1.04 ± 0.13 (n=7, p>0.05). Application of methacholine to 

HERG-HEK cells did not alter HERG current amplitude. After 300 seconds of methacholine 

application, peak tail current was 93.43 ± 3.12% of control current (n=5). The mean time- 

course of methacholine effects on peak tail current is shown in figure 5.3B. The effect of 

methacholine was not significantly different to the mean rundown of the current (p>0.05). 

These studies indicate that stimulating endogenous muscarinic receptors with methacholine 

did not cause significant calcium release or effect HERG currents, also indicating 

methacholine does not block HERG channels. Robust increases in calcium have been 

previously described in a HEK cell line over-expressing the M3 muscarinic receptors (HEK- 

m3 cells; Tovey and Willars, 2004). Using radioligand binding I measured the muscarinic 

receptor population in HERG-HEK and HEK-m3 cells. The muscarinic population in the 

HERG-HEK cell line is low. HERG-HEK cells only expressed 8.32 ± 0.78 fmol/mg total 

protein. I found the HEK-m3 cell line to have an unsurprisingly high population of 

muscarinic receptors. The mean expression from three independent experiments was 1573.31 

± 65.66 fmol/mg total protein, thus showing a 189-fold difference in expression between 

these cell lines. Subsequent experiments on receptor mediated elevation of cytosolic calcium 

were done on HEK-m3 cells transiently transfected with HERG. Calcium imaging was used 

to investigate the effects of the muscarinic agonist methacholine on cytosolic calcium levels. 

Figure 5.4A shows representative fura-2 ratios showing the rapid and large rise in cytosolic 

calcium levels in response to application of 1 mM methacholine. In response to 

methacholine, the fura-2 340/380 ratio rapidly rose from a baseline of 0.66 ± 0.12 to a peak 

value of 10.86 ± 1.65, then rapidly decayed in the continued presence of agonist to a value of 

0.59 ±0.15 with a mean time constant of 13.23 ± 2.46 seconds (n=8). The peak in cytosolic 

calcium is likely to be due to release from intracellular stores, and the rapid decay is likely to 

be due to removal from calcium from the cytosol back into the internal stores or external 

environment, thus maintaining a low cytosolic calcium concentration. To measure the effects 

of methacholine on HERG channel currents, the ‘depolarisation to 0 mV’ voltage protocol 

was used. This protocol was continued until currents reached a steady amplitude, then 

methacholine was applied. Figure 5.4B shows representative currents in control conditions 

and after the maximal response of methacholine had occurred. Upon extracellular application 

of methacholine, HERG currents were slowly attenuated. The mean
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Figure 5.4
Methacholine attenuates HERG current in cells co-expressing the muscarinic M3 

muscarinic receptor. A Cytosolic calcium levels in a single HEK-m3 cell in response to 1 
mM methacholine application. B Representative HERG current traces in control conditions 
and in the presence of 1 mM methacholine from HEK-m3 cells transfected with HERG. C 
Time course of HERG current response to methacholine. Peak tail currents were normalised 
to control amplitudes and the mean normalised currents plotted against time (n=8).
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time constant of methacholine effects was 301.04 ± 59.79 seconds (n=8). This was much 

slower than the time constant for ionomycin effects and much slower than the calcium 

elevation in response to methacholine. Currents in methacholine were 73.16 ± 2.17% of 

control currents (n=8, p<0.05, figure 5.4C). To investigate if the attenuation of current was 

due to a change in voltage dependence, the activation, inactivation and deactivation 

properties before and during methacholine application were compared. The V0.5 for 

activation was positively shifted significantly by 5.11 ± 1.31 mV, which was a small, but 

significant shift (n=5, p<0.05, see figure 5.5A). The slope factor was unaltered. The voltage 

dependence of inactivation was not significantly altered by methacholine (figure 5.5B). 

However, the time constants of deactivation at -50 mV were significantly faster (p<0.05). In 

control conditions, the fast and slow time constants were 1241.03 ± 44.71 ms and 233.21 ± 

5.59 ms, whereas in methacholine they were 1021.43 ± 33.84 ms and 170.63 ± 23.31 ms 

respectively (n=8, figure 5.5C).

These data suggest methacholine attenuates HERG current in several ways; a positive shift in 

voltage dependence of activation (meaning there are less channel open at a particular 

voltage), and an acceleration of deactivation, meaning channels close faster. However, these 

factors are not sufficient to account for the 27% decrease in current. It is likely that the open 

probability and/or number of channels available is also reduced.

5.2.1.3 Cytosolic calcium buffering

Ionomycin and methacholine caused an attenuation of current at all potentials with small or 

insignificant effects on voltage dependent kinetics of activation and inactivation. However, 

the time courses for decreased HERG current amplitude did not correlate with changes to 

cytosolic calcium, suggesting HERG modulation may not be due to the rise in calcium alone. 

To investigate this further, we used the calcium chelator 1,2-bis (2-aminophenoxy) ethane-N, 

N, N’, N’- tetraacetic acid (BAPTA) to buffer cytosolic calcium to low levels, therefore 

allowing us to investigate if the response of the HERG channel currents is calcium 

dependent.

Calcium imaging with fura-2 was used to check BAPTA would buffer the increase in calcium 

in response to ionomycin and methacholine application. Cells were incubated in 5 mM of the
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Figure 5.5
Methacholine application shifts activation and accelerates deactivation, but does not 
alter inactivation of the current. A Mean HERG activation curves in control conditions 
and in the presence of 1 mM methacholine. Peak tail currents were normalised to control 
amplitude and plotted as a function of membrane potential (n=5). B Voltage dependent 
inactivation of HERG measured using the triple pulse protocol (n=5). C The slow (i) and 
fast (ii) time constants of current deactivation in control conditions and with 1 mM 
methacholine. * shows significance of p<0.05 vs control.
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membrane permeable (acetoxymethyl ester) form of BAPTA (BAPTA-AM) for 15 minutes 

prior to recording. Cells were then transferred to the recording chamber, allowed to settle 

and the perfusion started. Following incubation with BAPTA-AM, ionomycin and 

methacholine did not cause a significant change in the cytosolic calcium levels in the cells. 

Representative traces are shown in figure 5.6. The baseline fura-2 340/380 ratios were also 

lower when compared to cells in the absence of BAPTA - 0.52 ± 0.16 in HERG HEK cells 

(n=12 over 3 experiments) and 0.61 ± 0.16 in HEK-m3 cells (n=12 over 4 experiments). 

These results indicate BAPTA was lowering cytoplasmic calcium concentration as well as 

diminishing the rise of calcium in response to ionomycin and methacholine.

The effects of buffering calcium on HERG currents were then investigated. To more 

precisely define the concentration of BAPTA and free calcium in the cell I took advantage of 

being able to dialyse cells with intracellular solution contained within the patch pipette. 

Intracellular solution contained 5 mM BAPTA and the free calcium concentration was 

estimated to be less than 1 nM (using Maxcheator software). Once whole cell configuration 

had been achieved, cells were held at a membrane potential of -80 mV, and left for 10 

minutes to allow dialysis of BAPTA into the cell. Voltage dependent activation was not 

altered during this time period. Rundown of current was observed (measured using the 

‘depolarisation to 0 mV’ protocol), however this was not significantly different to rundown in 

control conditions. The ‘depolarisation to 0 mV’ protocol was then used to ensure current 

amplitudes were stable before ionomycin was applied. Application of ionomycin in these 

conditions did not cause a significant attenuation of current. After 210 seconds of ionomycin 

application, current remaining was 88.23 ± 1.70% of control current (n=5), compared to 

59.64 ± 4.32% in cells not dialysed with BAPTA (n=5). Current attenuation with BAPTA 

and ionomycin was significantly less than with ionomycin alone (p<0.05). The mean time- 

course is shown in figure 5.7A. On the same experimental day the response to ionomycin 

was tested in the absence of BAPTA, and a response similar to that outlined previously was 

observed. This served as a positive control, allowing me to be confident ionomycin was 

working as previously described. These results indicate that as expected, the HERG current 

modulation by ionomycin is dependent on elevation of cytoplasmic calcium.
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Figure 5.6
Incubation of cells in 5mM BAPTA-AM abolishes the calcium responses to 
ionomycin and methacholine. A Representative fura-2 ratios showing cytosolic 
calcium changes in a single cell in response to 5 pM ionomycin. B Representative 
fura-2 ratios showing cytosolic calcium changes in a single cells in response to 1 mM 
methacholine
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Figure 5.7
5 mM BAPTA abolishes HERG current modulation by ionomycin, but not 
methacholine. Time-course of 5 pM ionomycin (A; n=5) and 1 mM methacholine (B; n=5) 
effects on HERG currents. Peak tail currents were normalised to control amplitudes and the 
mean normalised currents plotted against time. C Voltage dependance of activation of HERG 
currents before and after 1 mM methacholine. Peak tail currents, normalised to control 
amplitudes are plotted against test potential
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To observe the effect of methacholine on HERG currents in the presence of BAPTA I used 

the same recording conditions and protocols as described above. In contrast to ionomycin, 

methacholine continued to attenuate HERG current in cells dialysed with BAPTA. The mean 

time-course of the effects of methacholine on peak tail currents is shown in figure 5.7B. 

Maximum effects of methacholine were observed within 165 seconds after methacholine 

application, and currents were reduced to 68.42 ± 2.43% of control currents (n=5). This was 

not significantly different to the effects of methacholine without BAPTA (p>0.05). 

Methacholine caused a 4.99 ± 0.76 mV shift in voltage dependent activation of current 

(p<0.05), comparable to the shift seen in the absence of BAPTA (figure 5.7C). The time 

constants for deactivation at -50 mV were also significantly faster (p<0.05). In control 

conditions, the slow and fast deactivation time constants were 1375.87 ± 76.39 ms and 

246.87 ± 22.94 ms, whereas in methacholine they were 1047.45 ± 45.96 ms and 179.34 ± 

21.53 ms respectively (n=5).

This suggests the attenuation of current, acceleration of deactivation, and the shift in voltage 

dependent activation in response to methacholine application are less dependent on cytosolic 

calcium than the responses to ionomycin.

5.2.2 Characterising the mechanism of action of methacholine and ionomycin

5.2.2.1 Pharmacological inhibition of PKC

I wanted to determine the underlying mechanism of methacholine modulation of HERG 

currents. The muscarinic M3 receptor activates PLC-p, which hydrolyses P IP 2  to produce the 

second messengers IP3 and DAG. IP3 acts on IP3 receptors on the endoplasmic reticulum to 

cause a release of calcium into the cytosol. DAG activates PKC, which can translocate and 

phosphorylate a large number of target proteins. Since I have shown the effects of 

methacholine to be independent of calcium, we wanted to investigate if the effects were due 

to activation of PKC.

HERG was transiently expressed in HEK-m3 cells for these experiments. After the whole 

cell configuration was achieved, the ‘depolarisation to 0 mV’ protocol was used. Currents 

were of stable amplitude before 300 nM bisindolylmaleimide 1 (bis-1), a PKC-selective 

inhibitor was applied. No significant effect of bis-1 on HERG current was observed during a
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Figure 5.8
PKC inhibition with bis-1 blocks modulation of HERG by methacholine. A Time 
course of effects of 300 nM bis-1 and 1 mM methacholine on HERG current (n=5). 
Peak tail currents were normalised against control amplitudes and mean normalised 
currents were plotted against time. B Mean activation curves in the control conditions 
and with 300 nM bis-1 and 1 mM methacholine (n=4). Peak tails, normalised to control 
amplitudes were plotted as a function of membrane potential
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3 minute period. Currents in bis-1 were 91.31 ± 3.33% of control currents, consistent with 

rundown of the current. After incubation with bis-1, methacholine was applied. After 200 

seconds of methacholine application, HERG currents were 89.34 ±2.51% of control currents 

(n=5). The mean time-course of the effects of methacholine on peak tail current is shown in 

figure 5.8A. The response to methacholine was significantly reduced by bis-1, as the small 

reduction in current was not significantly different to rundown (p>0.05). Activation and 

deactivation kinetics of the current were also measured under these conditions. The V0.5 of 

activation was shifted by 0.51 ± 0.72 mV in the presence of methacholine and bis-1 (n=4, 

p>0.05, 5.8B). The slow and fast time constants of deactivation at -50 mV in control 

conditions were 1348.54 ± 64.95 ms and 238.34 ± 16.87 ms, compared to 1299.54 ± 71.64 

ms and 241.34 ± 19.74 ms with methacholine (n=5, p>0.05). Taken together, these data 

suggest the effects of methacholine are mediated by PKC.

Ionomycin and methacholine produced similar effects on HERG currents in control 

conditions. Although the effects of ionomycin were inhibited by buffering of calcium, it may 

be that calcium activates a downstream signalling pathway. It is well known that an increase 

in cytosolic calcium can activate the a, p and y (calcium-sensitive isoforms) of PKC. 

Therefore, I investigated whether the HERG current response to ionomycin could also be 

blocked by the PKC inhibitor bis-1.

For these experiments, the HERG-HEK cell iine was used. Cells were held at a membrane 

potential o f -80 mV before the ‘depolarisation to 0 mV’ protocol was applied. Bis-1 was 

applied for 3 minutes, and during this time, little effect on current amplitudes was observed. 

After the 3 minutes, currents were 96.31 ± 3.52% of control currents. After this time period, 

ionomycin was applied. In these conditions, the effects of ionomycin were significantly 

reduced. Representative current traces in control conditions and with ionomycin are shown 

in figure 5.9A. HERG currents were measured 200 seconds after ionomycin application, 

when currents were 88.22 ± 6.16% of control current (n=5), and not significantly different 

from rundown (p>0.05). The mean time-course of the effects of ionomycin in the presence of 

bis-1 on peak tail currents is shown in figure 5.9B.
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Figure 5.9
PKC inhibition with bis-1 blocks modulation of HERG current by ionomycin. A
Representative HERG currents in control conditions, with 300 nM bis-1 alone and with 
300 nM bis-1 and 5 pM ionomycin. Current traces are overlaid. B Time course of 5 
pM ionomycin effects in the presence of 300 nM bis-1 (n=5). Peak tail currents were 
normalised to control amplitudes and mean normalised currents plotted against time 
(n=4).
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Although the effect of ionomycin was greatly reduced by 300 nM bis-1, it was not completely 

abolished. However, higher concentrations of bis-1 inhibited HERG currents and therefore 

could not be used. After a three minute incubation with 1 pM bis-1, peak tail currents were 

66.43 ± 1.06% of control currents (n=5, data not shown).

5.3.2 Down-regulation of PKC isoforms by chronic PMA treatment

5.3.2.1 Acute effects of PMA on HERG currents

Several studies on modulation of HERG by protein kinases suggest there may be cross-talk 

between signalling pathways. For example a supposed PKC-mediated effect on the HERG 

channel can be (partially) inhibited using PKA inhibitors such as 2.5 pM KT-5720 (Thomas 

et al., 2003). However, many protein kinase inhibitors are not very specific (Davies et al., 

2000). Davies et al. showed the IC50 of KT5720 to inhibit PKA (3.3 pM) was 10 times 

higher than that required to inhibit 3-phosphoinositol-dependent protein kinase 1 (PDK1) and 

300 times higher that that required to inhibit phosphorylase kinase (PHK). Many protein 

kinase inhibitors compete with ATP at the ATP binding site, and therefore their potency is 

dependent on the ATP concentration. Furthermore, protein kinase inhibitors can directly 

block HERG channels. Thus, a number of considerations must be taken into account when 

using protein kinase inhibtors. Although bis-1 is though to be relatively specific for PKC 

(Davies et al., 2000), at the 300 nM concentration I used, this was not quite sufficient to 

completely block the response to ionomycin. Therefore, rather than using higher 

concentrations of PKC inhibitors we down-regulated PKC isoforms to reduce their activity. 

Chronic stimulation of kinases leads to selective down-regulation. Chronic activation of 

PKC by phorbol 12-myristate 13-acetate (PMA) effectively depletes several isoforms of PKC 

due to a net increase in proteolysis by proteases (Sano et al., 1989; Xu et al., 1996; Srivastava 

et al., 2002). Before investigating the effects of chronic PMA application on HERG currents, 

I investigated the calcium and HERG current responses to acute application.

Cytosolic calcium levels were not altered by 1 pM PMA application (figure 5.10A). The 

baseline fura-2 340/380 ratio was 0.83 ± 0.14, compared to 1.02 ± 0.22 during PMA 

application (n=7, p>0.05). To measure the effects of PMA application on HERG currents, 

the ‘depolarisation to 0 mV’ protocol was used and representative currents in control 

conditions and during application of 1 pM PMA are shown in figure 5.10B. PMA attenuated
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Figure 5.10
Acute PMA attenuates HERG current. A Representative fura-2 ratios showing cytosolic 
calcium in a single cell in response to 1 pM PMA. B Representative HERG currents in control 
conditions and with PMA. C Time course of 1 pM PMA on HERG currents (n=10). Peak tail 
currents were normalised to control amplitudes and mean normalised data plotted against time. 
D Mean activation curves in control conditions and with PMA (n=10). Peak tail currents, 
normalised to control amplitudes, were plotted as a function of membrane potential.
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Figure 5.11
The inactive analogue of PMA, 4aPMA, does not affect HERG channel currents. A
Representative HERG currents in control conditions and in the presence of 1 pM 4aPMA. B 
Time course of lpM  4aPMA on HERG currents (n=5). Peak tail currents were normalised 
to control amplitudes and mean, normalised data was plotted against time.

control
200pA

4aPMA

B
4aPM A

100

80-

60-

40-

2 0 -

0
0 100 200 300 400

Time (s)
500 600

139



currents with a mean time constant of 670.19 ± 136.81 seconds. After 6-7 minutes current 

amplitudes were 69.32 ± 2.31% of control (n=10, figure 5.10C). PMA shifted the V0.5 for 

activation by 3.36 ± 0.76mV (n=10, figure 5.10D). This shift, although not statistically 

significant (p>0.05) was observed in all cells. The slope factor was unaltered. Deactivation 

at -50 mV was significantly faster (p<0.05). The slow and fast time constants in control 

conditions were 1365.01 ± 76.93 ms and 256.94 ± 34.86 ms, compared to 1106.45 ± 83.65 

ms and 190.45 ± 21.35 ms with PMA (n=10).

To confirm that the acute effects of PMA were due to PKC activation we tested the 

biologically inactive analogue of PMA, 4aPMA. This compound acts as a useful negative 

control as it lacks the ability to bind to and activate PKC. We applied 4aPMA at a 

concentration of 1 pM. Representative currents in control conditions and with 4aPMA are 

shown in figure 5.11 A. After a 7-minute application of 4aPMA, HERG currents were 88.21 

± 1.32% of control (n=5) and not significantly different to the average rundown of currents 

over this time period (p<0.05). The mean time-course of the effects of 4aPMA are shown in 

figure 5.1 IB. This is consistent with activation of PKC causing a modulation of HERG 

channels, rather than a direct block of the channel by PMA.

5.2.3 PKC isoforms in HERG-HEK cells

Western blots were carried out to probe for individual isoforms of PKC in untreated cells and 

cells that had been incubated in 1 pM PMA for 24 hours. Untreated HERG-HEK cells 

expressed a, p, 8 , s, 0,1  and X isoforms of PKC. Of these, it is known that the a, p, 8 , s and 0 

isoforms are phorbol ester sensitive. In four independent experiments, the a, P, 8 and e 

isoforms of PKC were consistently down-regulated with chronic PMA treatment (Figure 

5.12). The a and p isoforms were down-regulated to levels that could not be detected in our 

blots, and the 8 and s isoforms were partially down-regulated, to expression levels lower than 

in untreated cells. As a further control, PKC isoform expression was also investigated in 

cells chronically treated with 4aPMA. In three experiments, chronic treatment with 4aPMA 

failed to alter the expression level of PKC isoforms (Figure 5.12C).
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Figure 5.12
Chronic treatm ent of HERG-HEK cells with PMA, but not 4aPMA, causes down 
regulation of PKC isoforms. Ai Representative western blot for PKC isoforms from cells 
treated with 0.1% DMSO for 24 hours, (ii) The same blot stripped and re-probed for (3-actin 
to check for equal protein loading. Bi Representative western blot for PKC isoforms from 
cells treated with lpM  PMA for 24 hours, (ii) The same blot stripped and re-probed for 0- 
actin. Ci Represetative western blot for PKC isoforms from cells treated with 1 pM 4aPMA 
for 24 hours, (ii) The same blot stripped and re-probed for P-actin.
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Figure 5.13
The modulatory effects of methacholine are abolished in cells chronically treated with 
PMA. A Representative HERG currents before and during methacholine application. Both 
currentstraces are overlaid. B Time course of HERG current response to methacholine in 
chronic PMA-treated cells. Peak tail currents were normalised to control amplitudes and 
mean, normalised data were plotted against time. C Representative fura-2 ratio showing 
changes to cytosolic calcium in a single cell in response to methacholine.
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5.2.4 HERG current response to ionomycin and methacholine is abolished by chronic 

PMA pre-treatment

The next questions I addressed were: does down regulation of PMA sensitive PKC isoforms 

abolish modulation of HERG currents by ionomycin and methacholine; or have additional 

effects on HERG currents? A comparison of PMA-treated and untreated cells revealed no 

significant differences in the voltage dependence of activation and inactivation and of time 

constants for deactivation kinetics of HERG currents. I then tested the response to 

methacholine, using the ‘depolarisation to 0 mV’ voltage protocol. Representative current 

traces before and during methacholine application in PMA-treated cells are shown in figure 

5.13A. Methacholine did not alter HERG channel currents. After a four-minute application 

of methacholine, HERG currents were 92.31 ± 2.33% of control currents (n=5, 5.13B). 

Furthermore, chronic PMA treatment had no effects on the calcium response to methacholine. 

The baseline fura-2 340/380 ratio was 0.79 ± 0.90 in these cells. The calcium profile 

observed in response to methacholine application was very similar to that seen in control cells 

(5.13C). Peak fura-2 340/380 ratio was 9.02 ± 1.64, with the ratio decaying to 0.71 ± 0.10 

within 80 seconds. (n=12). These values were not significantly different to values measured 

*-j from control cells (which had a peak fura-2 ratio of 10.86 ± 1.65). These results strongly

suggest that the effects of methacholine are mediated by a mechanism dependent upon one or 

more of the a, p, 8 or s isoforms of PKC, that are down-regulated by PMA treating cells. 

Ionomycin also failed to attenuate HERG current in cells chronically treated with PMA 

(figures 5.14). After a 225 second application of 5 pM ionomycin, currents were 91.31 ± 

1.84% of control currents (n=5), which was not significantly different from reduction due to 

j  rundown (p>0.05). The abolition of the response to ionomycin was not due to a change of

calcium response, which was not statistically different from untreated cells (figure 5.14C). 

As with methacholine, the abolition of the modulation of HERG current in response to 

ionomycin application is probably due to the down-regulation of one or more of the a, P, 8 or 

s isoforms of PKC rather than direct effects of calcium on HERG channels.

j  5.3.4 Chronic PMA treatment does not effect HERG modulation by PKA

How selective is chronic PMA treatment for PKC dependent processes? Are HERG currents 

still modulated by PKA? To answer these questions I compared the response of HERG
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currents to forskolin in untreated and PMA-treated cells. In control conditions I found 

application of 40 pM forskolin reduced current amplitudes to 63.21 ± 1.32% of control with a 

mean time constant of 123.26 ± 29.90 seconds (n=5). In cells chronically treated with PMA, 

71.32 ± 5.45% of current remained after forskolin application, and the time constant of the 

forskolin effect was 136.21 ± 22.37 seconds (n=5). Representative currents and mean time- 

courses of the effects of forskolin are shown in figure 5.15. There was no statistical 

difference between the attenuation of current seen in untreated and chronically PMA treated 

cells (p>0.05), suggesting down regulation of PKC by chronic PMA treatment does not alter 

cAMP or PKA-mediated responses in HERG-HEK cells.
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Figure 5.14
The modulatory effects of ionomycin are abolished in cells chronically treated with PMA. A
Representative HERG currents before and during 5 pM ionomycin application. B Time course of 
HERG current response to 5 pM ionomycin in cells chronically treated with 1 pM PMA (n=5). 
Peak tail currents were normalised to control amplitudes and mean, normalised data were plotted 
against time. C Representative fura-2 ratios showing changes in cytosolic calcium in a single cell 
in response to 5 pM ionomycin.
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1
Figure 5.15
Chronic treatment of cells with PMA does not alter modulation of HERG by forskolin.
Representative HERG currents before and after 40 pM forskolin application in untreated 
cells (A) and 1 pM PMA-pre-treated (B) HERG-HEK cells. C Comparison of the time 
course of 40 pM forskolin on mean HERG peak tail currents that were normalised to control 
amplitudes and plotted against time (n=5 for each data set).
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5.3 Discussion

5.3.1 Modulation of HERG by PKC and calcium

In this chapter of work I have shown the HERG channel is modulated by PKC activation by 

Gq/n-coupled receptors, calcium and PMA. Activation of PKC significantly attenuated 

1 HERG current, shifted voltage dependent activation to more positive potentials and

accelerated deactivation. The relative proportions of deactivation fitted with each x value was 

not calculated. However, it may be that the proportion of fast and slow deactivation is altered 

with PKC activation.

I have shown the shift of voltage dependent activation, the attenuation of current, and the 

acceleration of deactivation are attenuated during pharmacological inhibition of PKC using 

, bis-1, and abolished when PKC isoforms are down-regulated with chronic PMA treatment.

One or more of the a, p, 8 or s PKC isoforms must mediate this modulation, as it is these 

isoforms that are down-regulated. Since the effects of ionomycin are due to calcium-

dependent activation of PKC, it is likely that only the calcium-sensitive, PMA down

regulated isoforms, that is the a and p isoforms, modulate HERG current in response to 

ionomycin.

( The results of this study concur with those of Thomas et al. (2003) who used PMA to activate

PKC, and showed PKC activation to attenuate current, positively shift voltage dependent 

activation and accelerate deactivation of HERG currents. Barros et al. (1998) used a G q/n- 

coupled GPCR (TRH receptor) to activate PKC, which also attenuated current, rightward- 

shifted activation, accelerated deactivation and slowed activation. In this study the effects of 

TRH were mimicked by PMA. Thomas et al. and Barros et al. both conducted studies on the 

j  HERG channel expressed in Xenopus oocytes. Although they show some similar responses,

there are also some fundamental differences to my work. In oocytes, large positive shifts in 

the voltage dependence of activation (+20 mV shift in Barros et al., +37 mV shift in Thomas 

et al.), are observed, aswell as an ~ 50% attenuation of current in response to PMA. These 

effects are much larger than in my study. The time courses for effects were also much 

longer, with maximal effects following PMA application taking 30 minutes (Thomas et al.), 

J  and 10 minutes (Barros et al.). This may reflect important mechanistic differences in how

HERG is modulated in amphibian and mammalian cells. It is therefore essential to 

investigate modulation of the HERG current in mammalian tissue.
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In a study carried out on anterior pituitary cells, activation of the TRH Gq/n-coupled receptor 

attenuated rERGl, rERG2, rERG3 and HERG current, accelerated deactivation and shifted 

voltage dependent activation by -10  mV (Schledermann et al., 2001). However, the group 

could not inhibit the effects of TRH with inhibitors of PKC, PKA, tyrosine kinase or MAP 

kinase, nor could they mimic the effects of TRH with PMA, concluding that none of these 

signalling pathways modulated HERG current. This group also showed 1 pM bis-1 directly 

inhibited HERG current. The muscarinic agonist oxotremorine-M (oxo-M) modulated rERG 

current in tsA-201 cells over expressing either Mi or M3 muscarinic receptors (Hirdes et al., 

2004), causing a 30% inhibition of current at all potentials. Muscarinic receptor activation 

had only minor effects on deactivation and inactivation of the current. rERG current was 

entirely abolished when the constitutively active form of Gq was transfected into cells, 

whereas expressing the dominant negative form of Gq reduced inhibition with oxo-M, 

suggesting oxo-M modulated ERG current via Gq. When internal and external calcium were 

removed, and BAPTA was included in the solution, oxo-M did not alter ERG current. 

However, when calcium levels were buffered to 129 nM, the oxo-M response was seen, 

suggesting a minimum level of calcium was required. These results may reflect a mimimum 

requirement for calcium of PLCp (Ryu et al., 1987). The group were not able to fully inhibit 

the effect of oxo-M using a wide variety of agents, including inhibitors of tyrosine kinase, 

PKB, the general kinase inhibitor staurosporine, and a PIP2-neutralising antibody. However, 

the response was reduced by 40% using the PKC inhibitor calphostin C. Bis-1 did not inhibit 

oxo-M mediated attenuation, however, concentrations of this compound that were used in this 

study have previously been shown to directly inhibit the HERG channel (my data; Thomas et 

al., 2003; Schledermann et al., 2001), suggesting this may be the reason the oxo-M 

modulation of current was not reduced. The study was unable to reach a firm conclusion on 

the mechanism of oxo-M modulation of ERG current, but did suggest that the phospholipase 

C pathway was involved. Therefore, modulation of HERG by PKC in mammalian cells 

remains controversial.

I have shown the effects of ionomycin, but not methacholine, to be inhibited by buffering 

calcium to extremely low levels. This suggests that it is calcium-dependent PKC activation 

in response to ionomycin that modulates HERG current. In contrast, the rise in intracellular 

calcium is not required for the HERG current response to methacholine. Taken together,
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these results suggest that calcium does not directly modulate HERG current in HEK 293 

cells. However, a study carried out by Heath and Terrar (2000) showed Ijtr in guinea pig 

ventricular myocytes to be attenuated when cells were pre-incubated in BAPTA-AM. This 

study also showed Ikt amplitude was increased (by a reduction of inactivation) by what was 

hypothesised to be a PKC-dependent pathway. The differences between these results, my 

results and those of Thomas et al. (2003) and Barros et al. (1998) may be due to several 

differences between the tissue types used. In myocytes, HERG may co-assemble with (3 

subunit(s), that could confer modulation onto the Iicr channel. In minK and KvLQTl 

channels ( I ks)> the sensitivity to PKC is mediated by minK (Busch et al., 1992). Mutating a 

PKC phosphorylation consensus site on human minK inhibited modulation by PKC, which 

was suggestive of a direct phosphorylation of the channel (Lo and Numann, 1999). The 

modulation was species dependent. Whilst rat and mouse minK currents are attenuated with 

PKC activation, guinea pig minK currents are enhanced with increased PKC activity. If 

minK does coassemble with HERG in native cardiac channels, the final modulation of Ikt 

may be influenced by phosphorylation of both HERG and minK subunits. So far there is no 

evidence that co-expression of (3 subunits influences modulation of HERG currents (Thomas 

et al., 2003)

My work has shown HERG current is only partially reduced by PKC-dependent modulation. 

The reason for this is not yet clear. Rapid desenitisation of the muscarinic M3 receptor may 

cause a partial activation of PKC to modulate current. However, I also observe partial 

modulation with ionomycin and PMA, so it is unlikely this is the reason. Modulation of 

HERG may be state dependent. I am presently unable to determine if only a portion of the 

total population of channels are able to be modulated or whether the total channel population 

can be modulated by PKC.

I have shown activation of PKC shifts voltage dependent activation by approximately +5 mV, 

causing a small attenuation of current at a given potential. This shift in voltage dependent 

activation could be due to PKC-dependent phosphorylation of the channel close to the 

voltage sensor, thus changing the internal environment and altering voltage sensitivity. 

Alternatively, phosphorylation may alter coupling between voltage sensing and channel 

opening, thus the channel would open less at a given potential. Measuring single channel
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events would allow me to discriminate if  PKC activation is causing a reduced open 

probability of the channel, or altering single channel conductance to attenuate current.

5.5 Physiological relevance of HERG modulation 

5.5.1 Modulation of cardiac HERG currents

The activation of PKC, and possible modulation of the HERG channel in the heart is very 

physiologically relevant. There are a number of GPCRs in the heart which couple to the Gq/i i 

family of G-proteins. These are the ai-adrenergic receptor subtypes A, B and D, the 

angiotensin-II receptor and the endothelin receptor (reviewed in Rockman and Lefkowitz,

2002). A recent study has also shown, albeit small, expression of a functional IVE-muscarinic 

receptor in adult rat ventricular tissue (Ponicke et al., 2003), which would also cause 

activation of PKC through the Gq/i i pathway. So activation of PKC could occur through 

stimulation of a number of receptors. The PKC isoforms expressed in cardiac tissue seems to 

be highly species-dependent. Hudman and Standen (2004) showed rat ventricular tissue to 

express a, P, y, 5, i. X and £ isforms. Rabbit cardiac tissue has been shown to express the 

isoforms a, p, y, s and £, (Rouet-Benzineb et al., 1996), and although not studied fully, 

guinea-pig cardiac tissue has been shown to express a, s, and y isoforms (Jalili et al., 1999). 

So it could be hypothesised that the response of Ii<r to receptor-mediated activation of PKC 

may be dependent on which species is investigated.

PKC dependent modulation of HERG may be pathophysiologically relevant. It has 

previously been shown that stress, either physical or emotional, can be a trigger for long QT 

syndrome (reviewed in Kamarck and Jennings, 1991). Activation of the sympathetic nervous 

system leads to release of catecholamines that would cause an activation of a-adrenergic 

receptors in the heart, which in turn could cause the activation of PKC. This activation could 

attenuate Ikp Futher studies are required to investigate the link between HERG channel 

modulation and cardiac disease.

5.6.2 Modulation of neuronal HERG currents

ERG channels are expressed in a number of regions of the central nervous system (Papa et 

al., 2003), including in celebellar Purkinje neurons (Sacco et al., 2003), where they are 

thought to contribute to the resting membrane potential. The Mi muscarinic receptor, which
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is coupled to the Gq/n pathway like the muscarinic M3 receptor, has also been found in this 

tissue (Tayebati et al., 2001), suggesting a possibility of coupling between this receptor and 

the ERG channel. It has previously been shown that activation of the muscarinic Mi receptor 

can modulate ERG and HERG current in cell lines (Schledermann et al., 2001; Hirdes et al.,

2003), although neither of these studies could conclude if this modulation was due to 

activation of PKC. If this coupling can occur in vivo, activation of the muscarinic receptor 

would attenuate ERG current, thus depolarising the resting membrane potential and 

increasing neuronal excitability.

5.6.3 Modulation of HERG current in cancerous tissue

The HERG channel is expressed in a number of cancer cells and tumour-derived cultured cell 

lines. It may influence cell invasion (Lastrailoi et al., 2004), proliferation rate and apoptosis 

(Wang et al., 2002a). Although it remains unclear if it is the presence of the protein itself or 

potassium conductance that alters cellular properties, the possible modulation of the HERG 

current and its effects in tumour cells must be considered. No studies have been carried out 

investigating PKC modulation of the channel in cancer, and how this modulation alters cell 

properties. However, a study showed the oncogene v-src, which is a constitutively active 

form of the protein tyrosine kinase src, phosphorylates HERG to cause augmentation of 

current (Cayabyab et al., 2002). It is well documented that aberrant function of proteins in 

the ras-src signalling pathway occurs in transformed (tumour) cells, suggesting src-mediated 

modulation may regulate HERG function in vivo. I have shown HERG current is decreased 

in response to PKC and PKA, which may decrease both cell invasion and proliferation rate of 

cancer cells. However, activation of PKC or PKA in cancer cells, and the possible effects on 

HERG current in these tissues is yet to be investigated.
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Chapter 6 

Direct activation of PKC

6.1 Introduction

In chapter 5 I showed HERG current in HEK cells is modulated by PKC. However, using the 

approaches in chapter 5, that is, both calcium- and Gq/n-induced activation of PKC, 

activation of a number of different signalling pathways, including calcium dependent 

pathways such as calcium dependent phosphatases and calcium-calmodulin dependent 

pathways may occur. In this chapter, the effects of PKC activation on HERG currents were 

investigated in isolation using the DAG analogue l-oleoyl-2-acetylglycerol (OAG). Previous 

studies characterising PKC-mediated modulation of HERG have used the phorbol ester PMA 

or have used GPCR-coupled PKC activation, which may result in activation of signalling 

pathways other than PKC. In addition to this, many of these studies have been carried out on 

HERG expressed in Xenopus oocytes (Barros et al., 1999; Thomas et al., 2003; Gomez- 

Varela et al., 2003), which, as amphibian cells, may have different signalling pathways to 

mammalian cells. For this study I used HEK cells stably transfected with the HERG protein. 

Using OAG we found HERG current was attenuated, the voltage dependence of activation 

was shifted to more positive potentials and deactivation was accelerated in a similar manner 

to the effects of methacholine and ionomycin reported in chapter 5. This provides further 

evidence that calcium itself does not alter HERG channel currents. Modulation of HERG 

current by OAG was due to one or more of the a, p, 8 and e isoforms of PKC, shown by an 

abolition of the effects of OAG in cells chronically treated with PMA.

To investigate the PKC isoforms responsible HERG channel modulation, isoform specific 

PKC inhibitors and PKC isoform over-expression was tried. I also investigated if channel 

modulation in mammalian cells was abolished in HERG mutants in which phosphorylation 

sites had been mutated. 4M and APKC HERG (kindly provided by Dr. Dierk Thomas, 

University of Heidelberg, Germany) lack putative PKA and 17 of 18 putative PKC 

phosphorylation sites respectively.
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6.2 Results

6.2.1 Application of the DAG analogue OAG

Experiments were carried out in HERG-HEK cells to characterise the effects of OAG on 

HERG channel currents at 0 mV. A concentration-response curve was generated to find a 

suitable concentration for further experiments. Concentrations between 10 nM and 100 pM 

were applied (n> 4 for each concentration). Figure 6.1 A shows OAG caused a

concentration-dependent attenuation of current. The data points were fit with a Hill function 

and the Hill slope was measured as 1.49 ± 0.50. The IC50 value of OAG on peak tail currents 

was 1 pM, and maximal effects of OAG were seen with 10 pM. This concentration was 

therefore chosen for use in all further experiments. Representative HERG currents before 

and during 10 pM OAG application are shown in figure 6.IB. The mean time constant for 

the effects of OAG was 252.86 ± 47.58 seconds, and steady state currents were 54.43 ± 

2.22% of control (n=9, figure 6.1C). OAG caused a significant positive shift in the V0.5 for 

activation of 5.94 ± 1.77 mV (n=5, p<0.05), but the slope factor was unaltered (figure 6.2A). 

The voltage dependence of inactivation was not significantly affected, with OAG causing a 

1.90 ± 1.90 mV shift (n=5, p>0.05, figure 6.2B). Current deactivation kinetics at -50 mV 

were significantly faster (p<0.05). The slow and fast deactivation time constants in control 

conditions were 1229.15 ± 150.3 ms and 246.62 ± 41.09 ms, compared to 782.01 ± 35.53 ms 

and 144.44 ± 15.13 ms with OAG (n=9, figure 6.2C). This suggests that OAG attenuates the 

HERG channel current by a positive shift in activation and an acceleration of deactivation 

kinetics. Cytosolic calcium concentrations were not altered by OAG application. Baseline 

fura-2 ratios were 0.91 ± 0.26 compared to 1.17 ± 0.16 with OAG (n=6, p>0.05, measured 2 

minutes after OAG addition).

As expected the effects of OAG were similar to ionomycin and methacholine. They could be 

blocked by chronic treatment of cells with 1 pM PMA (but not 1 pM 4aPMA), indicating the 

response to OAG was mediated by one or more of the a, (3, 5 and s isoforms of PKC. 

Representative currents from these experiments are shown in figure 6.3A and B. After a 300 

second application of OAG to PMA treated cells, current remaining was 91.45 ± 1.35% of 

control (n=5), compared to 50.73 ± 6.93% of control in 4aPMA treated cells (n=5, figure 

6.3C). The V0.5 of activation was shifted by 0.53 ± 0.74 mV with OAG in PMA treated cells 

(n=5, p>0.05, figure 6.3D), and deactivation time constants at -50 mV were also unaltered

153



Figure 6.1
OAG modulates HERG currents in a concentration-dependent manner. A
Concentration-response curve for OAG. Peak tail currents with OAG were normalised to 
control amplitudes. Percentage attenuation of current was measured and mean, normalised 
data was plotted against OAG concentration, n > 4 for each concentration. B Representative 
HERG currents in control conditions and with 10 pM OAG. C Time course of 10 pM OAG 
on HERG currents (n=9). Peak tail currents were normalised to control amplitudes and mean, 
normalised current was plotted against time.
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Figure 6.2
OAG alters activation and deactivation of HERG current, but not inactivation. A
Mean activation curves in control conditions and with 10 pM OAG (n=5). Peak tail 
currents, normalised to control amplitudes are plotted against test potential. B Voltage 
dependence of inactivation of HERG current, measured using a triple pulse protocol (n=5). 
C The slow (i) and fast (ii) time constants of deactivation in control conditions and in the 
presence of OAG (n=9 for each data set). * shows significance at p<0.05 compared to 
control.
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Figure 6.3
The effects of OAG are abolished in cells chronically treated with PMA, but not 
4aPMA. Representative HERG currents before and during 10 pM OAG application in 1 
pM PMA (A) and 1 pM 4aPMA (B) treated HERG -HEK cells. C Time course of 10 pM 
OAG effects on HERG current (n=5 for each data set). Peak tail currents were normalised 
to control amplitudes and mean, normalised currents were plotted against time. D Mean 
activation curves in control conditions and with OAG in PMA-treated cells (n=5).
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with OAG in these conditions (p>0.05). The slow and fast time constants were 1232.13 ± 

122.96 ms and 256.04 ± 23.09 ms before OAG, compared to 1043.34 ± 91.38 ms and 209.14 

± 20.57 ms with OAG (n=5).

6.2.2 Which PKC isoform is important in the modulation of HERG?

6.2.2.1 Pharmacological inhibition of PKCa and BI

I have shown modulation of HERG channel current in response to ionomycin, methacholine 

and OAG to be due to one or more of the PKC isoforms a, p, 5 and s. To identify which of 

these PKC isoforms are important in the modulation of the channel, I tested a PKC-isoform 

specific inhibitor to investigate which isoform mediates modulation of HERG currents by 

, OAG. These experiments were carried out HERG-HEK cells. The compound 12-(2-

cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo (2,3-a) pyrrolo (3,4-c)- 

carbazole (Go6976) selectively inhibits the a and pi isoforms of PKC with IC50 values of 2.3 

nM and 6.2 nM respectively. It is reported not to inhibit 8 or s isoforms of PKC even when 

used in the micro-molar range (Martiny-Baron et al., 1993). The ‘depolarisation to 0 mV’ 

protocol was used to evoke currents. Once currents had stabilised, 100 nM G66976 was 

, applied for three minutes. During this time G66976 had no effect on HERG current

amplitude. This was expected, as I have previously shown there is no PKC-dependent 

modulation of HERG under basal conditions. After a 300 second application of 10 pM OAG 

in the continued presence of G66976, HERG current was 83.49 ± 3.90% of control currents 

(n=5, figure 6.4A). This was a significant but not complete attenuation by G66976 of the 

effects of OAG (p<0.05). G66976 also reduced the shift by OAG of the V0.5 for HERG 

j  current activation from 5.94 ± 1.77 mV to -0.23 ± 0.41 mV (n=5, p>0.05, figure 6.4B). The

acceleration of current deactivation at -50 mV by OAG was also reduced (p>0.05). The slow 

and fast time constants of deactivation were 1502.41 ± 75.48 ms and 195.61 ± 1.72 ms before 

OAG, compared to 1431.03 ± 48.99 ms and 186.92 ± 7.21 ms after Go6976 and OAG (n=5). 

These data suggest the attenuation of current, shift in voltage dependent activation and 

acceleration of deactivation seen in response to application of OAG are due, at least in part; 

J to the a and/or pi isoforms of PKC. However, G56976 does not completely abolish the

attenuation of HERG current by OAG.
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Figure 6.4
The effects of OAG are inhibited by the PKCa and pi-specific inhibitor G66976. A
Time course of 100 nM Go6976 and 10 pM OAG effects on HERG current. Peak tail 
currents were normalised to control amplitudes and mean, normalised data plotted 
against time (n=5). B Mean activation curves in control conditions and with 100 nM 
Go6976 and 10 pM OAG (n=5). Peak tail currents were normalised against control 
amplitudes and plotted as a function of membrane potential.
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622 .2  Over-expression of PKC isoforms

I was unable to identify an inhibitor specific for either the a  or p isoforms of PKC, so was 

unable to distinguish pharmacologically which of these isoforms played a prominent role. 

Instead, a different approach was tried. If a specific isoform of PKC plays a prominent role 

1 in the modulation of current, over-expression of that isoform may cause an increased effect

on the target protein. I over-expressed the a, P, 5 and s PKC isoforms individually in HERG- 

HEK cells to elucidate which of these kinase isoforms are important in the modulation of 

HERG current in response to OAG.

Figure 6.5 shows representative western blots from mock-transfected cells compared to cells 

transfected with a, p, 8 or s PKC cDNA. Transfection of cells caused a large increase in 

, expression of the individual PKC isoform protein levels. The PKC isoforms were GFP-

tagged, allowing easy identification of transfected cells when choosing individual cells for 

electrophysiology. The ‘depolarisation to 0 mV’ protocol was used to evoke currents. 

Application of 10 pM OAG to cells over-expressing a, p, 6 or £ PKC isoforms caused an 

attenuation of current, to 58.73 ± 3.39%, 59.78 ± 3.51%, 67.54 ± 4.61% and 68.53 ± 1.78% 

of control respectively (n> 5 each data set, figure 6.6A). The OAG dependent attenuation of 

, current in cells over-expressing PKCs a, p or 5 was not significantly different to

untransfected cells (p>0.05). OAG-mediated effects could be inhibited by a three minute pre

incubation of cells with 100 nM G66976 (figure 6.6A). The mean time constants for the 

effects of OAG were 348.02 ± 77.97 seconds, 299.31 ± 21.50 seconds, 335.14 ± 76.78 

seconds and 342.42 ±51.26 seconds respectively (data not shown). There was no significant 

difference between these values and that seen in untransfected cells (p>0.05). The V0.5 of 

j  activation was shifted significantly by OAG by 5.41 ± 0.93 mV, 4.94 ± 1.03 mV, 4.39 ± 1.03

mV and 5.01 ± 0.29 mV respectively (n>5 each data set, figure 6.6B). There was no 

significant difference between these shifts in transfected and untransfected cells (p>0.05). 

Current deactivation at -50 mV was significantly accelerated by OAG in cells over

expressing the a, p, 6 and s PKC isoforms (p<0.05, data not shown).

Although we have previously shown a role for the a and p isoforms of PKC, the data above 

)  suggests that over-expression of a or P PKC does not alter the response to OAG. Over

expression of PKC isoforms doesn not increase the response to a maximal concentration of 

OAG. However, the OAG concentration-response curve
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Figure 6.5
Over-expression of PKC isoforms does not alter the response to lOpM OAG.
Representative western blots probing for PKCa (Ai), p (Bi), 5(Ci) and 8 (Di) in mock 
transfected HERG-HEK cells and HERG-HEK cells transfected with the appropriate PKC 
cDNA. Panel (ii) for each shows the same blot shown in panel (i), but stripped and re
probed for P-actin to ensure equal protein loading.
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Figure 6 .6

Over-expression of PKC isoforms does not alter the maximum attenuation of 
current by OAG, or the mean positive shift in the voltage dependence of activation 
in response to OAG A Mean, normalised tail currents remaining after 10 j iM  OAG 
application alone (solid bars) and with 100 nM Go6976 and 10 pM OAG (shaded bars). 
n> 5 for each data set. The “mock” bar represents the mock experiments for each data 
set combined (n=14). B Mean shifts of voltage dependent activation with OAG in 
untransfected cells and those over expressing either PKCa p 5 or e (n> 5 for each data 
set). The bar colours correspond to those shown in panel A. The “mock” bar represents 
the mock experiments for each data set combined.
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might be shifted to the left. To test for this I applied lpM  OAG, which is the IC50 

concentration in untransfected HERG-HEK cells. In untransfected cells lpM OAG 

attenuated currents to 82.16 ± 4.02% of control (n=5). In cells over-expressing PKCa, lpM 

OAG caused a small attenuation of current, to 88.01 ± 1.34% of control (n=5), similar to 

untransfected cells (p>0.05). Application of 1 pM OAG to cells over-expressing PKCP 

attenuated currents to 82.34 ± 3.46% of control (n=5), similar to untransfected cells (p>0.05). 

These results suggest over-expression of PKC a and p does not alter OAG-mediated 

modulation of the HERG (see figure 6.7).

6.2.3 Is the effect of PKC mediated by direct effects on the HERG channel?

, Data from Thomas et al. (2003) suggests PKC does not directly phosphorylate the HERG

channel. HERG channels in which 17 out of 18 putative PKC phosphorylation sites have 

been mutated to alanine residues (APKC HERG) continue to be modulated by acute PMA 

application. These studies were carried out in channels expressed in Xenopus oocytes. The 

WT HERG current response I observe in response to PMA and OAG is rather different from 

Thomas et al. (see discussion in chapter 5). This may indicate there are important differences 

in signalling pathways and therefore modulation of HERG in Xenopus oocytes and
.a

mammalian cells. Therefore, it was important to determine if the APKC mutant can be 

modulated by OAG when expressed in mammalian cells. The APKC HERG mutant still 

contains a putative PKC phosphorylation site at position Thr74. Mutation of this residue to 

an alanine leads to a non-functional channel (18M HERG) when expressed in Xenopus 

oocytes. Unfortunately, 18M HERG does not give functional expression in HEK 293 cells

j  either (data not shown), so I am unable to test if removal of all putative PKC phosphorylation

sites results in a loss of channel modulation.

Experiments were carried out in HEK 293 cells transiently transfected with the APKC HERG 

mutant. The APKC HERG currents have activation, inactivation and deactivation properties 

that are similar to WT HERG (data not shown). The response to 10 pM OAG was first 

examined using the ‘depolarisation to 0 mV’ protocol. Application of OAG attenuated

J APKC current in a similar manner to WT HERG. Representative currents are shown in

figure 6.8A. OAG reduced current to 66.57 ± 3.91% of control with a time constant of 

289.41 ± 42.63 seconds (n=7,
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Figure 6.7
Over expression of PKC a or p does not alter the attenuation of current or acceleration 
of deactivation by lpM OAG. A Mean, normalised tail current remaining after application 
of 1 pM OAG in mock transfected cells and those transfected with either PKC a or p. The 
mock transfected data is mock experiments for each data set combined. B Percentage 
acceleration of slow (i) and fast (ii) deactivation time constants in response to 1 pM OAG in 
untransfected cells and those transfected with either PKC a or p. The mock transfected data 
is mock experiments for each data set combined to form one data set.
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Figure 6.8
OAG modulation of current remains in the absence of putative PKC phosphorylation 
sites. A Representative APKC HERG currents in control conditions and with 10 pM OAG. 
B Time course of the effects of 10 pM OAG on APKC HERG (n=7). Peak tail currents 
were normalised to control amplitudes and mean, normalised currents were plotted against 
time. C Mean activation curves in control conditions and with OAG (n=5).
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figure 6 .8B). Thus, attenuation of APKC HERG currents were not significantly different 

from WT HERG (p<0.05). Like WT HERG, deactivation of APKC at -50 mV was 

significantly accelerated. The slow and fast time constants were 1646.03 ± 41.00 ms and 

276.94 ± 3.62 ms in control conditions, compared to 1092.32 ± 57.87 ms and 165.02 ± 12.66 

1 ms in the presence of OAG (n=7, data not shown). The V0.5 of voltage-dependent activation

was shifted by 2.21 ± 0.46 mV in the presence of OAG (n=5, p>0.05), but this was not 

significantly different than the shift seen in WT channels (figure 6 .8C). The effects of OAG 

were mediated by PKC since they were blocked in cells chronically treated with 1 pM PMA. 

After a six-minute application of 10 pM OAG to these cells, currents were 94.25 ± 1.91% of 

control (n=5, figure 6 .9A and B).

j
6.2.4 Are OAG effects mediated by PKA phosphorylation sites?

To further examine if the effect of OAG was PKC-specific, I used a mutant of the HERG 

channel that contains point mutations to alanine at the four putative PKA phosphorylation 

sites on the HERG channel, thus removing PKA modulation of the current. Applying 40 pM 

forskolin to WT HERG channels caused an attenuation of current as previously described 

, (chapter 5), to 63.21 ± 1.32% of control. However, this modulation was significantly reduced

in 4M HERG channels transiently expressed in HEK cells. After a four-minute application of 

forskolin, 4M HERG current was 89.91 ± 3.91% of control (n=5, figure 6.10A). The mean 

time course of the effects of forskolin on peak tail current of WT channels and 4M channels 

is shown in figure 6 .10B. This data shows the 4M HERG mutant is not sensitive to PKA, and 

I could therefore use the 4M HERG channel as a tool to test if the effects of OAG are 

j  mediated through the PKA phosphorylation sites on HERG.

The ‘depolarisation to 0 mV’ protocol was used to assess the effects of OAG. Application of 

10 pM OAG to 4M HERG currents attenuated current, and once steady state was reached, 

currents were 61.45 ± 2.91% of control (n=5, figures 6.11A and B), similar to OAG effects 

on WT channels (p>0.05). From these data, I can conclude that OAG is not modulating 

HERG channel current by phosphorylation at the four putative PKA phosphorylation sites on 

J HERG.

These data suggests the modulation of the HERG channel currents that are observed in 

response to application of OAG are independent of the putative PKC phosphorylation sites
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Figure 6.9
The effects of OAG on APKC HERG channel currents can be abolished with chronic 
treatment of cells with PMA. A Representative APKC HERG currents in control 
conditions and with 10 pM OAG. B Time course of 10 jaM OAG effects on HERG 
currents (n=5). Peak tail currents were normalised to control amplitudes and mean, 
normalised currents were plotted against time.
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Figure 6.10
Forskolin attenuation of current is abolished in the 4M HERG mutant. A
Representative 4M HERG currents in control conditions and with 40 pM forskolin. B 
Time-course of 40 pM forskolin effects on WT HERG and 4M HERG currents. Peak tail 
currents were normalised to control amplitudes and mean, normalised currents were plotted 
ag a in st t im e . n = 5  fo r  e a c h  data se t.
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Figure 6.11
The effects of OAG are not mediated by the PKA phosphorylation sites on the HERG
channel. A Representative 4M HERG currents in control conditions and with 10 pM 
OAG. B Time course of 10 pM OAG effects on 4M HERG (n=5). Peak tail currents were 
normalised to control amplitudes and mean, normalised current was plotted against time.
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found at positions Ser26, Thrl62, Thrl74, Thrl79, Ser250, Ser278, Ser354, Thr371, Thr526, 

Ser606, Ser636, Thr670, Ser890, Thr895, Ser918, S960 and Thrll33. The potential 

alternative mechanisms for modulation of the channel by PKC will be outlined in the 

discussion.
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6.3 Discussion

In this chapter I have shown HERG current is modulated by the DAG analogue OAG. 

HERG current is significantly attenuated, the voltage dependence of activation is 

significantly shifted to more positive potentials and deactivation is significantly accelerated. 

The relative proportions of fast and slow deactivation were not measured in this study, and it 

is entirely plausible that PKC activation may alter the proportion of fast and slow 

deactivation in addition to accelerating the rate of both x values. Inactivation of current is not 

affected with PKC stimulation. Barros et al. (1998), Gomez-Varela et al. (2003) and Thomas 

et al. (2003) showed the HERG current expressed in Xenopus oocytes to be modulated by 

PKC, causing an attenuation of current, positive shift of voltage dependent activation and 

acceleration of deactivation. However, in anterior pituitary GH3 cells (Schledermann et al., 

2001) and the tsA-201 cell line (Hirdes et al., 2004), HERG current was attenuated by 

activation of the Gq/n-pathway apparently independently of PKC. In guinea pig ventricular 

myocytes Ijcr was augmuented by a PKC-dependent mechanism by an attenuation of 

inactivation (Heath and Terrar, 2001). Differences between these studies may reflect 

differences in signal transduction between these expression systems, and possibly differences 

in expression of HERG (3 subunits (discussed in chapters 4 and 5). In this study, I 

investigated modulation of the HERG channel expressed HEK cells, to overcome the 

problems of recording K r in guinea pig myocytes, yet still measure HERG current in a 

mammalian enviromnent.

Since OAG does not alter cytosolic calcium concentrations, and OAG-mediated modulation 

of current produced similar effects to methacholine and ionomycin-mediated modulation (as 

shown in chapter 5), this suggests the calcium increases caused by both methacholine and 

ionomycin do not in themselves alter HERG current. Modulation by OAG in my study was 

abolished when the a, (3, 5 and s isoforms of PKC were down regulated using chronic PMA 

treatment. Using the PKCa and pi-specific inhibitor G66976,1 showed HERG current to be 

modulated, at least in part by the a and pi isoforms of PKC. I was unable to assess if the pH 

isoform contributes to the modulation due to a lack of isoform-specific inhibitors. This data 

concurs both with data from Thomas et al. (2003), who showed the conventional PKC 

isoform activator thymeleatoxin to mimic the effect of PMA, and my data shown in chapter
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5. showing the modulatory effect of ionomycin is likely to be due to calcium-sensitive 

isoforms of PKC (a and/or (3).

The modulatory effects of OAG were independent of 17 putative PKC phosphorylation sites 

on the HERG channel. This is in agreement with work carried out in Xenopus oocytes by 

Thomas et al. (2003), who showed activation of PKC using PMA continued to modulate 

APKC HERG currents in a similar manner to WT currents. There may be several 

mechanisms causing the continued modulation of current in this mutant channel. 1) The 

APKC HERG channel has one remaining putative PKC site, Thr74. It was found that 

mutation of this site led to a non-functional mutant, suggesting this site on the N-terminus is 

functionally important. This remaining site may mediate all the PKC-dependent modulation 

of the channel. Future studies are aimed at testing this hypothesis. 2) The modulation of the 

HERG channel may continue due to the presence of atypical PKC phosphorylation sites on 

the channel that have not been identified. 3) Another potential explanation is cross-talk 

between signalling pathways. Thomas et al. (2003) showed the effect of PMA could be 

partially attenuated by a PKA inhibitor, and Heath and Terrar (2000) showed the effects of 

forskolin and isoprenaline, which both activate PKA, could be inhibited using a PKC 

inhibitor. However, my results with the 4M HERG channel, indicate the effects of OAG are 

not mediated through PKA phosphorylation sites. 4) Modulation of the HERG channel may 

be by direct phosphorylation of an auxiliary subunit. This will be addressed in chapter 7 of 

this thesis. 5) Modulation of the APKC HERG channel may not due to direct effects of PKC, 

but through a further signalling cascade, such as activation of the MAP kinase pathway 

(reviewed in Luttrell, 2002). Further experiments are required to dissect the mechanism of 

PKC-dependent modulation of the HERG channel. These experiments could include 

inhibition of potential signalling pathways down stream of PKC, to observe if this abolishes 

OAG-mediated modulation of current. The role of Thr74 could be tested by mutation to a 

residue other than an alanine. This would allow me to investigate the potential role of the 

Thr74 residue in the modulation of current.

Although I have shown the modulation of HERG is likely to be at least partially PKCa and/or 

pi dependent, over-expression of these isoforms did not alter modulation of HERG by OAG. 

This could be due to a number of possibilities. 1) The amount of PKC expressed in the cell 

under basal conditions may already be sufficient to produce a maximal effect on the HERG
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channel. 2) Based on the hypothesis that PKC activation does not modulate the channel 

directly, but rather activates another signalling molecule which then goes on to directly 

modulate HERG channel current, the same principle can be applied. If endogenous PKC 

levels are adequate to maximally activate a down stream signalling pathway, increasing the 

protein expression of PKC will not affect modulation of the HERG channel. 3) The GFP- 

tagged PKC isoform constructs that were over-expressed were not biologically active. 

However, these constructs have previously been shown to be biologically active in HEK 293 

cells, and translocate in response to stimulus when over expressed (Babwah et al., 2003). 4) 

Exogenous PKC isoforms are not in the same location as HERG or can not compete with 

endogenous kinases.

I observed less attenuation of current with OAG in cells over-expressing PKCs 5 and s 

compared to mock transfected cells. It is likely OAG would preferentially activate over

expressed isoforms due to an excess of protein, and therefore OAG application to cells over 

expressing PKC 8 or s would activate PKCa and p to a lesser extent compared to 

untransfected cells. If PKCa and/or p do modulate HERG, this would lead to an effect 

similar to using a lower concentration of OAG in untransfected cells, as I observe. Further 

experiments, including co-immunoprecipitation studies after OAG application, might 

elucidate which isoforms interact with HERG to cause its modulation.

As I have been unable to map the site of PKC phosphorylation on the HERG channel, I can 

only speculate to how PKC activation modulates HERG channel activity. PKC activation 

significantly accelerates deactivation kinetics, which may suggest the possibility that PKC- 

mediated phosphorylation hinders access of the N-terminal to the intracellular side of the 

pore, thus reducing the slowing of deactivation. Indeed, the Thr74 residue is close to the 

PAS domain of HERG (Morais-Cabral et al., 1998b), a motif that can mediate protein-protein 

interactions (Anantharaman et al., 2001). Alternatively, phosphorylation in the region where 

the N-terminal binds to the intracellular side of the pore may also hinder N-terminal slowing 

of deactivation. Allosteric effects of phosphorylation at the N- or C-termini could alter 

voltage sensitivity, or phosphorylation near the voltage-sensing domain of the channel could 

change the intracellular environment around the voltage sensor. A recent study showed PKC- 

mediated effects on HERG current were abolished when the proximal domain of the N- 

terminus (residues 138-373) was deleted (Gomez-Varela et al., 2003). This study further



narrowed this to a region between residues 325-346 that was essential for PKC-mediated 

positive shift of voltage dependent activation. Deletion of residues 223-373 partially 

removed PKC-mediated acceleration of deactivation, therefore suggesting the effects may be 

independent. In the region between residues 223-373 there are four putative PKC and five 

putative casein kinase II sites of phosphorylation. Although the PKC sites do not seem 

relevant, the contribution of casein kinase II sites has not been investigated.



Chapter 7 results

Phosphorylation of HERG channel subunits

7.1 Introduction

Results in this body of work, and work of others (Thomas et al., 1999; Barros et al., 1999; 

Thomas et al 2003) strongly suggests protein kinases modulate HERG channel activity. 

However, none of these studies have directly measured the phosphorylation of the HERG 

channel by these kinases. As a result, questions remain about the mechanism of this 

modulation. A study carried out by Thomas et al. (2003) showed the HERG channel 

expressed in Xenopus oocytes to be modulated by the phorbol ester and PKC activator, PMA. 

This modulation continued when PMA was applied to the APKC HERG mutant, a channel 

mutant containing point mutations at 17 of the 18 putative PKC phosphorylation sites on the 

HERG channel. These point mutations from serine or threonine residues to alanine residues 

meant the channel could no longer be phosphorylated at these sites. Mutation of the 18th site 

(Thr74) resulted in no functional expression. This left several possibilities: 1) PKC may be 

phosphorylating the HERG channel at Thr74. 2) PKC may be phosphorylating the channel at 

, atypical PKC phosphorylation sites. 3) Stimulation of PKC activates a further signalling

pathway that may phosphorylate the HERG channel at different (non-PKC) sites. 4) 

Modulation of HERG occurs via phosphorylation of an auxiliary subunit.

Zhang et al. (2002) showed that HERG expressed in Xenopus oocytes was phosphorylated 

under basal conditions, but they were unable to detect a change in phosphorylation in 

response to application of PMA or forskolin. However, as outlined in the previous chapter,

modulation of HERG in mammalian cells shows some important differences from

modulation in Xenopus oocytes, raising the possibility that there are important mechanistic 

differences in how HERG channels are modulated in mammalian compared to amphibian cell 

types.

In this study I sought to determine if HERG subunits are directly phosphorylated in 

mammalian cells by PKA and PKC. Changes in HERG phosphorylation in response to 

J ionomycin, OAG and forskolin were investigated.

Previous studies have shown that mutation of the putative PKA phosphorylation sites in 

HERG attenuates the modulatory effects of forskolin and phosphodiesterase inhibitors. Thus,

7 174



an increase of phosphorylation of HERG channels in response to forskolin would be 

expected, but has never been shown. I initially intended to use forskolin as a positive control 

to test for an increase in phosphorylation of the cells. As a further positive control, I also 

looked at phosphorylation of muscarinic M3 receptors in HEK-m3 cells, as it is well 

documented that this receptor is phosphorylated upon PKC activation (Tobin and Nahorski, 

1993; Willars et al., 1999). To investigate PKC-dependent phosphorylation of the HERG 

channel, I applied ionomycin or OAG.



7.2 Results 

7.2.1 Measuring basal phosphorylation of the HERG channel

Initially, I wanted to observe if the HERG channel expressed in HEK 293 cells is 

phosphorylated under basal conditions. Figure 7.1 shows an autoradiograph from a 

phosphorylation assay on untransfected HEK cells and HERG-expressing HEK cells. 

Approximately equal antibody levels were detected in each lane, measured by observing 

staining with Coomassie blue. In the autoradiograph no bands were present in untransfected 

HEK cell lanes, indicating no phospho-proteins were precipitated by the anti-HERG 

antibody. In the HERG-HEK cell lanes, two bands are visible in each lane. These ran at 

approximately 135 and 155 kDa, the molecular weights reported previously for the immature, 

core glycosylated, and mature, fully glycosylated forms of HERG respectively (Zhou et 

al.,1998). The presence of these two bands shows both the immature form (located in the 

endoplasmic reticulum) and the mature form (found on the cell surface) are phosphorylated 

under basal conditions. This suggests the HERG channel protein is phosphorylated early 

during processing of the protein. This phosphorylation could be due to a number of 

intracellular proteins. The HERG channel shows putative phosphorylation sites for PKC, 

PKA, tyrosine kinase and casein kinase II, (Figure 1.11), and the putative phosphorylation 

sites on the HERG channel total around 44 individual sites. The high basal phosphorylation 

of the channel suggests there are a number of sites at which phosphate turnover occurred 

during the one hour incubation with P.

7.2.2 Activation of PKC

7.2.2.1 Activation of PKC increases phosphorylation of the muscarinic m3 receptor

I wanted to use a positive control to ensure we could measure a PKC-mediated change in 

phosphorylation. It is well documented that PKC activation causes an increase in the 

phosphorylation of the muscarinic M3 receptor (Tobin and Nahorski, 1993; Willars et al., 

1999). I applied 10 pM OAG to HEK-m3 cells to activate PKC. I then used an anti-M3 

antibody to immunoprecipitate the muscarinic M3 receptor. Phosphorylation of the 

muscarinic M3 receptor was significantly increased by 90.65 ± 4.83% (n=3, p<0.05) (data not 

shown). This control shows a change in phosphorylation of a cellular protein can be detected 

using this methodology.
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Figure 7.1
Basal phosphorylation of HERG expressed in unstimulated HEK293 cells. Lanes A and 
B from untransfected HEK cells. Lanes C and D from HERG-HEK cells. Equal quantities 
of antobody were loaded in each lane. The autoradiograph was exposed for 16 hours.
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Figure 7.1
Basal phosphorylation of HERG expressed in unstimulated HEK293 cells. Lanes A and 
B from untransfected  H E K  cells. L anes C and D from  H E R G -H E K  cells. Equal quantities 
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7.2.2.2 Activation of PKC increases phosphorylation of HERG subunits

Application of OAG attenuates HERG current via a PKC-dependent mechanism. I 

investigated if the effects that I observe in electrophysiological experiments were due to a

change in the phosphorylation state of the HERG channel subunits. Following incubation in
* 12 P-labelled phosphate free Krebs for 1 hour, 10 pM OAG was added and the cells were 

incubated for a further 5 minutes. This time period was chosen as it represents approximately 

the time period that OAG showed its maximal effects during the electrophysiological 

experiments. Figure 7.2A shows a typical autoradiograph comparing P labelling in control 

and OAG treated cells. In the presence of OAG, phosphorylation of both the immature and 

mature forms of the HERG channel increased to a similar extent. The density of signal of 

; both lanes was measured and a percentage change in signal intensity calculated. In six

independent experiments, the phosphorylation of HERG increased each time, with a 

significant mean change of 18.08 ± 1.74% (p=0.005). The percentage change was relatively 

small. I cannot tell if this is because phosphorylation is occurring in a relatively small 

population of channels, or whether the change of phosphorylation per subunit is small, 

particularly in comparison to the high level of basal phosphorylation.

j

1.2.23 Inhibition of the OAG-mcdiated increase in phosphorylation

To confirm that the increase in phosphorylation in response to OAG application was PKC- 

dependent I used the two approaches described in the last chapter; inhibition by bis-1 and 

PKC down-regulation with chronic PMA application.

Cells were incubated in 3 pM bis-1 for 15 minutes prior to application of 10 pM OAG. 

' Figure 7.2B shows a typical autoradiograph from these experiments. Application of bis-1

alone did not alter phosphorylation relative to levels in untreated cells, suggesting that PKC 

does not contribute to HERG channel basal phosphorylation. Bis-1 abolished the effects of 

OAG. In three experiments bis-1 and OAG resulted in a 2.33 ± 1.27% decrease of 

phosphorylation, which was not significantly different from control cells (p<0.05).

In addition to using 3 pM bis-1, which may not be selective for PKC and blocks HERG, I 

J down regulated PKC isoforms by incubating cells in PMA for 24 hours. I found expression

of the a, P, 8 and s isoforms of PKC to be down regulated by PMA, but 4aPMA, the inactive 

analogue of PMA, had no effects. A typical
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Figure 7.2
OAG application increases phosphorylation of the HERG protein. The OAG response 
can be abolished by PKC inhibitors or PKC down regulation. A Representative 
autoradiograph show ing H E R G  phosphory la tion  fo llow ing incubation  w ith  or w ithout 10 pM  
OAG. Equal antibody loading w as show n betw een  lanes. B T ypical autoradiograph  show ing 
the effects o f  3 pM  bis-1 and 10 pM  O A G  on the phosphorylation  state o f  the channel. A 15 
m inute incubation w ith  3 pM  bis-1 did not alter phosphorylation  o f  untreated  cells and 
prevented increase o f  phosphory la tion  by 10 pM  OAG. C R epresentative autoradiograph 
showing chronic PM A  (1 pM ) also  p reven ted  the increase o f  phosphorylation  by 10 pM  
OAG.

O A G
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autoradiograph from these experiments is shown in figure 7.2C. Chronic PMA treatment did 

not effect the amount of HERG phosphorylation compared to non-PMA treated cells, 

suggesting the a, P, 5 and s isoforms of PKC do not contribute to the basal phosphorylation 

of the HERG channel or influence channel expression. Application of OAG failed to 

significantly increase phosphorylation. The change was +1.02 ± 2.70% (n=3, p>0.05).

7.2.2.4 The effects of OAG are PKA-phosphorylation site independent

Thomas et al. (2003) showed PMA-modulation of HERG current in Xenopus oocytes was 

partially inhibited by PKA inhibitors. In contrast, I have shown OAG effects on HERG 

current to be independent of putative PKA phosphorylation sites. To test if the OAG- 

mediated increase in phosphorylation was independent of PKA I used the 4M HERG mutant 

that lacks the four putative PKA phosphorylation sites. Application of OAG resulted in a 

17.81 ± 2.26% increase in phosphorylation (p<0.05, n=3), which was abolished in cells 

chronically treated with 1 pM PMA to down regulate PKC (figure 7.3A). The results on 4M 

HERG were not significantly different from WT HERG, and suggest the effects of OAG are 

independent of PKA phosphorylation sites on HERG.

In summary, I have been able to show phosphorylation of the WT HERG channel to increase 

in response to OAG in a PKC-dependent manner. The increase of phosphorylation could be 

abolished by the PKC inhibitor bis-1, or down-regulation of PMA sensitive isoforms of PKC. 

This strongly suggests that HERG channels are directly phosphorylated in response to 

stimulation of PKC. We have shown this phosphorylation to be independent of the four PKA 

phosphorylation sites on the channel.

7.2.3 Does rapid dephosphorylation contribute to small changes in phosphorylation in 

response to OAG?

Protein phosphorylation can be enhanced by applying phosphatase inhibitors to block 

dephosphorylation. To test if rapid dephosphorylation was contributing to the small change 

of phosphorylation, I used a phosphatase inhibitor cocktail, containing cantharidin, an 

inhibitor of protein phosphatase 2A (PP-2A), bromotetramisole, an inhibitor of alkaline 

phosphatases, and microcystin LB, an
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Figure 7.3
OAG stimulation of PKC continues to cause an increase in phosphorylation in the 
absence of putative PKA phosphorylation sites. A R e p r e s e n ta t iv e  a u to ra d io g ra p h  s h o w in g  
4 M  H E R G  p h o sp h o r y la t io n  in  r e s p o n s e  to  10  p M  O A G  w ith  a n d  w ith o u t  c h r o n ic  P M A  
treatm en t. P h o s p h o r y la t io n  o f  4 M  H E R G  in c r e a s e d  in  r e s p o n s e  to  10  p M  O A G , b u t th is  w a s  
b lo c k e d  b y  c h r o n ic  P M A  tr e a tm e n t B  M e a n  r e su lts  fr o m  d e n s ito m tr y  a n a ly s e s  o f  
au to ra d io g ra p h s (n  >  3 fo r  e a c h  d a ta  se t) .  * s h o w s  s ig n if ic a n c e  a t p < 0 .0 5  c o m a p r e d  to  O A G  

tre a te m e n ts  a lo n e .
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in h ib ito r  o f  p r o te in  p h o s p h a ta s e s  1 ( P P -1 ) ,  an d  2  A  ( P P -2 A ) . I h y p o th e s is e d  th a t p h o sp h a ta se  

in h ib it io n  w o u ld  in c r e a se  th e  p h o s p h o r y la t io n  r e s p o n s e  to  O A G  a p p lic a t io n . C e l ls  w e r e  

in cu b a ted  in  th e  in h ib ito r  c o c k ta il  fo r  15 m in u te s  p r io r  to  a p p lic a t io n  o f  O A G . In h ib it io n  o f  

p h o sp h a ta se s  in c r e a se d  th e  b a sa l p h o s p h o r y la t io n  o f  th e  H E R G  c h a n n e l, a s  e x p e c te d . B a s a l  

p h o sp h o r y la t io n  o f  th e  c h a n n e l w a s  in c r e a se d  b y  1 0 .6 2  ±  3 .9 4 %  c o m p a r e d  to  b a sa l 

p h o sp h o r y la t io n  o f  th e c h a n n e l w ith  a p p ro p r ia te  D M S O  c o n tr o ls  (p < 0 .0 5 ) .  P h o s p h o r y la t io n  

o f  th e  H E R G  c h a n n e l in  r e s p o n s e  to  O A G  w a s  in c r e a se d  b y  2 0 .2 7  ±  0 .5 6 %  (n = 3 , d ata  n o t  

sh o w n ). T h is  w a s  o n ly  s l ig h t ly  m o r e  th an  th e  a v e r a g e  O A G -d e p e n d e n t  in c r e a se  in  th e  

a b se n c e  o f  p h o sp h a ta se  in h ib ito r s , s u g g e s t in g  a rap id  d e p h o sp h o r y la t io n  is  n o t  r e s p o n s ib le  fo r  

th e  sm a ll c h a n g e  in  p h o sp h o r y la t io n  b y  P K C  s t im u la t io n .

7.2.4 Is the OAG-mediated increase in phosphorylation mediated via PKC 

phosphorylation sites?

P K C  d ep en d e n t m o d u la t io n  o f  H E R G  cu rren ts  r e m a in s  in  th e  A P K C  H E R G  m u ta n t ( s e e  

ch ap ter 6; T h o m a s  et a l., 2 0 0 3 ) .  I w a n te d  to  te s t  i f  th e  A P K C  c h a n n e l w a s  s t ill  

p h o sp h o r y la ted  in  r e s p o n s e  to  O A G . U n fo r tu n a te ly , I w a s  u n a b le  to  d e te c t  p h o s p h o -p r o te in s  

in  a p h o sp h o r y la t io n  a ssa y . M y  in a b ility  to  d e te c t  a n y  P la b e l le d  H E R G  c o u ld  r e su lt  fro m  a  

lo s s  o f  p h o sp h o r y la t io n  or a fa ilu r e  o f  th e  a n tib o d y  to  im m u n o p r e c ip ita te  th e  m u ta te d  H E R G  

su b u n its. N o n e  o f  th e  m u ta tio n s  are w ith in  th e  a n tib o d y  e p ito p e , n e v e r th e le s s  th e  m u ta tio n s  

c o u ld  ca u se  m is fo ld in g  o f  th e  c h a n n e l, r e s tr ic tin g  a c c e s s  o f  th e  a n tib o d y  to  th e  p r o te in . I w a s  

a lso  u n ab le  to  d e te c t  a n y  p r o te in  fo r  th e  1 8 M  H E R G  m u ta n t c h a n n e l. T h is  is  n o t  u n e x p e c te d ,  

as th e  1 8 M  H E R G  c h a n n e l c o n ta in s  id e n tic a l m u ta tio n s  in  th e  C -te r m in u s  o f  th e  H E R G  

ch a n n e l as th e A P K C  H E R G  m u ta n t. I a ls o  tr ied  a s e c o n d  a n tib o d y  to  H E R G  th a t r e c o g n is e s  

a re g io n  b e tw e e n  a m in o  a c id s  57 1  an d  5 8 5 , o n  th e  P - lo o p  o f  th e  c h a n n e l.  N e it h e r  th e  A P K C  

H E R G  or 1 8 M  H E R G  c h a n n e ls  c o n ta in  a n y  p o in t  m u ta tio n s  in  th is  r e g io n . A g a in , I w a s  

u n a b le  to  d e tec t  a n y  p h o sp h o -p r o te in  fo r  e ith er  th e A P K C  H E R G  o r  1 8 M  H E R G  m u ta n ts  

(F igu re  7 .4 ) .  S e q u e n c in g  A P K C  H E R G  and  1 8 M  H E R G  D N A  in  b o th  a n t ib o d y  b in d in g  

re g io n s  d e te c te d  n o  extra  m u ta tio n s . I am  c o n f id e n t  that th e  c e l l s  are e x p r e s s in g  th e  A P K C  

H E R G  co n stru ct, as ro b u st cu rren ts w e r e  e x p r e s s e d  in  a ll tr a n s fe c t io n s , o f  s im ila r  a m p litu d e  

as th e  4 M  H E R G  m u tan t, w h ic h  is  c o n s is te n t ly  d e te c te d  in  p h o s p h o r y la t io n  a s s a y s  ( s h o w n  

la ter in  th is  ch ap ter).
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Figure 7.4
APKC HERG or 18M HERG are not detected by immunoprecipitation and 
autoradiography with two different antibodies. T y p ic a l au torad iograp h  from  c e lls  m o ck  
tra n sfected  or tra n sien tly  tra n sfected  w ith  W T , A P K C  H E R G  or 18M  H E R G  ch a n n e ls . T w o  
a n tib o d ies  that r e c o g n ise  c o m p le te ly  d iffer en t H E R G  ch a n n e l d o m a in s  w er e  tested . In tracell 
A b . r e c o g n ise s  th e C term in u s b e tw e e n  r e s id u e s  9 8 3 -9 9 8 . E x tra cell. A b . r e c o g n ise s  th e P -lo o p  
r e g io n , b e tw e e n  resid u es 5 7 1 -5 8 5  o n  th e  ch a n n e l.

In trace ll. A b  +  - +  - +  - +
E x tra c e ll. A b  +

IH R

WT APKC 18M Mock
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7.2.5 Activation of PKA decreases phosphorylation of HERG subunits

7.2.5.1 Application of forskolin to WT HERG channels

A p p lic a t io n  o f  fo r sk o lin  a tte n u a te s  H E R G  cu rren t a n d  sh if ts  th e  v o lta g e  d e p e n d e n c e  o f  

a c tiv a t io n  (T h o m a s  et a l.. 1 9 9 9 ) . T h is  e f f e c t  is  lo s t  in  4 M  H E R G . T h e s e  r e su lts  s u g g e s t  P K A  

d ire c tly  p h o sp h o r y la te s  th e  H E R G  c h a n n e l,  an d  th e  P K A  p h o s p h o r y la t io n  s it e s  are req u ired  

for  th e  r e sp o n se  to  fo r sk o lin . I p r e d ic te d  fo r s k o lin  w o u ld  in c r e a se  H E R G  c h a n n e l  

p h o sp h o r y la t io n  an d  p la n n e d  to  u s e  it a s  a p o s it iv e  c o n tr o l fo r  p h o s p h o r y la t io n  o f  th e  H E R G  

ch a n n e l e x p r e s se d  in  H E K  c e l ls .  4 0  p M  fo r s k o lin  w a s  a p p lie d  to  c e l l s  fo r  f iv e  m in u te s .  

F o r sk o lin  s ig n if ic a n t ly  r e d u c e d  th e  p h o sp h o r y la t io n  o f  th e  H E R G  c h a n n e l b y  1 9 .4 9  ± 4 .2 1 %  

(n = 4 )  an d  sh if te d  th e  p o s it io n  o f  th e  b a n d s  r e la t iv e  to  c o n tr o l ( f ig u r e  7 .5 ) .  T h e s e  d a ta  s u g g e s t  

that fo r sk o lin  a p p lic a t io n  r e su lts  in  a  n e t  d e p h o sp h o r y la t io n  o f  H E R G . T o  d e te r m in e  i f  th is  

w a s  P K A  m e d ia te d , c e l ls  w e r e  in c u b a te d  in  th e  P K A -s e le c t iv e  in h ib ito r  H - 8 9  (5  p M ) fo r  15  

m in u tes . H -8 9  d id  n o t a lter  th e  b a sa l p h o sp h o r y la t io n  sta te  o f  H E R G , b u t d id  a b o lis h  th e  

e f fe c t  o f  fo r sk o lin  o n  d e p h o s p h o r y la t io n  o f  H E R G  ( f ig u r e  7 .5 B ) .  In  th e  p r e s e n c e  o f  H - 8 9  

fo r sk o lin  p r o d u c e d  an  in c r e a se  o f  p h o s p h o r y la t io n  o f  1 .6 9  ±  1 .9 2 % . T h e r e  w a s  n o  s ig n if ic a n t  

d iffe r e n c e  in  p h o sp h o r y la t io n  fr o m  u n trea ted  c e l ls  ( p > 0 .0 5 ) .  T h is  s u g g e s t s  th e  

d ep h o sp h o r y la t io n  e f f e c t s  o f  f o r s k o lin  are P K A -d e p e n d e n t .

7.2.5.2 Application of forskolin to 4M HERG channels

M u ta tio n  o f  p u ta tiv e  P K A  s it e s  (4 M  H E R G ) p r e v e n ts  m o d u la t io n  o f  cu rr en ts  b y  fo r s k o lin  

an d  p h o sp h o d ie s te r a se  in h ib ito r s . T h e r e fo r e , I in v e s t ig a te d  i f  th e  p h o s p h o r y la t io n  r e s p o n s e  to  

fo r sk o lin  w a s  a ls o  a lter ed  in  4 M  H E R G . A s  d e sc r ib e d  p r e v io u s ly  (Z h a n g  e t  a l. ,  2 0 0 2 ) ,  I 

fo u n d  4 M  H E R G  c h a n n e ls  w e r e  r o b u stly  p h o sp h o r y la te d  in  u n tre a te d  c e l ls .  H o w e v e r ,  u n lik e  

in  W T  c h a n n e ls , th ere  w a s  n o  s ig n if ic a n t  c h a n g e  o f  p h o s p h o r y la t io n  o f  4 M  H E R G  w ith  

fo r sk o lin  (4 .9 2  ±  1 .5 2 % . n :3 , p > 0 .0 5 ,  f ig u r e  7 .6 A ) .

T h e fo r sk o lin -m e d ia te d  d e p h o sp h o r y la t io n  w a s  b lo c k e d  b y  th e  p h o s p h a ta s e  in h ib ito r  c o c k ta il  

(a s  d esc r ib ed  in  s e c t io n  7 .2 .3 ) .  T h is  c o c k ta il  w a s  a d d ed  to  c e l ls  15 m in u te s  p r io r  to  fo r s k o lin  

a p p lica tio n  an d  in c r e a se d  b a sa l p h o sp h o r y la t io n  o f  th e  c h a n n e ls  as d e s c r ib e d  p r e v io u s ly .  T h e  

c h a n g e  o f  p h o sp h o r y la t io n  w ith  fo r sk o lin  w a s  -0 .3 9  ±  0 .9 2 % , w h ic h  w a s  n o t  s ig n if ic a n t ly  

d ifferen t to  u n trea ted  c e l ls  ( p > 0 .0 5 ,  data  n o t  sh o w n , n = 3 ) .  S in c e  PKA s e e m s  to  b e  a  

req u irem en t fo r  d e p h o sp h o r y la t io n  to  o cc u r , th e
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Figure 7.5
Forskolin application decreases phosphorylation of the WT HERG channel. A T y p ic a l  
au toradiograph  s h o w in g  W T  H E R G  p h o sp h o r y la t io n  w ith  an d  w ith o u t  4 0 p M  fo r sk o lin . B 
T y p ica l au torad iograp h  s h o w in g  th at th e  p h o sp h o r y la t io n  in d u c e d  b y  fo r sk o lin  is  b lo c k e d  b y  
5 p M  H -8 9 . In cu b a tio n  o f  c e l ls  in  H - 8 9  d id  n o t a lter  H E R G  p h o sp h o r y la t io n  co m p a re d  to  
untreated  c e lls .
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Figure 7.5
Forskolin application decreases phosphorylation of the W T HERG channel. A T y p ic a l  
au torad iograp h  s h o w in g  W T  H E R G  p h o s p h o r y la t io n  w ith  a n d  w ith o u t  4 0 p M  fo r s k o lin . B 
T y p ic a l a u to r a d io g r a p h  s h o w in g  th a t th e  p h o s p h o r y la t io n  in d u c e d  b y  fo r s k o lin  is  b lo c k e d  b y  
5 p M  H -8 9 . In c u b a tio n  o f  c e l l s  in  H - 8 9  d id  n o t  a lter  H E R G  p h o s p h o r y la t io n  c o m p a r e d  to  

u ntreated  c e lls .
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Figure 7.6
The dephosphorylation in response to forskolin is abolished in the 4M HERG m utant that 
lacks PKA phosphorylation sites. A R epresentative au to rad iograph  com paring  the response 
o f  W T and 4M  H E R G  to 40 pM  forsko lin  . F orskolin  did not cause dephosphorylation  o f  4M  
HERG. B M ean results from  densitom etry  analyses o f  au toradiographs (n> 3 for each data 
set). * shows significance at p<0.05 com pared  to forskolin  treatm ent alone. C  F low  diagram  
sueeestine the nossible m echanism  o f  action  o f  forskolin  on the W T H E R G  channel.
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HERG  channel m ay first need to  be phosphorylated  by  PK A , w hich then  leads to  an 

activation o f  protein  phosphatases, and a net loss o f  phosphorylation. A lthough I have no 

direct evidence for this, this sim ultaneous m odulation o f  the channel by pro tein  k inases and 

phosphatases m ay be indicative o f  the channel acting w ith in  a com plex.

7.2.6 Cross talk o f P K A  and P K C  signalling pathways

Results from previous studies suggest that cross talk  betw een signalling  pathw ays that can 

m odulate HERG channel activ ity  m ay occur. H eath  and T errar (2000) show ed the effects o f  

forskolin and isoprenaline, both  w ell-know n activators o f  the PK A  signalling  pathw ay, to 

m odulate Ij<r in guinea pig ven tricu lar m yocytes by pathw ay b locked  by PK C  inhibitors. 

O ther studies have also show n the effects o f  a w ell-know n PK C  activator, PM A , to m odulate 

HERG current expressed in Xenopus ooc}4es by a partially  P K A -dependen t pathw ay 

(Thomas et al., 2003). I w anted to investigate i f  the effects I observe in  response to forskolin  

are PK C-dependent. Cells were chronically  treated  w ith the phorbol ester PM A , at 1 pM  for 

24 hours to dow n-regulate PKC isoform s. Forskolin  application to these cells significantly  

reduced phosphorylation o f  the HERG channel by 20.60 ±  5.13%  (n=3, data  not shown). 

Analysis o f  autoradiographs by densitom etry  show ed there w as no sign ifican t difference 

between forskolin effects in control conditions com pared to chronic PM A  conditions 

(p>0.05). This suggests that the effects o f  forskolin  are PK C -independent.

7.2.7 Raising intracellular calcium causes a dephosphorylation of the HERG channel

Previously, I have show n that application o f  ionom ycin to H E K  cells expressing  the H E R G  

channel causes an attenuation o f  current in a PK C -dependent m anner (chap ter 5). I therefore 

wanted to investigate if  ionom ycin acts in a sim ilar m anner to O A G  application , that is, to 

increase phosphorylation o f  the channel. H ow ever, in contrast to O A G , 5 pM  ionom ycin 

applied for 5 m inutes caused a large and significant decrease in phosphory la tion  o f  W T 

HERG o f  30.37 i  5.11%  (m 4. p<0.05, figure 1.1 A). This dephosphory lation  suggests the 

ionom ycin response is not only due to stim ulation o f  PK C, w hich  increases phosphorylation. 

To investigate if  the decrease in phosphorylation was PK C -dependent I trea ted  cells
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Figure 7.7
Ionomycin induces a dephosphorylation of HERG which is not PKC dependent, or 
mediated by PP-1, PP-2A, or alkaline phosphatases. A Representative autoradiograph 
showing HERG phosphorylation with and w ithout ionomycin. B Typical autoradiograph 
showing the effects o f  ionom ycin on H ERG in cells chronically treated w ith PM A. Chronic 
PM A treatm ent did not reduce the effects o f  ionomycin. C Effects o f  ionom ycin in the presence 
o f  phosphatase inhibitor cocktail containing inhibitors for PP-1, PP-2A  and alkaline 
phosphatases. This cocktail did not reduce the effects o f  ionom ycin

A
Ionom ycin - +

B
Chronic PM A + +
Ionom ycin +

C
Inhibitor cocktail + +
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with 1 pM PMA for 24 hours, to down-regulate PKC. In these conditions, ionomycin still 

significantly decreased phosphorylation of the HERG channel by 26.15 ± 8.26% (n=3, 

p<0.05, figure 7.7B) which was not significantly different to effects of ionomycin in non 

PMA-treated cells. This suggests the effects of ionomycin are independent of PKC.

To investigate the dephosphorylation of HERG in response to ionomycin further, I tried the 

phosphatase inhibitor cocktail we had used previously (as described in section 7.2.3) and 5 

pM cyclosporin A, a calcineurin A inhibitor. Incubation of cells in phosphatase inhibitor 

cocktail prior to incubation with ionomycin did not alter the response to ionomycin. 

Phosphorylation was significantly reduced by 32.00 ± 12.43% (n=3, p<0.05, figure 7.7C) 

which was comparable to effects of ionomycin in control conditions. This suggests the 

effects of ionomycin in this assay are not due to PP-1, PP-2A or alkaline phosphatases. 

Dephosphorylation of HERG in cells incubated in cyclosporin A for 15 minutes prior to 

ionomycin application was less pronounced. Phosphorylation was reduced by 19.98 ± 4.95% 

(n=3, figure 7.8A). Although this is still a significant change from control values, this is a 

reduction compared to the dephosphorylation with ionomycin alone. Thus, calcineurin, 

which is activated by calcium, may mediate some of the dephosphorylation induced by 

calcium elevation in response to ionomycin.

7.2.8 Phosphorylation of I k ,

To measure phosphorylation of Ikr, guinea pig ventricular myocytes were isolated and the 

phosphorylation assay carried out as described in section 3.5.3. Unfortunately, in 10 separate 

experiments, I was unable to detect basal or PKC-mediated phosphorylation of fitr even when 

all ventricular myocytes from a heart were used and exposure of autoradiographs was 

increased to 9 days. These problems could be due to several possibilities, which will be 

discussed in section 7.3.2.
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Figure 7.8
Ionomycin effects are reduced when calcineurin is inhibted by cyclosporin A. A
Typical autoradiograph showing HERG phosphorylation in response to 5pM ionomycin in 
the presence of 5 pM cyclosporin A. The effects of ionomycin were significantly reduced 
in the presence of cyclosporin A. B Mean results from analyses of the autoradiographs (n> 
3 for each data set).
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Figure 7.8
Ionomycin effects are reduced when calcineurin is inhibted by cyclosporin A. A
Typical autoradiograph show ing H E R G  phosphory la tion  in response to 5pM  ionom ycin  in 
the presence o f  5 pM  cyclosporin  A. The effects o f  ionom ycin  w ere sign ificantly  reduced 
in the presence o f  cyclosporin  A. B M ean  results from  analyses o f  the au toradiographs (n> 
3 for each data set).
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7.3 Discussion

7.3.1 Phosphorylation of HERG in IIEK cells

In this chapter I dem onstrate  an increase o f  32P labelled  phosphate  incorporation into HERG 

channels in response to O A G  application. This is consisten t with the HERG channel being 

directly phosphory la ted  by PK C  activation. This is in contrast to work carried out by Zhang 

et al. (2002) w ho w ere unable to detect changes in H E R G  phosphorylation in response to 

PMA, and w ork by T hom as et al. (2003 and 2004), w ho suggest PKC modulates HERG 

channels via  ind irect m echan ism s. A lthough the increase in phosphorylation I observe is 

small in com parison  to the PK C -m ediated  increase m easured in the muscarinic M3 receptor, 

this m ay be due to the robust basal phosphorylation seen w ith  the HERG channel. Any 

increase in phosphory la tion  m easured  w ould be low  w hen m easured as a percentage of a 

large starting signal. T hus, basal phosphorylation  o f  H E R G  may mask the number of sites 

phosphorylated in  response to d irect ac tivation  o f  PK C.

Several lines o f  ev idence ind icate that the increase in phosphorylation in response to OAG 

was mediated by PK C . The increase was abolished by b is -1 and by down-regulation of PKC 

using chronic PM A  treatm ent. Since I have previously  show n chronic PMA treatment to 

down-regulate the a .  p. 8 and c isoform  o f  PK C, it is likely that one or more of these 

isoforms are responsib le  for the increased phosphorylation o f  the HERG channel.

The basal phosphory la tion  o f  the H ER G  channel was not altered by short-term or long-term 

attenuation o f  PK C  activ ity . This suggests that PKC is not responsible for the basal 

phosphorylation o f  the channel. This observation  correlates with our previous observations 

(chapters 5 and 6), from  H E R G  curren t recordings.

There have been  several reports suggesting  H E R G  m odulation through cross talk between the 

PKC and PK A  signalling  pathw ays (H eath  and Terrar, 2000; Thomas et al., 2003). However, 

I can find little ev idence o f  this. O A G  increases phosphorylation even in the absence of the 

four putative PK A  phospho ry la tion  sites on the channel. The increase is also abolished when 

cells were chronically  trea ted  w ith  PM A . This suggests that the increase in phosphorylation I 

observe is not due to phosphory la tion  at the PK A  sites o f  the HERG channel, and is PKC- 

specific. Likew ise, PK A  stim ula tion  alters H ERG  phosphorylation in a manner that is not 

dependent on PK C.
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It has previously been reported that PKC modulation of the HERG channel in Xenopus 

oocytes continues in the absence of 17 putative PKC phosphorylation sites on the HERG 

channel (APKC HERG mutant: Thomas et al., 2003). My results on APKC HERG currents in 

mammalian cells agree with Thomas et al. This suggests a number of possibilities, including 

the conclusion reached by Thomas et al., that PKC stimulation did not directly modulate 

HERG current and that an auxiliary subunit was involved. I wanted to test if there was an 

increase in phosphorylation of the channel, but were unable to detect either the APKC HERG 

or 18M HERG phospho-proteins using an antibody directed to either intracellular or 

extracellular regions of the HERG channel. This was presumably due to the high number of 

point mutations contained within the channel that prevented the antibodies from recognising 

their epitopes. Therefore, I was unable to measure phosphorylation of the channel. Future 

studies could address this by tagging APKC and 18M HERG with an antibody epitope on the 

C-terminus. I would then be able to immunoprecipitate HERG proteins and repeat the 

phosphorylation assays. A possibility to why we are not detecting the APKC HERG or 18M 

HERG channels in phosphorylation assays is a loss of phosphorylation due to removal of the 

putative PKC phosphorylation sites. However, I have previously shown that PKC does not 

contribute to the basal phosphorylation of HERG. I am also unable to detect either APKC 

HERG or 18M HERG proteins in western blots, suggesting the protein is not detected by the 

antibody, rather than no phosphory lation is present.

Ionomycin caused a large decrease in phosphorylation of the HERG channel. The effects of 

ionomycin on the HERG channel currents are PKC-dependent. Therefore, I predicted that 

the effects of ionomycin and OAG on E1ERG phosphorylation would be similar. However, 

the differences between the results with OAG and ionomycin can be explained by a number 

of mechanisms. Firstly. OAG specifically activates PKC only, acting as a DAG analogue, 

whereas ionomycin acts to increase cytosolic calcium in the cell. This could activate a 

number of pathways, including activation of calcium-dependent PKC isoforms, calcium 

dependent phosphatases, calcium-calmodulin dependent pathways and other intracellular 

signalling molecules. The effects of ionomycin on HERG currents were abolished with 

chronic PMA treatment, suggesting a role for one or more of the a , p, 8 or e isoforms of PKC 

in the modulation of the current. This suggests that the effects of ionomycin are mediated by
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PKC but does not necessarily indicate direct PKC phosphorylation. The results of the 

phosphorylation assays did not clarify matters. When carrying out a phosphorylation assay it 

is net phosphorylation of the channel that is measured. Therefore, it may be that PKC 

phosphorylates the HERG channel, but this increase is obscured by the decrease in 

phosphorylation at other sites. The phosphopeptide mapping technique, which would allow 

the phosphorylation status of individual regions of the channel to be monitored, may help 

address this problem.

In cells chronically treated with PMA, ionomycin caused a similar decrease in 

phosphorylation as in control cells. This could suggest that ionomycin does not influence 

HERG channel phosphorylation in a PKC-dependent manner since no decrease in total 

phosphorylation was observed. However, in control cells, because of the number of 

mechanisms possibly activated during ionomycin application, including activation of 

calcium-dependent phosphatases, it may be that any increase in phosphorylation in response 

to PKC activation is rapidly removed by activated phosphatases. Therefore, a PKC- 

dependent change in phosphorylation would not be observed.

Forskolin also decreased phosphorylation of HERG channels. I found this surprising, as 

previously it has been reported that the PK A phosphorylation sites are required for the effect 

of forskolin and phosphodiesterase inhibitors (Thomas et al., 1999). I would therefore 

hypothesise that the effects of forskolin are due to a PKA-mediated phosphorylation of the 

HERG channel, which would be detected as an increase in channel phosphorylation. The 

decrease in phosphorylation is likely to be mediated by one or more of protein phosphatases 

PP-1, PP-2A or alkaline phosphatases. I found that active PKA, and the presence of the PKA 

phosphorylation sites on the HERG channel were necessary for the de-phosphorylation, but it 

is not yet clear whether dephosphorylation is functionally important. It is possible that 

forskolin first causes an increase in phosphorylation at the four PKA sites on the channel. 

This may have been observed if cells were harvested after a shorter application of forskolin. 

If both phosphorylation and dephosphorylation of the channel were to have an effect on the 

channel currents, 1 might expect to be able to distinguish two separate processes during 

forskolin application. In fact. I observe a steady, monophasic decrease of current, which is 

suggestive of only one process occurring. PKA phosphorylation of the HERG channel may 

not have an effect directly on channel currents, but may permit further regulatory processes
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such as a recru itm ent o f  phosphatases or the binding o f  regu la to ry  proteins. Indeed, evidence 

showing phosphory la tion-dependen t in teractions betw een H E R G  and 14-3-3 binding proteins 

has been show n (K agan et ah. 2002). These data  suggested  binding of 14-3-3s was 

dependent on PK A  phosphorylation  o f  H ER G , and acted  to shield the channel from 

dephosphory 1 at ion .

Perhaps it is dephosphory la tion  o f  the channel that causes the attenuation of current in 

response to forskolin . The effect o f  phosphatase inhibitors on the HERG currents response to 

forskolin was not exam ined. T hom as et ah. (1999) show ed the removal of single PKA 

phosphorylation sites from  the HERG  channel to reduce the effect of forskolin. Each of the 

four sites con tribu ted  approx im ate ly  equally  to the effects seen in the presence of forskolin. 

This suggests each  ind iv idual PK A  site to be im portant in the modulation of the channel. 

Dynamic m odula tion  by kinases and phosphatases has been reported for the ERG channel. 

Cayabyab and Schlich ter (2002) reported  that sre tyrosine k inase regulates the ERG channel 

expressed in M LS-9 cells. They found the ERG  protein  to be constitutively phosphorylated 

by sre tyrosine kinase. This phosphory la tion  could be reduced using tyrosine kinase 

inhibitors, and in corresponding  experim ents. ER G  current w as reduced upon application of 

these inhibitors. C onversely , the curren t was increased upon application of a src-activating 

peptide. The sam e group later published  the ERG  current could also be modulated by the 

tyrosine phosphatase  src-hom ology 2-con tain in  protein (SH P-1) (Cayabyab et al., 2002). 

Using co-im m unoprecip ita tion  assays, they were able to show this protein physically 

associated with ERG. T ransfection  o f  cells w ith SHP-1 decreased current, which corresponds 

with the decrease in curren t seen w ith tyrosine kinase inhibitors in their previous study. This 

decrease was accom panied  by a positive  shift in activation o f  the channel. These effects were 

reduced using phosphatase  inh ib itors, fak in g  into account data from both studies, the group 

hypothesised that the ERG channel ex ists in a multimolecular complexes that allows this 

dynamic regulation  to occur.

Our data also im plies the I IERG  channel m ay be part o f  a com plex. This may involve AKAP 

proteins. These have p rev iously  been show n to form m acrom olecu lar complexes with many 

ion channels, protein  k inases and protein  phosphatases to a llow  dynamic regulation of target 

proteins by PK A . including  the K.\n* channel (H ayabuchi et al., 2001), Iks (Marx et al., 2002) 

and ROMK1 channels ( Ali et al.. 1 998). M ason et al. (2002) show ed  modulation of Kvl.5 by
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PKA, tyrosine k inase and tyrosine phosphatase  requ ired  an in tact cytoskeleton. Evidence of 

PKC in teraction w ith A K A P proteins has also been show n (K lauck  et al., 1996; Coghlan et 

al., 1995; Faux et al.. 1999). 1 he latter study show ed P K C piI to  physically associate with

AKAP79 independent o f  kinase activation.

A number o f  further experim ents could be carried  out to investigate  PKC-mediated HERG 

channel m odulation  in m ore detail. This includes phosphopep tide  mapping, a technique that 

allows sites o f  phosphory la tion  to be m apped  to channel fragm ents. This would allow me to 

investigate w hich sites o f  phosphory la tion  w ere being modulated with each process. 

Previous studies using th is technique have m apped the PK A  phosphorylation sites on the 

Kv4.2 channel (A nderson  et al.. 2000). and L -type calcium  channel (Gerhardstein et al., 

1999).

Of course, although  I have been able to exclude PK A  and PK C making any contribution to 

the basal phosphory la tion  o f  the channel. 1 have not investigated  the sites that do make a 

contribution. P hosphopep tide  m apping w ould also allow m e to investigate this. Knowing the 

phosphorylation sites on the HERG channel that contribu te  to the basal phosphorylation of 

the channel w ould allow m e to assess their role in norm al functioning of the channel. 

Phosphorylation, in add ition  to altering channel open  probab ility  has also been shown to have 

an important regu la to ry  role on K.\n> channel traffick ing  (H u et al., 2003), where PKC was 

shown to dow n-regu la te  K ati> channels. It is possib le this may apply to other channels, 

including H ER G .

7.3.2 P hosph orylation  oI I r, in guinea pi« ventricu lar m yocytes

I was unable to detect any phosphopro te ins at the expected  w eight for HERG when carrying 

out phosphory lation  assays in guinea pig ventricu lar m yocytes. The antibody also detected 

other phosphopro teins in m yocytes (but not IIHK cells), and so I was confident that the P 

labelled phosphate incorporation  into m yocytes was occurring. It is unknown why I was not 

able to detect H E R G . how ever, there are a num ber o f  possib le  explanations. 1) In 

phosphory lation  assays, the an tibody  is added to proteins that have not been denatured. 

Hence, binding o f  any secondare subunits or changes in fo lding of the native channel may 

cause the antibody not to be able to detect the protein. 2) Expression of Iicr in ventricular
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tissue is known to be small, so although w e were using the full yield of ventricular myocytes 

for each assay, the amount of 11ERG may not have been large enough to detect. I was unable 

to detect HERG protein in western blots or phosphorylation assays. 3) HERG expressed in 

guinea pig ventricular myocytes may not be basally phosphorylated, or be phosphorylated 

upon PKC activation. Refining the experiments further may allow this to be investigated.
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Chapter 8

Modulation of the liKKG channel by caffeine

8.1 Introduction

Elevation of cytosolic calcium  ([C a“ |,) has a critical role in regulating contraction in cardiac 

tissue (Berridge et al.. 2000). D epolarisation  o f  the membrane potential by a propagating 

action potential opens L-tvpe calcium  channels that results in an influx of calcium to trigger a 

much greater release o f  calcium  from in tracellu lar stores through ryanodine receptors. This 

process is know n as calcium  induced calcium  release (C IC R ). Caffeine has been widely used 

to study the role o f  ryanodine receptors in cardiac and o ther cell types. Its effects are rapid 

and reversible. C affeine is a m em ber o f  the class o f  organic compounds known as alkaloids. 

The core o f  the m olecule is a purine, and caffeine is very  similar in structure to adenosine. 

Caffeine releases calcium  from cytosolic  stores by open ing  the ryanodine receptor at 

physiological calcium  concentrations, transien tly  raising cy toso lic  calcium and depleting the 

ryanodine releasable  com ponent. C affeine also inhibits phosphodiesterase activity (Butcher 

and Sutherland. 1962: L indam an et al.. 2002). increasing cA M P concentrations in the cell, 

and activating PK A . C affeine was in itia lly  used in my study as a tool to increase cytosolic 

calcium. Subsequently. 1 found caffeine to alter H E R G  currents in a manner quite different 

from ionomycin and m ethacholine. In particu lar. I found it attenuated HERG currents with a 

very rapid time course and its effects w ere rapidly  reversible. Since caffeine is such a widely 

used and important pharm acological tool 1 w anted to investigate its mode of action on HERG 

current, and used a num ber o f  d ifferen t approaches. 1) To investigate the role of caffeine 

induced calcium release, two approaches w ere used. A) Intracellular calcium was buffered to 

low levels using the calcium  chelato r B A PTA . B) Conversely, the effect of caffeine was 

tested when in tracellu lar calcium  had been raised to high levels with ionomycin. 2) 

Previously I have show n that increasing  cy toso lic  calcium activates PK C  and this modulates 

HERG channel curren ts. I therefore  investigated  if the effects of caffeine were PKC- 

dependent with the P R C -selective  inh ib ito r b is -1. 3) Finally, since caffeine may act as a 

phosphodiesterase inhibitor. 1 investiga ted  if  the modulatory effects its has on the HERG 

channel were due to this m echanism . The effect o f  caffeine was tested in the presence of 

forskolin, an adenylyl cyclase agon ist, w hich increases the cA M P concentration in the cell. I
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hypothesised that if caffeine was only working as a phosphodiesterase inhibitor, no additional 

effects of caffeine would be seen in the presence of forskolin.

198



8.2 Results

8.2.1 Effects of caffeine on HERG currents in HEK cells

HERG-HEK cells were held at a membrane potential of -80  mV, and the ‘depolarisation to 0 

mV’ protocol was used to evoke currents. I started with a 5 mM caffeine concentration as 

this concentration is within the range of concentrations most frequently used in experiments 

on cardiac myocytes (McDowell et al., 2004; Plank et al., 2003; Sjaastad et al., 2002). 

Extracellular application of 5 mM caffeine to HERG-HEK cells attenuated HERG current in 

a rapid and fully reversible fashion. Figure 8.1 A shows currents in control conditions and 

with maximal effects of caffeine. The action of caffeine was seen within the first voltage 

pulse after application, with maximal effects seen within 30 seconds (figure 8 . IB). Current 

amplitudes remained attenuated throughout the duration of caffeine application. Current 

remaining during caffeine application was 61.24 ± 2.22% of control currents (n=7, p<0.05). 

The effect of washout of caffeine from the recording chamber was rapid. HERG currents 

recovered to 99.04 ± 1.56% of control currents with the first subsequent voltage pulse.

The effects of caffeine were concentration-dependent (Figure 8 .1C), but there was not a well 

defined sigmoidal concentration-response relationship. The onset and recovery of current 

attenuation was rapid at all concentrations. Small effects of caffeine were seen at 

concentrations of 100 pM, with currents in these conditions being 88.1 ± 1.42% of control 

(n=5). Current amplitude declined dramatically between 5 and 20 mM. Currents were 12.7 ± 

1.11% of control current with 20 mM caffeine (n=5).

To determine if there was any voltage dependence to the reduction of current by caffeine, 

currents were measured at a range of potentials using the I-V protocol. Currents measured 

using this protocol in control conditions and in the presence of caffeine can be seen in figure 

8.2A. Currents were reduced at all potentials by caffeine. The voltage dependence of 

activation of HERG was not shifted significantly with caffeine application (figure 8.2B). Vo 5 

values in control conditions were -22.27 ± 1.90 mV, compared to -23.09 ± 2.33 mV with 

caffeine (n=6 , p>0.05). The slope factor was also not significantly altered in the presence of 

caffeine (7.79 ± 0.34, compared to 7.80 ± 0.36 with caffeine (p>0.05)). The isochronal I/V 

relationship was also unaffected (figure 8.2C). These data suggest
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Figure 8.1
Application of caffeine to HERG-HEK cells causes a rapid and reversible inhibition of 
HERG current. A Representative HERG current traces showing in control conditions and 
during 5 mM caffeine application. B Time course of caffeine effects (n=7). Peak tail currents 
were normalised to control amplitudes and mean, normalised data were plotted against time. C 
Concentration-response relationship for caffeine effects on HERG peak tail current amplitude (n 
> 5 for each data set).
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Figure 8.2
Caffeine attenuation of HERG current does not exhibit any voltage dependence A
Representative current traces from the I-V protocol in control conditions (left) and with 5 mM 
caffeine (right). Only current traces with test pulses to -40, -20 and +20 mV are shown. B 
Voltage dependence of activation before and during 5 mM caffeine application (n=6). Peak 
tail currents were normalised to peak amplitudes, plotted against test pulse potential and fitted 
with a Boltzmann function (solid lines). Also shows voltage dependent block by caffeine 
(purple), normalised to peak tail current in control conditions. C Mean isochronal end pulse 
currents in control conditions and with 5 mM caffeine, normalised to maximal amplitudes 
(n=6). D Current availability due to channel inactivation in control conditions and with 
caffeine. Currents were normalised to maximal currents in each recording solution.
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that caffeine did not attenuate current by altering the voltage sensitivity of activation of the 

channel.

Steady state inactivation was measured as previously described using a triple pulse protocol 

(chapter 4). Inactivation of the current was unaffected by caffeine (figure 8.2D). Vo 5 values 

for inactivation in control conditions were -73.70 ± 0.84 mV, compared to -73.83 ± 0.99 mV 

with caffeine (n=6, p>0.05). Slope factors were also unchanged in the presence of caffeine 

(-21.12 ± 0.73, compared to -21.77 ± 0.85 with caffeine). These data suggest caffeine does 

not alter the voltage sensitivity of inactivation of the channel.

The time constants of deactivation of the channel were virtually identical in control 

conditions and with caffeine (p>0.05). The slow and fast time constants of deactivation were

1347.00 ± 55.92 ms and 238.10 ± 9.83 ms in control conditions respectively, compared to

1360.00 ± 70.48 ms and 237.70 ± 9.24 ms with caffeine (n=6)

Together, these data indicate that although caffeine application attenuates HERG current, this 

is not by a change in the activation, deactivation or inactivation properties.

8.2.2 Is HERG current attenuation calcium dependent?

8.2.2.1 Imaging changes in cytosolic calcium

Caffeine opens ryanodine receptors to release calcium from the endoplasmic reticulum 

(Rousseau et al., 1988). To investigate the mechanism of HERG current reduction by 

caffeine I first measured the time course of cytosolic calcium changes in HEK cells using 

fura-2. Baseline fura-2 ratios of 0.61 ± 0.22 were increased to ratios of 1.98 ± 0.21 with 

caffeine (data not shown). The rise of calcium was surprisingly slow and maximum effects 

of caffeine were observed after nearly four minutes, with recovery of cytosolic calcium after 

washout also taking four minutes.

8.2.2.2 Caffeine effects are not inhibited when cytosolic calcium is buffered to low levels

Clearly, there are substantial differences between the time courses of effects on HERG 

current reduction and the slow elevation of cytosolic calcium in response to caffeine 

application. To further test the link between cytosolic calcium and reduction of HERG I 

buffered calcium to low cytoplamic levels and then applied caffeine. If the effect of caffeine 

was calcium dependent, I expected to see no reduction in HERG currents. 5 mM BAPTA
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was applied to cells via the patch pipette for 10 minutes after the whole cell configuration 

was achieved, to allow complete dialysis of BAPTA into the cell, and the ‘depolarisation to 0 

mV’ protocol was used to evoke currents. Once currents had stabilised 5 mM caffeine was 

applied. Application of caffeine continued to rapidly attenuate current. Currents can be seen 

in Figure 8.3A. Currents during caffeine application were attenuated to 53.91 ± 5.52% of 

control current (n=5), suggesting caffeine does not exert its effects by an increase in calcium. 

I am confident that using BAPTA at this concentration and allowing dialysis for 10 minutes 

is sufficient for maximal calcium buffering, as we have previously shown this to inhibit the 

effects of ionomycin (chapter 5). Washout of caffeine in these conditions was rapid, with 

currents reaching 98.31 ± 1.63% of control currents (figure 8.3B).

It is likely that cell dialysis with BAPTA depletes calcium stores since calcium slowly leaks 

out and stores cannot be replenished. However, to check no calcium is released by caffeine I 

applied it twice. The first application would deplete endoplasmic reticulum calcium stores so 

that with the second application little or no calcium could be released. If the effect of 

caffeine was calcium dependent, I would expect a greatly reduced response with the second 

caffeine application. HERG current was reduced to 62.83 ± 2.05% of control (n=5) with the 

second caffeine application (figure 8.4A), and this was not significantly different to 60.75 ± 

1.99% of control seen with the first application (Figure 8.4B). These results provide further 

evidence that caffeine does not act via a calcium-dependent mechanism.

8.2.2.3 Caffeine effects are not inhibited when cytosolic calcium is raised

To further investigate the response of HERG to caffeine, I used ionomycin. I have previously 

shown external application of the calcium ionophore to cause a slower, non-reversible 

attenuation of current, which can be inhibited in BAPTA-dialysed cells (chapter 5). Since 

ionomycin shows such a different time-course to caffeine, it is likely that caffeine does not 

act through calcium. To fully clarify if caffeine was exerting its effects via calcium, cells 

were pre-treated with ionomycin to raise cytosolic calcium. I hypothesised if caffeine does 

exert its effects through an increase in cytosolic calcium, the effect of caffeine should be 

inhibited when calcium is already at high levels. Ionomycin was applied until steady state 

effects were achieved, attenuating current to 65.98 ± 0.62% of control current (n=6).
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Figure 8.3
Chelating intracellular calcium with BAPTA does not alter the response to caffeine.
Representative current traces in control conditions just before 5 mM caffeine application, and 
the presence of 5 mM caffeine. B Representative time course of 5 mM caffeine effects in the 
presence of 5 mM BAPTA (representative of 5 experiments). Cells were left for 10 minutes 
once the whole cell configuration was achieved before recording started.
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Figure 8.4
A second application of caffeine results in the same inhibition. A Representative current 
traces in control conditions, with the first and second applications of 5 mM caffeine, and with 
washout. B Representative time course of caffeine effects with multiple applications 
(representative of 5 experiments). All of these experiments were earned out with 5mM 
BAPTA in the pipette solution.
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Caffeine was then co-applied with ionomycin. Representative currents are shown in figure 

8.5A . Caffeine application continued to attenuate current in a rapid, fully reversible manner, 

suggesting that caffeine does not alter HERG current amplitude via calcium directly. Current 

during caffeine application was 57.72 ± 3.21% of control current (n=6, figure 8.5B), which 

was not significantly different to caffeine application alone (p>0.05). Upon washout of 

caffeine and ionomycin, currents recovered to 66.01 ± 0.96%, amplitudes expected with 

ionomycin application alone. Since we previously observed the effects of ionomycin not to 

be reversible, I did not expect currents to fully recover upon washout.

8.2.3 Caffeine induced effects on HERG currents are not PKC-dependent

I have previously shown that stimulating PKC attenuates HERG current (chapters 5 and 6). 

To exclude caffeine modulating HERG currents via a PKC dependent pathway, caffeine was 

applied in the presence of bis-1, a PKC-selective inhibitor. The ‘depolarisation to 0 mV’ 

protocol was used to evoke currents, and cells were pre-incubated with 300 nM bis-1 for 3 

minutes, which I have previously shown to be sufficient to inhibit the action of PKC upon the 

HERG channel. After bis-1 application, caffeine was applied in the continued presence of 

bis-1. Representative currents are shown in figure 8.6A. Effects of caffeine were still 

observed in these cells, with currents during caffeine and bis-1 application being 51.34 ± 

5.54% of control current (n=6), which was not significantly different from the current 

reduction without bis-1 (p>0.05, figure 8.6B). Interestingly, attenuation of the HERG current 

upon caffeine application was slower in the presence of bis-1, with maximal effects of 

caffeine being reached after -105 seconds, compared to 30 seconds in control conditions. 

Current recovery was also slower, with currents only reaching 90.99 ± 1.94% of control 

current within two minutes. These results suggest that stimulation of PKC is not responsible 

for the attenuation of current by caffeine.
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Figure 8.5
Raising intracellular calcium levels does not alter the response to caffeine. A
Representative HERG current traces recorded in control conditions, with 5 pM ionomycin, 
and with 5 pM ionomycin and 5 mM caffeine. B Representative time course of 5 mM 
caffeine effects (representative of 6 experiments). Peak tail current was normalised to 
control amnlitndes and nlotted apainst time.
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Figure 8 .6

The response to caffeine is not reduced by inhibition of PKC by bis-1. A
Representative HERG currents recorded in control conditions, with 300 nM bis-1 only, and 
with 300 nM bis-1 and 5 mM caffeine. B Representative time course of caffeine effects 
with bis-1 (representative of 6 experiments).
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8.2.4 Caffeine-induced effects on HERG currents are not due to its phosphodiesterase 

inhibitor action

Caffeine also acts as a phosphodiesterase inhibitor, to increase cAMP levels (Butcher and 

Sutherland, 1962; Lindaman et al., 2002). Effects of both cAMP and PKA on the HERG 

channel have been previously documented (Cui et al. 2000), and so I wanted to determine if 

caffeine exerts its effects through either of these mechanisms. Forskolin, an adenylyl cyclase 

agonist, also raises cAMP and has been shown to cause a slow, non-reversible attenuation of 

HERG current under our experimental conditions (see chapter 5). The effect of forskolin is 

also mimicked by the phosphodiesterase inhibitor Ro-20-1724 (data not shown), consistent 

with a mechanism that raises cytosolic cAMP. As the time courses between forskolin and 

Ro-20-1724 effects are so different from the time course of caffeine, I predicted caffeine did 

not modulate HERG current via a cAMP dependent pathway. To test for this, 40 pM 

forskolin was applied to cells to raise cAMP levels, and caffeine was subsequently applied. 

Currents were evoked using the ‘depolarisation to 0 mV’ protocol, and forskolin was applied 

until maximal attenuation of current was reached. Currents after forskolin application were 

75.92 ± 0.72% of control currents. If cAMP levels are already high, it is unlikely that 

caffeine-induced phosphodiesterase inhibition would further modulate current. However, 5 

mM caffeine continued to result in a rapid and reversible attenuation of current. 

Representative currents are shown in figure 8.7A. Currents during caffeine application were 

65.14 ± 4.75% of control currents (n=5), (Figure 8.7B). Washout of caffeine was rapid in 

these conditions, with currents returning to 88 .88  ± 0.45% within one minute.

Together, my results suggest that caffeine does not exert its effects on HERG channel current 

amplitude by a calcium-, PKC-, PKA- or cAMP-dependent pathway. The rapid changes in 

current amplitude upon caffeine application and washout suggest caffeine may directly 

inhibit HERG currents. This possibility was explored using HERG channel mutants that 

reduced binding of drugs within the main drug binding site in the inner cavity.

209



Figure 8.7
The response to caffeine is unaltered in the presence of forskolin. A Representative 
HERG currents recorded in control conditions, with 40 jiM forskolin only, and with forskolin 
and 5 mM caffeine. B Representative time course of the 5 mM caffeine effects on currents in 
the presence of 40 pM forskolin (representative of 5 experiments).
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8.2.5 Open channel block and trapping of caffeine within the inner cavity of HERG

Most blockers of HERG exhibit open-state dependence of block, and are thought to bind 

within the inner cavity of the channel (Perry et al., 2004; Witchel et al., 2004; Mitcheson et 

al., 2000). To investigate open channel block by caffeine, cells were held at -100 mV, so that 

the open probability of the HERG channel was very low, then briefly pulsed to +40 mV for 

150 ms to rapidly open channels. A 60 ms pulse to -50 mV was then applied to evoke tail 

currents. The interval between each pulse was 1 second. Once the current had stabilised and 

control recordings had been made, the cell was held at -100 mV and 5 mM caffeine was 

applied for two minutes. The voltage protocol described above was then applied in the 

continued presence of caffeine. Current with the first depolarisation was 64.31 ± 9.36% of 

control (n=5, figure 8 .8A). Continued pulsing in the presence of caffeine did not 

significantly alter current attenuation. After a two minute washout period, during which cells 

were again held at -100 mV, currents were 69.41 ± 9.89% of control currents (n=5), thus 

recovery was not complete. If the attenuation of current is due to direct block of channels by 

caffeine, block and recovery from block may show use dependence. Thus, longer 

depolarisations may increase current inhibition and also recovery from inhibition. Cells were 

held at a membrane potential o f -100 mV, and pulsed to +40 mV for a longer duration of 250 

ms. Once current had stabilised, membrane potential was again held at -lOOmV for two 

minutes as caffeine was applied, before depolarisations were continued. The mean tail 

current was 56.72 ± 1.96% of control currents with the first pulse, which was a slightly 

greater block than with the 150 ms pulse. After a two minute washout period, during which 

cells were held at -100 mV, currents recovered to 82.72 ± 3.69% of control current on the 

first pulse, rising to 86.41 ± 3.41% with subsequent depolarisations (n=5). The mean time 

course for these effects is shown in figure 8 .8A. However, the finding that inhibition is 

maximal with the first pulse could indicate either very rapid open state block or closed state 

block. To distinguish between these possibilities I used the envelope of tails protocol 

(described in chapter 3). This allows the amount of block to be measured as the pulse 

duration is lengthened. If caffeine is a closed state blocker then the block will be independent 

of pulse duration. If, however, caffeine is an open state blocker then inhibition will increase 

with progressively longer depolarisations as more channels are activated. This protocol was 

applied whilst
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Figure 8.8
Caffeine acts as an open channel blocker. A Each data point represents mean, normalised to 
control peak tail current amplitudes plotted against time. 5 mM caffeine application and washout 
were carried out while the cells were held at -100 mV, to keep channels in the closed state.
Pulse duration was either 150 or 250 ms at a frequency of 1Hz (n=5 for each data point). B 
Onset of block assessed with an envelope of tails protocol. Peak tail currents before and during 
5 mM caffeine application were normalised to maximum control amplitudes and plotted against 
time (n=5). C Percentage inhibition of HERG current by 5 mM caffeine with progressively 
longer depolarisations (n=5).
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cells were superfused with control Tyrode. Cells were then held at a membrane potential of -  

100 mV for two minutes, whilst caffeine was applied. After this time, the envelope of tails 

protocol was run again, in the continued presence of caffeine. Peak tail currents, normalised 

to maximal current with a 400 ms pulse in control conditions, were calculated for each cell 

and mean results can be seen in figure 8 .8B. The difference in current amplitudes before and 

during caffeine application was measured and a mean percentage inhibition was calculated 

and plotted against time (Figure 8 .8C). Caffeine caused only a 2.69 ± 1.08% inhibition after 

20  ms but this block increased progressively as pulse duration was lengthened, with a mean 

time constant for inhibition of 95.82 ± 20.95 ms. These results suggest caffeine block of 

HERG is gating-dependent, and that the site of interaction between caffeine and the channel 

is in the inner cavity, behind the activation gate.

8.2.6 Phe656 and Tvr652 residues mediate caffeine binding

The drug binding site within the inner cavity is formed by amino acid residues from the inner 

helices and part of the potassium channel selectivity filter. Two aromatic residues on the 

inner helices (S6 ), Phe656 and Tyr652 are required for high affinity block by many well 

known HERG channel blockers, including clofilium and ibutilide (Perry et al., 2004), 

propafenone (Witchel et al., 2004), MK-499 (Mitcheson et al., 2000) and quinidine (Sanchez- 

Chapula et al., 2003). Mutating these residues to alanine can reduce the IC50 more than 100- 

fold. To investigate if caffeine binds within the inner cavity by interacting with Phe656 or 

Tyr652, the effect of the alanine mutants on caffeine inhibition was determined. The gene for 

expression of these two mutants (F656A and Y562A) was in a plasmid for expression in 

Xenopus oocytes, and therefore subsequent experiments were done in this expression system. 

WT HERG channels were also expressed in Xenopus oocytes to compare the block of 

caffeine in mammalian tissue and oocytes. WT HERG currents were recorded by pulsing to 

0 mV for 5 seconds from a potential of -90 mV and tail currents were elicited with a 400 ms 

pulse to -70 mV. This protocol was repeated every six seconds, so that channels were in the 

open state and activated for most of the time. Representative currents are shown in figure 

8.9A. 5 mM caffeine caused less attenuation of current in oocytes over HEK cells in wild 

type channels, with currents during caffeine application being 77.76 ± 2.14% of control 

currents (n=7,
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Figure 8.9
WT HERG currents in Xenopus oocytes are blocked by caffeine to a lesser extent than 
HERG currents in HEK cells. A Representative WT HERG currents recorded in Xenopus 
oocytes before and during 5 mM caffeine application. B Mean time course of 5 mM caffeine 
effects on WT HERG currents (n=7). Peak tail currents were normalised to control 
amplitudes and mean, normalised current plotted against time.
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figure 8.9B and 8 .IOC). This is expected, as many drugs are less potent in oocytes than 

mammalian cells. Attenuation of current with caffeine was still rapid and fully reversible. 

Full effects of caffeine were observed within 24 seconds. Washout was rapid, with currents 

recovering to 98.79 ± 0.81% of control currents within 24 seconds.

Y652A currents were recorded using the same voltage protocol as for WT channels. These 

channels showed a reduced sensitivity to caffeine, as current during caffeine application was 

92.64 ± 1.49% of control current (n=9, figure 8.10A and C). This was significantly different 

to inhibition of WT currents (p<0.05), and suggests that this mutant decreases the ability of 

caffeine to bind to and block the channels.

To record currents from F656A HERG channels, similar protocols were used but tail currents 

were elicited with steps to -140 mV. F565A mutant channels also showed a lowered 

sensitivity to application of caffeine. Current during caffeine application was 93.59 ± 1.42% 

of control current (n=9, figure 8.1 OB and C) and was significantly different to the effects of 

caffeine on WT channels (p<0.05). To investigate if this loss of sensitivity to caffeine for the 

F656A mutant channel is due to a decreased ability of caffeine to bind to these channels, or 

just simply due to measuring tail currents at -140 mV, therefore reversing ion flux, I recorded 

WT currents using the F656A voltage protocol. In these conditions, caffeine inhibition was 

not significantly different to current block by caffeine in WT channels when tails were 

measured at -70 mV (n=7, p>0.05). This suggests the decreased sensitivity of the F656A 

mutant to caffeine is due to a decreased ability of caffeine to bind to the channel, rather than 

reduction of inhibition due to inward potassium flux at the tail potential. Thus, both Phe656 

and Tyr652 are required for WT-like inhibition of HERG currents by caffeine. Since these 

residues are located in the inner cavity it provides further evidence that caffeine exerts its 

effects on HERG via an open channel block rather than by a second messenger mediated 

mechanism.
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Figure 8,10
F656A and Y652A HERG mutants shown reduced sensitivity to block by caffeine. A
Representative Y652A HERG tail currents in control conditions (black) and with 5 mM 
caffeine (red). Inset shows portion of the voltage protocol from which the current trace is 
taken. B Representative F656A HERG tail currents in control conditions (black) and with 
5 mM caffeine (red). Inset shows the portion of the voltage protocol from which the current 
trace is taken. C Mean data showing percentage tail current remaining in WT, Y656A and 
F656A HERG measured at 70 mV (WT and Y652A) or 140 mV (WT andF656A). Peak 
tail currents was normalised to control amplitudes (n > 7 for each data set). * shows 
significance at p<0.05 compaed to the appropriate WT control.
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8.3 Discussion

8.3.1 Effects of caffeine

In this series of experiments I have shown caffeine to rapidly and reversibly attenuate HERG 

channels expressed in both HEK 293 cells and Xenopus oocytes. This attenuation was not 

accompanied by any changes of activation, inactivation or deactivation properties of the 

current.

Caffeine is known to release calcium from the ryanodine-sensitive calcium stores, therefore 

increasing cytosolic calcium concentration (Rousseau et al., 1988), and to inhibit 

phosphodiesterases, and so increase cAMP levels (Butcher and Sutherland, 1962). Since 

there is evidence that HERG is modulated by calcium and cAMP dependent pathways, (Cui 

et al. 2000, our data in chapter 5), I was keen to identify the mechanism of action of caffeine. 

Caffeine attenuated HERG channel current when calcium was both elevated and when 

buffered to low concentrations. Caffeine continued to reduce HERG current when cAMP 

was raised with forskolin and in the presence of PKC inhibitors. This suggests that caffeine 

does not exert its effects by any of these calcium and cAMP mediated pathways. I therefore 

hypothesised that caffeine was likely to directly block the HERG channel. Caffeine had rapid 

onset and recovery kinetics, and inhibition was state-dependent. Inhibition of HERG by 

caffeine increased progressively as pulse duration was lengthened and channel activation 

increased. These results show that the open and/or inactivated state of the channel is required 

for caffeine block, and therefore suggests caffeine is an open-channel blocker of HERG. 

While investigating if the caffeine response was mediated by PKC, I found inhibition of 

HERG by caffeine to be slower in the presence of the PKC inhibitor bis-1. Myself, and 

others (Thomas et al., 2003) have shown bis-1 to directly inhibit HERG current at 

concentrations higher than 300nM. Therefore, 300 nM bis-1, although not blocking the 

channel, may be partially obstructing caffeine entry into the HERG channel, leading to a 

slower block of the channel. Recovery of caffeine inhibition with washout in the presence of 

bis-1 was also slower, and may also be due to bis-1 hindering caffeine exit from the channel. 

Alternatively, caffeine may increase the binding affinity of bis-1. Unfortunately, I did not 

have time to pursue this observation.
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8.3.2 Locating the HERG binding site of caffeine

To locate the binding site of caffeine, I used two mutants of the HERG channel, F656A and 

Y652A, that are known to reduce the sensitivity of HERG to a large number of long QT- 

inducing drugs that are open channel blockers. The mutated residues are located on the inner 

vestibule of the HERG channel, shown as a cartoon in Figure 8.11A and face into the cavity 

of the channel. Both are aromatic residues, which can mediate hydrophobic and electrostatic 

interactions, the latter of which can be of two types. The n electron faces of the aromatic 

groups can mediate 7i-stacking interactions with other aromatic groups, and cation-rc 

interactions with charged amines. I found that replacing either the Phe656 or Tyr652 

residues with the small amino acid alanine, reduced the sensitivity of the channel to caffeine. 

This suggests caffeine interacts with these residues in the WT channel, and therefore binds 

within the inner cavity of the channel.

Figure 8.1 IB shows the structure of caffeine. Caffeine is a member of the alkaloid family. 

The core of the molecule is a purine, containing five carbon atoms and four nitrogen atoms 

linked together. A number of studies have shown that caffeine is able to interact with 

aromatic residues on other proteins. In 2000, Tsitsanou et al. showed caffeine to bind at the 

purine inhibitor site on glycogen phosphorylase A. This binding occurred by caffeine 

intercalating between the two aromatic rings of Phe285 and Tyr613 to form rc-stacking 

interactions. Kapuscinski et al., 2002 found that caffeine binds to aromatic mutagens, for 

example quinacrine mustard, and reduces the pharmacological activity of these mutagens. 

Thus, caffeine may act as a protective agent in some cancer types. The interaction between 

caffeine and the aromatic agents was again due to n stacking interactions. Caffeine has also 

been shown to decrease the effective concentrations of carcinogenic polycyclic aromatic 

agents such as quinacrine mustard, but not aliphatic agents (Piosik et al., 2003). These three 

studies, although not carried out on ion channels, indicate caffeine has the ability to interact 

with aromatic residues. My results are consistent with 7i-stacking interactions between 

caffeine and the Phe656 and Tyr652 residues on HERG, although I cannot rule out additional 

interactions that may take place.
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8.3.3 Effects of caffeine on other ion channels

Several studies have shown that caffeine can inhibit other ion channels. The rapid, reversible 

effects of caffeine shown in my study concur with results of Barros et al (1996), who showed 

caffeine to cause a reversible increase of electrical activity along with a depolarisation of 

membrane potential in GH3 cells, a rat anterior pituitary cell line. They were unable to mimic 

the effects of caffeine with agents that cause similar effects, such as forskolin and 

isobutylmethylxanthine (IBMX) that raise cAMP levels. The effects of caffeine could not be 

inhibited when cells were incubated with ryanodine or thapsigargain, both of which would 

deplete intracellular calcium stores, therefore inhibiting any release of calcium by caffeine, 

and the effects of caffeine could not be inhibited used EGTA-containing intracellular solution 

to buffer calcium. Caffeine partially blocks the L-type calcium channel, so the group 

hypothesised that this may be reducing the Ca -dependent potassium currents. Nisoldipine, 

an L-type calcium channel blocker, did not mimic the effects of caffeine. The group did find 

however that caffeine significantly inhibited inwardly rectifying potassium currents 

endogenously expressed in these cells, to produce a similar effect. Since the reduction of 

current by caffeine could not be attenuated by calcium chelation or mimicked by adenylyl 

cyclase activators, the group hypothesised that 10 mM caffeine directly blocks the inwardly 

rectifying potassium channel expressed in GH3 cells.

In a further study (Barros et al., 1997), the same group further identified the potassium 

channel current expressed in GH3 cells. They found the effects o f caffeine to be specific to 

the inwardly-rectifying fraction of a hyperpolarisation-evoked potassium current. The 

current was also inhibited by astemizole, a histamine receptor agonist known to block the 

HERG channel. The group was also able to show a partial sequence of 300 base pairs from 

protein expressed in GH3 cells to show a 90% homology to channels encoded by the HERG 

protein, suggesting the presence of HERG channels in this tissue. The group concluded that 

it the potassium current is likely mediated by a HERG-like potassium channel expressed in 

these cells.

Other membrane currents that have been reported to be inhibited by caffeine include Iki and 

It0 (Chorvatova and Hussein, 2003). In rat ventricular mycocytes, caffeine partially inhibited 

the inward rectifier Iki in a concentration-dependent manner. Caffeine also inhibited It0 

without altering the voltage-sensitivity and time-dependence of activation or inactivation.
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The effects of caffeine were fully reversible. The same study also showed 10 mM caffeine to 

partially inhibit the delayed rectifier Ik.

GABAa current in hippocampal slices is also significantly inhibited by caffeine (Taketo et 

al., 2004), in a manner not dependent on cytoplasmic calcium, and which could not be 

mimicked by ryanodine or forskolin, indicating the inhibtion may be due to direct block of 

channels. Taking the results from this study, along with results from other studies, implies 

that caffeine may act as a general inhibitor of ion channels. My study has shown that 

application of caffeine inhibits the HERG channel.

8.3.4 Relevance of caffeine inhibition of HERG currents

8.3.4.1 Caffeine use as a calcium-release tool

Several studies now suggest it caffeine not specific for the ryanodine receptor, and that this 

needs to be taken into account when using caffeine as a calcium-release tool. At present, 

caffeine is widely used to investigate mechanisms of E-C coupling in cardiac myocyte 

preparations. Many studies use caffeine at concentrations higher than 5 mM, which I have 

found to profoundly inhibit HERG currents. Caffeine may not only elicit calcium release, but 

it may also inhibit Ur- This could therefore prolong action potential duration or contaminate 

measurements of calcium dependent currents such as the Na/Ca exchange current. Caffeine 

also blocks a number of other channels expressed in cardiac myocytes (as already discussed), 

which again could lead to a misinterpretation of data when using caffeine. Of course, what 

must be taken into account is that mostly, caffeine is applied in ‘puffs’ -  short applications to 

myocyte preparations to induce calcium release. Under these conditions it is unclear what 

effect caffeine would have on ion channels, although inhibition of HERG is also rapid. 

HERG is expressed in a variety of tissues in addition to cardiac myocytes. These include 

some cancer cells and neuronal tissues. Again, application of caffeine for the purpose of 

calcium release in these tissues could result in a misinterpretation of results.

8.3.4.2 Caffeine as a long QT-inducing drug?

Caffeine is a substance that is commonly part of the diet and lifestyle in today’s culture. 

However, we believe caffeine is unlikely to be a long QT syndrome-inducing drug, since it 

only produces a significant inhibition of HERG channel current when used in the milli-molar
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concentration range. A study carried out in 1982 showed the average bloodstream 

concentration of caffeine in non-smoking males to be 10.9 gM (Smith et al., 1982). This is 

not at a concentration that would significantly block HERG. Added to this is the fact that 

caffeine does not accumulate in the body. Caffeine is almost fully metabolised by the liver, 

with the half-life of caffeine in the blood stream being between 2.5 - 4.5 hours. This means 

the concentration of caffeine in the blood stream is extremely unlikely to reach the 

concentrations used in this study, and therefore caffeine is unlikely to cause any significant 

change to the ECG as a result of blocking the HERG channel.
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Chapter 9 
General Discussion and Summary

9.1 Modulation of the HERG channel by second messengers

9.1.1 Modulation of HERG by PKC

My studies have shown PKC activation to modulate HERG channel currents, and HERG 

subunits. Activation of PKC caused a significant attenuation of HERG current, which was 

accompanied by a positive shift in voltage-dependent activation, and an acceleration of 

deactivation of currents. My evidence suggests these effects are due to an increase in 

phosphorylation of HERG channel subunits in response to PKC activation. Phosphorylation 

of HERG subunits has not previously been investigated in mammalian cells. Zhang et al. 

(2002) showed the HERG channel expressed in Xenopus oocytes to be phosphorylated under 

basal conditions, but were unable to detect a change in phosphorylation in response to 

application of PMA or forskolin. However, modulation of HERG in mammalian cells shows 

differences from modulation in Xenopus oocytes, raising the possibility that there are 

important differences in how HERG channels in mammalian and amphibian cell types are 

modulated.

The effects of PKC activation on HERG current are independent of conventional PKC and 

PKA phosphorylation sites on the channel, and although I have shown OAG-mediated 

increases in phosphorylation to be PKA-independent, I have been unable to investigate if it is 

independent of conventional PKC phosphorylation sites. I can therefore draw several 

hypotheses about how activation of PKC modulates HERG current. 1) PKC may 

phosphorylate the HERG subunits at atypical phosphorylation sites, 2) Signalling pathways 

down-stream of PKC may phosphorylate HERG subunits, 3) PKC may phosphorylate the 

HERG channel at Thr74, the remaining conventional PKC phosphorylation site in the APKC 

HERG mutant. Obviously, further experiments must be carried out to fully dissect the 

modulation of HERG by PKC. These experiments could include tagging of the 18M and 

APKC HERG mutants with an antibody epitope to allow phosphorylation to be monitored 

with PKC activation. Inhibition of signalling pathways down-stream of PKC, such as MAP 

kinase and the src-family of kinases could also reveal the PKC-mediated mechanism. Indeed, 

it has been previously shown that src kinase interacts with ERG subunits and modulates
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current expressed in MLS-9 cells (Cayabyab and Schlichter, 2002a), although this study 

showed the channel was constitutively phosphorylated by the kinase.

Phosphopeptide mapping could be a useful tool in mapping the sites of PKC phosphorylation 

on the HERG channel. This technique allows the phosphorylation state of individual regions 

of the channel to be monitored in response to a stimulus, such as PKC activation. This 

technique has previously been used to map the sites of PKA phosphorylation on the Kv4.2 

channel (Anderson et al., 2000), and the L-type calcium channel (Gerhardstein et al., 1999). 

Results from this technique would allow us to observe changes in phosphorylation in 

response to PKC and other stimuli. The technique could be applied to investigate many 

aspects of HERG phosphorylation.

PKC-mediated phosphorylation of HERG channel subunits shifts the voltage dependence of 

activation to more positive potentials, and accelerates deactivation kinetics of HERG current. 

Deactivation of the HERG channel is thought to be due, in part, to interactions of the N- 

terminus with the voltage sensing domain. Studies have shown that if the first portion of the 

HERG channel is deleted (up to amino acid 370), deactivation of the channel is significantly 

faster (Schronherr and Heinemann, 1996). Morais-Calbris et al. (1998a) showed 

deactivation of N-truncated channels could be rescued by intracellular application of a 

peptide encoding the first 135 amino acids of the channel. Mutating Gly546 produced a 

mutant that was identical to N-truncated mutants, suggesting this residue was important for 

N-terminal binding to the pore of the channel (Wang et al., 1998). I have shown PKC 

activation to significantly accelerate deactivation kinetics, which may suggest the possibility 

that PKC-mediated phosphorylation hinders access of the N-terminal to the intracellular side 

of the pore. This may be due to several mechanisms. PKC phosphorylation on the N- 

terminus (which may be possible at Thr74, atypical phosphorylation sites or non-PKC 

phosphorylation sites) may hinder access to the pore either alone, or by recruitment of 

accessory subunits, modifying N-terminus interactions. Indeed, the Thr74 residue is close to 

the PAS domain of HERG (Morais-Cabral et al., 1998b), a motif that can mediate protein- 

protein interactions (Anantharaman et al., 2001). Alternatively, phosphorylation at the site of 

N-terminal binding domain may also hinder N-terminal slowing of deactivation. 

Phosphopeptide mapping could allow me to map the site of PKC-mediated phosphorylation 

to test these hypotheses. Although PKC-mediated phosphorylation of HERG positively shifts
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the voltage dependence of activation in my study, it does not alter inactivation of the channel. 

Although these two processes are seemingly controlled by a single voltage sensor, the 

processes appear paradoxically seperate. Mutations in the S4-S5 linker also alter activation, 

but not inactivation (Sanguinetti and Xu, 1999), whereas several mutants that shift or remove 

inactivation activate normally. The effect PKC activation has on voltage dependent 

activation of the channel may be due to several mechanisms. Allosteric effects of 

phosphorylation at the N- or C-termini as well as the voltage sensor could alter voltage 

sensitivity. How phosphorylation modifies channel activity remains largely unknown.

9.1.2 M odulation of HERG by PKA

I have also shown that HERG current amplitude is attenuated by activation of PKA. Previous 

evidence suggested all four phosphorylation sites on HERG contribute to forskolin- and 

phosphodiesterase-mediated responses (Thomas et al., 1999, Zhang et al., 2002), and it is the 

belief that phosphorylation of the channel causes attenuation of current and a positive shift of 

voltage-dependent activation. However, I have shown in this study that HERG subunits are 

dephosphorylated by forskolin. Dephosphorylation depends on both PKA activity and the 

presence of PKA phosphorylation sites on HERG, and can be blocked by phosphatase 

inhibition. This evidence suggests PKA phosphorylation permits recruitment of 

phosphatases, and a net dephosphorylation of the channel. There are many examples of 

dynamic regulation of target proteins. A family of proteins known to co-ordinate signalling 

pathways and bind to target proteins are the AKAPs. It would therefore be of interest to 

determine if AKAP proteins form complexes with the HERG channel. The HERG channel 

sequence contains a modified leucine zipper (personal communication, Caroline Dart, 

Department of Cell Physiology and Pharmacology, University of Leicester). The 

leucine/isoleucine zipper motif on proteins has previously been shown to mediate AKAP 

interactions with BK channels (Tian et al., 2003), Ryanodine receptors (Marx et al., 2000; 

Marks et al. 2002), L-type calcium channels (Hulme et al., 2002) and Iks channels (Marx et 

al., 2002). Potential future experiments to investigate a role for AKAPs in the modulation of 

HERG could include generation of a HERG channel mutant, containing point mutations at 

the leucine zipper of HERG to break interactions with AKAPs, then investigate if modulation 

of the channel is modified or lost.
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It is likely that HERG subunits form part of a macromolecular complex. It has previously 

been shown HERG can interact with 14-3-3 proteins (Kagan et al., 2002) and P-integrins 

(Cherubini et al., 2002). Although neither of these studies investigated HERG in primary 

tissues, it is likely that IKr, the current for which HERG encodes the pore-forming subunit, is 

also due to formation of a macromolecular complex. The contribution of AKAPs to cardiac 

ion channel currents was shown with IKs, which associates with yotiao, a 2 1 0 kDa protein, 

which is also capable of binding the NMDA receptor and protein phosphatase I in the brain 

(Westphal et al., 1999). The binding of yotiao to Iks mediated PKA modulation of the 

current, and binding was blocked by a single point mutation of the channel, G589D (Marx et 

al., 2002). This mutation has been observed in some patients with long QT syndrome, and 

lies within the leucine zipper motif of Iks, found at the C-terminal of the channel. A loss of 

AKAP binding causes attenuation of Iks, therefore reducing its impact on the cardiac action 

potential, and inducing long QT syndrome. Further studies would allow assessment of the 

contribution of AKAPs in modulation of HERG and Ikp

9.1.3 Physiological relevance of modulation of HERG

I have shown HERG current is attenuated upon stimulation of both PKC and PKA due to 

changes in overall phosphorylation of the channel subunits. The physiological relevance of 

this must be taken into account, as HERG current attenuation can cause long QT syndrome 

and sudden death due to cardiac arrhythmias. Activation of PKC and PKA are linked to a 

large variety of receptors in cardiac and other HERG-expressing tissues, so potentially a large 

variety of extracellular signals could cause attenuation of HERG current. However, the 

specificity of these signalling pathways must be considered. Specificity of signalling 

pathways is conveyed in a number of ways, including scaffolding proteins such as AKAPs 

and RACKs, which act to decrease the occurrence of inappropriate phosphorylation events, 

and may be expressed in cardiac myocytes but not HEK cells, in which I have characterised 

HERG phosphorylation. Therefore, to fully understand in vivo modulation of HERG further 

studies need to be carried out.
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9.2 Drug block of IIERG current

In this study I have shown caffeine to act as an open channel blocker of the HERG channel. 

Block of the channel by caffeine seems to be mediated by Phe656 and Tyr652 residues in the 

WT channel, which are located within the inner cavity. HERG is unique in that it has an 

unusually large inner cavity, and two aromatic amino acid residues (Phe656 and Tyr652) that 

face into this cavity, which may allow HERG to form hydrophobic, polar and cationic 

interactions with drugs and make HERG more susceptible to drug block. Many studies have 

shown that one or both of these binding sites co-ordinate binding of drugs to HERG, 

including clofilium and ibutilide (Perry et al., 2004), propafenone (Witchel et al., 2004), MK- 

499 (Mitcheson et al., 2000) and quinidine (Sanchez-Chapula et al., 2003). A number of 

studies have shown caffeine to bind to aromatic groups of proteins (Tsitsanou et al., 2000; 

Kapuscinski et al., 2002; Piosik et al., 2003), by rc-stacking interactions, suggesting this may 

be the mechanism by which caffeine binds to HERG. However, it seems that caffeine-block 

is not limited to HERG channels. Studies have suggested caffeine-block of potassium 

channels (Barros et al., 1996; Chorvatova and Hussein, 2003) and voltage-gated calcium 

channels (Zhao et al., 2002), suggesting caffeine acts as a rather non-specific blocker. 

However, none of these studies have mapped the site of interaction of caffeine. The blocking 

effects of caffeine must be taken into account when using caffeine as a tool to raise cytosolic 

calcium on HERG-expressing preparations such as cardiac, neuronal and some cancerous 

tissue.
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