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Abstract

Both the sarcolemmal (sarcK atp) and mitochondrial Karp channel (mitoK otp) in heart
have a significant role in the complex pathway of ischaemic preconditioning. These
channels may be the final mediator of protection for ischaemic preconditioning,
activated by phosphorylation via a complex kinase cascade including tyrosine kinase,
p38- mitogen-activated protein kinase (p38MAPK) and c-Jun N-terminal Kinase
(JNK), where protein kinase C (PKC) appears to be the first element. Little is known
about the kinase that phosphorylates the cardiac Ka1p channel. The sarcK otp has been
suggested to consist of Kir6.2 inward rectifier and SUR2A sulfonylurea receptor
subunits, whereas the subunit composition of mitoK s channel is unknown. To
understand the different roles sarcKatp and mitoK o1p channels play during cardiac
protection the molecular composition of each needs to be resolved.

To establish the localization of Ktp channel subunits in rat isolated cardiac
ventricular myocytes, characterized polyclonal antibodies (anti-Kir6.1, Kir6.2,
SUR2A and SUR2B) were utilized in immunocytochemistry experiments and
Western blots on subcellular fractions isolated from rat heart. Results from
immunocytochemistry and Western blots showed the presence of all four subunits in
cardiac myocytes. Kir6.1 was predominantly localized in mitochondria shown by
immunocytochemistry and Western blots on isolated rat heart mitochondrial fractions.
Kir6.2 was localized to the sarcolemma, with some present in mitochondria. Western
blots on microsomal membrane fractions further confirmed localization of Kir6.2 in
sarcolemma. Immunocytochemistry results revealed SUR2A was localized to
sarcolemma and mitochondria, but was not detected in Western blots on
mitochondrial fraction. However, [**P] Kir6.1 was co-immunoprecipitated by anti-
SUR2A from whole myocyte extracts after stimulation of PKA and PKC. SUR2B
localized to T-tubules of the myocytes. Both the SUR2 polypeptides were detected in
immunoblots of microsomal membrane fractions.

In vitro phosphorylation of Ka1p channel inward rectifier subunits revealed Kir6.1to
be a substrate for cyclic-AMP dependent protein kinase (PKA) and PKC-mediated
phosphorylation, which was also confirmed by in vivo phosphorylation in isolated
cardiac myocytes stimulated with forskolin and adenosine, respectively. In vivo
phosphorﬁylation of the Kir6.1 subunit, when stimulated with A1 receptor agonist, 2-
chloro-N"-cyclopentyladenosine (CCPA), was significantly reduced when cells were
incubated with the PKC inhibitor (Chelerythrine) but was unaltered when cells were
incubated with other kinase inhibitors. Phosphoamino acid analysis on in vivo
phosphorylated Kir6.1 subunit revealed serine as the major phosphorylated amino
acid residue. In vitro PKC-mediated phosphorylation of chimaeras between Kir6.1
and Kir6.2 revealed the location of the phosphoserine residue to be between serine®**-
serine®”’ of the Kir6.1 protein, where five potential serine phosphorylation sites are
present. Out of the five potential serine phoshorylation sites, in vitro expressed Kir6.1
mutant S379A was not phosphorylated in the presence of PKC.

In conclusion, there is strong evidence suggesting Kir6.2/SUR2A form a typical
sarcK atp channel and that SUR2A possibly partners with Kir6.1 in mitoKatp channel.
The Kir6.1 subunit in native tissue was shown to be the sole target site for PKC-
mediated phosphorylation on serine residue 379, suggesting the possible involvement
of mitoK a1p channels as one of the end mediators of protection for ischaemic
preconditioning.
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Chapter 1: Introduction

Ischaemic preconditioning is a complex event where a brief period of ischaemia
prevents myocardium damage from long sustained periods of ischaemia. Two ATP-
sensitive potassium channels (K atp channels), sarcolemmal and mitochondrial K stp
channels are expressed in cardiac myocytes (Inagaki et al., 1996; Inoue et al., 1991).
Evidence suggests these channels may be end mediators of a very complex series of
ischaemic preconditioning events (Yao et al., 1994; Grover et al., 1995; Armstrong et
al., 1995). Another important component of these events is protein kinase C (PKC). It
is believed that the ischaemic-preconditioning event involves the activation of cardiac
Kartp channels by PKC-mediated phosphorylation (Liang et al., 1997). Which cardiac
KaTtp channel is the substrate for PKC-mediated phosphorylation still remains to be
determined. The main aim of this study was to identify the Kp channel subunit(s)
which is/are potential target site(s) for PKC phosphorylation in expressed cardiac

myocytes.

1.1. ATP-Sensitive Potassium Channel Structure

KaTtp channels are heterooctomers (Clement et al. 1997) comprising the inward
rectifier subunit, which form the pore region (Tucker et al., 1997), and a sulfonylurea
receptor subunit, (SUR) which belongs to the ATP-binding cassette superfamily with
two nucleotide- binding folds (Tusnady et al., 1997). Expression of functional Katp
channels requirés both subunit types to be present, since endoplasmic reticular-
retention (ERR) signals on each subunit are masked only when both subunits are
expressed together (Zerangue et al., 1999; Schwappach et al., 2000). The inward
rectifier potassium channels (Kir) constitute a large family of proteins (Table 1.1).
The Kirl.0 subfamily contains ATP-regulating potassium channels, the Kir2.0 are
strong inward rectifiers and the Kir3.0 subfamily is a group of G-protein-activated

channels. The Kir6 subfamily contains subunits of the K stp channels.

Kir proteins have been predicted by hydropathy analysis to have two transmembrane
spanning helices, named M1 and M2, flanking a segment, H5, with a -Gly-Phe-Gly-
(or -Gly-Tyr-Gly-) sequence, like that identified in other K" selective channels
(Doupnik et al. 1995). SUR isoforms are predicted to have 11 transmembrane helices
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before the first nucleotide-binding fold (NBF), and then a second region with six
predicted transmembrane helices followed by NBF-2 as shown in Figure 1.1. This
model is based on multisequence alignment, hydropathy analysis (Tusnady et al.,
1997) and by cysteine surface labelling assays and immunocytochemistry (Conti et
al., 2001). Several groups showed that 1:1 stoichiometry was sufficient to form a
functional channel by demonstrating that a dimeric Kir6.2/SUR1 fusion construct was
capable of forming functional channels (Clement et al., 1997; Shyng et al., 1997).
Channel activity was reduced when this construct was coexpressed with Kir6.2, but
was restored by supplementation with wt SUR 1. More importantly, mixtures of two
triple fusion Katp channels (one a weak inward rectifier (SUR1/Kir6.2-Kir6.2) and
the other a strong inward rectifier (SUR1/ Kir6.2n1600-Kir6.2n160p)) displayed
intermediate rectification properties on addition of monomeric SUR1, which
otherwise without SUR1 would not express suggesting four Kir6.2 subunits are
required to form the Katp channel pore (Clement et al., 1997) and that a Katp channel

is an octameric complex with a 4:4 stiochiometry.

Kir Family Nomenclature Reference
Kir1.0 subfamily Kirl.1a Ho et al., 1993
Kirl.1b Zhou et al., 1994
Kir2.0 subfamily Kir2.1 Kubo et al., 1993
Kir2.2 Morishige et al., 1994
Kir2.3 Takahashi et al., 1994
Kir3.0 family Kir3.1 Dascal et al., 1993
Kir3.2 Lesage et al., 1994
Kir3.3 Lesage et al., 1994
Kir3.4 Spauschus et al., 1996
Kir4.0 family Kir4.1 Takumi et al., 1995
Kir5.0 family Kir5.1 Bond et al., 1994
Kir6.0 family Kir6.1 Inagaki et al., 1995
Kir6.2 Bond et al., 1994

Table 1.1. A classification of inward rectifier potassium channels
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Inwardly Rectifier Sulfonylurea receptor (SUR)
Subunit (Kir6.0)

ATP Binding

MgADP Binding S1571

J
Site for PKA-mediated phosphorylation (Beguin et al., 1999; Lin et al., 2000)

AN
0 Site for PKC-mediated phosphorylation (Light et al., 2000)

I | Potassium channel opener binding site (Uhde et al., 1999)
I /

Sulfonylurea binding sites (Tolbutamide binding site on SURI1; Ashfield et al., 1999)

Figure L1. Membrane topology proposedfor the ATP-sensitive potassium channel.
The Kir6.0 subunit contains two transmembrane domains, whereas the SUR subunit
comprises 17, with two nucleotide-bindingfolds, NBF1 and NBF2. The Kir6.0 subunit
prms the ATP sensitive pore o fthe channel and the SUR subunit regulates the pore
subunit by binding to MgATP, MgADP and selective pharmacological agents
(potassium channel openers and antagonists). The activity ofk arr channels can be
regulated by phosphorylation (Beguin et al., 1999; Light et al., 2000). Four Kir6.0

andfour SUR subunits are required toform afunctional channel (Clement et al.,

1997; Shyng et al., 1997/
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1.2. General ATP-Sensitive Potassium Channel Function

Karp channels are widely distributed in vertebrate tissues (Inagaki et al., 1995;

Inagaki et al., 1996; Isomoto et al., 1996; Yamada et al., 1997). The types of Ka1p
channels present in various tissues (Table 1.2) have been determined by cloning Katp
channel subunits and examining electrophysiological and pharmacological properties
of reconstituted channels expressed in heterologous expression systems as discussed
in detail in section 1.4. Karp channels close when they bind ATP and will open again
when it is released (Noma et al., 1983). The hydrolysis of ATP is not required for
shutting or opening of the channel, since non-hydrolysable analogues of ATP have the
same effect as ATP itself (Inagaki et al., 1995). These channels link the cellular
metabolism to electrical activity of cell membranes in many types of cells. Nucleotide
levels affect the activity of Katp channels, thus these channels couple metabolism to

membrane conductance.

Katp Channel Subunit References
B-cell/neuronal Kir6.2/SUR1 Inagaki et al. 1995
Cardiac Kir6.2/SUR2A Inagaki et al. 1996
Skeletal Kir6.2/SUR2A Inagaki et al. 1996
Smooth Muscle Kir6.2/SUR2B Isomoto et al. 1996
Kir6.1/SUR2B Yamada et al 1997

Table 1.2 Tissue distribution of ATP-Sensitive Potassium Channels

Katp channels contribute to the control of membrane potential towards the potassium
equilibrium potential (Ex) in various cells (Inagaki et al., 1995). Patch clamp
recording has established that Kstp channels conduct ions in the inward direction at
very negative membrane potentials and allow outward conductance at membrane
potentials that are positive to the Ex (Inagaki et al., 1995). The patch clamp technique
with whole-cell recording permits voltage clamp to be used to investigate ion channel
activity. This allows the membrane voltage of the patched cell to be clamped at
potentials that are both depolarised and hyperpolarized with respect to the equilibrium

potential of the ion under investigation. At each of these voltage commands,
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membrane currents are measured and plotted to produce a current-voltage
relationship. The Katp channel current-voltage relationship is shown in Figure 1.2.
The patch clamp can also be used to measure single channel conductance, which is
calculated from the slope of the current-voltage curve. Figure 1.3 shows the different

patch clamp configurations.

Vm (mV)
100 50 @ 0 50

Figure 1.2 The current-voltage relationship of HEK293 cells coexpressing Kir6.2
and SUR2B subunits. The figure is taken from Isomoto et al. (1997) and describes
the single-channel current-voltage relationship in cell attached for Kir6.2/SUR2B in
stably transfected HEK cells. Membrane currents were obtained with an external and
internal potassium concentration of 145mM, under test pulse potentials ranging
between —100mV and 60mV. The current-voltage relationship of native smooth

muscle K 7p channel (Kir6.2/SUR2B) demonstrates weak rectification.
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Cell-attached Inside-out
0\\ +50
—_—
=50
=50
=50
Perforated-patch Whole-cell Qutside-out

Figure 1.3. Different patch clamp configurations. This figure is taken from Cahalan
et al., (1992). A gigaseal is formed between the pipette electrode and cell membrane
to give a cell-attached configuration. Withdrawal of the pipette electrode produces an
inside-out patch. Breakage of the patch while the pipette is attached to the cell gives
whole-cell recording. Withdrawal from this produces an outside-out patch. A
perforated patch also produces whole-cell records. The numbers show the electrode
voltage required to produce a patch or whole-cell membrane potential of —50mV if

the cell resting potential is initially —70mV (Cahalan et al., 1992)

1.3. Physiological roles of Kotp channels in different tissues

In pancreatic B-cells, Karp channels regulate insulin secretion by linking changes in
blood glucose concentration to insulin secretion (Ashcroft et al., 1989). Increased
blood glucose is taken up and metabolised by B-cells, which alters the ATP/ADP
ratio. The increased ATP/ADP ratio inhibits K ap channels, producing a membrane

depolarisation that activates voltage-gated calcium channels. The consequent rise in
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intracellular calcium ions stimulates the exocytosis of insulin-containing secretory

granules.

In vascular smooth muscles, Katp channels are involved in regulating basal blood
flow by various vasodilators or vasoconstrictors (Quayle et al., 1997). Endogenous
vasodilators, like calcitonin gene-related peptide (CGRP), adenosine and B-adrenergic
agonists, activate Katp channels via activation of adenylyl cyclase and PKA causing
vasodilation of blood vessels. On the other hand, Katp channels are inhibited by
vasoconstrictors, like 5-HT, histamine, via PKC, which causes the diameter of blood

vessels to decrease (Bonev et al. 1996).

In the liver, Katp channels play a significant role in regulating hepatocyte
proliferation (Malhi et al., 2000). Hepatocytes treated with human hepatocyte growth
factor (hHGF), to stimulate growth, displayed an increased DNA synthesis 10 fold
compared to untreated cells. The addition of potassium channel opener (KCO),
minoxidil, cromakalin and pinacidil, increased DNA synthesis even further (20 fold
compared to untreated cells). In contrast, in cultures of hepatocytes containing Katp
channel blocker, glibenclamide, hHGF induced DNA synthesis was significantly
inhibited. The molecular expression of Katp channels in rat hepatocytes was also
examined (Malhi et al. 2000). Messenger RNA (mRNA) for Kir6.1, SUR1 and SUR2
was detected. Neither hHGF nor glibenclamide altered the overall abundance of
Kir6.1 or SUR2 mRNAs in primary rat hepatocytes. In contrast the expression of
SUR1 mRNA was reduced.

In the heart K atp channels are thought to play an important role in ischaemic
preconditioning in the heart (discussed in more detail in Section 1.12).

Additional physiological roles of the Krp channels also include epithelial potassium
ion transport and the modulation of the electrical activity of different types of
neurones (Roeper and Ashcroft, 1995). Perforated-patch whole cell recordings of rat
substantia nigra (SN) neurones treated with rotenone (blocker of complex I of the
mitochondrial electron transport chain) produced a hyperpolarization and inhibited
electrical activity, both of which were reversed by the sulphonylureas, tolbutamide

and glibenclamide (Roeper and Ashcroft, 1995). The current-voltage relationship of



Structural and Phosphorylation Studies of Cardiac K,tp channels. Harprit Singh

the sulfonylurea-sensitive conductance gave a reversal potential value close to that of
Ek. To confirm that the activation of K* current after mitochondrial metabolic
inhibition was due to the activation of Katp channels, Roeper and Ashcroft, 1995
examined the effects of different intracellular ATP concentration on whole-cell
currents in isolated SN neurones, using a whole-cell patch configuration. With low
concentrations of ATP in the pipette solution, currents that were blocked on addition
of tolbutamide were observed. Tolbutamide had no effect on whole-cell currents when
neurones were dialysed with high concentrations of ATP. The current-voltage
relationship was similar to the one observed in metabolic inhibition experiments
displaying inward rectification, thus confirming Katp current. The modulation of
electrical activity in SN neurones by Katp channels may be a possible therapeutic
target for the mitochondrial complex I defect shown to be present in Parkinson’s

disease.

1.4. Potassium channels

Kate channels are members of a large diversity of potassium channels including
voltage-gated potassium channels, calcium-activated potassium channels, inward
rectifying potassium channels, ether-a-go-go related channels, cyclic-nucleotide-gated
potassium channels and others (Hille, 2001). These channels are divided into three
main structural classes, those with 2 transmembrane domains, those with four and
those with six (Table 1.3). They all contain a conserved pore forming structure, for
example in the inward rectifying channel, the M1 and M2 domains together with the
H5 region are analogues to the voltage-gated potassium channel (Kv) subunit S5 and
S6 domains and S51 S52 (H5) pore region respectively (Kuba et al., 1993).

1.4.1. Voltage-gated potassium channels

All the potassium channels types show diversity, with voltage-gated potassium
channels (Kv) having the greatest as shown in Table 1.3. There are three reasons for
such a large diversity in Ky channels. Firstly, the Ky gene in Drosophila (Shaker)
contains at least 23 exons, which by alternative splicing leads to 10 different channel
variants. In addition there are five different possible N-terminal regions and two
different C-terminal domains (Pongs et al 1992). Secondly, Shaker is not the only Ky
gene present in Drosophila, as Shab, Shaw and Shal family genes are also present,

which are similar to but not identical to Shaker. Further diversity arises because
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individual potassium channels can be heteromultimers, assembled from subunits that
are not identical with one another (Sheng et al., 1993).

Human
Sub- ne
family  prefix Phenotype
NCN1 HCN —» ?c)t(ipveal tedpclarization— Nonselective
cation
— CNG1  CNG  —> Cyclic nucleotide- channels
gated
6T™ L eag KCNH —» Voltage-gated
I ether a-go-go
aktl —# Plant inward rectifiers
pakl —> Paramecium
Large conductance (BK)
mslo  KCNM —> Voltage/Ca?*-gated
= Small and intermediate
K1 KCNN = inductance Ca?*-activated
Kvil KCNA —» Voltage-gated Shakers
Kv3.1 KCNC —» Voltage-gated Shaws
N Kv4l  KCND —» Voltage-gated Shals
Kv2.1 KCNB ~—» Voltage-gated Shabs Del;:x)fed
KvS.1 —» Voltage-gated outlier rectifiers
Kvé6.1
L Kv8.1 } Modifiers/silencers
Kv9.1  KCNS <
Slow delayed
KCNQ1 KCNQ —» Voltage-gated KCNQs rectifiers
Kird.1 ™
Kir7.1
Kirll Classical inward
2T™ Kir2.1 » KCNH —» Inward rectifiers rectifiers
Kir5.1
Kir6.1 ATP-sensitive
Kir8.1./ G-protein-coupled
4T™M
TWIK  KCNK —» 2-P-domain K leaks

Table 1.3 Diversity of Potassium channels (taken from Hille, 2001).

A detailed model of the transmembrane toplogy has been developed for Ky (Durrell et
al., 1992; Guy et al., 1990) The channel pore of Ky is formed from four subunits,

known as o subunits, each having six transmembrane domains, S1 to S6. The section

connecting S5 and S6 domains is known as the H5 region, which forms the lining of

the pore. The Ky, subunits belong to four subfamilies, whose subunits can assemble

into heteromultimers within each subfamily.
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The S4 segment is regarded as the voltage-sensor of the channel (Papazian et al.,
1991). It contains positively charged arginine or lysine residues at every third
position. Replacement of some of the positive residues in the S4 segment with either
neutral or negative residues has been shown to alter the relationship between channel
opening and membrane potential (Papazian et al., 1991). The S4 segment is likely to
be sensitive to changes in membrane potential, leading to protein conformational

changes upon depolarisation (Bezanilla et al., 1994).

Voltage-gated potassium channels are inactivated by two mechanisms called N-type
and C-type inactivation. Ky channel N-type inactivation is linked to the activity of a
cytoplasmic N-terminal blocking particle, which plugs the intracellular mouth of the
pore after a prolonged depolarisation, also known as the ball and chain inactivation
system (Armstrong and Bezanilla 1977). Evidence for the ball and chain model comes
from site-directed mutagenesis investigations on Shaker potassium channels (Hoshi et
al., 1990). Mutants of the N-terminal cytoplasmic region were made in which various
sections had been removed and these were expressed in oocytes. Whole-cell
recordings of patched oocytes showed that the deletions in the first 22 residues of the
N-terminal slowed or removed inactivation, whereas deletions of sufficient length in
the sequence between residues 23 and 83 tended to speed up inactivation. This
suggested that the first 22 residues of the N-terminus form the intracellular ball and
the next 60, the chain. If the ball is deleted, inactivation cannot occur, if the chain is

shortened the ball finds its acceptor in the channel more quickly.

Mammalian Ky channels are unable to undergo N- type of inactivation as described
above. In this case the presence of Kvg accessory subunits allows N-type inactivation
to occur (Rettig et al., 1994). Mammalian Ky channels consist of two subunits, o and
B. The a subunits are of the familiar Shaker related Ky family, but the B subunits are
quite different in structure, with no hydrophobic membrane-crossing segments. It
seems that they are attached to the cytoplasmic side of the channel, probably with
o4P4 stoichiometry. Rettig and colleagues found that B subunits would not form
channels when expressed in oocytes, but that they greatly enhanced the inactivation of
channels formed from Ky, subunits. Deletion of part of the N-terminal region from

the B subunit removed its inactivation capability, and a peptide with the same

10
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sequence as the first 24 amino acid residues produced inactivation in the absence of
the rest of the B subunit, suggesting that the § subunit carries a ball and chain section

that can block the channel.

C-type inactivation is a much slower inactivation system and the mechanism remains
to be elucidated. This has been investigated in the shaker A and B variants in which
the time course of C-type inactivation is much slower in the Shaker B splicing variant
than in Shaker A. These two variants have different carboxyl terminals. The other
difference is in the S6 segment, where valine residues at 463 and 464 in Shaker A are
replaced by alanine and isoleucine, respectively, in Shaker B. A point mutation valine
463 to alanine makes the inactivation of Shaker A as slow as that of Shaker B and
vica-versa (Hoshi et al., 1991). C-type inactivation is also affected by mutations in the
HS5 region (Lopez-Barneo et al 1993). Mutation of threonine 449 to glutamate or

lysine increased inactivation rates.

1.4.2. Calcium sensitive potassium channels

The maxi-calcium sensitive potassium channels (BK) are encoded by the slo gene
(Atkinson et al 1991; Pallanck and Ganetzky, 1994), whereas the small calcium
sensitive potassium channels (SK) by the SK1, 2 and 3 genes (Litt et al., 1999). BK
and SK differ in the conductance of the channels they form, with SK forming small
conductance channels that show no voltage dependence, and BK forming channels

with larger conductances that are voltage-sensitive.

BK channels are similar in their sequence to Ky channels having a homologous S1-S6
region. Channel activation is dependent upon both direct calcium binding and
membrane depolarisation. They are unique at their N and C-termini, possessing
calcium-sensitive sites in the C-terminus (Schreiber and Salkoff, 1997; Schreiber et al
1999), and an additional transmembrane segment SO towards the N terminal (Meera et
al 1997). The calcium sensitivities of these channels vary in different tissues and this
has been found to be due to their association with accessory beta subunits, which also
may provide binding sites for other modulatory compounds (McCobb et al., 1995;
Chang et al., 1997; Dick et al., 2001).

11
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1.4.3. Ether-a-go-go-related channels

Molecular analysis of mutations affecting membrane excitability in Drosophila led to
the identification of the gene eag (ether-a-go-go) that encodes a polypeptide
structurally related to the Shaker Ky family (Warmke and Ganetzky, 1994). When
expressed the polypeptide assembles into channels that conduct a voltage-activated K™
and Ca_2+ selective outward current that is modulated by internal cCAMP. Another eag
related gene, elk (eag-like K* channel) was found in Drosophila that was different to
eag (Wamke and Ganetzky, 1994).

A human eag-related gene (HERG) was found on chromosome 7 (Wamke and
Ganetzky, 1994). HERG was found to encode an inwardly rectifying current that has
an inactivation mechanism that attenuates K" efflux during depolarisation (Trudeau et
al., 1995; Spector et al., 1996). Mutations in HERG have been shown to cause a form
of long QT syndrome, an inherited cardiac disorder resulting in syncope, seizures and
sudden death (Benson et al., 1996).

1.4.4. Cyclic-nucleotide gated K™ channels

Cyclic-nucleotide gated K* channels are non-selective cation channels. These
channels are mainly associated with expression in retinal and olfactory neurones
(Nakatani et al., 1995; Leinders-Zufall et al., 1997). They have a pore region that is
very similar to that of Ky channels (Heginbotham et al., 1992), display little
selectivity among monovalent cations, and are activated by intracellular cyclic

nucleotides (Kramer et al., 1994)

1.4.5.0ther potassium channels

Two pore-domain potassium channels (TWIK and TWEK), also known as leakage
channels, posses four transmembrane domains and are active as dimers (Bochenhauer
et al., 2000; Lopes et al., 2001). They are widely expressed in excitable and non-
excitable cells. Their regulation is varied with different members being sensitive to
various physical and chemical stimuli; such as membrane stretch, temperature, pH,
and lipids (Reyes et al., 2000; Maingret et al., 2000; Lesage et al., 2000; Patel et al.,
2001).

12
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KCNQI are cardiac delayed rectifiers, which when mutated can cause inherited LQT
disorder (Seebohm et al., 2001). KCNQ2, 3 and 5 form heteromultimers, which
underlie the neuronal M-current. Mutations in the genes encoding these channels
cause an inherited form of juvenile epilepsy (Schroeder et al 1998; Selyanko et al.,
2000; Lerche et al., 2000). KCNQ4 has been shown to be located in the cochlea with

mutations in this gene causing an inherited deafness (Van-Hauwe et al., 2000).

1.5. Cloning and Reconstitution of K,rp channels

1.5.1. Cloning of K 41p channels

The known amino acid sequence of an ion channel can be useful in providing
information about the structure of a channel. A hydropathy profile of the amino acid
sequence of a channel can give information about the number of transmembrane
domains it contains and the topography of the N and C-termini of the channel.
Putative glycosylation and phosphorylation sites can be detected by screening the
amino acid sequence for consensus sequences.

The protein sequence of Katp channels have been determined indirectly from the base
sequence of the nucleic acids which code for them, using various techniques of
recombinant DNA technology. This technique, also known as gene cloning, involves
the screening of a DNA library (collection of millions of different DNA molecules
held as separate clones in bacteriophage A or a plasmid vector) with a 32p_labelled
oligonucleotide probe (a short stretch of DNA that has a base sequence that is
complementary to part of the ion channel DNA fragment of interest). The
bacteriophage containing the clones are grown in E.coli in a petri dish until visible
plaques of lysed cells are formed. Overlaying a filter sheet of nitrocellulose on to the
petri dish makes a replica of the pattern of plaques. The DNA is denatured on the
nitrocellulose membrane and incubated with **P-labelled probe. The membrane is
then washed and a sheet of X-ray film is laid over the nitrocellulose. The developed
film will indicate the position of bound probe, which can be used to pick off plaque
from petri dish to produce more DNA of the required channel by purification and

propagation of the recombinant clone or by the polymerase chain reaction.

13
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1.5.2. Kir6.1 Subunit

Inagaki et al., (1994) were the first to isolate complementary DNA (cDNA) encoding
the Kir6.1 subunit (uKatp-1). They screened a rat pancreatic islet cDNA library with a
*2p.labelled cDNA fragment of Kir3.0 (member of the inwardly rectifying K*
selective channel subfamily). Five positive clones were obtained and the clone
containing the longest DNA insert, designated ArIK-5, was cloned and sequenced.
The sequenced clone contained 2389 base pairs (bp), which predicted the amino acid
sequence of a 424 amino acid residue protein (M; 47,960). The predicted amino acid
sequence of uKatp-1 showed 44% identity with Kirl.1a, Kir3.1 and cKatp-1 (Kir6.2)
and 66% identity with Kir2.1, each of which represent a different subfamily of the
inwardly rectifying K" selective channel family. Inagaki et al., (1994) also examined
the electrophysiological properties of uK s1p-1 expressed in Xenopus oocytes. The
cRNA injected oocytes showed inward currents at extracellular K* of 45mM, which
were blocked by external Ba®* (300 uM). Lowering the extracellular K* from 90 to
45mM shifted the inward rectification to more negative voltages and thus decreased
conductance. To further characterize the properties of uK o1p-1, Inagaki and
colleagues performed single-channel recordings on human embryonic kidney (HEK
293) cells transiently transfected with uKatp-1. The single-channel conductance
recorded was 70 picosiemens (pS). The channel activity was suppressed when
intracellular ATP (1 mM) was applied to patched cells; inhibition was also observed
when 100 uM nonhydrolyzable ATP (AMP-PNP) was used. Diazoxide, a potent
opener of Katp channels of pancreatic B-cells, activated uK 41p-1 channels on inside-
out patch membranes. These electrophysiological studies on the rIK-5 clone
demonstrated it to be member of Katp channel family, now known as the Kir6.1

subunit.

1.5.3. SURI Subunit

Aguilar-Bryan et al., (1995) first cloned a hamster SUR1 cDNA. Hamster insulin-
secreting tumour cell (HITT1S cell) membranes were isolated and photolabelled with
1257 ]abelled iodoglyburide. Gylburide (glibenclamide) is a sulfonylurea drug, which
in its iodinated form can be covalently cross-linked by photolabelling to the 140kDa
protein, SUR (Kramer et al., 1988). The photolabelled SUR protein was purified,
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separated by electrophoresis and transferred to blotting membrane. The blot was
stained, bands excised and sequenced by Edman degradation. An NH,-terminal amino
acid sequence of PLAFCGTENHSAAYRVDQGVLNNGC was obtained. Degenerate
polymerase chain reaction (PCR) primers were designed on the basis of this sequence
and were used to amplify a 67 bp fragment from a random primed cDNA library
constructed in AZAPII from a mouse glucagonoma-a. cell line (« TC-6), which have
an abundance of SUR (Rajan et al 1993). The sequence of the 67bp fragment encoded
the expected amino acids with codon degeneracy only in the PCR primer regions. A
minimally degenerate 47-residue oligonucleotide was synthesized and used to
rescreen the aTC-6 cell library. A 1.1bp cDNA was cloned that encoded the 25 amino
acids obtained by peptide sequence of the SUR NH, terminus. This cDNA fragment
was used to screen HITT15 cell A phage libraries for clones with overlapping
sequences to determine the full-length sequence of SUR1. The open reading frame of
the hamster SUR cDNA encoded a protein of 1582 amino acids with predicted mass
of 177,209 Daltons. The functional analysis of SUR1 coexpressed with Kir6.2 were
later done by Inagaki et al., (1995), as discussed below in section 1.4.4.

1.5.4. Kir6.2/SUR1Channel

Inagaki et al., (1995) later cloned a human Kir6.2 subunit (hBIR), by screening a
AFIXII human genomic library with >*P-labelled full-length rat Kir6.1 cDNA. Four
clones encoded a distinct protein similar to Kir6.1, which was designated BIR. The
sequence of the BIR clone revealed a single open reading frame encoding a 390
amino acid protein. Inagaki et al., (1995) also cloned and sequenced a mouse homolog
of BIR, isolated from an insulin-secreting cell line cDNA library. The mouse clone
showed 96% amino acid identity with hBIR. Inagaki et al., (1995) then looked at the
electrophysiological properties of channels formed from BIR and SUR1 when
cotransfected in COS-1 cells. The current-voltage relation revealed a weak inward
rectification, with a reversal potential value close to that of K* equilibrium potential.
The single-channel conductance was recorded to give a value of 76 pS. Currents
carried by Kir6.2 were suppressed by 100pM ATP and completely inhibited by 1mM
ATP. The ATP inhibition of channel activity was concentration-dependent, with a K;
of 10puM. Inagaki et al., (1995) also found an increase in inward membrane current in

Xenopus oocytes co-injected with BIR and SUR cRNA when 100puM diazoxide
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(potent opener of pancreatic B cell Katp channels; Trube et al., 1989; Fan et al., 1990)
was applied. This current was suppressed when 0.1uM glibenclamide (K atp channel
blocker) was introduced. These findings by Inagaki et al., (1995) demonstrated that
co-expression of Kir6.2 and SUR1 reconstitute the main characteristic features of the

Kate channel current described in pancreatic B-cells (Cook et al., 1984; Findley et al.,
1985).

1.5.5. Kir6.2/SUR2A Channel

Inagaki et al., (1996) cloned the SUR2A subunit by screening a rat brain cDNA
library with a **P-labelled hamster SUR1 cDNA (Aguilar-Bryan et al., 1995). The
sequenced SUR2A clone contained a single open-reading frame encoding a protein of
1545 amino acid residues (M;= 174,109) that had 68% identity with SUR1. When
SUR2A was expressed with Kir6.2 in COS1 cells, K™ currents recordings showed
essentially identical single channel conductance but different kinetic and
pharmacological properties compared with those of the pancreatic B-cell Katp
channel. The current-voltage relation revealed a weak inward rectification, when
140mM K" was applied on both sides of the membrane, and the reversal potential
value was close to the K equilibrium potential. The single channel conductance
recorded was 79.3 pS. Inagaki et al., (1996) also discovered that the sensitivity of
SUR2A/Kir6.2 channels to ATP (K; = 100 pM) was 10 fold less than that of the
SURI1/Kir6.2 channel. Potassium channel openers (KCO) of cardiac Katp channels,
cromakalin (Escande et al., 1988) and pinacidil (Escande et al., 1989; Fan et al., 1990)
reactivated channels that were inhibited by 100 uM ATP, while diazoxide (100 uM)
failed to stimulate the SUR2A/Kir6.2channel. These studies suggested that the
SUR2A/Kir6.2 channel was typical of those of the sarcolemmal cardiac Katp channel
(Terzic et al., 1995; Faivre et al., 1985; Findlay, 1992).

1.5.6. Kir6.2/SUR2B Channel

Isomoto et al., (1996) cloned the SUR2B subunit by screening a mouse heart cDNA
library with a >’P-labelled DNA fragment encoding part of rat SUR1 (nucleotide
positions 3466-4589). Forty-nine positive clones were obtained, from which a clone,
named MCS10, was sequenced. The sequenced clone revealed a single open-reading

frame encoding a protein of 1546 amino acid residues. The amino acid sequence of
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MCS10 had 67% identity with that of ratSUR1 and 97% identity with that of rat
SUR2A, indicating that MCS10 was homologous to SUR2. The SUR2B is identical to
SUR2A except from C-terminal amino acids 1500 onwards. The electrophysiological
properties of the SUR2B subunit when expressed with Kir6.2 in HEK293 cells were
studied using the patch clamp technique (Isomoto et al., 1996). The current-voltage
relation of the SUR2B/Kir6.2 channel demonstrated weak inward rectification, with a
single channel conductance of 80.3pS. Intracellular ATP inhibited the channel in a
concentration-dependent manner with a K; of 68 uM and both diazoxide and pinacidil
increased channel activity in the presence of ATP. Conversely, channel activity was
inhibited by tolbutamide and glibenclamide (SUR blockers). The SUR2B/Kir6.2
channel showed similar properties to those displayed by smooth muscle K o1p channels
(Standen et al., 1989; Beech et al., 1993).

Thus the specific properties of a K1p channel subtype are determined by its subunit

composition. Table 1.4 show the electrophysiological and pharmacological properties

of the Katp channel subtypes.
Potassium channel openers ECs
pM)
Subunit Conductance ATPXK; Diaxoxide Pinacidil Cromakalin
(®S) (»M)

SUR1/Kir6.2 69-73 8-10 65 High High
SUR2A/Kir6.2 79 100 n.d. 30 30
SUR2B/Kir6.2 80 .- 200 100 n.d.
SUR2B/Kir6.1 33 Activates n.d. 1x10° n.d.

Table 1.4 Electrophysiological and Pharmacological properties of recombinant

K4rpchannels (adapted from Babenko et al., 1998). n.d.: not determined.
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1.6. Molecular assembly and intracellular interactions of Ksyp channels

1.6.1. Molecular Assembly of K 47p channels

Giblen et al., (1999) identified a domain in the proximal C terminus (at least amino
acids 208-279) in the inwardly rectifying K* channel Kir6.2 that appears to interact
biochemically with the SUR protein. Kir6.2 chimaeras were constructed containing
various parts of the Kir2.1 subunit, which does not interact with the SUR. The
chimaera that contained amino acids 208-279 from the Kir2.1 subunit was shown to
be unable to co-immunoprecipitate with epitope tagged SUR-Myc after
immunoprecipitation with an anti-Myc antibody. Giblen et al. (1999) also established
that largely intact Kir6.2 N- and distal C termini were necessary for complete
functional reconstitution of the Katp channel. This was shown in Kir6.2 chimaeras
containing part of the N terminus or C-terminus substituted with Kir2.1, where

expression of current was abolished on co-expression with the SUR-Myc protein.

Recently, using trafficking based assay approaches, Schwappach et al. (2000) have
found that both the first transmembrane segment (M1) and the N terminus of the
Kir6.2 inwardly rectifying channel subunit are important for specifying assembly with
SURI1. Experiments were based on the need to mask ER retention signals in both
Kir6.2 and SUR to ensure surface expression. SUR1 and SUR2A did not express well
on the cell surface of Xenopus oocytes unless coexpressed with Kir6.2, whereas
Kir2.1 expressed on the cell surface by itself and did not stimulate surface trafficking
of SURI. This was shown using a trafficking enhancement assay, where surface
coassembly of injected Kir6.2-R (exposed ER retention signal) and extracellular
epitope tagged SUR1 (HA-SURI-R) in oocytes was recorded by incubating oocytes
with anti-HA and a secondary anti-rabbit antibody and measuring signal by a
luminometer. From this result, Schwappach et al. (2000) created chimaeras between
Kir6.2 and Kir2.1 and tested their ability to promote surface expression of
extracellular epitope tagged SUR1 using a trafficking trap assay. The trafficking trap
assay involves a protein with a strong ER retention signal trapping a membrane
targeting protein lacking or containing a weak ER retention signal in the endoplasmic
reticulum. Additional ER retention signals were added to Kir6.2-Kir2.1 chimaeras,
which were injected in oocytes with mutant SUR proteins (SUR1-HAs44) lacking the
native ER retention signal. Oocytes injected with chimaeras containing the M1 region,
and the N and C terminals of the Kir6.2 displayed low surface signals for HA-SUR1
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and the N and C terminals of the Kir6.2 displayed low surface signals for HA-SUR1
similar to the ones recorded in oocytes injected with wtKir6.2 implying the
importance of these regions in coassembly with SUR1. To determine which domain
of SURI was important in assembly with the M1 region and cytoplasmic domains of
Kir6.2, Schwappach et al. (2000) created a series of chimeras between SUR1 and
multi drug resistance-associated protein fragment 1 (MRP1), a homolgous ABC
proteixi that does not assemble with Kir6.2, and tested their ability to stimulate the
surface expression of epitope tagged Kir6.2HA. Surface expression was reduced when
SUR1 transmembrane domains were replaced with those from MBP1 while
substitution of the NBF’s had little effect showing that the transmembrane domains

rather than the NBF’s were essential for coassembly with Kir6.2.

1.6.2. Persistent Hyperinsulinemic-Hypoglycemia of Infancy

A number of mutations in the pancreatic Katp channel subunits SUR1 and Kir6.2 can
cause persistent hyperinsulinemic-hypoglycemia of infancy (PHHI); a disease
involving hypersecretion of insulin in infants despite low blood glucose levels
(Aynsley-Green et al., 1981; Landau et al., 1991). The cause of PHHI is due to the
failure of Katp channels to open in response to glucose deprivation. Genetic studies
have identified over 50 PHHI-associated mutations in the Kap channel genes, most
of which are in SUR1 (Kane et al., 1996; Permutt et al., 1996; Sharma et al., 2000).
One particular mutation in SUR1, leucine to proline at position 1544 (L1544P),
interferes with- normal assembly and trafficking of Katp channels by causing improper
shielding of the RKR endoplasmic reticular retention/retrieval trafficking signals in
the two channel subunits (Taschenberger et al., 2002). This mutation was detected in
an affected patient whose pancreatic DNA was screened for mutations in the Kir6.2
and SURI genes after pancreatectomy. When L1544P mutant SUR1/Kir6.2 channels
were transiently transfected in COSm6 cells, immunofluorescence-staining
experiments showed reduced surface expression of the mutant channels compared to
the wild type channels. Cells transfected with mutant channels were treated with
Tysosomal or proteasomal inhibitors, to increase surface expression, but no effect on
expression levels were observed. Taschenberger et al., (2002) then inactivated the
RKR motif in L1544P SURI (located in the cytoplasmic loop between the 11™ TMD
and NBF1) by mutating it to AAA and examined expression of mutant SUR1 alone

and coexpressed with Kir6.2. They observed increased surface expression of the
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the RKR motif was removed from Kir6.2 and coexpressed with L1544P SUR1 the
surface expression increased 2 fold. Thus, the results from this study indicate that the
mutant L1544P SURI1 prevents the proper shielding of the RKR signal in both

subunits after channel assembly and, thus, contributes to reduced surface expression.

In conclusion, it seems that the M1 domain and cytoplasmic domains of the Kir6.2
subunit are essential for SUR1 surface expression and that transmembrane domains in
SURI, especially the cytoplasmic loop, between the 11" TMD and NBF1, rather than
the NBF’s are required for the coassembly of functional K s1p channels with Kir6.2.

1.6.3.Cytoplasmic domain interactions of Kir6.2 subunit

Physical interactions between the N- and C- termini of individual Kir subunits have
been shown to be functionally significant. In the G-protein gated Kir3.0 subunit, the
interaction between the two termini has been shown to enhance Gy binding,
suggesting that both N and C termini form a binding site for GBy (Woodward et al.
1997). Similarly, interaction between N and C terminal in Kirl.1 occur as a response
to changes in intracellular pH (Schulte et al. 1998). Kirl.1 channel recordings of
inside-out patches from oocytes showed closure of channels during acidification.
Recovery from inactivation was only seen in channels subjected to short periods of
acidification, suggesting that oxidation occurred during long exposure to intracellular
acidification, which subsequently prevented channels from recovery. This was
confirmed by observation that addition of dithiothreitol (DTT) but not MgATP nor
PIP; (causes of channel run-down) led to complete recovery of acid-inactivated
channels. Schulte et al., (1998) found that addition of Cu (II)-1, 10-phenanthroline
(induces formation of disulfide bridges between cysteine residues) reduced the
fraction of channels that spontaneously recovered upon realkalinization. Mutating
Cys* and Cys*® in the N- and C- terminals, respectively, to alanine prevented the
Kir1.1 channel from recovering from pH inactivation on addition of DTT, suggesting
formation of disulfide bridges between the N- and C- terminal of Kirl.1 channel

‘during acidification.

Using an in vitro protein-protein interaction assay, Tucker et al. (1999) demonstrated

physical interaction between the N- and C- termini of Kir6.2. The assay exploited the
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ability of a recombinant glutathione S-transferase fusion protein (in this case Kir6.2
N-terminal GST-fusion protein) to interact with [>> S] methionine labelled, in vitro-
translated C-terminal domains of the Kir6.2 subunit. If the two proteins interacted,
then the radiolabelled proteins could be purified using glutathione Sepharose beads.
Tucker et al. (1999) found that amino acids 30-46 of the N- terminus were critical for
the N- terminus to associate with the C terminus. By using the same interaction assay,
Tucker et al., (1999) also showed that this conserved interaction domain was capable
of interacting with the C- terminus of Kir2.1. A mutation within the interaction
domain severely impaired the ability of Kir6.2 to form functional channels with
SURI1, suggesting the possible involvement of the cytoplasmic domains of Kir6.2

subunit in channel gating in response to subunit interactions.

1.6.4. Assembly of Heterologous Kir6.0 Channels
As discussed above, it is known that the SUR isoforms can coassemble with different
Kir6.0 isoforms to form a functional K 1p channel (section 1.3). However, until

recently, it was not known whether Kir6.1 and Kir6.2 could coassemble with each to
form a functional channel.

Yi et al., (2000) were the first to demonstrate coassembly of Kir6.1 and Kir6.2 in
HEK?293 cells. Yi et al., (2000) were able to coimmunoprecipitate Kir6.1 from
HEK?293 cells coexpressing Kir6.1 and Kir6.2 with an anti-Kir6.2 antiserum. Like
Seharaseyon et al., (2000), discussed below, Yi and colleagues made dominant-
negative Kir6.1 and Kir6.2 mutants and examined the effects of these mutants on
diazoxide-activated Ix currents in HEK293 cells coexpressing Kir6.1/SUR2B. The
results showed a 50 % reduction in Kir6.1/SUR2B HEK293 stable cells transfected
with either dominant-negative Kir6.1 or Kir6.2 mutant compared to wild type
Kir6.1/SUR2B HEK293 stable cell Ix. They then recorded single-channel conductance
in the cell-attached configuration in the presence of diazoxide in HEK293 cells
coexpressing Kir6.1/SUR2B, Kir6.1+Kir6.2/SUR2B and Kir6.2/SUR2B. The single-
channel conductance in HEK 293 cells expressing Kir6.1+Kir6.2/SUR2B gave a
value intermediate between those of cells expressing either Kir6.1/SUR2B or
Kir6.2/SUR2B. This suggested that a functional heteromultimer of Kir6.1 +
Kir6.2/SUR2B can be expressed in HEK293 cells that have intermediate
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Kir6.2/SUR2B can be expressed in HEK293 cells that have intermediate
electrophysiological properties between Kir6.1/SUR2B and Kir6.2/SUR2B channels
when Kir6.1 and Kir6.2 are coexpressed in HEK293 cells.

On the other hand, Seharaseyon et al., (2000) have shown that Kir6.1 and Kir6.2 do
not heteromultimerize with each other to form cardiac Ka1p channels in rabbit
ventricular myocytes or when expressed in a human epithelial cell line (A549). The
group constructed dominant-negative Kir6.1 and Kir6.2 mutants, named Kir6.1AFA
and Kir6.2AFA, where codon 142 and 144 of the pore forming wild type Kir6.1 and
codon 131 and 133 of the pore forming wild type Kir6.2 were mutated to code for
alanine instead of glycine respectively. These dominant-negative mutants can
inactivate the function of wild-type subunits. A549 cells coexpressing Kir6.2/SUR2A
were transfected with the dominant-negative mutants and the effect on pinacidil-
activated surface Ktp channel currents (Ix) examined. Only the Kir6.2AFA mutant
was able to suppress Ix The Kir6.1AFA mutant had no effect on pinacidil-activated
Ik. In the reverse situation, only Kir6.1 AFA mutant was able to suppressed Ix in A549
cells coexpressing Kir6.1/SUR2B. The effect of the mutants on Ik in rabbit ventricular
myocytes was then examined. Whole-cell patch recordings revealed that Ix was
greatly suppressed in Kir6.2AFA transfected myocytes compared with those
transfected with wild type Kir6.2, wild type Kir6.1 or Kir6.1 AFA mutant transfected
myocytes in primary culture. The lack of an effect of wild type Kir6.1 or Kir6.1AFA
on sarcolemmal K7p channel currents, taken together with the lack of suppression of
Kir6.1AFA on expressed Kir6.2/SUR2A channel, and of Kir6.2AFA on
Kir6.1/SUR2B channel in A549 cells, indicates that Kir6.1 and Kir6.2 do not form
functional heteromultimers either in A549 cells or native cells (Seharaseyon et al
2000).

In summary assembly of heterologous Kir6.0 channels is observed in recombinant and

not native Ka1p channels, suggesting that the assembly is strictly regulated.

1.6.5. Coassembly between SUR subunits

So far, there has been no evidence showing coassembly between SUR subtypes.
Giblen et al., (2002) used biochemical and electrophysiological approaches to
investigate whether SUR1 and SUR2A coexpressed with Kir6.2 in HEK 293 cells
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formed heteromultimers. Inmunoprecipitation and Western blotting on HEK293 cells
stably expressing Kir6.2/SUR1+SUR2A showed immunoprecipitation of the SUR1
subunit with anti-SUR1 antibody but no co-immunoprecipitation of SUR1 was
observed with anti-SUR2 antibody (both antibodies were raised in rabbits to peptides
corresponding to isoform-specific sequences in the NBF1). Similarly, the SUR2A
subunit showed no co-immunoprecipitation with anti-SUR1 antibody. Examination of
the phérmacological properties of HEK 293 cell lines stably expressing Kir6.2/SUR1
and Kir6.2/SUR2A using the whole cell configuration of the patch clamp, showed that
diazoxide but not pinacidil activated Kir6.2/SUR1 and that the currents were inhibited
by tolbutamide and glibenclamide Giblen et al., 2002). In contrast, Kir6.2/SUR2A
currents were activated by pinacidil but not diazoxide and inhibited by glibenclamide
but not tolbutamide. In HEK 293 stably expressing Kir6.2/SUR1+SUR2A, addition of
diazoxide activated whole cell currents, which were inhibited on addition of
tolbutamide, confirming presence of Kir6.2/SURI. The cells were then washed and
currents activated with pinacidil. In this protocol, tolbutamide had no effect on
activated currents, whereas currents were completely inhibited by glibenclamide
indicating the presence of Kir6.2/SUR2A channels. No channels with intermediate
properties were detected suggesting that heteromeric channels containing SUR1 and

SUR2A with Kir6.2 were not found.

The possible assembly of heterolgous SUR2A and SUR2B with Kir6.2 to form

channels with-intermediate properties still remains to be investigated.

1.7. Molecular Entities involved in K 1p channel gating: ATP inhibition

At one time, block of K* current on application of ATP to the intracellular face of an
excised patch was sufficient to define a Katp channel (Cook et al. 1984). Now,
members of this family of channels are defined by their single-channel current
properties and their pattern of regulation by nucleotides and pharmacology as

discussed earlier (Babenko et al., 1998).

In excised patches, application of ATP, independent of Mg?*, results in a reduction in
the mean open time by prolonging the interburst intervals and shortening the burst
duration (Kakei et al. 1984). ADP in the presence of Mg2+ stimulates ATP- inhibited
channels (Dunne et al. 1986). Dunne et al. (1986) and Misler et al. (1986) have shown
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that the ATP/ADP ratio is critical for regulation of Karp channel activity. They
proposed that the application of ADP, in the absence of Mg?*, inhibited channel

activity, whereas channels pre-inhibited by ATP were activated on stimulation with

MgADP.

The inhibitory effects of nucleotides are mediated via the pore-forming Kir6.0
subunit. A range of evidence shows that regions in the Kir6.2 subunit are involved in
ATP inhibition. Although both Kir6.2 and SUR subunits are normally required for
functional expression of the Katp channel, Tucker et al. (1997) demonstrated that
truncated isoforms of Kir6.2 (Kir6.2AC26 and Kir6.2AC36) alone could express
functional channels. These truncated isoforms retain ATP sensitivity, but are not
stimulated by MgADP. A single mutation in the C-terminal domain of the
Kir6.2AC26 subunit (K185Q) markedly reduced the ability of ATP to inhibit channel
activity (Tucker et al. 1997).

Tucker et al., (1998) later found two distinct regions of Kir6.2, the proximal N-
terminal sequence and the proximal C- terminal sequence, immediately preceding and
following the transmembrane domains M1 and M2, respectively, where mutation in
either region caused a change in ATP sensitivity. Some of the mutations (R50G,
I1167M and T171A) within these regions were compared with the wt Kir6.2AC26 by
examining the effect of 100 uM and 1 mM ATP, which inhibited wt Kir6.2AC26
currents by ~50 % and ~90 %, respectively. The wt and mutant forms of Kir6.2AC26
were expressed in Xenopus oocytes and macroscopic currents were recorded from
giant excised inside-out patches on addition of 100 uM and 1 mM ATP. All mutants
showed reduced ATP sensitivity compared to wt. It was concluded that the mutations
may alter the ATP sensitivity of Kir6.2AC26 by either impairing the ability of the
channel to close, interfering with the transduction mechanism by which ATP binding

induces pore closure or decreasing the affinity of the ATP-binding site.

Drain et al. (1998) showed that distinct regions of the cytoplasmic C-terminal domain
of the Kir6.2 subunit the mouse pancreatic B-cell Kap channel was important for
determining ATP sensitivity, complementary to the findings of Tucker et al., (1998).
Chimaeras were constructed between Kir6.2 and the non-ATP-sensitive inward

rectifying channel subunit Kirl.1. Swapping both the cytoplasmic N and C terminal
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Xenopus oocytes resulted in the formation of a channel that was not inhibited by ATP
in a inside-out patch-clamp recordings. Replacement of the N terminal domain of
Kir6.2 with the corresponding domain from Kirl.1 (Kir1.1-Kir6.2-Kir6.2) and co-
expression the chimaera with SUR1 in Xenopus oocytes showed a 2.5 fold reduction
of ATP sensitivity compared with wt Ka1p channel in patch clamp recordings. The
chimaera in which the C terminal domain of Kir6.2 replaced the corresponding
residue of Kirl.1 (Kir6.2-Kirl.1-Kirl.1) showed no ATP sensitivity. Drain et al.
(1998) also found that replacing 4 residue sequences 34GNTP? from the C-terminal
of Kir6.2 with the equivalent segment from either Kir4.1 or Kir2.1 showed a decrease
in ATP sensitivity. A second region, amino acids 171-182, which was essential for
ATP inhibition in the wt Katp channel was also identified (Drain et al., 1998), a
similar region described by Tucker et al. 1998.

In another study, the cysteine residue at position 166 (C166) of Kir6.2 was implicated
in the ATP gating of K sp channels (Trapp et al., 1998). Mutation of C166, which lies
at the cytosolic end of the second transmembrane domain, to serine (C166S) increased
the open probability of the truncated isoform of Kir6.2, Kir6.2AC26, sevenfold
compared to unmodified Kir6.2AC26. Substitution of C166 with threonine, alanine,

methionine or phenylalanine reduced the channel sensitivity to ATP.

In conclusion both N- and C- terminals of the Kir6.2 subunit are required for the
determination of ATP sensitivity in Katp channels Mutation of selective residues
within the cytoplasmic domains, for example R50 in the N-terminal and C166,
residues 171-182, and 334-337 in the C-terminal, disrupt ATP-gating in Kir6.2

channels.

1.8. Stimulatory and inhibitory effects of Mg nucleotides and putative Mg
nucleotide binding site on Ks1p channels

1.8.1. MgADP and K 41p channels

Investigation of the effect of ADP in the presence and absence of Mg®" on Katp
channel currents, using inside-out patches excised from Xenopus oocytes coinjected
with Kir6.2/SUR1 has shown that ADP stimulates and/or inhibits Ktp channel
currents under different conditions (Gribble et al., 1997). ADP potentiated
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Kir6.2/SURI1 current in the presence of intracellular Mg?*, while ADP in the absence
of Mg?* or at high Mg?" concentration was inhibitory. MgADP acts on K o1p channels
by binding to the NBF’s of SUR (Gribble et al., 1997). Each NBF contains a highly
conserved Walker A (W,) and Walker B (Wg) motif (Walker et al., 1982). These
motifs are known to catalyse ATP hydrolysis. An aspartate in the Wp motif
coordinates the Mg2+ ion of MgATP and is required for nucleotide binding, while a
lysine in the W s motif interacts with the y and B phosphate group of ATP and is
essential for ATP hydrolysis (Azzarie et al., 1989; Carson et al., 1995; Higgins et al.,
1992; Ko et al., 1995; Saraste et al., 1990; Tian et al., 1990). Gribble et al., (1997)
made mutants of the SUR1, where the lysine residues in the W, motif of NBF 1 and
NBF 2 were substituted (K719A and K1384M, respectively) and the effect of
MgADP on these mutant channel currents was examined. Both of the W, mutant
channel currents (Kir6.2/K719A-SURI1 and Kir6.2/K1384M-SUR1) were inhibited
rather than activated by MgADP, indicating that the effect of MgADP is mediated by
interaction of the nucleotide diphosphate with the NBDs of SUR1 and that the W4

lysine residues play a critical role in the interaction.

1.8.2. MgATP and K 41p channels

Gribble et al., (1998) later discovered that, like MgADP, MgATP is able to stimulate
KaTtp channel activity, but that the effect is normally masked by the potent inhibitory
effect of the nucleotide. As before, the group recorded large currents in giant inside-
out membrane patches excised from Xenopus oocytes coinjected with Kir6.2/SURI1.
When ATP was applied both in the absence and presence of Mg**, the large currents
were reversibly inhibited, however, ATP was more effective in the absence of Mg,
They then coinjected Xenopus oocytes with Kir6.2AC36 (SUR-independent functional
channel) and investigated the effect on currents of ATP in absence and presence of
Mg®*. ATP in both the absence and presence of Mg®* showed similar inhibition of
current, thus the ATP sensitivity of Kir6.2AC36 current was unaffected by Mg
removal. This result suggested that the SUR subunit was required for the
enhancement of ATP sensitivity by Mg2+. The decrease in the ATP sensitivity of
Kir6.2/SURI currents in the presence of Mg?* suggests that like MgADP, MgATP is
able to stimulate channel activity. So channel inhibition by ATP would occur in the

absence of Mg?*, whereas in the presence of Mg?*, channel activity would be
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determined by the balance between the inhibitory and stimulatory effects of MgATP.
Gribble et al., (1998) also discovered that the aspartate residue of the Wg motif in
both NBD’s is essential for MGATP binding. Mutation of these aspartate residues to
asparagine in both Wg motifs (D853N-NBD1 and D1505N-NBF2) produced channels
that were more sensitive to inhibition by ATP in the presence of Mg®* than wild type
Kir6.2/SURI.

Conformation of the stimulatory effect of ATP came from experiments in which
substitution of the arginine residue at position 50 of Kir6.2 with glycine (R50G)
produced a mutant channel that was much less sensitive to ATP inhibition when
expressed with SURI in oocytes and was stimulated by MgATP (Gribble et al., 1998).
This sﬁggested that MgATP is able to stimulate K arp activity, but normally this effect
is masked by the potent inhibitory effect of the nucleotide on the Kir6.0 subunit.

Other nucleotides, like GTP and ADP in the presence of Mg®* stimulate Karp
channels by acting on NBF’s of SUR (Trapp et al., 1997).

1.9. Sulphonylurea receptor: site for potassium channel openers and blockers
1.9.1. Potassium channel openers (KCO)

The SUR isoforms are the target for potassium channel openers (KCO). These drugs
e.g. P1075, pinacidil, diazoxide, exert their effects on cells by opening K ap channels,
thus shifting the membrane potential towards the reversal potential for potassium and
reducing cellular electrical activity (Edwards et al.1993). The binding of KCO to SUR
isoforms requires the binding of ATP to the NBFs (Schwanstecher et al., 1998). When
non-hydrolysable ATP-analogues were investigated it was found that Mg2+ or Mn**
were required to support KCO binding. The affinity of a KCO towards a Katp channel
depends upon the type of SUR isoform present. For example, the smooth muscle
isoform, SUR2B, responds to the same openers as the cardiac isoform, SUR2A, but
with a significantly higher affinity (Schwanstecher et al., 1998).

Two regions within the 11-17 cluster of transmembrane domains of SUR subunits are
reported to be essential for potassium channel opener (KCO) binding and action
(Uhde et al. 1999). Chimaeras of the SUR2B isoform substituted with segments of the

SURI1 isoform were used to investigate KCO sensitivity. Direct binding experiments

27



Structural and Phosphorylation Studies of Cardiac Krp channels. Harprit Singh

showed that the ECsg of the wt SUR2B for P1075 was approximately 10° fold lower
than that of wt SURI, indicating high affinity of SUR2B towards P1075. Two regions
of SUR2B, part of the cytoplasmic loop between TMD 13-14 (Thr1059-Leu1087) and
TMD 16-17 (Argl1218-Asn1370), were identified to be essential, with complete loss
of detectable [°’H] P1075 binding following substitution of these SUR2A segments
with those from SUR1. When both of these regions from SUR2B were transferred
into SUR1, the chimaera showed a 6,200-fold increase of affinity for P1075, whereas
split substitution of either TMD alone mediated only a small increase in affinity. This
implied that both domains are required to interact with KCO (Uhde et al. 1999). In
another study, the search was narrowed down to two amino acid residues (L1249
/T1253 in SUR2A and T1286/M1290 in SUR1) within the 17™ TMD that allow KCO
(cromakalim) binding (Moreau et al., 2000). Again this was achieved by using SUR1-
SUR2A chimaeras and point mutants expressed and characterized (using patch-clamp
techniques) in Xenopus oocytes. A cromakalim analogue, SR47063, was used in the

presence of ATP to stimulate chimeric-constructed Katp channels.

1.9.2. Potassium channel antagonists: Sulphonylureas

Like KCO, Katp channel inhibitors, glibenclamide and tolbutamide, also exert their
effect by binding to the SUR subunit. Similar to the KCOs, the inhibitory effect of
these sulphonylureas depends upon the type of SUR subunit that is present in the Katp
channel (Gribble et al., 1998). For example, tolbutamide blocks Kir6.2/SUR1, but not
Kir6.2/SUR2A, currents with high affinity, whereas glibenclamide blocks both types
of channels with high affinity. While the effect of glibenclamide is readily reversible
for Kir6.2/SUR2A currents, inhibition of Kir6.2/SUR1 currents is very slow to
reverse (Gribble et al., 1998). The protein region in the SUR1 subunit that is involved
in high-affinity tolbutamide block was discovered by Ashfield et al., (1999). A series
of chimaeras between SUR1 and SUR2A was constructed, coexpressed with Kir6.2 in
Xenopus oocytes and K op currents measured using inside-out membrane patches.
Results showed that the SUR2A chimaera in which transmembrane domains 14-16
(amino acid residues 1035-1277) were replaced with those of SUR1 expressed
channels with high-affinity tolbutamide inhibition, whereas channels with SUR1
chimaera containing transmembrane domains 13-16 of SUR2A, showed abolished
high-affinity tolbutamide inhibition. They also demonstrated that by mutating Ser'?’
to tyrosine within this region of SUR1, both high-affinity tolbutamide inhibition and
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to tyrosine within this region of SURI, both high-affinity tolbutamide inhibition and
[H*]-glibenclamide binding were abolished. In another chimaera study, both the N-
and C- terminal domains of SUR1 were shown to be essential for glibenclamide
binding (Mikhailov et al., 2000).

These two pharmacological tools, potassium channel openers and sulphonylureas, are
an important means of characterizing Kap channels on the basis of subunit qualitative

and quantitative response to these openers and inhibitors (Babenko et al., 1998).

1.10. Modulation of K,tp channels by phosphatidylinositol 4,5 bisphosphate
Besides cytosolic factors, a component of the membrane lipid bilayer,
phosphétidylinositol 4,5-bisphosphate (PIP,), also modulates K o1p channel activity.
PIP; content increases the open probability and decreases the ATP-sensitivity of the
native cardiac and reconstituted Kir6.2/SUR2A Katp channel (Baukrowitz et al.
1998). PIP; content increases when phosphatidylinositol and phosphatidylinositol 4-
monophosphate are consecutively phosphorylated by phosphatidylinositol 4-kinase
and phosphatidylinositol 5-kinase. In COS7 cells expressing the M, receptor and
Kir6.2/SUR2A, stimulation of the PLC-linked receptor, via addition of ACh caused
PIP, content to fall and inhibition of Katp current (Xie et al., 1999). COS7 cells
expressing the M, receptor and Kir6.2/SUR2A channel in an inside-out patch
configuration showed abolished ACh-induced inhibition on addition of 1uM U-
73122, a PLC blocker (Xi et al. 1999). Xie et al. (1999) also investigated the effect of
PLC-receptor-mediated inhibition when PIP; synthesis was blocked. In their
experiments, ACh (10 uM) produced inhibition of K s1p current, which recovered after
washout of ACh. On addition of 100 uM wortmannin, an inhibitor of
phosphatidylinositol 3-kinase and phosphatidylinositol 4-kinase, the Karp current no
longer recovered after the washout of ACh (Xie et al., 1999). Thus PIP, modulates

Katp channel activity.

In another study (Shyng et al. 2000), Kir6.2/SUR1 channels, in inside-out membrane
patches from COSmé6 cells over-expressing PIPs kinase showed a decreased
sensitivity to ATP inhibition. PIP; has been reported to regulate the activity of the Kir
channels, GIRK channels and the Na*-Ca?* exchanger (Huang et al. 1998). Therefore,
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control of cellular function through the modulation of ion channels and transporters
(Xi et al., 2000).

The mechanism by which phospholipids reduce ATP sensitivity to Kap channels is
unclear, but evidence does exist that PIP, and ATP may directly compete for binding
to the Kartp channel (MacGregor et al., 2001). The fluorescent ATP-analogue, TNT-
ATP, has been shown to bind specifically to Maltose binding protein (MBP) fusion
protein of the C-terminus of all of the known K atp channels but not to the C-terminus
of an ATP-insensitive inwardly rectifier K* channel, Kir2.1. They calculated
reduction of total fluorescence (Fr) emitted by binding of the TNT-ATP analogue to
an MBP fusion of the C-terminal of Kirl.1 when PIP, was added. As expected total
TNT-ATP fluorescence increased in a concentration-dependent manner. Addition of
PIP; reduced Frin a concentration-dependent fashion. They also found that increasing
the phosphorylation state of phosphatidylinositol phospholipid enhanced its potency
to compete with TNT-ATP binding to the MBP Kirl.1 C-terminus fusion protein. In
addition, polycations, like neomycin, polylysine and spermine, reversed the PIP;
competition of TNT-ATP binding. Presumably the polycation binds to the negatively
charged phosphatidylinositol phospholipids in the cell membrane and prevents them
from interacting with the Kap channel (Fan et al., 1997). Similar results were seen
when MBP-C-terminus Kir6.2 and Kir6.2A36were used. This study thus suggested
that the COOH-terminus of Katp channels forms a nucleotide and phospholipid
modulated channel gate on which ATP and phospholipid compete for binding
(MacGregory et al., 2001).

Application of MgATP to excised membrane patches has been shown to reverse the
rundown of both native and cloned K atp channels (Xie et al; 1999). PIP; has also
been implicated in this effect (Xie et al; 1999). Magnesium nucleotides interact with
the NBF’s of SUR (Gribble et al; 1998) and most concentrations of MgATP result in
Karp channel inhibition. Since MgATP might act as a PO, donor to produce
phosphorylated phospholipids, MgATP might have an opposite effect on Karp
channel activity, i.e. it might decrease rate of channel rundown, cause reactivation of
the channel after removal of ATP and reduce the channel ATP sensitivity. Song et al.
(2001) examined the effect of 100 uM MgATP on Xenopus oocytes expressing
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(2001) examined the effect of 100 pM MgATP on Xenopus oocytes expressing
Kir6.2/SURI1 and Kir6.2/SUR2A. Application of MgATP to the intracellular
membrane of the excised patch initially inhibited both channels. Inhibition of
Kir6.2/SURI current did not change over the course of a 10 minute exposure to ATP,
whereas there was a gradual decline in ATP sensitivity of Kir6.2/SUR2A current with
time. To test whether the reduction of ATP sensitivity of the Katp channel might be
due to the ATP-dependent generation of PIP,, Song et al (2001) examined the effect
of a PI3-kinase inhibitor (LY294002) on the ATP sensitivity of Kir6.2/SUR2A
currents. Application of 10 pM LY294002 blocked the time-dependent decline in
ATP sensitivity observed for Kir6.2/SUR2A currents and prevented the reduction in
ATP sensitivity produced by preincubation with ATP. To determine the molecular
basis of the differential sensitivity of Kir6.2/SUR1 and Kir6.2/SUR2A current to
phospholipid Song et al., (2001) constructed chimaeras between SUR1 and SUR2A,
and investigated the ability of 100uM MgATP to produce a time-dependent activation
of Katp channels containing chimeric SUR. When the first 6 TMDs of SUR1 were
transferred into SUR2A, the ability of MgATP to stimulate K o1p channel activity was
abolished, suggesting that this region of SUR is critical for the different response of
Kir6.2/SUR1 and Kir6.2/SUR2A channels to MgATP.

1.11. Modulation of K1p channels by phosphorylation

Many ion channels are regulated by protein phosphorylation (Levitan et al. 1994).
Phosphorylation is an event in which an enzyme, a protein kinase, transfers a
phosphate group from ATP to a specific site(s) on the protein. The reverse of this
reaction is called dephosphorylation and requires an enzyme called a protein
phosphatase. Both of these reactions require the hydrolysis of a phosphate bond, so
both reactions are energetically favourable and will take place rapidly provided the
protein kinase or phosphatase is active. The most common mechanisms of
phosphorylation of ion channels are mediated by cyclic AMP-dependent protein
kinase (PKA) and protein kinase C (PKC). The PKA enzyme molecule is a complex
of two regulatory subunits, each binding two molecules of cAMP, and two catalytic
subunits which catalyse the phosphorylation of the substrate protein (Taylor et al.,
1989). The complex is inactive in the absence of cAMP, but dissociates to release the

active catalytic subunits when cAMP is bound. In PKC, the regulatory and catalytic

31



Structural and Phosphorylation Studies of Cardiac K ,rp channels. Harprit Singh

part of the molecule is in different domains of the same protein chain rather than in
separate subunits. The PKC enzyme comprises a highly homologous family of at least
ten isozymes (Newton et al., 1995; Dekker et al., 1994; Mahoney et al., 1995).
Members of the first group of isozymes (a., B I, B II and y) are activated by Ca %*,
phosphatidylserine (PS) and diacylglycerol (DAG), and thus conform to the
conventional classification. Members of the second group (8, €, 1 and 0) are
stimulated by DAG and PS but do not require calcium for activation, and are thus
referred to as unconventional PKC isozymes. Members of the third group (and A) are
stimulated by PS alone and are thus considered atypical PKC isozymes (Newton et al.
1995).

The SUR1/Kir6.2 channel has shown to be phosphorylated by PKA (Béguin et al.
1999). Using incorporation of radioactive **P, both SUR1 and Kir6.2 have been
identified as substrates for PKA phosphorylation. The consensus sites on the Kir6.2
subunit for PKA phosphorylation are Threonine 224 and Serine 372. These two
residues were mutated (T224A, S372A and T224A/S372A) and expressed with SUR1
in Xenopus oocytes and the phosphorylation capacity of the wt and mutant channels
was tested by immunoprecipitation (Béguin et al. 1999). The antibody used was
prepared against an unconjugated 24-mer peptide of the C-terminal region of mouse
Kir6.2. Phosphorylation was carried out on lysed oocytes in the presence of 100pM
[y*2-P] ATP and 50uM cAMP. Béguin et al. (1999) found that after
immunoprecipitation of Kir6.2, an increase in the *’P incorporation upon cAMP
addition was detected in wt Kir6.2. On the other hand, the mutant S372A and the
double mutant T224A/S372A were shown not to be substrates for PKA
phosphorylation, whereas the T224A mutant continued to be phosphorylated by PKA.

These results are summarized in Table 1.5.

A similar approach was used to identify the phosphorylation sites for PKA in human
SURI. Possible sites on SUR1 for PKA phosphorylation are T949, S1446, S1500 and
S1571. Béguin et al. (1999) mutated these residues and expressed the mutants in
oocytes. Both the S1500A and S1446A mutants were phosphorylated to the same
extent as the wt. In contrast, the phosphorylation in the S1571A mutant in response to
PKA was completely abolished (Table 1.5). These results indicated that S372 of
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Kir6.2 and S1571 of SUR1 were directly phosphorylated by PKA as shown in Figure
1.1.

Béguin et al. (1999) then looked at the functional significance of these phosphorylated
sites. This was done by investigating the electrophysiological properties of COS-1
cells expressing wt Kir6.2/SUR1, Kir6.2S372A/SURI1, Kir6.2/SUR1S1571A and
Kir6.2S372A/SUR1S1571A in excised inside-out membrane patches. Results showed
a 2-fold increase in activity for both wt Kir6.2/SUR1 and mutant
Kir6.2/SUR1S1571A after application of the PKA catalytic subunit. In contrast, no
significant increase in activity was observed in Katp channels comprising either
Kir6.28372A/SURI or Kir6.25372A/SUR1S1571A. Béguin et al. (1999), thus
concluded that the Katp channel could be activated by direct PK A-mediated
phosphorylation of S372 in Kir6.2.

A decrease in channel activity was observed after wt were treated with alkaline
phosphatase (dephosphorylation agent). The wt channel displayed a significantly
prolonged burst and cluster duration, whereas no significant change was observed in
the Kartp channel containing the mutant SUR1 (S1571A). From this Béguin et al.
(1999) concluded that the SUR1 subunit displays basal PKA-phosphoryation, which
is dephosphorylated by addition of alkaline phosphatase.

Kir6.1 STIR1
e N N
Mutants, T224A S372A T224A/S372A S1446A S1500A S1571A
Phosphorylation + - - + + -

on addition of
cAMP

Table 1.5 Summary of results obtained from wt and mutant Kir6.2/SURI channel
PKA-mediated phosphorylation (Béguin et al. 1999). Plus signs represent
phosphorylation, whereas the minus signs represent no phosphorylation on addition
of cAMP.

In contrast to the in vitro findings of Béguin et al. (1999), Lin et al. (2000)
demonstrated T224 of Kir6.2 to be the substrate for physiologically relevant PKA
phosphorylation rather than S372. Lin et al. (2000) compared single channel currents

33



Structural and Phosphorylation Studies of Cardiac K 1p channels. Harprit Singh

of wt Kir6.2AC36 and mutant T224A Kir6.2AC36 expressed in HEK293 cells. Mutant
Kir6.2AC36 showed no change in channel activity on treatment with PKA in the
presence of Mg-ATP compared to wt Kir6.2AC36, which showed increased activity.
Lin et al. (2000) suggested that T224 was the phosphorylation site through which
PKA modulated Kir6.2AC36 channel function. The dose-response curves for ATP
inhibition of Kir6.2/SUR1 and mutant Kir6.2T224A/SURI1 channels determined after
stimulating cells with PKA in inside-out patches showed average K; of 10.5uM for wt
channels and 7.2uM for mutant channels suggesting that the T224 phosphorylation
contributes to a reduction of ATP sensitivity for channel inhibition (Lin et al., 2000).

Neither Béguin nor Lin et al., were able to detect protein kinase C (PKC)-mediated
phosphorylation of Kir6.0 or SUR receptor subunits, but there is evidence that PKC-
mediated phosphorylation in human, rabbit, dog and swine ventricular myocytes
activate Ka1p channels (Hu et al. 1996; Liu et al. 1991; Auchampach et al.1993; Van
Winkle et al. 1994). Light et al., (2000) showed PKC-mediated phosphorylation of the
truncated C-terminal inwardly rectifying Kir6.2 subunit, Kir6.2AC26. The mutant
Kir6.2AC26 forms functional K s1p channels in the absence of SUR subunits when the
C-terminal 26 amino acids are removed. The group showed a significant increase in
whole-cell current on application of the membrane permeant phorbol 12-myristate 13-
acetate (PMA; 100nM) in tsA201 cells (an SV40-transformed variant of the HEK293
cell line) expressing the Kir6.2AC26 mutant. Coexpression of either SUR1 or SUR2A
with Kir6.2 in tsA201 cells also yielded currents that were enhanced by PMA, but in
both cases the PMA-induced current was sensitive to glibenclamide. These results
suggested that the stimulatory effect of PKC occurred via the Kir6.2 subunit. A
conserved threonine residue (T180) in the Kir6.2AC26 mutant was determined to be
the main site for PKC-mediated phosphorylation. To test the hypothesis that T180
was necessary for PKC-induced modulation of channel function, the effects of
replacing this residue with alanine (T180A) or glutamate (T180E) in Kir6.2AC26
constructs was examined. In whole cell perforated-patch recordings of cells
expressing Kir6.2AC26 mutant with SUR1, application of 100nM PMA to cells
expressing either the T180A or T180E constructs had no significant effect on current
increments. An M5-FLAG epitope was engineered onto the N-terminus of the

Kir6.2AC26 mutant and the Kir6.2AC26 mutant containing the T180A substitution.
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Membrane protein fractions from cells transfected with either the above two
constructs were subjected to in vitro PKC phosphorylation assays. A phosphorylated
45kDa band was detected in the Kir6.2AC26 mutant, identified in Western blots using
an M5-FLAG antibody (predicted molecular mass of Kir6.2 subunit), whereas the
Kir6.2AC26 mutant with the T180A substitution showed no PKC-mediated
phosphorylation in the corresponding band. Thus, the results revealed that the Kir6.2
subunit is the primary target site for PKC-mediated phosphorylation at residue T180
in Kir6.2/SUR1 channels (Light et al., 2000).

There are several studies that suggest that cardiac Ka1p channels, both in the
sarcolemmal and mitochondria, may be regulated by PKC and play a vital role in
ischaemic preconditioning (Hu et al., 1998; Liu et al., 1998; Sato et al., 1998; Light et
al., 2000). The homologous PKC consensus site is also highly conserved in Kir6.1
(Suzuki et al., 1997), which may form the pore of mitochondria K atp channel, but it is
still not clear whether together both or a particular individual cardiac Katp channel
has a relative importance in the process of ischaemic preconditioning mediated by
PKC (see section 1.12).

1.12. Other modulators of Ks1p channels

1.12.1 Acidic pH

Besides nucleotides, phospholipids and phosphorylation, evidence also suggests that
Katp channels are modulated by acidic pH (Xu et al., 2001; Piao et al., 2001). Piao et
al., (2001) have discovered critical amino acids residues in the N- and C-termini and
M2 region of the Kir6.0 subunit that are required for pH regulation. This was
investigated by constructing chimaeras between the Kir6.2AC36 subunit (activated by
acidosis) and Kirl.1 subunit (inhibited by acidosis) and examination of the effect
hypercapnia (produced by incubating cells with 15% CO,) on whole-cell currents
when the chimaeras were expressed in Xenopus oocytes. Piao et al., (2001) then
examined by mutagenesis which residues within the pH- sensitive regions were
essential for pH regulation. It had been shown that a lysine residue at position 80 in
the N-terminus of Kirl.1 (Tsai et al., 1995) and at position 67 in Kir4.1 is essential for
sensitivity to the inhibitory effect of pH (Yang et al., 1999). At the same position, the
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Kir6.2 subunit has a threonine (Th-71) instead of lysine residue (Inagaki et al., 1995).
Piao and colleagues performed site-directed mutagenesis at this site, mutating
threonine to lysine, and examined whole cell current when cells expressing the mutant
were exposed to 15% CO,, The results showed that the mutant channels became
insensitive to hypercapnia. They then mutated the threonine residue to methionine
(non-polar residue) and serine (polar—neutral residue). Introduction of the methionine
residue reduced pH sensitivity, whereas serine enhanced whole-cell currents under
reduced pH conditions. Thus, Piao et al., (2001) suggested that a polar-neutral residue
at position 71 in the Kir6.2 subunit was necessary for maintaining pH sensitivity.
Similarly, by mutagenesis Piao et al., (2001) discovered a short motif of ~6 amino
acids at the intracellular end of the M2 segment centred by the cysteine-166 and a
histamine residue at position 175 in the C-terminus that were essential for pH

regulation in the Kir6.2 subunit.

1.12.2. Regulation by G-protein-coupled receptors

KaTp channels are also regulated by G-protein-coupled receptors such as galanin
(Dunne et al., 1989), adenosine (Kirsch et al., 1990) and somatostatin (Ribalet et al.,
1995). The G-protein By2 subunit (Gg,2) was shown by Wada et al. (2000) to bind
directly to the SUR subunit of the Katp channel. By expressing Kir6.2/SUR1 and
Kir6.2/SUR2A channels in COS-1 cells, Wada et al. (2000) examined the effect the
Ggy2 protein had on the two channel activities in the inside-out configuration of the
patch clamp technique. Results showed enhancement of Kir6.2/SUR2A channel
activity in the presence of 100uM ATP on the application of intracellular Gg,, that
was abolished as soon as the Gg,, was washed out. A similar result was seen for the
Kir6.2/SUR1 channel, but the pattern of channel activity induced by Gg,, in the
presence of ATP was different for Kir6.2/SUR2A and Kir6.2/SURI channels. Ggy,
increased the burst length, rather than the opening frequency of Kir6.2/SUR2A
channels, whereas Gg,, increased the opening frequency of Kir6.2/SURI channels
without obvious changes in the burst duration. This suggested that the Gg,, -induced
modulation displayed different effects on Katp channel activity depending upon the
SUR subunit. Experiments were then designed to confirm the binding of Gg,, protein
to the SUR subunit. The Kir6.2AC26 (functional Ka1p channel) was expressed alone
and with SUR2A in COS-1 cells and the effect of Gg,2 was examined. Results showed
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cells expressing Kir6.2AC26 alone showed no further enhancement of channel
activity, whereas the Kir6.2AC26/SUR2A channels showed increased activity on

addition of Ggy,, suggesting the involvement of the SUR subunit for Gg,, binding
(Wada et al., 2000).

1.13. Ischaemic Preconditioning

A role for Katp channel regulation has been implicated in ischaemic preconditioning
(IP); an event in which brief periods of conditioning ischaemia paradoxically protect
the myocardium against subsequent lethal ischaemia (Gross et al. 1994). Ischaemic
preconditioning was first reported in dogs (Murry et al., 1986). Anaesthetized dogs
were subjected to four sequential 5-min periods of regional ischaemia, each followed
by reperfusion, before a sustained 40-min ischaemic insult. Murry et al., (1986) found
that the brief ischaemic periods, which were too brief to cause any myocardium
damage, greatly reduced the amount of infarction generated during the subsequent
sustained occlusion. Ischaemic preconditioning has since been shown to reduce
infarct size in every other species tested including rat (Liu et al., 1992), rabbit (Liu et
al., 1991), and pig (Vahlhaus et al., 1996).

Ischaemic preconditioning is a receptor-mediated event, which involves the activation
of various G-protein coupled receptors; one of them being the adenosine A, receptor
(Liu et al., 1991). Ischaemic myocardium rapidly degrades ATP to adenosine, which
accumulates in the tissue. To determine whether adenosine might have an effect on
the preconditioning phenomenon, Liu et al., (1991) administrated adenosine
antagonists to preconditioned rabbit hearts. They found that pre-treatment with a non-
selective adenosine receptor antagonist (PD-115199) blocked protection induced by a
single 5 min cycle of ischaemia and reperfusion before a 30 min occlusion in
anaesthetized rabbits. Experiments showing that the A, receptor selective agonist
(CCPA) but not the A, receptor agonist (CGS-21680) mimicked IP in rabbits

confirmed the activation of A, receptors during IP (Thornton et al., 1992).
In addition to adenosine, the ischaemic heart releases another metabolite, bradykinin.

Infusion of the selective bradykinin B; receptor antagonist (HOE 140) before a single

5-min ischaemic event completely blocked protection in anaesthetized rabbits (Goto
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et al., 1995) suggesting that activation of a bradykinin receptor, as well as the A,
adenosine receptor, can trigger IP. A third trigger of IP, activation of opioid
receptors, has been reported (Huh et al., 2001). Huh et al., (2001) found that a 5-min
exposure to the 8,-opioid receptor agonist,(-)-TAN-67, followed by a 10 min
reperfusion protected cardiac ventricular myocytes isolated from chick embryos
against injury induced by the subsequent prolonged ischemia. Besides the
involvement of these activated receptors in triggering IP, a non-receptor trigger,
oxygen radicals, has also been reported in rabbit heart (Baines et al., 1997). In this
case N-2-mercaptopropionyl glycine, a cell-permeable radical scavenger, completely
abolished protection by IP in rabbit heart (Baines et al., 1997).

It would appear that simultaneous activation of adenosine, bradykinin and opioid
receptors, as well as the release of oxygen radicals during the brief
ischaemia/reperfusion episode, may all contribute to triggering IP. All are thought to
act through a PKC pathway because IP in response to bradykinin (Goto et al., 1995),
adenosine (Sakamoto et al., 1995), opioids (Huh et al., 2001) and free radicals (Baines
et al., 1997), can all be blocked by PKC inhibitors.

1.13.1. Ischaemic Preconditioning and Cardiac Krp channels

Cardiac myocytes contain two ATP-sensitive potassium channels, the sarcolemmal
Katp channel (sarcK atp; Inagaki et al., 1996) and the mitochondria K s1p channel
(mitoK o1p) found in the inner mitochondria membrane (Inoue et al. 1991). The
sarcKatp channel is suggested to be composed of four SUR2A and four Kir6.2
subunits based on the similarity of Katp currents expressed by Kir6.2/SUR2A in
heterologous expression systems (Inagaki et al., 1996). Little is known about the
composition of the mitoK arp channel, however Suzuki et al. (1997) found that an
antibody to a C-terminal epitope of Kir6.1 labelled the inner membrane of
mitochondria in rat skeletal muscle using immunogold histochemistry and Szewczyk
et al. (1997) have described the binding by glibenclamide to a small protein in crude
mitochondria extract, possibly representing all or part of a mitochondrial
sulphonylurea receptor. These observations hint that the mitoK atp channel consists of
a pore-forming subunit with homology to Kir6.1 and an unknown sulphonylurea

receptor subunit. Both of these channels respond to many of the same potassium
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channel openers, such as pinacidil (Critz et al. 1997) and blockers, such as
glibenclamide, however diazoxide opens mitoK a1p channels >1000 fold more potently
than the SarcK atp channel (Garlid et al. 1996). Until recently, the mitoK 1p channel
was suggested to be inhibited specifically by 5-hydroxydecanoate (5-HD; Garlid et
al., 1996; Sato et al. 1998). Recent evidence from Hanley et al., (2002) (discussed
later in section 1.13.1) suggests this might not be the case. The sarcK s1p channel is

selectively inhibited by HMR-1883 (Gross et al. 1999).

Cardiac Ktp channels are thought to play a vital role in ischaemic preconditioning
(IP). Much of the evidence supporting the role of Katp channels in IP is based on
inhibition of the protective effects of both ischaemic and pharmacological
preconditioning by inhibitors of K atp channels (Grover et al., 1997). Administration
of bimakalim and cromakalim before ischaemia can reduce infarct size in dogs (Yao
et al., 1994; Grover et al., 1995). Armstrong et al., (1995) showed that pinacidil could
protect rabbit myocytes against simulated ischaemia. In guinea pig hearts, post-
ischaemic recovery of function was greatly improved by either of the Ktp openers
BMS-180448 or cromakalim (Grover et al., 1995).

A number of groups have provided evidence of the involvement of PKC and Ktp
channels in IP in heart (Liang et al., 1997; Hu et al., 1996; Light et al., 1996). Liang et
al. (1997) used chicken embryo ventricular myocytes to investigate the effects of
hypoxia on myocytes after the addition of adenosine, the PKC inhibitor chelerythrine,
the PKC activator phorbol 12-myristate 13-acetate (PMA) and two Katp channel
blockers, glibenclamide and 5-HD. The percentage of cells killed that were incubated
with 1 uM adenosine prior to a 90-minute period of hypoxia showed a 3-fold decrease
compared to unstimulated cells. A similar effect was seen when 0.1 pM PMA was
added, but the percentage of cells killed and the amount of creatine kinase released
when cells were incubated with PMA and chelerythrine together was greater than the
control. These results suggested a central role for PKC induced IP. When
glibenclamide or 5-HD was added with PMA, cells showed an increase in cell death
suggesting that PKC acts on Katp channels directly or indirectly to activate channels

to bring about IP.
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Hu et al. (1996) has also provided evidence that PKC activates cardiac Katp channels
in rabbit and human ventricular myocytes. This group has shown activation of Katp
current in rabbit myocytes on addition of 0.1 uM phorbol 12,13-didecanote (PDD) in
the presence of 400 pM ATP. Cells showed no spontaneous Kap current in the
presence of 400 uM ATP when exposed to 30 nM bisindolylmaleimide (BIM; PKC
inhibitor), 5 minutes prior to 0.1 uM PDD. Human myocytes behaved similarly when
incubated with 0.1 uM PDD alone and with BIM added. In both rabbit and human
myocytes, the PDD activated Karp current was blocked with 10 uM glibenclamide.

The question still remains concerning whether one or both Ktp channels are involved
in IP. Data may suggest T180 being the target for PKC-mediated phosphorylation in
sarcK ap channels (Light et al., 2000 see section 1.10), but the question whether
Kir6.2/SUR2A channels are involved in IP remains. Originally, it was proposed that
activation of sarcK otp channels caused a reduction in action potential duration,
thereby, decreasing contractility and conserving energy (Takano et al., 1993; Inoui et
al., 1991). Contrary to this, however, it has been shown that cardioprotection
produced by various potassium channel openers can occur without effect on action

potential duration (Yao et al., 1994; Grover et al., 1995).

Some studies suggest that the mitoK ap channel is the key contender in the process of
IP (Liu et al. 1998; Toyoda et al. 2000; Liu et al. 1996), although the physiological
and pathological roles of the mitoK atp channel are not yet very clear. Opening of
mitoK sp channels dissipates-the inner mitochondria membrane potential established
by the F,F; proton pump (Garlid et al., 1996). This dissipation accelerates electron
transfer by the respiratory chain, which leads to net oxidation in the mitochondrial
matrix. It is possible to monitor the mitochondrial redox state by recording the
fluorescence of FAD-linked enzymes in the mitochondria (Chance et al. 1972;
Hajnoczky et al. 1995).

To try to dissect the contribution of the two Karp channels to IP, Liu et al. (1998)
investigated the effect of diazoxide on ventricular myocytes isolated from rabbit heart.
Diazoxide at the time of this study was regarded as a selective mitoK otp channel

opener (Garlid et al., 1996)_ Firstly, to investigate the selectivity of diazoxide towards
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the mitoK e channel, flavoprotein fluorescence and sarcK s1p current in cells exposed
to 100 pM diazoxide and pinacidil (Non-selective KCO) were measured. Reversible
oxidation of the flavoproteins but no activation of sarcK s1p current was observed,
whereas pinacidil induced mitochondrial oxidation and activated sarcK s7p current.
The subcellular site of diazoxide action on rabbit myocytes was further localised by
imaging flavoprotein fluorescence. Fluorescence was low under control conditions,
but exposure to diazoxide increased fluorescence in strips parallel to the myofibril
orientation. Subsequent exposure to dinitrophenol (DNP), a protonophore that
uncouples respiration from ATP synthesis and collapses the mitochondrial potential,
increased fluorescence in these locations even further. Sodium cyanide (CN), which
inhibits the cytochrome oxidase and thus stops electron transfer, reduced fluorescence
to the basal level. Liu et al. (1998) found that the distribution of fluorescence induced
by diazoxide and DNP was as expected for mitochondria, which occupy
approximately 35% of cardiomyocyte volume and are clustered longitudinally

between myofibrils (Sommer et al. 1979).

To test the idea that mitoK o1p channels may play a role in cardioprotection, Liu et al.
(1998) examined the effect of diazoxide in a cellular ischaemic model. Ventricular
myocytes were centrifuged into a pellet to simulate the restricted extracellular space
and reduced oxygen supply during ischaemia. Samples were taken from the pellet at
60 and 120 minute time points and stained with trypan blue solution to test the
osmotic fragility of the membrane (Vander Heide et al. 1990). Cells permeable to
trypan blue were counted as dead. Cells treated with 50 uM of diazoxide 15 minutes
before pelleting showed decreased cell death during simulated ischaemia to about half
of that in the controls (untreated cells). The protection by diazoxide was completely
blocked when cells where treated with 100 uM 5-HD and 50 pM diazoxide together
20 minutes prior to pelleting. From these results, Liu et al. (1998) proposed that the

mitoK ap channels might be the elusive effectors of preconditioning.

In another study, using a similar approach to Liu et al (1998), the effect of a PKC
activator, PMA, on the regulation of the mitoK ap channel on application of diazoxide
was examined (Sato et al. 1998). Flavoprotein fluorescence in rabbit ventricular

myocytes when stimulated with 100 uM diazoxide in the presence of 100 nM PMA
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was measured. Results showed a 2-fold increase in diazoxide-induced flavoprotein
oxidation when the same myocytes were co-stimulated with PMA. Addition of an
inactive compound 4« phorbol (100 nM) in the presence of diazoxide showed no
increase in flavoprotein oxidation. Addition of 5-HD (2 mM) was able to prevent the
diazoxide-induced oxidation, even with a simultaneous application of PMA. These
findings indicated that mitoK srp channels are upregulated by PMA and that the effect
of diazoxide is larger and faster when the PKC activator is applied (Sato et al., 1998).
Sato et al. (1998) also investigated whether sarcK o1p current was induced by
diazoxide and PMA under the same conditions. While they found diazoxide induced
flavoprotein oxidation in the presence of PMA, they could not see an effect on surface
membrane current in the same cell, thus providing further evidence that the oxidative
effect of diazoxide and its upregulation by PKC reflect the selective activation of
mitoKtp channels.

Liu et al (2002) have shown the importance of PKC-¢ signalling via mitoKarp
channels during preconditioning. They showed that treatment with PMA during
ischaemia-reperfusion blocked apoptosis to a similar degree in embryonic chick
ventricular myocytes as did in preconditioning, i.e. three cycles of 1 minute ischaemia
seperaed by 5 min of reoxygenation following 10 hours of simulated ischaemia. The
protection of preconditioning was blocked by specific PKC-¢ inhibition with Go-
6976. The effects of preconditioning were reversed when chick myocytes were
pretreated with 5-HD, whereas transient administration of diazoxide mimicked
preconditioning and blocked apoptosis. The administration of diazoxide also
markedly increased PKC -¢ in particulate fraction, which was detected by
immunoprecipitation the fraction with specific anti-PKC -¢ antibody. The effects of
diazoxide were also blocked with G6-6976 suggesting regulation of mitoKarp
channels mimics the effect of preconditioning to block chick cardiocyte aoptosis via

activation of the PKC -¢ isoform (Liu et al., 2002).

Studies described above (Liu et al., 1998; Sato et al., 1998; Liu et al., 2002) have all
used diazoxide and 5-HD in reporting the involvement of the MitoK atp channel in IP.
However, in the presence of high concentrations of ADP, diazoxide can also activate
sarcK atp channels as well (Matsuoka et al., 2000). Recently, Hanley et al., (2002)
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have shown no effect on mitochondrial membrane potential in isolated guinea-pig
ventricular myocytes with the putative mitoK atp channel opener diazoxide raising
doubt over the involvement of mitoKatp in IP. Diazoxide has been reported to inhibit
succinate oxidation in liver mitochondria (Schifer et al., 1969). More recently,
diaxozide has been shown to decrease the rate of succinate oxidation in heart
mitochondria (Ovide-Bordeaux et al., 2000). To investigate whether diazoxide
specifically targeted complex II, the effects of 100 uM diazoxide on respiratory chain
activity using submitochondrial particles was examined (Hanley et al., 2002). In the
presence of 5 mM succinate, application of 100 pM diazoxide reduced the rate of
succinate oxidation to 55 % of control rate. Diazoxide was also able to reduce
succinate dehydrogenase activity to 58 % of control when the artificial electron
acceptor 2, 6-dichlorophenol-indophenol (DCIP) was used to exclude the possible
involvement of mitoK stp channels in the measurement. The succinate deydrogenase
activity was measured by monitoring DCIP reduction at 578 nm. In conclusion
findings by Hanley et al., (2002) suggest that diazoxide acts independent of MitoK o1p
channels and that these channels may not play an essential role in preconditioning as

other have shown in ischaemia-reperfusion simulated cardiomyocytes.

5-HD is a hydroxy derivative of decanoate and it may be metabolised like other
medium-chain fatty acids in the heart. The ability of acyl-CoA synthetase to
synthesize 5-HD-CoA from 5-HD has been investigated recently by liquid
chromatography-mass spectrometry (Hanley et al., 2002). Using analytical HPLC,
the peaks corresponding to the reactants ATP and CoA but not 5-HD were resolved.
When acyl-CoA synthetase was added to the reaction mixture, new peaks
corresponding to S-HD-CoA and its co-product (AMP) were identified. Electrospray
ionisation mass spectroscopy was used to confirm the production of 5-HD-CoA.
Together these findings suggest that diazoxide and 5-HD have mitoKatp channel-
independent targets with mitochondria. Thus, studies using diazoxide and 5-HD as
pharmacological agents to show a link between IP and the mitoKatp channel may

conversationally be questioned.

Suzuki et al., (2002) have shown that the sarcK orp channel, rather than the mitoKatp

channel, can play a role in cardioprotection against ischaemia/reperfusion in mice.
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The group examined the effect that IP had on infarct size in Kir6.2-deficient
(knockout mice; KO) ventricular cells. Hearts of control wild type (WT-CON) and
KO (KO-CON) mice in situ were exposed keeping the animals under ventilation.
Ischaemia was achieved by ligating the left anterior descending artery (LAD).
Regional ischaemia was confirmed by visual inspection of pale colour in the occluded
distal myocardium. After a coronary occlusion of 45 minutes, release of ligature
permitted reperfusion of the myocardium, which was confirmed by the appearance of
red colour in the previously pale region. Ischaemic preconditioned wild type (WT-IP)
and KO (KO-IP) mice underwent three cycles of 3 minutes of coronary occlusion,
followed by 5 minutes of reperfusion, before being subjected to 45 minutes of
coronary occlusion followed by reperfusion. The infarct (pale) and reperfused (red)
regions were measured by computer analysis of heart slices. The results showed a
lower percentage of infarct size in WT-IP ventricule compared to WT-CON vehicle,
whereas there was no significant difference between the infarct size values of KO-
CON and KO-IP. The MitoK s1p channel function was examined in WT and KO mice
by methods discussed above (Liu et al., 1998). In both WT and KO mice, diazoxide
reversibly induced flavoprotein fluorescence, implying that MitoK o1p channel
function was preserved in KO ventricular cells. From these data Suzuki et al., (2002)
suggested that the sarcK sa1p channel must play a vital role in cardioprotection against

ischaemia.

There is recent evidence from Toyoda et al. (2000) suggesting that both the cardiac
Ktp channel types may play different roles in adenosine-enhanced IP. Toyoda et al.,
(2000) investigated the roles of Katp channels in rabbit heart before ischaemia, during
reperfusion and during ischaemia and reperfusion using the non-specific Kartp channel
blocker glibenclamide, the mitoKatp channel blocker 5-HD and the sarcK atp channel
blocker HMR-1883 to discriminate channel involvement. It was found that the infarct
size was significantly increased in IP hearts treated with glibenclamide before
ischaemia and during reperfusion, and in heart cells treated with 5-HD before
ischaemia. Glibenclamide treatment before ischaemia and during reperfusion showed
significantly decreased functional recovery from IP, whereas cells treated with 5-HD
before ischaemia and during reperfusion had no effect on recovery. Cells treated with
HMR-1883 during ischaemia and reperfusion significantly decreased postischaemic

functional recovery but had no effect on infarct size. From the data, Toyoda et al.,
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(2000) suggested that IP infarct size reduction is modulated by mitoK stp channels
during ischaemia and that functional recovery is modulated by sarcK stp channels

during ischaemia and reperfusion

1.13.2. Involvement of PKC and other Kinases in IP

The majority of studies imply the importance of PKC in activation of cardiac Katp
channel currents during IP, but there is no evidence suggesting the mechanism of
action of PKC on K1p channels. Whether PKC acts directly on K atp channels or via a

cascade of other kinase phosphorylation steps remains to be resolved .«

Experiments by Zhao et al., (2001) showed that adult mice treated with the adenosine
mimetic 2-chloro-N°-cyclopentyladenosine (CCPA) had improved left ventricular
function when subjected to 30 minutes of global ischaemia, which was abolished in
mice treated with a p38-mitogen-activated protein kinase inhibitor (SB-203580) in the
presence of CCPA. Increased phosphorylation of the p38-mitogen-activated protein
kinase (p38MAPK) was discovered in CCPA-treated mice. Zhao et al., (2001) also
demonstrated a block of cardioprotection in CCPA treated mice in the presence of 5-
HD and a decrease in p38MAPK phosphorylation. This data suggested that
p38MAPK is an essential step in mediating the late preconditioning effect due to
opening of the Katp channel, but this study did not show the precise interrelationship
of p38MAPK phosphorylation with the opening of the channel. p38MAPK is member
of the MAPK (Mitogen-activated protein kinase) family, which is activated by
tyrosine receptors and PKC. Phosphorylation of tryrosine-182 residue on p38-MAPK
is required for p38-MAPK activation (Weinbrenner et al., 1997). Western blot
analysis with phosphospecific p38-MAPK (tyrosine-182) antibody showed decreased
phosphorylation during 30 minutes of global ischaemia in non-preconditioned,
isolated rabbit hearts, but phosphorylation was enhanced after 10 and 20 minutes of
ischaemia in preconditioned hearts, with a peak increase of nearly three-fold at 20
minutes. Furthermore blocking CCPA protection with non-specific adenosine receptor
antagonist (SPT) showed no increased phosphorylation of p38-MAPK during
ischaemia (Weinbrenner et al., 1997).

Activation of PKC has been shown to elevate MAPK-activated protein kinase-2
(MAPKAPK-2) activity in neonatal rat ventricular cardiomyocytes (Clerk et al.,
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1998). MAPKAPK-2 is a primary substrate of p38-MAPK (Freshney et al., 1994),
thus it may be possible that during IP, PKC phosphorylates p38-MAPK, which
activates MAPKAPK-2 to target Katp channels. MAPKAPK-2 phosphorylates heat
shock protein 27 (Freshney et al., 1994) but no evidence exists showing the regulation
of Katp channels by MAPKAP-2. This suggests that p38MAPK may exert its
cardioprotection affect by phosphorylating heat shock protein 27, which stabilizes
actin filaments thus maintaining cardiomyocyte integrity.

Besides p38MAPK, c-Jun N-terminal kinase (JNK) and extracellular signal-regulated
kinases 1/2 (ERK1/2), which are also members of the MAPK family, may be possible
kinases to target K atp channels initially following activation by PKC-mediated
phosphorylation. Baines et al., (1998) have shown that activation of JNK mimics
preconditioning in isolated rabbit hearts. The effect that a strong activator of JNK,
anisomycin (Foltz et al., 1998), has on isolated rabbit heart exposed to 30 minutes of
regional ischeamia was examined. Anisomycin (50ng/ml) treatment 15 minutes before
and during 30 minutes of ischaemia reduced infart size to a value similar to that
observed in ischaemic preconditioned isolated rabbit hearts (Baines et al., 1998). Ping
et al., (1998a) have demonstrated recently that transfection of rabbit cardiomyocytes
with the wt cDNA of PKC-¢ induced activation of JNK, whereas the activation of
JNK by coronary occlusion and reperfusion in rabbit hearts was abolished by
chelerythrine (PKC inhibitor; Ping et al., 1998b). However, there is no evidence
suggesting an involvement of ERK1/2 in IP.

The JNK family consists of two isoforms, JNK1 and JNK2, both of which are present
in the heart (Clerk et al., 1998). The p38MAPK consists of 6 isoforms (o, o2, B1, B2,
vy and 8), of which only p38a and P isoforms are expressed in the heart (Sudgen et al.,

1998). Figure 1.4 summarizes the possible events taking place during the exposure of

cells to IP.

Overall, it seems that ischaemic preconditioning involves a complex cascade, which
includes receptors, protein kinases and Kartp channels. Katp channels play an
essential role in this mechanism as they are regarded as possible end effectors. The

activation of the channels is brought about by the release of adenosine, bradykinin,
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opioids and free radicals during ischaemia. Together, they stimulate the phospholipase
C signalling pathway, which in turn activates and translocates PKC to the membrane.
PKC initiates a complex kinase cascade downstream involving tyrosine kinase,
p38MAPK, JNK and possibly ERK1/2, which may eventually activate Katp channels

and other end effectors.

47



Structural and Phosphorylation Studies of Cardiac KAIP channels. Harprit Singh

Short-period ofischaemia activates

!

GPCSR Other receptors ROS generated
i.e A 1 receptor, Opioid receptors,
Bradykinin receptor, tyrosine kinase receptor
adrenergic receptors, etc.

PKC-s
Increase translocation
from cytosol to
membrane

Activation of other Kinases A Activation of Cardiac
p38MAPK, INKI1, ERK1/2 K atp channels

Figure 1.4 Schematic representative o fthe possible events that take place in cardiac
cells during Ischaemic preconditioning. Evidence suggests that during shortperiods
o fischaemia, G-protein- coupled receptors such as adenosine receptors, are activated
due to an increase in extracellular adenosine concentration released after nucleotide
metabolism. Other receptors such as tyrosine kinase receptors and opioid receptors
are activated. There is also an increase production o freactive oxygen species. All of
these have been shown to increase activity o fPKC, which results inphosphorylations
ofcardiac KAIPchannels either directly or possibly via other kinases such as
p3SMAPK, JNKI1 and ERK1/2. Regulation ofthe KAIP channels by PKC contributes

ischaemic preconditioning.
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1.14. Aims

Although studies have implicated the importance of cardiac Katp channels in
ischaemic preconditioning (see section 1.13), the type of Karp channel involved in
this event still remains uncertain. Little is known about the mitochondria Ktp channel
subunit composition, which if known would permit comparison of subunit
phosphorylation of the two types of cardiac Karp channels. Also, the issue of whether
PKC acts directly or via a cascade of protein kinases on cardiac Ktp channels

remains to be investigated.

The main aims of this project were:

‘1) To characterize rabbit antisera raised against epitopes of Kir6.1and Kir6.2,
SUR2A and SUR2B using ELISA, Western blots and immunoprecipitation
experiments on in vitro expressed Kir6.0 and SUR2 polypetides, and by
immunostaining after expression of Kir6.0 and SUR2 isoforms in human
embryonic kidney (HEK 293) cell lines.

2) To localize cardiac Katp channel subunit distribution in cardiomyocytes
and to identify the possible subunit composition of mitochondrial Kap
channels by utilizing characterized antibodies in immunocytochemistry
experiments and Western blots performed on isolated rat cardiac

ventricular myocytes and isolated rat heart mitochondrial fractions.

3) To identify K tp channel subunit substrates for PKA and PKC-mediated
phosphorylation and to confirm the findings of Béguin et al. (1999) that
the Kir6.2 subunit is phosphorylated by PKA but not PKC. In particular, to
examine in vitro phosphorylation of Kir6.1 and Kir6.2 proteins by specific

kinases.

4) To examine K,tp channel subunit phosphorylation events in native tissue
by performing in vivo phosphorylation experiments on 32p_inorganic
phosphate labelled isolated rat cardiac ventricular myocytes and to identify

kinases involved using various kinase inhibitors to inhibit phosphorylation.
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5)

6)

To identify whether serine, threonine or tyrosine residues are
phosphorylated in Karp channel subunits by performing two-dimensional
phosphoamino acid analysis on in vivo phosphorylated samples using

Hunters thin layer electrophoresis apparatus.

To identify the location of phosphoamino acids in Kxtp channel subunits
by chimaera studies and site-directed mutagenasis. A longer-term aim of
this study will be to examine the effect the phosphorylated subunits have
on Ka1p channel activity by comparing electrophysiological properties of

phosphorylated and normal channels.

Harprit Singh
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Chapter 2: Materials and Methods

2.1. Materials

Nuclease-free water was used in the manipulation of DNA; UHQ (ultra high quality)
water for immunocytochemistry and sterile deionised water was used in biochemical
solutions and experiments. The Kir6.0 and SUR2 expression constructs in pBF and
pBFT were provided by Dr. Lodwick. T-tubule marker, anti-IXE11, (Jorgensen et al.,
1990) was a gift from Dr Campbell, University of lowa. Chemicals used in
phosphorylation experiments, phorbol-12, myristate-13 acetate (PMA), 2-chloro-N°-
cyclopentyladenosine (A1 receptor agonist; CCPA), chelerythrine (PKC inhibitor),
SB203580 (p38MAPK inhibitor) and U0126 (MEK1/2 inhibitor), were purchased
from Sigma (UK). Calbiochem supplied the JNK 1 inhibitor. The Kir6.0 chimaeras
were a gift from Dr. H. Kuhlman. Oligonucleotide primers for site-directed
mutagenasis were designed with the help of Dr. Lodwick and supplied and purified by
MWG-Biotech AG.

2.2. Preparation of polyclonal antibodies

Antisera were raised to peptides corresponding to the C-terminal domains of the rat
subunits (Inagaki et al., 1995 and 1996; Isomoto et al., 1996). Peptides were
synthesised according to Atherton and Sheppard (1985) and were composed of the
following amino acid residues: Kir6.1; (C)KVQFMTPEGNQCPSES (residues 409-
424, PNACL, University of Leicester, UK), Kir6.2; (C)KAKPKFSISPDSLS (residues
377-390, Research Genetics Inc. Huntsville, USA), SUR2A;
PNLLQHKNGLFSTLVMTNK(C) (residues 1527-1545, Pepceuticals Ltd., Leicester,
UK), SUR2B; ESLLAQEDGVFASFVRADM(C) (residues 1528-1546, Pepceuticals
Ltd). N- or C-terminal cysteines were added to the peptides to facilitate conjugation to
ovalbumin (Kir6.1) or Keyhole Limpet Haemocyanin carrier protein (Kir6.2,
SUR2A/B) and were not part of the channel subunit sequences. Antisera were raised
against peptide carrier protein conjugates in New Zealand White Rabbits (Kir6.1,
biomedical services, university of Leicester; Kir6.2, Research Genetics Inc.; SUR2A
and SUR2B, Pepceuticals Ltd.). Antibody titre was estimated by ELISA using
microtitre plates coated with 1 pg/ml peptide. Plates were blocked with 0.5 % casein,
10 % calf serum, 0.05 % Tween 20 in phosphate buffered saline (PBS; 40 mM
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sodium phosphate (pH 7.4), 0.9 % NaCl) for 1 h and then primary antisera were
applied at the required dilution for 2 h. Antibody reaction was detected using
sequential incubation (1 h) of swine-rabbit IgG (1:1000 dilution, Dakopatts, UK) and
anti-rabbit peroxidase conjugate (1:1000 dilution, Amersham) in 1 % calf serum, 0.05
% Tween 20 PBS at room temperature. Positive wells were identified by the
development of blue colouration following the application of 10 mg/ml 3,3°,5,5’-
tetramethyl benzidine (Miles, UK) in 0.1 M sodium acetate/citrate (pH 6.0), 0.0045%
H,0,. Between steps wells were washed three times with 0.05 % Tween 20 in PBS.

2.3. Expression of K,1p channel subunits

2.3.1 Transformation of Competent cells

Aliquots (50pl) of Epicurian Coli ® XL-Blue subcloning-grade competent cells
containing pUC18 plasmid (Strategene) were transferred to 15 ml centrifuge tube and
0.1-0.5 ng of the Ka1p channel subunit expression construct was added after the cells
were thawed on ice. These constructs were provided by Dr. D. Lodwick. The mixture
was incubated on ice for 20 minutes, heat pulsed for 45 seconds in a 42°C water bath.
Following 2 minutes incubation on ice, 0.95 ml of SOC medium (20 g tryptone/l; 5 g
yeast extract/l and 0.5 g NaCl/l autoclaved followed by addition of 10 mM MgCl,, 10
mM MgSO, and 20 mM glucose) was added and further incubated for 30 minutes at
37°C. The transformation mixture (200 pul) was then spread onto LB-ampicillin plates
(10g NaCl/l; 10 g tryptone/l; 5 g yeast extract/l; 20 g bactoagar/l and 50 mg of
ampicillin) using a sterile spreader and incubated at 37°C for 12-16 hours. Single
colonies were then used to inoculate 50 ml LB media (0.5 g tryptone/50 ml; 0.25 g
Yeast extract/50 ml and 0.25 g NaCl/50 ml) supplemented with 50 pl ampicillin (100

mg/ml).

2.3.2. Purification of plasmid DNA

Plasmids were purified using the QIAfilter ™ plasmid midi kit (QIAGEN ®).
Bacterial cells, harvested by centrifugation at 6000 x g for 15 minutes at 4°C, were
resuspended in 6 ml buffer P1 (50 mM Tris-HCl, pH 8.0; 10 mM EDTA; 100 pg/ml
RNase A) and lysed with the addition of 6 ml of buffer P2 (200 mM NaOH; 1 % SDS
(wW/v)). The lysis reaction was neutralised by the addition of 6 ml chilled buffer P3 (3
M potassium acetate, pH5.5) and the cell debris filtered away from the cleared lysate
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NaCl; 50mM MOPS, pH 7.0; 15 % isopropanol (v/v)) to remove RNA, proteins, dyes,
and low-molecular-weight impurities. The bound plasmid DNA was eluted in a high-
salt QF buffer (1.25 M NaCl; 50 mM MOPS, pH 7.0; 15 % isopropanol (v/v))
concentrated and desalted by isopropanol precipitation using the QIAprecipitator, and
finally eluted in 500 pl deionised water.

DNA yield was determined by spectrophotometric analysis (see section 2.3.3) and

quality by electrophoresis of a sample on an agarose gel.

2.3.3. Spectrophotometric Analysis

The DNA samples were diluted in 10 mM Tris-HCI, pH 8.0 and the absorbance read
at 260nm after standardized with 10 mM Tris-HCI, pH 8.0. From this reading the
concentration of the DNA sample was calculated.

1 absorbance unit (OD) at 260 nm = 50 pg/ml of double-stranded DNA.

2.3.4. Agarose gel electrophoresis

The DNA samples were run on a 0.8 % Agarose gel (Figure 2.1). Electrophoresis
grade agarose was heated in 1x TAE (40 mM Tris-acetate; 1 mM EDTA) until
molten, cooled slightly and ethidium bromide added to a concentration of 0.5 pg/ml
prior to pouring on to a Perspex gel slab. Ethidium bromide was used to stain the gel
enabling the DNA to be visualised under U.V. light. The DNA samples were mixed
with DNA loading buffer (65 % w/v sucrose; 10 mM Tris-HCI, pH 7.5; 10 mM
EDTA; 0.05 % w/v bromophenol blue) and loaded onto the solidified gel slab. The
gel slabs were run in TAE buffer supplemented with 0.5 pg/ml ethidium bromide at
120V. The size of the DNA samples were estimated by comparison with a 1kb DNA

ladder, which was loaded alongside.
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Figure 2.1. Image ofagarose gel showing purified plasmid Kir6.0 and SUR2 DNA.
Samples were elctrophoresed on a 0.8% agarose gel Lane I corresponds tolpg of
lkb DNA ladder marker; lane 2, 5pg ofKir6.1DNA, lane 3, 5pg o fKir6.2, lane 4,
Sjug ofSUR2A and lane 5, 5pg of SUR2B DNA.
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2.3.5. Proteinase K treated DNA and Phenol Chloroform Extraction

The treatment of DNA with proteinase K is used to digest RNase protein from nucleic
acid solutions. To midi prep DNA samples 200 pg/ml of proteinase K and 0.5 % SDS
was incubated at 50°C for 1 hour. An equal volume of phenol and chloroform (1:1
ratio) was added to the proteinase K treated DNA mixture and vortexed until
emulsion formed. The sample was then centrifuged at maximum speed in a desktop
microcentrifuge for 1 minute at room temperature. The aqueous phase was removed
for a second extraction with chloroform to remove traces of phenol and protein. After
vortex and centrifugation, the aqueous layer was transferred to a fresh sterile
microcentrifuge tube. The aqueous layer was incubated with ethanol for 12-16 hours
at -20f’C. The DNA precipitate was then recovered from the aqueous solution by
centrifugation at maximum speed in a desktop microcentrifuge at 4°C. Recovered

DNA pellet was resuspened in nuclease-free water.

The purified DNA yield was determined by spectrophotometric analysis as discussed

in section 2.3.3.

2.3.6. Invitro translation

Purified DNA at 4 pg per reaction was transcribed and translated in the TNT rabbit
reticulocyte lysate Quick coupled transcription/translation system (Promega), in the
presence of 0.74 MBq [3°S]-methionine (Amersham; SJ1015) and canine pancreatic
microsomal membranes (Promega). The reactions were incubated at 30°C for 90 min.
Reactions werel analysed on 7.5 % polyacrylamide gel and exposed to Kodak film
(Section 2.4).

Unlabelled samples used for in vitro phosphorylation experiments (section 2.13) were

translated with 1 mM methionine instead of [*°S]-methionine.

2.4. Electrophoresis

Polyacrylamide mini gels were poured and left to set prior to electrophoresis of
samples. Samples were left to denature in denaturing buffer (220 mM sucrose, 2%
sodium dodecyl sulphate (SDS), 6 mM dithiothreitol (DTT), 62 mM Tris-HCI (pH
6.8), 0.001 % bromophenol blue stain) for 20-25 minutes before electrophoresis with

55



Structural and Phosphorylation Studies of Cardiac K ,rp channels. Harprit Singh

high and low protein standards (Sigma; SDS-8H and SDS-7) on a polyacrylamide gel
in electrophoresis buffer (25 mM Tris; 192 mM Glycine; 0.1 % SDS). The gels were
electrophoresed for 1 hour at 120 volts using power pack 300 (Bio-Rad).

Components Separating  Stacking Gel
7.5 % gel
Acrylamide 2.5ml 0.5 ml
Seperating buffer (1.5 M Tris-HCI pHS.8; 2.5ml -
0.4 % SDS)
Stacking buffer (0.5 M Tris-HCI pH8.8; - 1.25 ml
0.4 % SDS)
Water 4.98 ml 3.21 ml
Ammonium peroxidisulphate 60 pl 60 pl
N,N,N’,N’-Tetramethylethylenediamine (TEMED) 14 pl 20 ul

Table 2.1. Recipe for pouring 7.5 % polyacrylamide mini gels

Protein standard lanes were stained in Fairbanks 1 stain (140 mg/1 each of G250/R250
Coomassie blue stains, 25 % propan-2-ol, 10% acetic acid). The main portion of the
gel was fixed in 50 % methanol, 10 % glacial acetic acid solution for 30 min, treated
with 1 % methanol, 1 % acetic acid and 7% glycerol solution for 5 minutes and 0.1 M
salicylic acid for 30 min before being vacuum dries at 80°C for 2 h. The dried gel was
placed against Kodak X-ray film (F-5513; Sigma) and stored at —70°C, for 16-48 h,

before development of the film.

2.5 Immunoprecipitation of in vitro translated K,rp channel subunit proteins

In vitro translated K otp channel subunit proteins (5-10 pl) were treated with an equal
volume of 2% Triton X-100, 20 mM Tris-HCI (pH 7.5) for 15 min at 4°C. After
centrifugation at maximuni in a desktop microcentrifuge, the supernatant was
incubated for 16 hours at 4°C with 1 pl of anti-K s1p channel subunit antiserum in a
final volume of 100 pul made up in 20 mM Tris-HCI (pH 7.5), 10% bovine serum
albumin, 500 mM KCl. Protein antibody complex was immunoprecipitated by the
addition of 5 mg protein A-Sepharose CL-4B (P-3391; Sigma) with 2 hours
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addition of 5 mg protein A-Sepharose CL-4B (P-3391; Sigma) with 2 hours
incubation at 4°C. The precipitate was centrifuged at 5000 x g in a desk top
microcentrifuge and washed 3 times in 0.1 % Triton X-100, 20 mM Tris-HCI (pH
7.5). The protein/antibody complexes were recovered by the addition of denaturing
buffer and centrifugation at 5000 x g. Supernatants were heated to 95°C for 5 min
before electrophoresis on a 7 % polyacrylamide mini gel. Gels were electrophoresed
for 1.5 h at 120 V with one lane containing 1 pg/ml protein molecular weight
standards (section 2.4). The dried gel was placed against Kodak X-ray film (F-5513;
Sigma) and stored at —70°C, for 16-48 h, before development of the film. Controls
included omission of primary antibody, use of non-specific antibodies and
preabsorption of antibody solutions with 10 pg/ml of the specific or non-specific

antigenic peptides for 16 h at 4°C.

2.6 Tissue culture

A human embryonic kidney (HEK 293) cell line stably expressing Kir6.2/SUR2A (a
gift from Dr. Andrew Tinker, UCL, London, UK) and HEK 293 cell line stably
expressing SUR2A were transfected with Kir6.1 alone and Kir6.1with SUR2B cDNA
by Richard Rainbow using the technique described below. These cells were used for

immunocytochemistry experiments to characterize the antibodies.

HEK 293 cells were cultured in Minimal Eagles Medium with Earl’s salts (MEM-
ES), also containing 10% Foetal Calf Serum (FCS) and 10mM L-glutamine (all from
GibcoBrl). The antibiotics Zeocin (717 pg/ml) (Invitrogen) and G418 (310 pg/ml)
(GibcoBrl) were also included in the medium for selection purposes. Cells were used
between passages 12 — 22. Cells were prepared for transfection by aspirating the
growth medium and incubation in trypsin-EDTA (GibcoBrl) for 5 minutes at 37°C.
Cells were re-suspended in 10ml PBS (GibcoBrl) and centrifuged for 3 minutes at
1000 x g. The supernatant was removed and the cells washed, spun and then re-
suspended with 5ml full growth medium. Two millilitres of the cell suspension was
used to re-seed a flask for growth; the rest was split into 35mm tissue culture dishes
for transfection. FuGENE6™ (Roche) was used as a transfection reagent for the
cDNA containing the SUR2A fragments, in accordance with the manufacturers
guidelines. Briefly, 3 pl of FuGENE6™ was added to MEM-ES in order to give a
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FuGENE6™ and then incubated for 20 minutes. The transfection solution was then
added drop-wise to the cells in the tissue culture dish and incubated at 37°C in 95 %
04/ 5 % CO, for 48 hours before use.

2.7 Isolation of single ventricular myocytes

Isolated rat cardiac myocytes were prepared as previously described (Mitra & Morad,
1985; Lawrence & Rodrigo, 1999) with the assistance of Dr. C. Lawrence and Dr. D.
Hudman. In brief, adult male Wistar rats (300-400g) were sacrificed by cervical
dislocation. The heart was excised, attached to a Langendorff column and perfused
(10 ml/min) in a retrograde manner with Ca**-free Tyrode’s solution (135 mM NaCl,
5 mM KCl, 0.33 mM NaH;PO4, 5 mM Na-pyruvate, 10mM glucose, 1 mM MgCl,, 10
mM HEPES, pH 7.4 with NaOH) maintained at 37°C and equilibrated with 95% O,,
5% CO; for 5 min and then perfused with a recycling enzyme mixture (30 pg/ml
collagenase (Type I), 20 pg/ml protease (Type XIV) and 50ug/ml BSA, in Ca**-free
Tyrode’s solution) for 8-15 min. Ventricles were cut into small pieces and cells
removed by mechanical agitation in 10 ml normal Tyrode’s solution (Ca**-free
Tyrode’s solution containing 2 mM CaCl,). The isolated cells were washed twice in
normal Tyrode’s solution before suspension in 10ml of normal Tyrode’s solution
containing 200 pl of Penicillin-Streptomycin (Sigma; P0906) and stored at 10°C for a
maximum of 12 hrs. Typically, there was a 70-90 % yield of quiescent, rod-shaped

myocytes.

2.8 Immunocytochemistry

Coverslips (25 mm) were washed with a 1:1 mixture of chloroform and methanol,
rinsed once with water, soaked in 0.01 % poly-L-lysine (Sigma) and dried 12-16
hours prior to fixation of cells. HEK 293 stable cell-lines or isolated rat ventricular
myocytes were adhered to the glass coverslips at 4°C for 20 min and the cells fixed in
2 % paraformaldehyde at room temperature for 10 min. The fixative was removed and
100 mM glycine added to quench the paraformaldehyde for 10 min. Cells were treated
with permeabilisation solution (0.1 % Triton X-100 in PBS; 2.7 mM KCI, 15 mM
potassium phosphate, 137 mM NaCl, 8 mM Na phosphate) for 10 min. Finally, the
cells were washed 3 times in PBS for 5 min and stored at 4°C for 12-16 h in PBS.
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Cells were incubated for 30 min with antibody-diluting buffer (2 % goat serum, 1 %
bovine serum albumin (BSA), 0.05 % Triton X-100 in SCC; 150 mM NaCl, 15 mM
Na citrate). Antibody diluting buffer was replaced with the same buffer containing
primary antibody (anti-Kir6.0 or anti-SUR2 antibodies) at 1:250 or 1/500 dilutions
and incubated for one hour at room temperature. Cells were washed for 10 min in
0.05 % Triton X-100 in SCC and then incubated with anti-rabbit IgG fluorescein
isothiocyanate (FITC) conjugate (F-0382 Sigma). After three 10 min washes, cells
were viewed with a confocal dual laser-scanning microscope at a wavelength of
488nm (see section 2.8).

A mitochondrial tracker, Mitofluor red 589 (Molecular probes; M-22424), and a T-
tubule marker, monoclonal antibody IXE11; raised in mouse (Dr K.P.Campbell;
Universirty of lowa), were used to determine the colocalization of Kir6.0 and SUR2
subunits in stained cardiac myocytes. The T-tubule specific antibody was applied with
the primary anti-K s1p channel subunit antibodies at 1:250 dilutions on the same cells
and analysed with confocal microscope simultaneously using anti-mouse IgG
rhodamine (TRITC) conjugate (T-7782 Sigma) secondary antibody at a wavelength of
525nm at 1/1000 dilution. Cells incubated with anti-Kir6.0 and anti-SUR2A were also
incubated with 100 nM Mitofluor 589 in PBS for 10 minutes and analysed on the
confocal microscope at 580 nm wavelength. Thus, in each case two images of the
same cells, one of the stained primary antibody and the other of the stained

colocalization marker, were recorded and analysed.

2.9 Confocal Microscopy

Myocytes were examined using a laser scanning confocal microscope (Perkin-Elmer:
Ultra-View™) and imaged using an inverted Olympus oil-immersion objective (x 60)
with the assistance of Dr. D. Hudman. Confocal emission fluorescence was captured
at wavelengths < 580nm. Images were transferred to a cooled frame transfer CCD
camera as full frame images (1392 x 1040 pixels). An acquisition rate of ~ 1 frame
per second with 300 ms exposure, binning of pixels 2 x 2 with a 4 s lapse between
images was used for all experiments. The readout of images was digitized at 12 bits
with data extracted off-line, from the images, using the Ultra-View™ software

(Perkin-Elmer). All images were analysed using a background subtraction method
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off-line. The background was defined as a region of interest (ROA) proximal to the
cell and subtracted automatically from subsequent images.

Data acquisition, image processing

Confocal image processing was performed using the Ultra-view software (v4.0)
(Perkin Elmer). All data was exported as an ASCII text file. As a device to represent
distribution of fluorescent intensity throughout the cells, data were presented as a line
created from one image drawn either horizontally or vertically through the confocal
plane. The line graph represents the colour coded fluorescent profile from the whole

cell area defined off-line from the confocal images.

Colocalization analysis

Colocalization analysis calculated both the correlation and the colocalization between
two images. The two images were mapped to remove the background signals and the
images combined to a single colour image. Two forms of results were generated.

The colocalization correlation analysis took into account the intensity of signal within
individual pixels, as well as its x, y coordinates. The percentage colocalization was
based only on cell area defined off-line from the confocal images, i.e. whether there
was any signal from each component in each pixel.

The correlation between the two images image 1 and image 2 was then calculated as

*
follows: C = -—-—q;—?——z— where: C= correlation, a= Image 1-Image 2,
a*b

b= Image 2- Image 1 and * = x.

2.10 Isolation of mitochondria fraction from rat heart

Sprague-Dawley rats (250 g) were killed by cervical dislocation following a Schedule
1 procedure. Hearts were removed into 10 ml ice-cold homogenisation buffer (300
mM sucrose, 0.2 mM ethylenediamine tetraacetic acid (EGTA), 5 mM Tris-HCI (pH
7.5)), cut into small pieces and homogenised in a Potter-Thomas homogeniser. The
homogenate was centrifuged at 760 x g for 10 min and the supernatant removed. The
nuclei pellet was resuspended in homogenisation buffer and recentrifuged. The two
supernatants were combined and centrifuged at 8740 x g for 10 min. The pellet was

resuspended in 1 ml homogenisation buffer and layered onto a discontinuous Percoll

60



Structural and Phosphorylation Studies of Cardiac K 1p channels. Harprit Singh

gradient consisting 8 ml each of 60 %, 30 % and 18 % Percoll in homogenisation
buffer (Santos et al., 1998). After centrifugation at 8740 x g for 10 min, the 30 %/60
% interface containing mitochondria was collected, diluted 10-fold in homogenisation
buffer and centrifuged at 6800 x g for 10 min. The pellet was resuspended in 220 mM
mannitol, 68 mM sucrose, 2 mM NaCl, 2.5 mM H,KPOy4, 0.5 mM EGTA, 2 mM
MgCly, 5 mM pyruvate, 0.1 mM phenylmethylsulphonyl fluoride, 1 mM dithiothreitol
and 1 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-NaOH
(pH 7.4).

Cytochrome ¢ Oxidase Assay

The mitochondria fraction, 18-30% fraction and aliquots from other subcellular
fractibns, supernatant, nuclei fraction and homogenate, were analysed for cytochrome
C oxidase activity (marker of mitochondrial inner membrane) as described by

Cooperstein et al. (1950).

In this assay, the decrease in absorbance of cytochrome ¢ oxidase (in mitochondria
fraction) at 550 nm coupled to the oxidation of cytochrome ¢ was measured.
Cytochrome c (Sigma; C-7752), 6mg (17 uM), was dissolved in 30 mls of 30 mM
NaH,PO4 pH 7.4 with NaOH. Freshly prepared sodium dithionite (100 pl from a
stock solution of 1.2 M) was added to cytochrome ¢ solution and was shaken
vigorously for 2 minutes to remove excess of dithionite. To 1 ml of cytochrome ¢
solution 20 pl of subcellular fractions (1/50 dilution) were added and absorbance was

measured at 15 s intervals.

The purity of the mitochondrial fraction was also determined from rest of the
subcellular fractions by performing Western blots (Section 2.10) with an anti-
cytochrome C polyclonal IgG antibody (Santa Cruz; H-104) and concanavalin A
horseradish peroxidase conjugate (ICN; 153246).

2.11. Determination of Protein Concentrations
The protein concentration of the various subcellular fractions was determined using

the Bradford assay (Bradford, 1976) also known as the Bio-Rad assay. The

absorbance at 595 nm (Asgs) was measured for known concentrations of bovine serum
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albumin (BSA) samples ranging from 0 to 20 pg on addition of 1 ml Bio-Rad Protein
Assay Dye Reagent Concentrate (425 ml water; 15 ml 95 % ethanol; 30 ml ss %
phosphoric acid; 30 ml Bradford stock solution (100 ml 95 % ethanol; 200 ml ss %
phosphoric acid; 350 mg Serva Blue G dye)). The standard curve showing the
relationship between Asos and amount of BSA in pg was constructed to determine
protein concentrations after measuringAsos of samples containing 1to 5 pi of

unknown protein as shown in graph > .1.

Standard Bradford Assay Curve

Amount of BSA in mitochondrial sample = 3

0.6
Volume ofmitochondrial in sample = 2.5 pi
« 05
Concentration of protein in mitochondrial
£ 04 sample = 3/2.5 = 1.2 pg/pl
£ 03

Concentration of protein in mitochondrial
sample = 5/5 = 1 pg/pl

5 10 15 20 25

Concentration of BSA (micrograms)

Graph 2.1. Relationship between A sss and amount o fBSA in jag

The concentration of BSA corresponding to the absorbance value ofmitochondria
sample that intersect the standard curve were divided by the mitochondria volume in
that sample to calculate the protein concentration. The average protein concentration

from the mitochondrial samples gave the overall estimate.
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2.12 Western blotting

Twenty-five microlitres of in vitro translated subunit protein reactions (section 2.3),
cardiac myocytes (section 2.7) or rat heart isolated mitochondria fractions (section
2.10) were denatured and electropheresed (section 2.4). Protein was transferred to
nitrocellulose membranes (Hybond-C Super, Amersham) with a wet-blot technique
(Towbin and Gordon 1984) as described below.

The nitrocellulose membrane was incubated for 10 s in methanol, followed by 5
minutes in water and finally 30 minutes in blotting buffer (0.2 M Glycine; 25mM
Tris; 10 % methanol) prior to the electrophoresis with separated protein
polyacrylamide gel. The protein gel was placed in blotting cassettes covered with
Whatman 3mm paper. The nitrocellulose membrane was placed on top of the gel. The
cassettes were then placed in Western blotting tanks and electrophoresed for 2 h at
150 mA in blotting buffer.

Membranes containing protein standards were cut and stained with amido black stain
(0.1 % amido black stain, 45 % methanol, 10 % acetic acid) and destained in destain
buffer (90 % methanol; 2 % acetic acid; 8 % water). Membranes for immuno-
detection were incubated with 10 % dried milk in overlay buffer (10 mM Tris-HCl
(pH 7.5), 0.9 % NaCl, 0.05 % Tween 20). Individual lanes were isolated in a
Decaprobe (Hoefer Scientific Instruments, San Francisco, USA) and treated with anti-
Katp channel subunit antiserum diluted 1:250 in dried milk solution for 16 h at 4°C.
The membrane was washed with 10 mM Tris-HCI (pH 7.5), 0.9 % NaCl, 0.05 %
Tween 20, 0.25 % N-lauryl sarcosine, 0.25 % nonidet P40 and incubated with
horseradish peroxidase conjugated anti-rabbit immunoglobulin (Sigma; A-9169) for 2
h at room temperature. After washing, photoluminometric detection was with Western
blot reagent ECL (Amersham; RPN 2106) and data were recorded on Kodak X-ray
film.
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2.13 In vitro phosphorylation

2.13.1. Phosphorylation with Protein Kinase A: In vitro translated Kir6.0 proteins

(10 pl) were incubated with 0.37MBq [y->P] ATP, 100 pM ATP, 50mM Tris-HCI pH
7.5, and 4 pg/ul of PKA from bovine heart (Sigma P5511), to give a final volume of

50 pl, at 30°C for 30 min. Negative controls contained no kinase in the reaction.

2.13.2. Phosphorylation with Protein Kinase C: In vitro translated Kir6.0 proteins,
chimaeras and mutants (section 2.16) were incubated at 30°C for 30 minutes with
0.37MBq [7-32P] ATP, 100 pM ATP, 10 pl PKC coactivation buffer (1.25 mM
EGTA; 2 mM CaCly; 0.5 mg/ml BSA), 10 ul PKC activation buffer (1.6 mg/ml
phosphatidylserine; 0.16 mg/ml diacylglycerol; 100 mM Tris-HCI pH 7.5; 50 mM
MgCl,) and 3.5 pg/ml of PKC all isoforms from rat brain (Calbiochem; 539494).

In each case, phosphorylated reactions (5 pl) were denatured on addition of
denaturing buffer and heated to 95°C for 5 minutes before electrophoresis on a 7%
polyacrylamide gel (section 2.4). The dried gel was placed against Kodak X-ray film
(F-5513; Sigma) and stored at —70°C, for 5-12 h, before development of the film.

2.13.4. Immunoprecipitation of in vitro phosphorylated samples

The phosphorylated reactions were split in half and incubated with equal volume of 2
% TritonX-100 in 20 mM Tris-HCI, pH 7.5 for 15 minutes at 4°C before

immunoprecipitating with the anti-Kir6.0 antibodies as described in section 2.4.

2.14. In vivo phosphorylation

Approximately 1x 10° rat isolated cardiac myocytes per reaction were washed twice in
phosphate-free medium (PO, -free normal Tyrode’s solution) before suspending cells
in 2ml of phosphate-free media. The ATP pools of the suspended cells were then
labelled with 1mCi of [**P] inorganic phosphate (Amersham; PBS 13) for 2-3 hours at
room temperature. Labelled cells were then stimulated with various agonists and
inhibitors alone or in combination as shown in Table 2.2 for 30 minutes at room

temperature.
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Agonist (concentration, uM) Inhibitors (uM)
Phorbol 12-Myristate 13-acetate (50) -
Adenosine (1000) -
Adenosine (10) -
Forskolin (100) -
CCPA (10) -
CCPA (10) Chelerythrine (100)
CCPA (10) SB203580 (100)
CCPA (10) U0126 (100)
CCPA (10) JNK1 inhibitor (100)

Table 2.2 Stimulation of isolated rat cardiac myocytes with protein kinase

modulators and inhibitors

The **P cell medium was then removed and cells were washed twice with phosphate-
free medium before being lysed with 500 pl cold lysis buffer (50 mM Tris-HCI pH
7.5, 1 mM EDTA, 1 mM EGTA, 1 % TritonX-100, 1 mM sodium orthovanadate, 10
mM sodium glycerophosphate, 50 mM sodium fluoride, 5 mM sodium
pyrophosphate, 0.27 M sucrose, 0.1 % B-mercaptoethanol and 0.1 % protease
inhibitors cocktail set IIT (Calbiochem; 539134)). The lysed cells were centrifuged at
maximum speed on desk-top microcentrifuge at 4°C for 5 minutes and recovered
supernatants were immunoprecipitation with 4 pl of anti-Kir6.0 and anti-SUR2

(section 2.5).

Immunoprecipitated samples were electrophoresed on 7.5 % polyacrylamide gel
(section 2.4). The dried gels were placed against Kodak X-ray film (F-5513; Sigma)
and stored at —70°C, for 2-6 h, before development of the film.

2.15 Two Dimensional Phosphopeptide analysis
The precise location of phosphorylated amino acid residues from in vitro translated
Kir6.0 polypeptides stimulated with PKA and PKC in the presence of [y-*P] ATP

after immunoprecipitation with specific antisera were detected using thin layer
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electrophoresis (first dimension: Hunters thin layer electrophoresis apparatus (HTLE-
7000)) and thin layer chromatography (second dimension).

2.15.1. Elution of phosphorylated polypeptides from polyacrylamide gel
Phosphorylated polypeptides were resolved by 7% polyacrylamide mini-gel (section
2.4). Gels were dried and exposed to Kodak film for 12 hours. Identified **P-labelled
polypeptide bands were cut out from the gel and rehydrated in 400 pl freshly prepared
50 mM ammonium bicarbonate, pH 7.3-7.6 for 5 min at room temperature. The gel
pieces were ground until they could be passed through 200 ul disposable tips. The gel
suspensions were transferred to screw-cap microcentrifuge tubes. Previous tubes
containing residual gel bits were washed with 2 volumes of 250 pl of ammonium
bicarbonate and transferred to the tubes containing the gel slurry. To the gel slurry
tubes, 50 ul of B-mercaptoethanol (Sigma) and 10 pl of 10 % SDS was added and
boiled for 5 minutes before incubating at room temperature while shaking for 12-16
hours. The suspension was then vortexed and centrifuged at 5470 x g at room
temperature for 5 min. The supernatant was recovered and transferred to a fresh tube
and left to chill at 4°C.

2.15.2. Precipitation of eluted **P-labelled polypeptide

To concentrate the phosphorylated polypeptide, 15 % of ice-cold trichloroacetic acid
(TCA) was added to the chilled elute and left to incubate at 4°C for 60 min. The TCA
precipitate was collected by centrifugation of the elute in a micro-centrifuge for 10

min at 4°C. Tﬁe precipitate was washed with ice-cold ethanol and left to air-dry.

2.15.3. Oxidation of Eluted **P-labelled polypeptide

Oxidation of polypeptides prevents artefactual separation of oxidation isomers during
chromatography. Thus the precipitate was dissolved in 50 pul of ice-cold performic
acid (900 pul formic acid + 100 ul hydrogen peroxide; incubate at 37°C for 60 min
before placing on ice) and oxidized at 0°C for 60 min. After oxidation 400 pl

deionised water was added to dilute the performic acid and lyopholized using a
freeze-drier (Edward’s Modulyo model).
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2.15.4. Proteolytic Digestion of **P-labelled polypeptide

The polypeptides were digested using trypsin. Trypsin specifically hydrolyses peptide
bonds at the carboxylic sides of lysine and arginine residues. Oxidized polypeptide
recovered from lyopholization was resuspended in 50 pl of 50 mM ammonium
bicarbonate, pH 8.0. Ten microlitres of a stock 1.0 mg/ml solution of TPCK-trypsin
(Promega, V5111) was added to suspension and incubated for 12-16 hours at 37°C.
An additional 10 pl of stock trypsin was incubated with the digest suspension for
another 12-16 hours. After digestion was complete, the samples were washed with
400 pl deionised water, freezed and lyopholized. The digest polypeptide (lyopholized)
was once more dissolved in 400 pl deionised water and relyopholized before
dissolved in 400 pul pH 1.9 buffer (2.5 % formic acid, 7.8 % acetic acid) and freeze-
dried. Finally the pellet was dissolved in 10 pl pH 1.9 buffer and was loaded (200-
1000 counts per minute; cpm) on to a thin-layer cellulose plate (MERCK) with the
marker dye (5 mg/ml e-DNP-lysine and 1 mg/ml xylene cyanol FF solubilized in
water containing 30-50 % (v/v) of pH 4.72 buffer (5 % n-butanol; 2.5 % pyridine; 2.5
% acetic acid)) as shown in Figure 2.2 A.

2.15.5. First Dimension electrophoresis

The TLC plate was dampened with pH 1.9 buffer using a blotter (two layers of
Whatman 3MM paper; as shown in Figure 2.2B), placed on the HTLE 7000 apparatus
and electrophoresis was carried out in the first dimension for 30 min at 1kV. The TLC

plate was air dried for 20 min using a fan.

2.15.6. Second dimension chromatography

A spot of marker dye was loaded to the dried TLC plate in the left margin of the plate
at the same level as the sample origin (Figure 2.2 A). The plate was placed in a
chromatography tank containing Phospho-Chromatography buffer (37.5 % n-butanol;
25 % pyridine; 7.5 % acetic acid) for 8-12 hours to allow the buffer to run to within 1
cm of the top of the plate. The plates were dried in a fume hood and were exposed to

X-ray film for 1-7 days.
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Figure 2.2. A) Location of sample and dye origins for two- dimensional separation of
phosphopeptides on TLC plates. B) Blotter for wetting TLC plates before separation
of digested peptides by electrophoresis in the first dimension at pH 1.9.

2.16. Phosphoamino acid anaylsis

Phosphorylated serine, threonine or tyrosine amino acids were detected in PMA/PKC-
mediated phosphorylation reactions using a two-dimensional Hunters thin layer
electrophoresis apparatus (HTLE-7000). The phosphorylated polypeptide was
resolved by 7% polyacrylamide mini-gel (section 2.4) before transfer to Immobilon
PVDF (polyvinylidene difluoride) membrane (Millipore; IPVH 10) with a wet- blot
technique (Towbin and Gordon 1984, section 2.12). The phosphorylated protein
bands were detected on the membrane by exposing the membrane to X-ray film for 2-
4 hours at room temperature. Identified bands were then cut from the protein
membrane and hydrolysed with 6 M HCI for 12-16 hours at 110°C. Supernatants were
removed from samples after centrifugation at 5000 x g for 5 min and dried using a
freeze-drier (Edward’s Modulyo model). Concentrated hydroylsates were then
dissolved in 10 pl of pH 1.9 buffer (2.5 % formic acid, 7.8 % acetic acid) containing
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15 parts of buffer to 1 part of unlabelled phosphoaminoacid standards (1 mg/ml each
phospho-serine, -threonine and -tyrosine). The pH 1.9 buffer allowed separations of
the phosphoserine from the phosphothreonine and phosphotyrosine in the first-
dimension electrophoresis, whereas pH 3.5 buffer (0.5 % pyridine, 5 % acetic acid)
was used to separate phosphothreonine from phosphothyrosine in the second
dimensional electrophoresis. The two electrode tanks of the HTLE-7000 were filled
with 500mls of pH 1.9 buffer. The marker dye and samples (10-100 cpm) were loaded
onto a thin-layer cellulose (TLC) plate (MERCK) as shown in Figure 2.3A. Four
samples could be analysed on one plate. The TLC plate was dampened with pH 1.9
buffer using a blotter (two layers of Whatman 3MM paper) shown in Figure 2.3B and
electrophoresis was carried out in the first dimension for 20 minutes at 1.5kV. The
plate was dried using a fan for 30 minutes. The buffer in the electrode tanks was
replaced with pH 3.5 buffer and the dried plate was dampened with blotter soaked in
pH 3.5 buffer as shown in Figure 2.3C. The plate was placed on the apparatus rotated
90°anticlockwise to the previous position and electrophoresis was carried out for 16
minutes at 1.3kV. The plate was dried by baking in an oven at 65°C for 10 minutes.
The phosphoamino acid standards were visualized by spraying the dried plate with
ninhydrin solution (Sigma; N0587) and baking at 65°C for 15 minutes. Purple spots
appeared, corresponding to the phosphoamino standards, Figure 2.2A. The
phosphoamino acids were detected by exposing the TLC plate to X-ray film for 2-5
days at -70°C.
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Figure 2.3. A) Locations o fsamples and dye originsfor two-dimensional
electrophoresis ofphosphoamino acids on TLCplates andpositions o fthe migrated
phosphoamino acids after electrophoresis. About 20% o fthe radioactivity migrated
as phosphoserine(pS), phosphothreonine(pT) orphosphotyrosine(pY), the remainder
was present as inorganic phosphate (Pi). B) Blotterfor wetting TLCplates before
separation o fphosphoamino acids by electrophoresis in thefirst dimension atpH 1.9.
O) Dimensions o fblotterfor wetting TLCplates before separation o fphosphoamino

acids by electrophoresis in the second dimension atpH 3.5.
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2.17. Site-directed Mutagenesis

Site-directed mutagenesis was used to mutate serine residues (354, 379, 385, 391 and
397) in the Kir6.1 subunit to alanine residues. The mutants (S354A, S379A, S385A,
S391A and S397A) were expressed and utilised in in vitro PKC-mediated
phosphorylation experiments as described in section 2.13. The QuikChange ™ Site-
Directed Mutagenesis Kit (Strategene) was used to create the mutations as described
below in sections 2.17.1 and 2.17.2.

2.17.1 Creating Oligonucleotide Primers
The following complementary oligonucleotide primers were designed:
1. S354A 5'-CGCCAAGATGCGCAGCCCGGGAGCTGG-3'
| 5'-CCAGCTCCCGGGCTGCGCATCTTGGCG-3'

2. S379A 5'-GTCGCACCAGAATGCTCTGAGGAAGCG-3'
5'-CGCTTCCTCAGAGCATTCTGGTGCGAC-3'

3. S385A 5'-GAGGAAGCGCAACGCTATGAGAAGAAAC-3'
5'-GTTTCTTCTCATAGCGTTGCGCTTCCTC-3'

4. S391A 5'-TGAGAAGAAACAACGCCATGAGGAGGAG-3'
5'-CTCCTCCTCATGGCGTTGTTTCTTCTCA-3'

5. S397A 5'-AGGAGGAGCAACGCCATCCGGAGGA-3'
5'-TCCTCCGGATGCCGTTGCTCCTCCT-3'
The oligonucleotides were produced and purified by MWG-Biotech.

2.17.2. QuikChange ™ Site-Directed Mutagenesis reaction

Complementary oligonucleotide primers (125 ng), containing 5 pl 10 x reaction
buffer (100 mM KCl; 100 mM (NH,4),SO4; 200 mM Tris-HCI, pH 8.8; 20 mM
MgSOy; 1 % Triton® X-100; 1mg/ml nuclease-free BSA), 50 ng of WtKir6.1 parental
dsDNA template and 1l INTP mix in a final volume of 50 pl made up with distilled
water were annealed and extended using a thermal cycler (Hybaid). The cycling

parameters are shown in Table 3.2. Pfu Turbo DNA polymerase (1pl) was added to
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the reaction just before starting the thermal cycler. Generation of mutated plasmid
containing staggered nicks was treated with Dpn I restriction enzyme, which was
incubated at 37°C for 1 hour to digest the parental dSSDNA. The new mutated DNA
was then transformed into Epicurian Coli® XL-Blue supercompetent cells and

colonies grown onto LB-carbencillin plates as described in section 2.3.1.

Segment Cycles Temperature Time
1 1 95°C 30 seconds
2 16 95°C 30 seconds
55°C 1 minute
68°C 2 minutes/kb of
plasmid

Table 2.3. Cycling parameters for single amino acid change mutagenasis.
In segment 2 the cycles were adjusted to 16 because this was the parameter required

to obtain a desirable single amino acid mutation.

2.17.3. Mutant DNA sequencing

Miniprep cultures were grown up in 5 ml LB-ampicillin media inoculated from single
colonies after transformation. Mutated plasmid DNA was purified using the Wizard®
Plus SV miniprep kit (Promega). The bacterial culture was harvested by
centrifugation at 5000 x g for 5 minutes. The bacterial cell pellet was then
resuspended in 250 pl Cell Resuspension solution and lysed with 250 pl Cell Lysis
solution. Neutralisation solution (750 ul) was then added, which precipitated the
cellular debris, and the lysate was centrifuged at maximum speed in desktop
microcentrifuge for 10 minutes. The supernatant was then transferred to a spin
column and centrifuged at maximum speed in desktop microcentrifuge for 1 minute
forcing the cleared lysate through and leaving the mutant DNA bound to the column.
The column was washed with an ethanol wash solution, firstly with 750 ul of Column
Wash solution and centrifugation for 1 minute at maximum speed in desktop
microcentrifuge, followed by 250 pl solution centrifugation for 2 minutes. The DNA
was then eluted from the column to a sterilised microcentrifuge tube with 100 pl

nuclease-free water. The DNA was precipitated by ethanol-precipitation. The
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precipitated DNA was recovered by centrifugation at 1 maximum speed in desktop
microcentrifuge for 15 minutes and resuspended in 50 pl of nuclease-free water. The

DNA yield was determined by spectrophotometric analysis as described in section
2.3.3.

Purified DNA plasmids were then sequenced to identify mutants (PNACL, University

of Leicester) prior to in vitro translation.

2.18 Densitometry

Densitometry of in vitro and in vivo phosphorylated polypeptide bands were
performed using the Image Master™ programme (Pharmacia Biotech).
Autofadiographs exposed for 3 hours to dried polyacrylamide gels were scanned
(Sharp JX-330 scanner) and optical density of bands of interest was recorded as

highlighted in the manufactures software manual.
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Chapter 3: Characterization of anti-Kir6.0 and SUR2 Polyclonal

Antisera

3.1 Production of Polyclonal Antisera to K,rp Channel Subunit Isoforms

To provide specific molecular identification of Kir6.0 and SUR2 isoforms in
immunocytochemical and biochemical experiments, a range of polyclonal antisera to
the rat isoforms were generated. The anti-Kir6.1 polyclonal antiserum was raised by
Dr. Robert Norman (Department of Medicine, University of Leicester), the anti-
Kir6.2 polyclonal antiserum was prepared by Research Genetics Inc. (Huntsville,
USA) and the anti-SUR2 polyclonal antisera were provided by Pepceuticals Ltd
(Leicester, UK) against requested target peptide sequences. All four antibodies were
raised using C-terminal domain antigenic peptide-carrier protein conjugates as
described in Materials and Methods (Section 2.2). By utilizing these antibodies on
isolated cardiac myocytes (immunocytochemistry and Western blots) and on purified
heart mitochondria fractions (Western blots), the subunit distribution of cardiac Katp
channels was studied. Katp channel subunit phosphorlation in vitro and in vivo was

also examined with the aid of these antibodies.

Each antibody was shown to recognise immunising peptide in ELISA (Enzyme-
Linked Immunosorbent Assay) which were performed by Dr. Robert Norman
(Department of Medicine, University of Leicester) and binding of each was displaced
from the target antigen by competition with specific antigenic peptide (10 pg/ml) in
ELISA). Competition of antibody binding to the immunising peptide was not
achieved by other non-specific peptides to related or unrelated antigens. In each case,
antisera were shown to be of high titre measured against 20 ng of immobilized

immunising peptide, at least to a dilution limit of 1 x 10*.

3.2 Immunoprecipitation of in vitro Translated Kir6.0 and SUR2 polypeptides
The specificity of anti-Kir6.0 and anti-SUR2 antisera was verified by
immunoprecipitation of [*>S]-methionine labelled Kir6.0 and SUR2 proteins. Katp
channel subunit cDNA’s (Kir6.1, Kir6.2, SUR2A and SUR2B) were expressed in the
TNT rabbit reticulocyte lysate Quick coupled transcription/translation system to
produce proteins labelled with [>>S]-methionine. The reaction with Kir6.2 cDNA
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required canine pancreatic microsomal membranes in order to obtain a high yield of
Kir6.2 polypeptide. Satisfactory expression of all four polypeptides was achieved,
evidenced by migration of major expressed polypeptides at appropriate molecular
weights in 7.5% polyacrylamide gels, i.e. Kir6.1, 48kDa; Kir6.2, 40kDa; SUR2A and
SUR2B, 140kDa (Figure 3.1, lanes 1-4 respectively). An additional band
corresponding to a molecular weight of approximately 130 kDa was also observed in
most Kir6.1 preparations and was assumed to represent a packed tetramer of Kir6.1
subunits. The identity of the polypeptide in this band was not investigated further. The
presence of aggregated material was observed at the top of most resolving gels.
Electrophoresis of protein samples that were denatured without boiling reduced the

amount of aggregation.

Immunoprecipitation of target polypeptides by anti-Kir6.1 and anti-Kir6.2 antisera
was demonstrated (Figure 3.2, lanes 3 and 9) by comparison with in vitro translated
[*°S]-methionine labelled Kir6.1 and Kir6.2 proteins that were electrophoresed
directly under the same gel conditions (Figure 3.2, lanes 1 and 12).
Immunoprecipitation of the Kir6.0 polypeptides was not seen in reactions incubated
with non-specific antisera (Figure 3.2, lanes 4 and 8). Specific immunoprecipitation of
[33S]-methionine labelled Kir6.1 and Kir6.2 proteins was prevented by the
preadsorption of anti-Kir6.1 and anti-Kir6.2 antibody with 10 pg/ml specific
immunizing peptide (Figure 3.2, lanes 5 and 11) but not with non-specific peptides of
related antigens (Figure 3.2, lanes 6 and 10). Similarly, in vitro translated [*°S]-
methionine-labelled SUR2A and SUR2B proteins, separated directly by
electrophoresis (Figure 3.3, lanes 1 and 12), confirmed specific immunoprecipitation
of target polypeptides by anti-SUR2A and anti-SUR2B antibodies (Figure 3.3, lanes 3
and 8). The immunoprecipitation of the target polypeptide was blocked in each case
by preadsorption of the antiserum with specific immunizing peptide (Figure 3.3, lanes
6 and 9) but not with non-specific peptides of related antigens (Figure 3.3 lanes, 5 and
10). Some cross-reactivity between the anti-SUR2A and anti-SUR2B antiserum was
observed, since the antibodies were able to immunoprecipitate small amounts of non-
specific related in vitro expressed proteins (Figure 3.3, lanes 4 and 7). No

immunoprecipitation was observed in negative control reactions in which primary

75



Structural and Phosphorylation Studies of Cardiac KAIP channels. Harprit Singh

antibody was omitted (Figure 3.2, lanes 2 and 7 for Kir6.1 and Kir6.2, respectively;
Figure 3.3, lanes 2 and 9 for SUR2A and SUR2B, respectively)

Molecular

markers kDa

Top

140 kDa
130 kDa

"4 8 kDa
~40 kDa

Kir6.1 Kir6.2 SUR2A SUR2B

Figure 3.1 In vitro translated[35S]-methionine labelled Kir6.0 and SUR2 Kk Atp
channel subunits. Autoradiograph showing electrophoretically separated [335J-
methionine-labelled in vitro translated k arr channel subunitpolypeptides on a
denaturing 7.5%polyacrylamide mini-gel. k ar» channel subunits were expressed
using the SP6 or T7 TNT® quick-coupled transcription/translation kit (Promega)
from cloned cDNAs. The [355]-methionine labelled Kir6.1, Kir6.2, SUR2A and
SUR2B polypeptides migrated with apparent molecular weights o f48, 40, 140 and
140 kDa, respectively. An additional band o fmolecular weight of~ 135 kDa was

observed in most Kir6. I preparations. Aggregated material that did not enter the

gel was often observed. Representative experiment (n = 7).
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Antibody - 6.1 6.2 6.1 6.1 6.1 6.2 62 6.2
(1/250)
Antigen - - 6.1 6.2 - - 6.1 6.2
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Figure 3.2 Immunoprecipitation off3sS]-methionine-labelled in vitro translated
Kir6.1 and Kir6.2 polypeptides. Immunoprecipitatedfractions were electrophoresed
on a 7.5 %polyacrylamide mini-gel. Electrophoresis of in vitro translated [355J-
methionine labelled Kir6.1 and Kir6.2 subunits resulted in bands corresponding to
polypeptides o f48 (130) and 40 kDa respectively, lanes I and 12, which were used
to confirm specific immunoprecipiation o ftarget polypeptides by anti-Kir6.0
antisera. Lanes 2 and 7, contained immunoprecipitationfractions with no primary
antibody; lanes 3 and 8, anti-Kir6.1antibody (1/250 dilution); lane 4 and 9, anti-
Kir6.2 antibody (1/250 dilution); lane 5, anti-Kir6.1 antiserum (1/250 dilution) plus
10 pg/ml Kir6.1 C-terminalpeptide; lane 6, Kir6.1 antibody (1/250 dilution) plus 10
pg/ml Kir6.2 C-terminal peptide; lane 10, Kir6.2 antibody (1/250 dilution) plus 10
pg/ml Kir6.1 C-terminal peptide; lane 11, anti-Kir6.2 antibody (1/250 dilution) plus
10 pg/ml Kir6.2 C-terminal peptide. Representative experiment (n =J).
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®
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In vitro translated SUR2A In vitro translated SUR2B
Antibody 2A 2B 2A 2A 2A 2B - 2B 2B
(1/250)

Antigen 2B 2A 2B 2A
(10 pg/ml)

Figure 3.3 Immunoprecipitation off 55j-methionine-labelled in vitro translated
SUR2A and SUR2B polypeptides. Autoradiograph representsfractions of
immunoprecipitated in vitro translated SUR2A and B separated on a 7.5 %
polyacrylamide mini-gel. Electrophoresis of in vitro translated [255]-methionine
labelled SUR2A and SUR2B resulted in bands corresponding to polypeptides of 140
kDa, lanes 1 and 12, which were used to confirm specific immunoprecipiation of
targetpolypeptides by anti-SUR2A and anti-SUR2B antisera. Lanes 2 and 9,
contained immunoprecipitationfractions with no primary antibody, lanes 3 and 7,
anti-SUR2A antibody (1/250 dilution); lane 4 and 8, anti-SUR2B antiserum (1/250
dilution); lane 5, anti-SUR2A antiserum (1/250 dilution) plus 10 pg/ml SUR2B C-
terminal peptide; lane 6, SUR2A antibody (1/250 dilution) plus 10 pg/ml SUR2A C-
terminal peptide; lane 10, SUR2B antibody (1/250 dilution) plus 10 pg/ml SUR2B C-
terminal peptide; lane 11, anti-SUR2B antibody (1/250 dilution) plus 10 pg/ml
SUR2A C-terminalpeptide. Aggregated material, as observedpreviously (Figure
3.1) was observed at the top ofthe gels. Representative experiment (n = 5).
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3.3 Western blotting of in vitro translated Kir6.0 and SUR2 polypeptides

The antibodies were further characterized by conducting Western blots on in vitro
expressed Kir6.0 and SUR2 polypeptides. Polypeptide bands with similar apparent
molecular weights to in vitro translated Kir6.0 polypeptides were detected when
specific anti-Kir6.1 and anti-Kir6.2 antisera (1/250 dilution) were applied to blots of
target polypeptide subunits, respectively (Figure 3.4, lanes 2 and 7). Specific antibody
binding was abolished by preabsorption of antisera with 10 pg/ml of C-terminal
specific immunizing peptide (Figure 3.4, lanes 4 and 8). Neither, Kir6.1 nor Kir6.2
polypeptide bands were detected when blots were probed with antisera against the
opposite subunit (Figure 3.4, lanes 3 and 6). No immunodetection was observed in
negative control immunoblots, which were probed in the absence of primary antibody

(Figure 3.4, lanes 1 and 5).

Similar results were obtained for anti-SUR2A and anti-SUR2B antibody binding.
Blots of target polypeptide subunits probed with anti-SUR2A and anti-SUR2B
antisera showed the detection of specific polypeptide bands with molecular weights
corresponding to in vitro translated SUR2 (Figure 3.5, lanes 2 and 7). Specific
antibody binding to target subunits on blots was displaced with specific immunizing
peptide (Figure 3.5, lanes 3 and 8). The anti-SUR2 antibodies did not bind to related
(non-specific) subunit blots (Figure 3.5, lanes 4 and 9), suggesting Western blots were
unable to show any cross-reactivity between the anti-SUR2A and SUR2B antibodies.
Negative control immunoblots showed no immunodetection of polypeptides (Figure
3.5, lanes 1 and 6).
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Molecular
Markers (kDa) j = 8

205

116
97

66

48 kDa
40 kDa

45

29

Kir6.1 Kir6.2

Antibody 6.1 6.2 6.1 6.1 62 62
(1:250)

Antigen 6.1 6.2
(10fig/ml)

Figure 3.4 Immunoblot ofin vitro translated Kir6.0 polypeptides probed with anti-
Kir6.0 antibodies. Autoradiograph o fan immunoblot o fin vitro translated Kir6.1 and
Kir6.2 polypeptides probed with subunit specific and unspecific Kir6.0 antibodies.
Antibody binding was detectedphotoluminometrically using an ECL Western blot
detection kit. The blot was exposed tofilm for 30 seconds. The immunoblots were
probed with no primary antibody, lanes 1 and 5; anti-Kir6.1 (1/250 dilution), lanes 2
and 6; anti-Kir6.2 antiserum (1/250 dilution), lane 3 and T; anti-Kir6.1 (1/250 dilution)
plus 10 pg/ml Kir6.1 C-terminalpeptide, lane 4; anti-Kir6.2 (1/250 dilution) plus 10

pg/ml Kir6.2 C-terminal peptide, lane 8 Representative experiment (n = 3).
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Molecular
Markers (kDa)

205
140
116
SUR2A4 SUR2B
Antibody 2A 2A 2B 2B 2B 2A
1/250

Antigen 2A 2B
10 ftg/ml

Figure 3.5 Immunoblot ofin vitro translated SUR?2 polypeptides probed with anti-
SUR?2 antibodies. Autoradiograph ofan immunoblot o fin vitro translated SUR2A and
SUR2B polypeptides probed with subunit specific and unspecific SUR2 antibodies.
Antibody binding was detectedphotoluminometrically using an ECL Western blot
detection kit. The blot was exposed tofilm for 30 seconds. The immunoblots were
probed with no primary antibody, lanes 1 and 6; anti-SUR2A (1/250 dilution), lanes 2
and 9; anti-SUR2B antiserum (1/250 dilution), lane 4 and 7; anti-SUR2A (1/250
dilution) plus 10 pg/ml SUR2A C-terminalpeptide, lane 3; anti-SUR2B (1/250
dilution) plus 10 pg/ml SUR2B C-terminal peptide, lane &8

Representative experiment (n = 3).
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3.4 Immunocytochemistry of HEK 293 cells stably expressing Kir6.2/SUR2A or
SUR2A transiently transfected with additional K,1p channel subunits

Two human embryonic kidney (HEK) 293 cell lines stably expressing Kir6.2/SUR2A
and SUR2A (gift from Dr. Andrew Tinker, UCL, London, UK) were transiently
transfected with Katp channel subunit cDNA’s as described in Materials and Methods
(Section 2.6). Transiently transfected stable cell-lines were then used in
immunocytochemistry experiments to examine the specificity of the rat polyclonal
Kir6.0 and SUR2 antibodies under confocal microscopy. The transfected cell-lines
used are shown in Table 3.1. The cellular localization of transfected K atp channel

subunits in these stable cell-lines was also examined by confocal microscopy.

Stable HEK 293 cell-lines Transfected with cDNA
Kir6.2/SUR2A SUR2B
SUR2A Kir6.1
SUR2A Kir6.1 + SUR2B

Table 3.1.Transiently transfected HEK 293 cell-lines with various subunits of the

K 47p channel used for immunocytochemistry experiments.

No fluorescent emission of HEK 293 cells stably expressing Kir6.2/SUR2A
transiently transfected with SUR2B was detected when cells were probed with anti-
Kir6.1 (1/250 dilutions; Figure 3.6 A). The presence of cells detected on slides under
transmitted light (Figure 3.6 B) implied that the anti-Kir6.1 antiserum showed no
binding to these cells. Even increasing the fluorescent excitation to maximum was
unable to elicit cell-associated fluorescence (Figure 3.6 C). When HEK 293 cells
stably expressing Kir6.2/SUR2A transiently transfected with SUR2B were analysed
with anti-Kir6.2, anti-SUR2A and anti-SUR2B (all at 1/250 dilutions) confocal
images showed cell associated fluorescence (Figure 3.7A, Figure 3.8A and Figure
3.9A respectively), which was blocked on addition of 10 pg/ml of the specific
immunizing C-terminal peptide in each case (Figure 3.7 B, Figure 3.8 B and Figure
3.9 B). Transmitted light images of blocked cell-associated fluorescence were
recorded showing the existence of cells in each case (Figure 3.7 C, Figure 3.8 C and
Figure 3.9 C).
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Anti-Kir6.1

Figure 3.6. Immunostained HEK 293 stably expressing Kir6.2/SUR2A transiently
transfected with SUR2B to establish the absence of non-specific binding of Kir6.1
antibody under confocal microscopy. (A) FITC fluorescence associated with Kir6.1
antibody (1/250 dilution) binding at 488nm. (B) Transmitted light image ofthe same
cells as in panel A. (C) Recording of FITC fluorescence associated cells in panel A
under maximum fluorescent excitation. Horizontal bars = 50 fjm. Representative

experiment (n =2)
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Anti-Kir6.2

Anti-Kir6.2 + Kir6.2 C-terminal peptide Antigen

B C

Figure 3.7. Immunostained HEK 293 stably expressing Kir6.2/SUR2A
transiently transfected with SUR2B to establish specific binding of Kir6.2
antibody under confocal microscopy. (A) FITCfluorescence associated with anti-
Kir6.2 antibody (1/250) binding at 488nm. (B) HEK 293 cell associated FITC
fuorescence probed with Kir6.2 antibody (1/250) + 10 pg/ml Kir6.2 C-terminal
peptide. (C) Transmitted light image o fcells inpanel B.

Horizontal bars =50 pm (n = 2).
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Anti-SUR2A

A

Anti-SUR2A + SUR2A C-terminal peptide

B C

Figure 3.8 Immunostained HEK 293 stably expressing Kir6.2/SUR2A transiently
transfected with SUR2B to establish specific binding of SUR2A antibody under
confocal microscopy. (A) FITC fluorescence associated with anti-SUR2A antibody
binding at 488nm. (B) HEK 293 cell associated FITC fluorescence probed with

SUR2A antibody (1/250) + 70 pg/ml SUR2A C-terminal peptide. (C) Transmitted

light image o fthe same cells as inpanel B. Horizontal bars =50 pm (n = 2)
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Anti-SUR2B

A

Anti-SUR2B + SUR2B C-terminal peptide

B C
Figure 3.9. Immunostained HEK 293 stably expressing Kir6.2/SUR2A
transiently transfected with SUR2B to establish specific binding of SUR2B
antibody under confocal microscopy. (A) FITCfluorescence associated with anti-
SUR2B antibody binding at 488nmm. (B) HEK 293 cell associated FITC
fuorescence probed with SUR2B antibody (1/250) + 10 pg/ml SUR2B C-terminal
peptide. (C) Transmitted light image o fthe same cells as inpanel B.
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Cell-associated fluorescence was also recorded in HEK cells stably expressing
SUR2A transiently transfected with Kir6.1 when incubated either with anti-Kir6.1
(1/250 dilution; Figure 3.10A) or anti-SUR2A (1/250 dilution; Figure 3.11). The
FITC fluorescence associated with anti-Kir6.1 antiserum binding in the cells was
blocked when diluted antiserum was incubated with Kir6.1 C-terminal peptide (10
ng/ml; Figure 3.10 B). The presence of cells in this immunocytochemical reaction
was confirmed by transmitted light recordings (Figure 3.10 C). Specific peptide block
was not performed on cells incubated with anti-SUR2A in this experiment because the
specificity of the SUR2A C-terminal peptide recognition by anti-SUR2A had been
determined already in HEK cells stably expressing Kir6.2/SUR2A transiently
transfected with SUR2B.

As expected incubation of anti-SUR2B antibody (1/250 dilution) with HEK cells
stably expressing SUR2A transiently transfected with Kir6.1 showed no antibody
associated fluorescence whatsoever on the cells (Figure 3.12), but when anti-SUR2B
antiserum (1/250 dilution) was incubated with HEK cells stably expressing SUR2A
transiently transfected with Kir6.1 and SUR2B whole cell-associated fluorescence
was observed (Figure 3.12 C) thus confirming specificity of anti-SUR2B. Since the
specificity of the anti-SUR2B antibody towards the SUR2B C-terminal peptide had
been established in HEK 293 stably expressing Kir6.2/SUR2A transiently transfected
with SUR2B, specific peptide block of anti-SUR2B was not performed on HEK cells
stably expressing SUR2A transiently transfected with Kir6.1 and SUR2B. No
fluorescence was emitted from HEK cells stably expressing SUR2A transiently
transfected with Kir6.1 and SUR2B when probed with anti-Kir6.2 (1/250 dilution;
Figure 3.13 A). Transmitted images were recorded confirming the existence of cells in
immunocytochemical reactions where HEK cells stably expressing SUR2A
transiently transfected with Kir6.1 were probed with anti-SUR2B antiserum (Figure
3.12 B) and HEK cells stably expressing SUR2A transiently transfected with Kir6.1
and SUR2B incubated with anti-Kir6.2 antiserum (Figure 3.13 B) thus confirming the

absence of non-specific binding of anti-SUR2B and Kir6.2 antiserum in these cells.
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Anti-Kir6.1

A

Anti-Kir6.1 + Kir6.1 C-terminal peptide

B C

Figure 3.10 Immunostained HEK 293 stably expressing SUR2A transiently
transfected with Kir6.1 to establish specific binding of Kir6.1 antibody under
confocal microscopy. (A) FITCfluorescence associated with anti-Kir6.1 antibody
binding at 488nm. (B) HEK 293 cell associated FITC fluorescence probed with
Kir6.1 antibody (1/250) + 10 fig/ml Kir6.1 C-terminal peptide. (C) Transmitted
light image ofcells inpanel B. Horizontal bars = 50 pm.

Representative experiment (n = 2).
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Anti-SUR2A

Figure 3.11. Immunostained HEK 293 stably expressing SUR2A transiently

transfected with Kir6.1 to establish specific binding ofSUR2A antibody under
confocal microscopy. FITCfluorescence associated with anti-SUR2A antibody
binding (1/250) at 488nm. The specificity o fanti-SUR2A towards its specific C-

terminal immunizing peptide was not done as it was shown in earlier experiments.

Horizontal bar = 50 pm (n = 2)
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Anti-SUR2B

Figure 3.12 Immunostained HEK 293 cells stably expressing SUR2A transiently
transfected with Kir6.1 and the same stable cell-line transiently transfected with
Kir6.1 and SUR2B. (4) Fluorescent image of SUR2A expressing stable cell-line
transfected with Kir6.1 probed with SUR2B antibody (1/250) at 488nm. The
absence o fnon-specific anti-SUR2B binding was observed. (B) Transmitted light
image ofcells inpanel A. (C) Fluorescence image o fstable cell-line transfected
with Kir6.1 and SUR2B probed with anti-SUR2B antibody (1/250) at 488nm.

Horizontal bars = 50 pm. Representative experiment (n = 2).
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Anti-Kir6.2

Figure 3.13 Immunostained HEK 293 stably expressing SUR2A transiently
transfected with Kir6.1 and SUR2B to establish the absence o fnon-specific
binding o fKir6.2 antibody under confocal microscopy. Fluorescent image of
cells probed with anti-Kir6.2 antibody (1/250) at 488nm. (B) Transmitted light
image ofcells inpanel A. Horizontal bars —50 pm (n = 2).
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3.5 Summary
All annsem recognised their respective subunit polypeptides (Kir6.1, 48 kDa; Kir6.2,
40 kDa, SURZA and SUR2B, 140 kDa) in Western blots of in vitro expressed subunit
polypephdw Moreover, all antibodies were shown to immunoprecipitate specifically
35S]-methu)mne-labelled in vitro expressed subunit polypeptides and to bind to HEK
293 cells only when transfected with cDNA encodmg the target polypeptide. In all the
above assays, specificity was confirmed by the demonstration of an absence of direct
cross-reactivity with other subunit polypeptides and/or block of immunoreaction by
preincubation of diluted antisera with the immunizing peptide (10 pg/ml) but not by
thosc deﬁved from related isoforms.
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Chapter 4: Localization of Kir6.0 and SUR2 K, 1p Channel Subunit
Isoforms in Isolated Rat Cardiac Myocytes

(ﬁmeuoml Kxfr ehmnebhas been demonstrated in both cardiac

i’; gak i et al, 1995) and mitochondrial membranes (Inoue et al. 1991).

M mi?hcated the i mportance of cardiac K1p channels in

onditi i g(&ee section 1.13), the type of Katp channel involved in

this Wﬂi remains uncertain. To understand the roles of sarcK atp and mitoK arp

chaﬁgh»_ va myocytes, the molecular composition of each needs to be resolved
ndy, mmized site-directed antibodies against K atp channel subunit

pepnde& mw to investigate the cellular localisation of K 7p channel subunit

isoforms in isolated cardiac myocytes by confocal microscopy and Western blotting

of subcellular fractionations.

-

isch;

4.1 Localization of the Kir6.1 Subunit in Isolated Rat Cardiac Myocytes
Anﬁ~Kixﬁ,l C-terminal antiserum was used to localize Kir6.1 subunit distribution in
fixed and permeabilised myocytes. A strong intracellular signal was observed with
longitudinal streaks of immunofluorescence consistent with an association of this
isoform with myofibril structures within the cells (Figure 4.1-A). Anti-Kir6.1
associated ﬂuotescence was also associated in punctated areas under the sarcolemma.
Pixel ;;mﬁlu taken across stained myocytes also demonstrated high level of anti-
Kir6.1-associated fluorescence associated with internal structures (Figure 4.1-B). The
specificity of anti-Kir6.1 antibody binding to these structures was confirmed by the
abolition of the fluorescence signal after preadsorption of the anti-Kir6.1 antiserum
with 10mg/ml Kir6.1 C-terminal peptide (Figure 4.1-C and D) but not by Kir6.2 C-
terminal peptide (not shown).

A predominantly mitochondrial localisation for Kir6.1 subunits has been suggested
(Suzuki et al 1997). To investigate whether Kir6.1 subunits were localised in
mitochondria associated with myofibrils, mitochondria were labelled with the
fluorescent mitochondrial marker, MitoFluor red 589 (Molecular Probes; M-22424)
and the co-localization of anti-Kir6.1-associated fluorescence was analysed by
comparing fluorescent emissions at 568 and 488 nm, respectively (Figure 4.2-A and
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Figure 4.1. Confocal image ofthe localization ofspecific Kir6.1 antibody binding
(1/250 dilution) on rat isolated ventricular myocytes excited at 488nm. (A)
Fluorescence associated with the Kir6.1 antibody binding. (B) Pixel profile along
the line defined in A. (C) Transmitted light image o fpeptide-blocked cell. (D)
Specific peptide block of Kir6.1 antibody binding on rat ventricular myocyte.

Representative o fthree experiments (n = 3).
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B). Green fluorescence corresponding to anti-Kir6.1 and red fluorescence associated
with MitoFluor was used to investigate the co-localization of Kir6.1 and mitochondria
marker in the same myocyte (Figure 4.2-C). Analysis ofthe pixel profile (Figure 4.2-
D) for the distribution of'the two fluorescent labels in six cells revealed that ofall
pixels positive for anti-Kir6.1, 86 + 12 % were also positive for MitoFluor red.
Conversely, of all pixels positive for MitoFluor red, 74 + 17 % were also positive for
anti-Kir6.1. The correlation coefficient for co-localisation of anti-Kir6.1 and
MitoFluor red labelling was 0.63 = 0.05. The results suggested strong association of

Kir6.1 subunits with the mitochondria membrane.
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Figure 4.2. Confocal image of the localization of specific Kir6.1 antibody binding
(1/500 dilution) on rat isolated ventricular myocytes co-localized with MitoFluor
red. (A) Kir6.1 associated immunofluorescence at 488nm. (B) MitoFluor red
associated immunofluorescence at 568nm. (C) Co-localization of MitoFluor and
Kir6.1 antibody associated fluorescence (vellow) with Kir6.1 fluorescence shown in
green and MitoFluor fluorescence in red. (D) Pixel profile ofthe specific fluorescent
intensity of the two probes along the line defined in C. Representative of two

experiments (n =2).
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4.2 Localization of the Kir6.2 Subunit in Isolated Rat Cardiac Myocytes

The cardiac sarcolemmal k atp channel is proposed to comprise Kir6.2 and SUR2A
subunits from the similarity ofthe functional and pharmacological properties of KAIP
channels when these subunits are co-expressed in heterologous expression systems
compared to native cardiac sarcolemmal channels (Inagaki et al., 1995). Consistent
with this proposal, anti-Kir6.2-associated fluorescence (1/250 dilution) was localized
over the sarcolemma of ventricular myocytes with weaker fluorescence associated
with intracellular structures (Figure 4.3-A). This signal was blocked by preadsorption
ofthe anti-Kir6.2 antiserum with 10 pg/ml immunising peptide (Figure 4.3-C and D)
but not by non-specific peptide, e.g. the corresponding C-terminal peptide from
Kir6.1 (not shown). Transverse pixel profiles taken across myocytes showed strong
florescence intensity associated with the sarcolemmal membrane with intracellular

fluorescence approximately halfthat at the sarcolemma (Figure 4.3-B).

To investigate internal anti-Kir6.2 associated fluorescence was localized
mitochondria, co-localization of anti-Kir6.2 using a high dilution (1/500 dilution) and
MitoFluor associated fluorescence was analysed by comparing fluorescent emissions
at 568 (red) and 488 nm (green), respectively (Figure 4.4-A and B). Analysis of the
pixel profile for the distribution ofthe two fluorescent labels in six cells revealed that
of all pixels positive for MitoFluor red, none were positive for anti-Kir6.2.
Conversely, of all pixels positive for anti-Kir6.2, only 9 % were also positive for
MitoFluor red. The correlation coefficient for co-localisation of anti-Kir6.2 (1/500)
and MitoFluor red was 0.11 + 0.018. However, co-localization of anti-Kir6.2 using a
low dilution (1/250 dilution) and MitoFluor associated fluorescence in cells showed
Kir6.2 localization on the mitochondria (Figure 4.4-C). Analysis of the pixel profile
(Fig. 4.4-D) for the distribution ofthe two fluorescent labels in six cells revealed that
ofall pixels positive for anti-Kir6.2,45 + 3 % were also positive for MitoFluor red.
Conversely, of all pixels positive for MitoFluor red, 32 + 10 % were also positive for
anti-Kir6.2 with a correlation coefficient of 0.56 + 0.05. These results suggested
strong association of Kir6.2 subunits with the sarcolemma and some localization on

mitochondria.
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Figure 4.3. Confocal image of'the localization ofKir6.2 antibody binding (1/250
dilution) on rat isolated ventricular myocytes excited at 488nm. (A) Fluorescence
associated with the Kir6.2 antibody binding. (B) Pixel profile along the line
defined in A. (C) Transmitted light image ofpeptide-blocked cells. (D) Specific
peptide block of Kir6.2 antibody binding on rat ventricular myocytes.

Representative o fthree experiments (n = 3).
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Figure 4.4. Confocal image o fthe localization o fthe Kir6.2 antibody co-
localized with MitoFluor red. (A) Co-localization ofMitoFluor red and Kir6.2
antibody (1/500) associated immunofluorescence (vellow) with Kir6.2
fluorescence shown in green and MitoFluorfluorescence in red. (B) Pixelprofile
ofthe specificfluorescent intensity ofthe two probes alone the line defined in A.
(C) Co-localization ofMitoFluor red and Kir6.2 antibody (1/250) associated
immunofluorescence (vellow) with Kir6.2fluorescence shown in green and
MitoFluorfluorescence in red. (D) Pixelprofile ofthe specificfluorescent
intensity o fthe two probes alone the line defined in C. Horizontal bars =50pm

Representative o ftwo separate experiments (n = 2).
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4.3 Localization of the SUR2A Subunit in Isolated Rat Cardiac Myocytes

As predicted from the proposed involvement of SUR2A in the sarcolemmal k are
channel (Inagaki et al., 1995), anti-SUR2A-associated fluorescence (1/500 dilution)
was localised strongly over the sarcolemma (Figure 4.6-A), although a higher level of
intracellular fluorescence was also observed than for anti-Kir6.2, particularly at the
lower antiserum dilution (1/250; Figure 4.5-A). Preadsorption ofthe anti-SUR2A
antiserum with 10 pg/ml immunizing peptide (Fig. 4.5 C and D) but not non-
immunizing peptide, e.g. the corresponding C-terminal peptide from SUR2B (not
shown), confirmed that anti-SUR2A antibody binding was specific to the SUR2A
polypeptide.

In co-localization experiments (Figure 4.6A-C), analysis ofthe pixel profile (Figure
4.6 D) for the distribution of anti-SUR2A labelling and MitoFluor red in six cells
revealed that all pixels positive for anti-SUR2A-associated fluorescence, 43 + 4 %
were also positive for MitoFluor red. Conversely, of all pixels positive for MitoFluor
red, 72 £ 5 % were also positive for anti-SUR2A. The correlation coefficient for co-
localisation of anti-SUR2A and MitoFluor red was 0.61 £ 0.06, suggestive ofa

mitochondrial, as well as, a sarcolemmal distribution ofthe SUR2A subunit.

100



Structural and Phosphorylation Studies of Cardiac KAIP channels. Harprit Singh

150-.

7500um

Distance (jjm)

Figure 4.5. Confocal image ofthe localization ofspecific SUR2A antibody
binding (1/250 dilution) on rat isolated ventricular myocytes excited at 488nm.
(A) Fluorescence associated with the SUR2A antibody. (B). Pixelprofile along the

line defined in A. (C) Transmitted light image o fpeptide blocked cells. (D) Specific
peptide block o fSUR2A antibody on rat ventricular myocyte, (n = 3)

101



Structural and Phosphorylation Studies of Cardiac KAIP channels. Harprit Singh

B
75-1
9 A 50-
0'
2
fﬁ . 25-
2B
S
0-
Mitofluor
SUR2A
« e " «
20 40 60

Distance (jim)

D

Figure 4.6. Confocal image of the localization of the SUR2A antibody (1/500
dilution) co-localized with MitoFluor red. (A) SUR2A associatedfluorescencewith
excitation at 488nm. (B) MitoFluor red associated fluorescence with excitation at
568nm. (C) Co-localization o fMitoFluor red and SUR2A antibody binding (vellow)
with SUR2A fluorescence shown in green and MitoFluor red fluorescence in red.
(D) Pixel profile of specific fluorescent intensities of the two probes defined from
linein C (n=2)
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4.4 Localization of the SUR2B Subunit in Isolated Rat Cardiac Myocytes
Anti-SUR2B-associated fluorescence displayed a distinct regular transverse striated
pattern of labelling when viewed directly or an examination of the longitudinal pixel
profile ofthe fluorescent emission with this antiserum (Figure 4.7-A and B).
Preadsorption of'the anti-SUR2B antiserum with 10 pg/ml immunizing peptide (Fig.
4.7-C and D) but not non-immunizing peptide, e.g. the corresponding C-terminal
peptide from SUR2B (not shown), confirmed that anti-SUR2B antibody detection was
specific to the SUR2B polypeptide. To examine whether this pattern of transverse
striations corresponded to the localization of transverse tubules (T-tubules), the co-
localization of SUR2B labelling with that of a specific 28 kDa T-tubule protein
marker recognised by monoclonal IXEl h antibody (gift from Dr Campbell;
University of lowa, USA) was investigated (Figure 4.8). Analysis of'the pixel profile
for the distribution of anti-SUR2B and IXE1:. antibody labelling in six cells revealed
that of all pixels positive for anti-SUR2A-associated fluorescence, 50 + 5 % were
positive for the t-tubule marker. Conversely, of all pixels positive for IXE1:> binding,
77 =7 % were also positive for anti-SUR2B binding. The correlation coefficient for
co-localisation of anti-SUR2B and the IXE1:2 t-tubule marker was 0.81 + 0.05,
suggesting that SUR2B subunits are highly localised to the T-tubule system in cardiac

myocytes.
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Figure 4.7. Confocal image ofthe localization o fspecific SUR2B antibody
binding (1/250 dilution) on rat isolated ventricular myocytes excited at 488nnu

(A) Fluorescence associated with the SUR2B antibody binding. (B). Pixel profile
along the line defined in A. (C) Transmitted light image o fapeptide blocked cell
(D) Specific peptide block ofSUR2B antibody on a rat ventricular myocyte.

Representative o fthree experiments (n = 3).
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Figure 4.8. Confocal image of'the co-localization ofthe SUR2B antibody (1/500
dilution) with the binding of a T-tubule marker, IXE112 (A) Fluorescence
associated with the anti-SUR2B binding at 488nm. (B) Fluorescence associated with
anti-IXE\\2 antibody binding at 568nm. (C) Co-localization of anti-SUR2B
antibody and anti-YXE\\2 antibody binding with SUR2B fluorescence shown in red
and anti-YXEII2 antibody binding fluorescence in green. (D) Pixel profile oj

fluorescent intensity definefrom line C. (n =2)
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4.5 ’Wﬁstem blotting of K,1r channel subunits in isolated cardiac ventricular
Immutodetection with anti-Kir6.1 revealed a major stained band corresponding to a
polypeptide of 45 kDa and minor stained bands of 90 kDa and 130 kDa (Figure 4.9,
lane 2). Preadsorption of the diluted antiserum with Kir6.1 C-terminal peptide
blocked anti-Kir6.1 recognition of the 45 kDa species completely while staining of
the higher molecular weight species, although reduced, was still present suggesting
that these species represented possible higher order oligomers of Kir6.1.

Anti-Kir6.2 stained two major bands corresponding to polypeptides of 40 and 80 kDa,
respectively (Figure 4.9, lane 4). Staining of each band was reduced significantly on
preadsorption of the anti-Kir6.2 antiserum with Kir6.2 C-terminal peptide consistent
with specific immunodetection of monomeric (40 kDa) and dimeric (80 kDa) Kir6.2
polypeptides, respectively (Figure 4.9, lane 5). In addition, anti-Kir6.2 detected
additional minor bands corresponding to polypeptides of apparent molecular weights
of 60, 100 and 180 kDa. Staining of the highest molecular weight species (180 kDa)
was blocked by preadsorption of the anti-Kir6.2 antiserum with Kir6.2 C-terminal
peptide and may have represented tetrameric Kir6.2 complexes. Staining of the minor
60 kDa polypeptides was also reduced on preadsorption of antiserum with peptide.
These species may have represented minor proteolytic fragments of higher molecular
weight Kir6.2 channel complexes. Notably, staining of the 100 kDa species was
unaffected by competing peptide suggesting that staining of this species was non-
specific.

Immunodetection with both anti-SUR2A and SUR2B antisera always resulted in
relatively complex staining patterns (Figure 4.9, lane 6 and 8). In particular, a distinct
band of the predicted molecular weight was never observed but rather, multiple
staining species of apparent molecular weights of approximately 140 kDa were often
seen. Moreover, additional polypeptides of lower molecular weights were also
stained. Most of the polypeptides were no longer stained after preadsorption of the
antiserum with the appropriate immunising SUR2 C-terminal peptide suggesting that
staining of the various species of different molecular size was specific. Staining of
several polypeptides in the region of the predicted molecular weight (140 kDa), has
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Molecular
markers
kDa
205
180
— > 140
116
S 100
97
— > 9
66
— > 60
45 —-> 48
29
1 2 3 4 5 6 7 8 9
Antibody : 6.1 6.1 6.2 6.2 2A 2A 2B 2B
Antigen - - 6.1 - 6.2 - 2A - 2B

Figure 4.9 Immunoblot staining o fisolated rat cardiac myocytes. Cardiac
myocytes were lysed and membrane proteins (11 pg/lane) separated on 7.5 %
PAGE, transferred electrophoreticaly to nitrocellulosefollowed by
immunodetection with anti-Kir6.0 and anti-SUR?2 antisera. Lane I membrane
proteins transferred to nitrocellulose incubated with no primary antibody, lane 2,
anti-Kir6.1 (1/250 dilution), lane 3, anti-Kir6.1(1/250 dilution) + Kir6.1 C-
terminal peptide (10 pg/ml); lane 4, anti-Kir6.2 (1/250); lane 5, anti-Kir6.2(1/250
dilution) + Kir6.2 C-terminal peptide (10 pg/ml); lane 6, anti-SUR2A4 (1/250);
lane 7 anti-SUR2A (1/250 dilution)+ SUR2A C-terminal peptide (10 pg/ml); lane
8 anti-SUR2B (1/250); lane 9, anti-SUR2B (1/250 dilution)+ SUR2B C-terminal
peptide (10 pg/ml). Representative o ffive separate experiments (n = J).
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boeniseen in several other reports of SUR2 detection in Western blots (Giblen et al.,
1999; Ashficld et al,, 1999) although often this has gone without comment or data
have been selected so that only a single band from the blot has been presented. Since
the:two anti-SUR2 antisera were shown not to recognise their highly related family
member, i.e. anti-SUR2A did not recognise SUR2B and vice versa in immunoblots of
in vitro expressed subunits (Figure 3.5), it is likely that multiple detection of bands in
tissue blots is not a product of poor antibody specificity but rather the presence of a

 mumber of related antigenic polypeptides. Those polypeptides with apparent
molecular weights near that predicted for the SUR2 subunits could be either multiple
glycosylation products of the target subunit and/or derived proteolytically from the
native subunit. Staining polypeptides with apparent molecular weights significantly
lower than the predicted size are likely to have been derived proteolytically from the
native subunit. It should be noted that several experiments contained a battery of
protease inhibitors included to minimise this possibility but complex staining patterns
ware still observed suggesting that the SUR2A subunit is relatively labile on
disruption of cardiac cells.
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4.6. Preparation of Rat Heart Mitochondria Fractions

Immunocytochemistry experiments performed on rat cardiac myocytes displayed a
significant correlation betweea the localisation of Kir6.1 antibody staining and the
MitoFluor probe suggesting the presence Kir6.1 subunits in mitochondria (section
4.1). To examine this and to explore the possible mitochondrial 1ocalization of other
Karr channel subunits, Western blots were performed on purified mitochondrial
Rat heart mitochondrial fractions were prepared using Percoll gradients according to
the method described by Santos et al., (1998). The relative enrichment of the
mitochondrial fraction prepared was compared with other subcellular fractions by
measuring the activity of cytochrome oxidase (marker of the inner mitochondrial
membrane) as described by Cooperstein et al., (1950). The specific activity of
cytochrome oxidase (umoles substrate metabolised/min/mg) was greatest in the
mitochondrial fraction compared to the other subcellular fractions (Table 4.5) with a
least a six-fold enrichment in specific activity over the crude cell homogenate.

Sample Enzyme Protein Amount of  Specific activity

‘ activity content protein (umoles/min/mg)
(umoles/min)  determined used
by Bradford (mg)

Assay
(mg/ml)
Mitochondria 25.05 1.16 0.023 1089
fraction
1830 % 18.6 1379 0027 689
fraction
Supernatant
from 19.6 5.04 0.1 196
mitochondrial
fraction
Nuclear 30.16 57 0.11 274
fraction
Rat heart 27 7.8 0.156 173
homogenate

Table 4.5. Specific activity of cytochrome oxidase in subcellular fractions from rat
heart mitochondria purification experiment
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Western blots of subcellular fractions were probed with a polyclonal anti-cytochrome
c antisera (1 | pug/ml; Santa Cruz; H-104) to provide a second assessment of
mitochondrial enrichment (Figure 4.10). Lower amounts of cytochrome ¢ staining
were detected in the homogenate, nuclear and 18-30 % interface fraction (Figure 4.10,
lanes 1, 2 and 4), whereas no cytochrome ¢ was found from the supernatant from the
mitochondrial fraction (Figure 4.10, lane 3). Densitometry revealed 5-fold higher
staining of the 12 kDa cytochrome ¢ polypeptide in mitochondrial fractions compared
to hdmogenate, indicative of a significant enrichment of this fraction.

To examine whether the mitochondrial fraction was essentially free from plasma
membrane contamination, Western blots of subcellular fractions were probed with
Concanavalin A (Con A; 1/2500) horseradish peroxidase conjugate (ICN; 153245).
Con A is a lectin protein that binds to mannose moieties within the oligosaccharide
modifications on glycoproteins and, thus is a useful plasma membrane marker in
detecting glycosolated proteins. A number of polypeptides of 140, 104 and 60 kDa
were detected in the supernatant recovered from mitochondrial pellet, suggesting that
the supernatant was enriched with glycoproteins and that it contained possible plasma
membrane and microsomal membrane fractions (Figure 4.11, lanes 3). Con A binding
to glycopolypeptides was not observed in mitochondrial fractions (Figure 4.11, lane
5), but traces of polypeptides of 170 and 85 kDa were detected in nuclear and 18-30
% fraction (Figure 4.11, lanes 2 and 4). Horseradish peroxidase conjugate stained
homogenate weakly (Figure 4.11, lane 1). The identity of the polypeptides were not
investigated as this experiment was only carried out to determine the purity of
mitochondrial fraction.

Results from the cytochrome oxidase assay and Western blots on subcellular fractions
with anti-cytochrome ¢ and Concanavalin A horseradish peroxidase showed that a rat
mitochondrial fraction had been prepared that was enriched in cytochrome ¢ oxidase
activity and essentially free of plasma membrane and Golgi membrane. This fraction
was used in immunoblots to examine the possible mitochondrial localization of Kir6.0

and SUR2 subunits.

110



Structural and Phosphorylation Studies of Cardiac KAjp channels. Harprit Singh

Molecular
Markers

kDa
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17 +

14 <
12 kDa

Figure 4.10 Immunoblot staining o fa mitochondrialfraction isolatedfrom rat
heart to estimate enrichment. Subcellularfractions isolatedfrom rat heart were
separated on 14% polyacrylamide gel and transferred to nitrocellulose
membrane. The membrane was incubated with polyclonal anti-cytochrome c
antibody (Ipg/ml). Lane 1, heart homogenate (H); lane 2, nuclearfraction (N);
lane 3, supernatant recoveredfrom mitochondriapellet (S), lane 4, 30-18 %
Percoll interfacefraction (30) and lane 5, mitochondrialfraction (M).

Representative o ftwo separate experiments (n = 2).
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Molecular markers
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Figure 4.11. Immunoblot staining ofa mitochondrialfraction isolatedfrom rat
heart with concanavalin A horseradish peroxidase conjugate to estimate
enrichment. Subcellularfractions isolatedfrom rat heart were separated on 7.5
%polyacrylamide gels and transferred to nitrocellulose membrane. The
membrane was incubated with concanavalin A horseradish peroxidase (1/250).
Lane 1, heart homogenate (H); lane 2, nuclearfraction (N); lane 3, supernatant
recoveredfrom mitochondrialpellet (S); lane 4, 30-18 % Percoll interface
fraction (30) and lane 5, mitochondrialfraction (M). Representative o fthree

experiments (n = 3).
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4.7. Karr channel subunit distribution in subcellular fractionations of cardiac
myocytes

Western blots were performed on mitochondrial fractions to investigate mitochondrial
localization of Kate channel subunits. When blots of electrophoretically separated
mitochondrial fraction proteins were probed with anti-Kir6.1 antiserum a single band
of 48 kDa was stained in the absence but not the presence of competing Kir6.1 C-
terminal peptide (10 pg/ml, Figuré 4.12, lane 2 and 3). Similarly, polypeptides of 40
and 80 kDa were stained in the mitochondrial fraction by the anti-Kir6.2 antiserum.
Staining of these species was reduced in the presence of competing Kir6.2 C-terminal
peptide (10 pg/ml, Figure 4.12, lane 4 and 5). This suggested that both Kir6.1 and

Kir6.2 were present in the mitochondrial membrane.

When blots were probed with anti-SUR2A antisera a number of polypeptides were
stained, possibly due to proteolytic digestion of the subunit, and this staining was not
reduced by preadsorption with the appropriate immunising peptide indicating that
staining was non-specific (Figure 4.12, lanes 8 and 9, respectively). Notably, no
staining of bands corresponding to polypeptides migrated with an apparent molecular
weight of 140 kDa was observed with either anti-SUR2A or anti-SUR2B antibody
suggesting that no intact SUR2A or SUR2B were present in the mitochondrial

membrane.
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Molecular markers
kDa

205
116
97

— P 80 kDa
66

45 — P 48 kDa

> 40 kDa

29

Antibody - 6.1 6.1 6.2 6.2 2A 2A 2B 2B

Antigen 6.1 6.2 - 2A 2B

Figure 4.12 Immunoblot staining o fmitochondrialfraction isolatedfrom rat heart
with anti-Kir6.0 and anti-SUR2 antibodies. Mitochondrialfraction was purified as
described in Materials and Methods and separated on 7.5 % PAGE transferred to
nitrocellulose andprobed with anti-Kir6.0 and SUR2 antibodies. Lane I, no primary
antibody, lane2, anti-Kir6.1(1/250); lane 3, anti-Kir6.1(1/250 dilution) + Kir6.1 C-
terminal peptide (10 jug/ml); lane 4, anti-Kir6.2 (1/250); lane 5, anti-Kir6.2
(1/250)+ Kir6.2 C-terminalpeptide (10 pg/ml); lane 6, anti-SUR2A (1/250); lane 7,
anti-SUR2A (1/250) + SUR2A C-terminalpeptide (10 jug/ml); lane 8, anti-SUR2B
(1/250); lane 9, anti-SUR2B (1/250) + SUR2B C-terminalpeptide (10 jug/mi).

Representative experiments (n = 4).

114



Structural and Phosphorylation Studies of Cardiac K ,rp channels. Harprit Singh

Western blots were also performed on nuclear, supernatant and 30- 18 % fractions
isolated from rat heart with individual Kir6.0 and SUR?2 antibodies to allow the
subcellular localisation of K arp channel subunits to be investigated even further. Blots
electrophoretically separated with equal concentration of subcellular fractions (7.5 pg;
determined by Bradford assay) showed staining of bands corresponding to
polypeptide of 48 kDa when probed with anti-Kir6.1 antiserum (Figure 4.13, lanes 1-
5). Staining of anti-Kir6.1 antibody was 6-fold higher in the mitochondrial fraction
compared to the supernatant fraction (not shown; densitometry). The staining
associated with the supernatant fraction suggested some association of Kir6.1 to
microsomal membrane is consistent with the punctate Kir6.1 localization observed
under the plasma membrane in immunocytochemistry performed on isolated rat

cardiac myocytes (Figure 4.13, lane 4).

Blots probed with anti-Kir6.2 showed staining of 40 and 80 kDa polypeptide bands in
mitochondrial, 30-18 %, supernatant and homogenate fractions (Figure 4.13, lanes 6,
7,9 and 10). Only an 80 kDa polypeptide, representing possible dimerization of the
Kir6.2 polypeptide, was detected in the nuclear fraction (Figure 4.13, lane 8).
Densitometry revealed equal staining intensity of 40 and 80 kDa polypeptides in the
supernatant and mitochondrial fraction, confirming the localization of Kir6.2 subunit
on sarcolemma and mitochondrial membrane, respectively. This result was consistent
with immunocytochemical experiments in which distribution of Kir6.2
(immunofluorescence associated with anti-Kir6.2 antibody binding using a low

dilution; 1/250 dilution) in sarcolemma and mitochondria was observed (section 4.2).

Non-specific staining of polypeptide bands was observed in subcellular fractions
when probed with either anti-SUR2A or SUR2B antibody probably due to proteolytic
digestion of native subunits (Figure 4.13, lanes 11-20), however a 140 kDa
polypeptide was stained in supernatant fraction (containing microsomal membranes)
when probed with anti-SUR2A antiserum, which was consistent with the localization
of SUR2A on sarcolemma observed in immunocytochemical experiments (Figure
4.13, lane 14). A trace of polypeptide of 140 kDa was also observed in supernatant
fraction when probed with anti-SUR2B antiserum (Figure 4.13, lane19), suggesting

localization of SUR2B microsomal membrane.
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Markers Anti-Kir6.1 Anti-Kir6.2 Anti-SUR2A Anti-SUR2B
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Figure 4.13 Immunoblot staining o fsubcellularfractions isolatedfrom rat heart
using anti-Kir6.0 and SUR2 antibodies. Subcellularfractions (11 jugprotein) were
separated on 7.5% PAGE transferred to nitrocellulose andprobed with anti-Kir6.0
and SUR?2 antibodies. Lanes [-5 contains mitochondrial (M), 18-30 % (30), nuclear
(N), supernatant (S) and homogenate (H). Blots probed with anti-Kir6.1 antibody
(1/250); lane 6-10, blots probed with anti-Kir6.2 (1/250); lane 11-15, blots probed
with anti-SUR2A (1/250); lane 16-20, blots probed with anti-SUR2B (1/250).

Representative experiments (n =3).
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Since neither distinct SUR2A nor SUR2B polypeptides were detected in Western
blots performed on mitochondrial fractions using anti-SUR2, an anti-SURI1 antibody
was used to examine whether the SUR1 co-localized along with Kir6.1 to the
mitochondrial membrane. The SUR1 antibody was raised corresponding to the N-
terminal domain of the rat SUR1 subunit (Dr Robert Norman; University of Leicester)
containing the amino acid sequence ’PLAFCGTEK'* Staining of non-specific 45
kDa polypeptide was detected when blots of mitochondrial fraction were probed with
1/250 and 1/500 diluted anti-SUR1 (Figure 4.14, lanes 2 and 3), whereas a band
corresponding to polypeptide of 140 kDa was not detected suggesting no localization
of SUR1 subunit to mitochondrial membrane or proteolysis of the native subunit in

immunoblots.

Together results from subcellular experiments indicate (a) the presence of both Kir6.1
and Kir6.2 subunits in the mitochondrial fraction, (b) the presence of Kir6.2, SUR2A,
SURZ2B and traces of Kir6.1in the microsomal membrane fraction prepared from rat
heart but there was no strong evidence of the presence of any of the three SUR probed
subunits (SUR1/2A/2B) in mitochondrial fraction.
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Figure 4.14 Western blot o fmitochondrialfraction isolatedfrom rat heart using
anti-SURI antibody. Mitochondrialfraction was separated on 7.5% PAGE
transferred to nitrocellulose andprobed with anti-SURI antibody. Lane I contained
mitochondrialfraction probed with no primary antibody, lane 2, mitochondrial

fraction probed with anti-SURIlantibody (1/250); lane 3, mitochondrialfraction
probed with anti-SURI (1/500). (n =2).
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4.8 Summary

Immunocytochemistry and Western blots on isolated rat cardiac myocytes
demonstrated the presence of all four Katp channel subunits, i.e. Kir6.1, Kir6.2,
SUR2A and SUR2B in ventricular myocytes. In myocytes, immunocytochemical
localization using anti-Kir6.2 and anti-SUR2A (1/500 dilution) antisera suggested co-
localization of Kir6.2 and SUR2A to the sarcolemma. Bands corresponding to these
polypeptides were observed in blots of the supernatant from the mitochondrial pellet,
which contained micosomal membrane fractions as demonstrated by Con A
horseradish peroxidase conjugate binding, reinforcing the localization of these two
subunits in the sarcolemma. In myocytes isolated from rat heart, the Kir6.1 subunit
was distinctly distributed in mitochondria rather than at the sarcolemma, as
demonstrated by co-localization with MitoFluor (mitochondrial marker) in
immunocytochemical experiments. Polypeptides of 40 kDa corresponding to Kir6.1
were observed in blots of mitochondrial fractions, thus confirming the localization of
the Kir6.1 subunit in mitochondria. Localization of the SUR2A subunit with
mitochondria was also observed in immunocytochemistry experiments using a higher
concentration of anti-SUR2A antiserum (1/250), which was reinforced by co-
localization with MitoFluor probe. No polypeptides corresponding to SUR2A were
detected in blots of mitochondrial fractions possibly due to proteolytic digestion.
Finally, the SUR2B subunit was localized to T-tubules in myocytes, which was
confirmed by co-localization with anti- IXE11; antiserum (T-tubule marker) in
immunocytochemistry experiments. Traces of bands corresponding to SUR2B were
detected in blots of microsomal membrane fractions but none in mitochondrial

fractions.

119



Structural and Phosphorylation Studies of Cardiac K, 1p channels. Harprit Singh

Chapter 5: Phosphorylation of Kir6.0 and SUR2 K, 1p channel

subunits

The modulation of cardiac Katp channel activity by PKC-mediated phosphorylation is
thought to be one of the many effectors of ischaemic preconditioning in the heart (see
section 1.13). The Katp channel subunit (s) involved in PKC-mediated
phosphorylation during IP in native tissue still remains to be investigated. The aim of
this study was to identify possible physiological relevant site (s) of PKC
phosphorylation within the Katp subunit (s). Béguin et al., (1999) and Light et al.,
(2000) have demonstrated previously that PKA and PKC-mediated phosphorylation
of the Kir6.2 subunit, rather than the SUR subunit may modulate recombinant
Kir6.2/SUR1 and Kir6.2/SUR2A channels, respectively. In this study initial
experiments were designed to challenge in vitro expressed Kir6.0 polypeptides with
PKA and PKC to establish whether the Kir6.1 is a substrate for these kinases in
addition to Kir6.2. To determine cardiac K1p subunit phosphorylation events in
native tissue, experiments were constructed where isolated rat ventricular myocytes
were challenged with PKA and PKC activators (forskolin and adenosine,
respectively) followed by immunoprecipitation with the characterized anti-Kir6.0 and
anti-SUR2 antisera. Two-dimensional chromatographic analysis of thin-layer
cellulose plates loaded with tryptic digest polypeptide experiments and mass
sequencing of phosphorylated peptides derived from tryptic digest were designed to
identify possible phosphorylated site (s) within in vitro and in vivo Katp channel
subunit (s). Mutants of possible phosphorylation site (s) were constructed using site-
directed mutagenesis experiments, which were expressed and subjected to in vitro

phosphorylation.

5.1 In vitro phosphorylation of expressed Kir6.1 and Kir6.2 subunits.

Whether Kir6.1 and Kir6.2 are substrates for phosphorylation by PKA and PKC was
investigated in in vitro reactions using in vitro expressed Kir6.1 and Kir6.2 subunit
polypeptides and exogenous PKA and PKC in the presence of [Y’’P]-ATP. A 48 kDa
polypeptide was the major substrate for phosphorylation in in vitro expressed Kir6.1
reactions stimulated with exogenous PKA (4 pg/pl) and PKC (3.5 pg/ul; Figure 5.1,

Lanes 2, and 3, respectively). A negative control Kir6.1 reaction contained the PKA
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assay components (0.37 MBq [y-">P] ATP, 100 pM ATP, 50 mM Tris-HCI pH 7.5) in
the absence of added kinase (Figure 5.1, lane 1).

When in vitro expressed Kir6.2 was used as substrate for PKA-mediated
phosphorylation a 40 kDa polypeptide was phosphorylated (Figure 5.1, lane 5). No
phosphorylation of a polypeptide of molecular weight consistent with that of in vitro

expressed Kir6.2 polypeptide was observed in the PKC assay (Figure 5.1, lanes 4).
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Molecular
markers kDa

Control PKA PKC PKC PKA

Figure 5.1. Phosphorylation ofin vitro transcribed/translated Kir6.1 and
Kirs.2 polypeptides. Lanes -5 represent electrophoresis on a 7.5%
polyacrylamide gel o fKir6.0fractions phosphorylated in the absence or
presence ofPKA and PKC in thepresence off"P]-ATP. Lane I, Kir6.1
fraction with no added kinase; lane 2, Kir6.1 with PKA (4jug/pi); lane 3, Kir6.1
fraction with PKC (3.5pg/pl); lane 4, Kir6.2 with PKA (4pg/pl); and lane 5,
Kir6.2 with PKC (3.5pg/jul). Rrepresentative of3 similar experiments.
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Immunoprecipitation experiments were employed to confirm the specificity of
phosphorylated polypeptides detected in Kir6.1 and Kir6.2 subunit assays stimulated
with exogenous PKA and PKC. A polypeptide corresponding to the molecular weight
of Kir6.1 (48 kDa) was immunoprecipitated using anti-Kir6.1 antibody in ir vitro
expressed Kir6.1 fractions incubated with PKA and PKC (Figure 5.2, lanes 1 and 3).
Immunoprecipitation of a 48 kDa polypeptide was also detected from these fractions
when incubated with anti-Kir6.2 antibody (Figure 5.2, lanes 2 and 4). The optical
density of these polypeptide bands in autoradiograms revealed an approximately 2-3
fold less immunoprecipiation with anti-Kir6.2 compared to anti-Kir6.1 antibody.
Whereas, complete specificity of anti-Kir6.0 antibodies was observed in
immunoprecipitation experiments of [*>S]-methionine labelled subunits, the
specificity of both anti-Kir6.1 and Kir6.2 appeared to be reduced after
phosphorylation, possibly indicating a significant change in conformation in the C-
terminal of these polypeptides on phosphorylation. In repeat immunoprecipitation
experiments it was shown that the anti-Kir6.1 antibody was able to immunoprecipitate
all of the 48 kDa polypeptide from Kir6.1 fractions phosphorylated with PKA and
PKC, as repeat incubation of these fractions (supernatant extracted from the previous
immunoprecipitated experiment) with anti-Kir6.1 antibody precipitated no further 48
kDa polypeptide. On the other hand repeat incubation of anti-Kir6.2 antibody with
phosphorylated fractions was able to immunoprecipitate equal amounts of polypeptide
as reported in the previous immunoprecipiation experiment suggesting low affinity

interaction of the anti-Kir6.2 antibody.

A phospho-polypeptide of 40kDa corresponding to Kir6.2 (Figure 5.2, lane 6) was
immunoprecipitated from Kir6.2 fraction after phosphorylation in the presence of
PKA. Similarly, the non-specific antibody, anti-Kir6.1, was also able to
immunoprecipiate the 40 kDa polypeptide, but only half of the amount compared to
anti-Kir6.2 antibody (Figure 5.2, lane 5).
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Figure 5.2. Immunoprecipitation ofin vitro phosp/iorylated Kir6.1 and Kir6.2
protein. Lanes 1-6 represent SDS-PAGE electrophoresis o fphosphorylated
Kir6.0fractions on a 7.5%polyacrylamide gel after immunoprecipitation with
anti-Kir6.0 antibody (1/250 dilution). Lane I, PKA stimulated Kir6.1 fraction
immunoprecipitated with anti-Kir6.1; lane 2, PKA stimulated Kir6.1 fraction
immunoprecipitated with anti-Kir6.2; lane 3 and 4, PKC stimulated Kir6.1
fraction immunoprecipitated with anti-Kir6.1 and Kir6.2 antibody, respectively;
lane 5 and 6, PKA stimulated Kir6.2fraction immunoprecipitated with anti-
Kir6. land anti-Kir6.2 antibody, respectively. Representative o fthree separate

experiments (n = 3).

124



Structural and Phosphorylation Studies of Cardiac Krp channels. Harprit Singh

3.2 In vivo phosphorylation of Kir6.0 and SUR2 subunits in isolated rat
cardiomyocytes.

To investigate which cardiac Katp channel subunit (s) in native cardiac tissue were
targets for PKA and PKC-mediated phosphorylation, isolated rat ventricular myocytes ’
labelled with [**P] orthophosphate ([**P] Pi) were challenged for 30 minutes with
protein kinase modulators and were immunoprecipitated using specific anti-Kir6.0
and anti-SUR2 C-terminal antibodies. Isolated cardiac myocytes were equilibrated
with 1mCi of [*?P]-Pi for 2-3 hours to radioactively label the cardiac myocyte ATP
pool (Hardie, D.G., 1993). In negative controls, in which primary antibody was absent
from immunoprecipitation reactions, no phosphorylated polypeptides were detected,
except when cells were stimulated with forskolin where a number of phosphorylated
polypeptides were immunoprecipitated non-specifically (Figure 5.3, lane 1-4). A
phosphorylated polypeptide of 48 kDa was immunoprecipitated when untreated
isolated rat cardiac myocytes equilibrated with [*2P] Pi following
immunoprecipitation with anti-Kir6.1 antibody (Figure 5.3, lane 5). When myocytes
were treated with 50 pM phorbol 12-myristate 13-acetate (PMA; PKC activator), 1
mM adenosine (PKC activator) and 100 uM forskolin (PKA activator)
phosphorylation of this polypeptide was increased (Figure 5.3, lanes 6, 7 and 8). In
addition to the Kir6.1 polypeptide, a number of other phosphorylated polypeptides
were observed in the forskolin immunoprecipitate. The additional polypeptides were
considered to have been immunoprecipitated non-specifically as they were also
observed when control immunoprecipitates reacting no primary antibody were

conducted (Figure 5.3, lane 4) after stimulation with forskolin.

No evidence was found for phosphorylation of Kir6.2 or SUR2B in unstimulated >2P-
labelled rat cardiac myocytes or in myocytes stimulated with PMA, adenosine and
forskolin (Figure 5.3, lanes 9-12 and 17-20, respectively). Inmunoprecipitation of cell
extract from **P-labelled cardiac myocytes with anti-SUR2A antibodies
immunoprecipitated phosphorylated polypeptide of 48kDa corresponding to Kir6.1
from unstimulated and PMA, adenosine and forskolin-stimulated myocytes (Figure
5.3, lanes 13, 14, 15 and 16, respectively) suggesting association of the SUR2A
subunit with Kir6.1.
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Figure 5.3 Immunoprecipitation ofin vivo phosphorylated rat isolated cardiac
myocytes. Lanes 1-20 represent immunoprecipitation o fpolypeptidesfrom
extracts o f32P-labelled cardiac myocytes by anti-Kir6.0 and anti-SUR2
antibodies that were either unstimulated (C) or stimulated with 50pM PMA (P),
ImM adenosine (A) and 100 pMforskolin (F)for 30 minutes. Lanes 1-4,
immunoprecipitation of P-labelledpolypeptidesfrom unstimulated cells in the
absence o fprimary antibody (C), PMA (P), Adenosine (4) and Forskolin (F),
respectively, lanes 5-8, immunoprecipitation o f32P-labelledpolypeptides with
anti-Kir6.1 antibodyfrom C P, A and F reactions, respectively; lanes 8-12,
immunoprecipitation o f32P-labelledpolypeptides with anti-Kir6.2 antibodyfrom
C P, A and F, respectively; lanes 13-16, immunoprecipitation o f32P-labelled
polypeptides with anti-SUR2A antibodyfrom C P, A and F, respectively, lanes
17-20, immunoprecipitation of 32P-labelledpolypeptides with anti-SUR2B
antibodyfrom C P, A and F reactions, respectively. Representative of3 similar

experiments (n = 3).

126

48 kDa



Structural and Phosphorylation Studies of Cardiac Ksrp channels. Harprit Singh

Optical density of 48 kDa polypeptide bands, which were immunoprecipiated from
32p_labelled myocyte extracts using either anti-Kir6.1 or anti-SUR2A antibodies, were
measured from autoradiographs exposed for 3 hours using the Image Master™
program (section 2.18) for each stimulus (Figure 5.4 B and C). The three hours
exposure of autoradiographs was enough to provide optimum optical density values
within the linear range of detection of phosphorylated polypeptide bands. Over
exposures led to the appearance of background radioactivity (Figure 5.4 A). The
optical density of phosphorylated Kir6.1 polypeptide immunoprecipitated by anti-
Kir6.1 and anti-SUR2A increased by 3.0 £ 0.2 and 3.0 £ 0.05 fold, respectively, when
myocytes were challenged with adenosine compared to control. Similarly, a 5.0 + 0.1
fold increase in optical density associated with the 48 kDa Kir6.1 polypeptide was
observed in reactions stimulated with forskolin immunoprecipitated with anti-Kir6.1
antibody compared to control. The significant increase of Kir6.1 phosphorylation in
32p_labelled cardiomyocytes on challenge with PMA, adenosine and forskolin
compared to basal phosphorylation was shown to be statistically significant (Figure

5.4 B and C; unpaired Student’s T-test with Bonferroni correction).
Overall these results show that the Kir6.1 subunit in isolated cardiac myocytes is the

predominant target Katp channel subunit for both PKA and PKC-mediated
phosphorylation.
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Figure 5.4 A) Optical densityfrom autoradiographs ofphosphorylated Kir6.1
polypeptide bands immunoprecipitatedfrom s:P-labelled myocytes stimulated with
adenosine against different autoradiograph exposure times.

B) and C) Optical densityfrom autoradiographs ofphosphorlated Kir6.1
polypeptides immunoprecipitated with anti-Kir6.1 and anti-SUR2A antibody,
respectively. Experiments were conducted as in Figure 5.3 and optical density
values were measured o fphosphorylated Kir6.1 polypeptides using Image Master
program (Pharmacia Biotech) from autoradiographs that were exposedfor 3 hours,
(n = 3). Statistical significance was tested using the unpaired t-test with Bonferroni

multi-comparison correction against the control reaction, p <0.01% p <0.001 **.
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5.3. Dependence on adenosine concentration of in vivo phosphorylation of the
Kir6.1 subunit in isolated rat cardiac myocytes.

The concentration of adenosine (1 mM) used to stimulate phosphorylation of Kir6.1
subunit in initial experiments on isolated rat cardiomyocytes was much higher than
the concentration (10 uM) that triggers changes in Katp channel activity (Lawrence et
al., 1999) and ischaemic preconditioning in the heart (Liu et al., 1991; Thornton et al.,
1992). Thus, concentrations of adenosine ranging from 1 uM to 1 mM were used to
stimulate **P-labelled isolated rat cardiac myocytes to determine the concentration
dependence of Kir6.1 polypeptide phosphorylation. Isolated rat cardiac myocytes
labelled with [**P] orthophosphate were challenged with 1 pM, 10 pM, 100 puM, 500
pM and 1 mM adenosine and immunoprecipitated with anti-Kir6.1 antibody (Figure
5.5-A). Phosphorylation of the Kir6.1 polypeptide was observed in all the reactions

including some basal phosphorylation in the control reaction.

The level of phosphorylation of immunoprecipitated and electrophoretically separated
Kir6.1 polypeptides were quantified by densitometry of autoradiograph exposed for 3
hours (Figure 5.5-B). Basal phosphorylation of the Kir6.1 polypeptide band
determined in unstimulated myocytes was nominated as background phosphorylation
(Figure 5.5-B). The highest optical density of phosphorylated Kir6.1 polypeptides was
recorded in reactions stimulated with 10 uM adenosine with a 4 £ 0.05 fold increase
of phosphorylation compared to background phosphorylation (Figure 5.5-B).
Phosphorylation of the Kir6.1 subunit was still over background but lower than that of
10 uM adenosine level in reactions stimulated with 1 uM, 100 uM, 500 uM, and 1

mM adenosine.

This experiment suggests that maximum phosphorylation of the Kir6.1 polypeptide in

isolated rat cardiac myocytes is observed in the presence of 10 uM adenosine.
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Figure 5.54) Immunoprecipitation ofKir6.1 polypeptidefrom [::P] labelled rat
isolated cardiac myocytes stimulated with adenosine. Lanes 1-6 represent
immunoprecipitated Kir6. I polypeptide using anti-Kir6.1 antibodyfrom extracts of
3P-labelled cardiac myocytes stimulated with different concentrations o fadenosine.
Lane 1, unstimulated; lane 2, [juM adenosine, lane 3, 10 pM adenosine; lane 4, 100
pM adenosine; lane 5,500 pM adenosine and lane 6, 1 mM adenosine.

Representative o fthree experiments.

B) Densitometric analysis o fadenosine-stimulated phosphorylation o fKir6.1
polypeptide. Backgroundphosphorylation represents basalphosphorylation of
immunoprecipiated Kir6. I polypeptide observedfrom unstimulated 32P-labelled

cardiac myocytes, (n = 3).
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5.4. In vivo phosphorylation of the Kir6.1 subunit in isolated rat cardiac
myocytes stimulated by 2-chloro-N‘-cyclopentyladenosine (CCPA) in the
presence of various kinase inhibitors.

As discussed in section 1.13.2, ischaemic preconditioning involves a complex
cascade, which includes receptors and protein kinases (PKC, p38-MAPK, JNK and
MEK(1/2). Protein kinase C has been reported to increase activity of both JNK and
p38-MAPK in cardiomyocytes tPing et al., 1998; Clerk et al., 1998). Thus, it is
possible that PKC either directly or indirectly via JNK or p38-MAPK stimulates the
cardiac Katp channel. In order to investigate the identity of protein kinase (s)
responsible for the phosphorylation of the Kir6.1 subunit in vivo, *?P-labelled isolated
rat cardiomyocytes were stimulated with 10 uM adenosine A,-receptor agonist (2-
chloro-N°-cyclopentyladenosine; CCPA) in the absence and presence of PKC
inhibitor (Chelerythrine; 100 pM), p38MAPK inhibitor (SB203580; 100 uM),
MEK1/2 inhibitor (U0126; 100 uM) and the JNK 1 inhibitor (100 uM; Figure 5.6-A).
CCPA was used as agonist to increase the specificity of receptor activation and
concentration used was selected from previous experiments, which used the same
concentration to activate Al-selective receptors (Lohse et al., 1988). High
concentrations of protein kinase inhibitors were selected so that full inhibition was
observed. Phosphorylation of the Kir6.1 polypeptide was observed after anti-Kir6. 1
and anti-SUR2A antiserum immunoprecipitation when cardiomyocytes were
stimulated with 10 pM CCPA (Figure 5.6-A and 5.7-A, lane 1). Phosphorylation of
the Kir6.1 subunit was inhibited when myocytes were incubated with 100 pM
Chelerythrine during the stimulation of 10 uM CCPA (Figure 5.6-A and 5.7-A, lane
2). Phosphorylation of the Kir6.1 subunit was essentially unaffected when isolated rat
cardiac myocytes were challenged with CCPA in the presence of SB203580, U0126
and JNK 1 inhibitor (Figure 5.6-A and 5.7-A, lane 3, 4 and 5, respectively).

For each of the reactions the optical density corresponding to Kir6.1 bands
immunoprecipitated by anti-Kir6.1 and SUR2A on autoradiographs was measured
(Figure 5.6-B and 5.7-B). In experiments using immunoprecipitation with either anti-
Kir6.1 or anti-SUR2A antibody chelerythrine was observed to inhibit Kir6.1
phosphorylation by approximately 80% irrespective of immunoprecipitation

conditions employed (Figure 5.6 —B and 5.7-B). Phosphorylation examined in
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myocyte fractions stimulated with CCPA in the presence of other inhibitors was not
significantly different from the cell fraction treated with CCPA alone, apart from the
JNK I inhibitor which showed some inhibition (p < 0.05) but less than chelerythrine
(Figure 5.6 —B and 5.7-B).

These results suggest that the activation of the A,-receptor in isolated rat cardiac
myocytes modulates the Katp channel Kir6.1 subunit predominately via PKC and that
none of the other kinases tested play a large part in the signalling between A -receptor
activation and the phosphorylation of the Karp channel Kir6.1 subunit.
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Figure 5.6 A) Immunoprecipitation o fKir6.1 polypeptidefrom ;:P-labelled
cardiac myocytes stimulated with CCPA using anti-Kir6.1 antiserum.
Autoradiograph shows anti-Kir6.1 immunoprecipitation o fthe Kir6.1 polypeptide
from 32P-labelled rat isolated cardiac myocytes stimulated with CCPA in the
absence andpresence o fvarious kinase inhibitors. Lane I, 32P-labelled myocytes
stimulated with 10 pM CCPA alone; lane 2, 10 juM CCPA + 100 pM
chelerythrine; lane 3, 10 pM CCPA + 100 pM SB203580; lane 4, 10 pM CCPA +
100 pM U0126, lane 5, 10 pM CCPA + 100 pMJNK 1 inhibitor. Representative
experiment (n = 3).
B) Densitometryfrom autoradiographs ofphosphorylated Kir6.1 polypeptide
bands immunoprecipitated using anti-Kir6.1 antibody. Optical density values
were measured using Image Master Tﬁprogram (Pharmacia Biotech) from
autoradiographs that were exposedfor three hours, (n = 3). Statistical
significance was tested using the unpaired t-test with Bonferroni multi-comparison

correction against the CCPA reaction. *p> 0.1; *% p <0.05; *** p <0.001.
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Figure 5.74) Immunoprecipitation o fKir6.1 polypeptidefrom [::P]-labelled
cardiac myocytes stimulated with CCPA using anti-SUR2A antiserum.
Autoradiograph shows anti-SUR2A immunoprecipitation o fthe Kir6.1
polypeptidefrom P-labelled rat isolated cardiac myocytes stimulated with
CCPA in the absence andpresence o fvarious kinase inhibitors. Lane 1,132P]-
labelled myocytes stimulated with 10 pM CCPA alone; lane 2, 10 pM CCPA +
100 pM chelerythrine; lane 3, 10 pM CCPA + 100 pM SB203580; lane 4, 10
pM CCPA + 100 pM U0126; lane 5, 10 pMCCPA + 100 pMJNK 1 inhibitor.
Representative experiment (n = 3).

B) Densitometryfrom autoradiographs ofphosphorylated Kir6.1 polypeptide
bands immunoprecipitated using anti-SUR2A antibody. Optical density values
were measured using Image Master ™program (Pharmacia Biotech) from
autoradiographs that were exposedfor three hours, (n = 3). Statistical analysis

by unpaired Student$ t-test with Bonferroni Multi-comparison see Figure 5.6.
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S3.5. Mapping of sites on Kir6.1phosphorylated by in vitro using 2D-
phosphopeptide mapping

To locate PKC-mediated phosphorylation sites on the Kir6.1 polypeptide, in vitro
translated Kir6.1 polypeptide phosphorylated in the presence of exogenous PKC in
the presence of [y>’P]-ATP was subjected to immunoprecipitation using anti-Kir6.1
antiserum, polyacrylamide (7%) gel electrophoresis, band isolation, tryptic digestion,
separation of phosphopeptides by FeCl; column chromatography and 2D-
electrophoretic analysis on TLC plates. Yields of phosphopeptides applied to TLC
plates after phosphopeptide isolation were low (#50 counts per minute measured by
liquid scintillation counting) and proved to be undetectable on autoradiography of
TLC plates exposed to X-ray film for 2 to 30 days (not shown). This experimental

approach was performed three times without success.

To observe separation of [32P]-1abelled tryptic digest polypeptide (s) on exposed
autoradiographs, it is necessary to load samples with radioactivity of 200-1000 cpm
on to the TLC plates. Even more counts would be required in the sample if the
polypeptide were to contain multiple phosphorylation sites. Due to the amount of time
(5-7days) required to prepare tryptic digest phosphopeptides, the low radioactivity in
samples and high possibility of contamination of the digest polypeptides with keratin
(keratin contamination makes the phosphopeptide very difficult to distinguish in mass
sequencing), a different strategy was used to identify sites on the Kir6.1 polypeptide
responsible for PKC phosphorylation.

5.6. Two-dimensional phosphoamino acid analysis of in vivo Kir6.1 subunit
phosphorylated in isolated rat cardiomyocytes by PKC

32p_phosphoamino acids can be detected from acid hydrolysed polypeptide samples
containing very low radioactivity (10-100 cpm) by phosphoamino acid analysis
(Hardie,D.G., 1993). Phosphoamino acid analysis using an HTLE-7000 2D
electrophoresis apparatus, as described in materials and methods (section 2.16), was
used to determine which amino acid residue (s), tyrosine, threonine or serine, was
phosphorylated in response to PKC activation on Kir6.1 polypeptides
immunoprecipitated from *?P-labelled myocytes stimulated with 50 pM PMA.
Immunoprecipitated [**P]-Kir6.1 was subjected to polyacrylamide (7%) gel
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electrophoresis, blotting to Inmobilon PVDF membrane. PVDF membrane bearing
the [*2P]-Kir6.1 band was cut out and the polypeptide hydrolysed with 6M HCI before
2D-phosphoamino acid analysis (see section 2.16). [*>P]-phospho-serine residue (p-
SER) was resolved from acid hydrolysed Kir6.1 polypeptides immunoprecipitated
with anti-Kir6.1 and anti-SUR2A antisera (Figure 5.8). The migration of unlabelled
phosphoamino acid standards as used to identify p-SER as the phosphorylated residue
in the Kir6.1 polypeptide. Neither [32P]-phosphothreonine nor [*>P] phosphotyrosine
was detected in any 2D electrophoresis, even when the TLC plate was exposed to film

for up to 14 days (not shown).
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Figure 5.8. 2D-phosphoamino acid analysis ofimmunoprecipitated Kir6.1
polypeptide stimulated with PMA. Immobilon PVDF (polyvinylidene difluoride)
membrane slices bearing 32P-Kir6. 1 polypeptide immunoprecipitated by either
anti-Kir6.1 (1) or anti-SUR2A (2)from 32P-labelled cardiac myocytes stimulated
with PMA were incubated in 6 M HCI. The Kiro6.1 derivedphosphoamino acids
were then separated by 2D thin layer electrophoresis. The autoradiograph
shows phosphorylation ofKir6.1 proteins on serine residues in both cases. The
migration o fphosphoamino acid standards is shown by circles.

Representative experiment (n = 2).
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5.7 Mapping of a PKC phosphorylation site in Kir6.1 using Kir6.1/Kir6.2

chimaeras

Chimaeras constructed between Kir6.0 subunits have been used to identify the
binding site of a Katp channel inhibitor, PNU-37883A, on the Kir6.1 subunit (Dr. H.
Kuhlman PhD 2002; Kovalev et al., 2001). These chimaeras were used in this study to
identify a site of PKC phosphorylation on the Kir6.1 subunit for PKC modulation.

5.7.1 Construction of Kir6.1/6.2 3' swap and Kir6.2/6.1 3' swap (123 and 213)

The introduction of unique restriction sites into the sequences of Kir6.0 cDNA clones
enabled Dr. Kuhlman to perform a straight swap of four different regions between
Kir6.1 and Kir6.2 subunits (Figure 5.9). All Kir6.1/6.2 constructs were made by Dr.
H. Kuhlman.

The GeneEditor™ in vitro Site-Directed Mutagenesis system was used to create a Sal
I site in Kir6.2 that corresponded to one present in Kir6.1, and a Sph I site in Kir6.1
that corresponded to one present in Kir6.2 (Kuhlman, 2002). Mutagenic
oligonucleotides (Sp4 I mutant oligo: 5' TTT TCA GCC ATG CTG TAA 3, Sal 1
mutant oligo: 5> CCA CGC TGG TCG ACC TCA AG 3’) were annealed to the
template DNA with subsequent synthesis and ligation of the mutant strand linking the
two oligonucleotides. After transforming DNA into JM109 cells [e149McrA™Oend Al
recAl gyrA96 thi hsdR17 (r,my) rel Al supE44 L-A(lac-proAB)(F’ traA36 proA'B"
lacl?AAm150] mutants were selected by plating onto ampicillin plates containing
GeneEditor™ Antibiotic Selection Mix. Resistance to the selection mix encoded by
the mutant DNA strand facilitated selection of the desired mutation. DNA sequencing
was used to identify the mutants. Identified mutant Kir6.1 (Sph I) and Kir6.2 (Sa/ I)
DNA was digested with Sph I restriction enzyme to obtain fragments corresponding to
the C-terminal ends and rest of the Kir6.0 subunits. Obtained fragments were gel
purified from 1% agarose gel. The opposing fragments were ligated to form
constructs of Kir6.1 with the C-terminal end of Kir6.2 (123) and the equivalent
opposite construct (213). Transformation of the constructs into Epicurian Coli ® XL-
Blue subcloning-grade compotent cells (Strategene) were performed, which were
plated onto LB-carb plates. DNA from single colonies (mini-preps; section 2.15.3)
were analysed by DNA sequencing.
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3.7.2 Construction of Kir6.2/6.1 pore swap (21P)

Kir6.2 (Sal I) clone and Kir6.1 (Sph I) clone DNA were digested with Sal I and Sph 1,
with the resulting fragments gel purified following agarose gel electrophoresis.The
opposing fragments were ligated together (in this case the M1-H5-M2 fragment of
Kir6.1 ligated into the N and C-terminal region of Kir6.2). After transformation of the

ligation reactions clones were confirmed by sequencing.

5.7.3 Construction of Kir6.2/6.1 5' swap (215)

Kir6.2 (Sal I) and Kir6.1 (Sph I) DNA was digested with Sal I to obtain fragments
corresponding to the N-terminal end and the rest of Kir6.0. These fragments were gel
purified following agarose gel electrophoresis and the opposing fragments were
ligated to form constructs of Kir6.2 with the N-terminal end of Kir6.1. After

transformation the correct clone was confirmed by DNA sequencing.

5.7.4 Construction of Kir6.1/Ki6.2 Sph-EcoRV and Kir6.2/Ki6.1 Sph-EcoRV (1121
and 2212)

The QuickChange™ Site-Directed Mutagenesis Kit as described in materials and
methods (section 2.17) was used to create an EcoRYV site in the Kir6.2, 87 amino acids
downstream from the Sph 1 site (Dr. Kuhlman, PhD 2002). The primers used were 5’
AGC CCG CTC TAC GAT ATC GCT CCT AGT GAC 3’ (forward) and 5° GTC
ACT AGG AGC GAT ATC GTA GAG CGG GCT 3’ (reverse). The mutant which
was identified by restriction enzyme digests was then digested with Sa/ I and this
fragment ligatéd into the original Kir6.2 (Sa/ I) clone in order to lessen the chance of
an accidental mutation being present in the clone. This new Kir6.2 (Sa/ I, EcoRV)
clone was then sequenced to further confirm the presence of the desired mutation. The
mutant Kir6.2 (Sa/ I, EcoRV) and Kir6.1 (Sph I) clones were digested with EcoRV.
The resulting fragments were purified from an agarose gel and the C-terminal
fragment of Kir6.1 was ligated to the rest of Kir6.2 and visa -versa. The swaps were
confirmed by sequencing. These Kir6.0 chimaeras were then digested with Spa 1. The
resulting fragments were ligated into the opposite constructs, to produce constructs,
which were Kir6.1 with Sph 1to EcoRV fragment of Kir6.2 and the equivalent
opposite construct. The constructed clones were confirmed by DNA sequencing

(section 2.17.3).
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Kir6.1- 1 MLARKSIIPEEYVLARI AAENLRKPRORDRLPKARFIAKSGACNLAHKNIREQ
Kir6.2- 1 MLSRKGIIPEEYVLTRLAEDPI EPRYRERRARFVSIAKKGNCNVAHKNIREQ
M
Kir6.1- 54 GRFLQDI FTTLVDLKWRHTLVIFTMSFLCSWLLFAI MWWLVAFAHGDIYAY
Kir6.2- 53 GRFLQDVFTTLVDLKWPHTLLIFTMSFLCSWLLFAMVWWLI AFAHGDLAP
{ sa1 5
Kir6.1- 105 MEKGITEKSGLESAVCVTNVRSFTSAFLFSIEVQVTIGFGGRMMTEECPLAITV
Kir6.2- 103 ~ GEG TNVPCVTS I HSFSSAFLFSIEVQVTIGFGGRMV TEECPLAIL 1
M2
Kir6.1-159 LILQNIVGL I INAVMLGCIFMKTAQAHRRAETLIFSRHAVIAVRNGKLCFMFR
Kir6.2- 149 LIVQNIVGLMINA 1MLGCIFMKTAQAHRRAETLIFSKRAVITLRHGRLCFMLR
| spni
Kir6.1-212 VGDLRKSMIISASVRI QVVKKTTTPEGEWPI HQQDIPVDNP I ESNNIFLVAPLII
Kir6.2- 202 VGDLRKSMIISATIHMQWRKTTSPEGEWPLHQVDIPMENGVGGNSIFLVAPLII
Kir6.1-268 CHVIDKRSPLYDI SATDLVN QDLEVIVILEGWETTGITTQARTSYI AEEIQW
Kir6.2- 258 YHVIDSNSPLYDLAPSDLHHHQDLEI IVILEGWETTGITTQARTSYLADEILW
' EcoRV
Kir6.1-321 GHRFVSIVTEEEGVYSVDYSKFGNIVRVAAPRCSARELDEKPSI L I QTLQKSEL
Kir6.2- 312 GQRFVPIVAEEDGRYSVDYSKFGNIVKVPTPECTARQLDEDRSLLDALTLAS
Kir6.1- 375 SHQNSLRKRNSMRRNNSMRRSNS IRRNNSSLMVPKVQFMTPEGNQCPSES
Kir6.2- 364 S RGPLRKR SVAVAKAK PKFSIS PD S LS
WT Kir6.1
WT Kir6.2
Sail Sphl EcoRV

Figure 5.9. Amino acid sequence o frat Kir6.0 subunits and schemata of
constructed chimaeras. The Kir6.2 amino acid residues highlighted in red differfrom
those ofthe Kir6. 1 subunit. Arrows represent the position o frestriction sites usedfor
cloning. Serine residues in blue represent potential PKC mediated phosphorylation
sites in the Kir6.1 polypeptide. The Kir6.0 coding region in chimaeras is indicated by
rectangular box with the Kir6.1 and Kir6.2 subunits being presented either black or
white, respectively (Dr. H. Kuhlman PhD 2002).
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3.7.5. In vitro expression of the chimaera clones

Expression of sequenced chimaera clones as verified by using the TNT® Quick

Harprit Singh

Coupled Transcription/Translation kit. Chimeric DNA (2ug) was incubated with SP6

TNT® Quick Master Mix in the presence of 0.37MBq of [>°S]-methionine. In vitro

translation of all the [*°>S]-methionine chimaeras was observed (Figure 5.10). All the

polypeptides migrated to predicted molecular weights as shown below in Table 5.3.

Nomenclature Constituent Migrated molecular
of chimaera weight on 7.5 %
clones polyacrylamide gel
(kDa)
123 Kir6.1 with Kir6.2 C-terminal 40
213 Kir6.2 with Kir6.1 C-terminal 48
21P Kir6.2 with pore region swapped with 40
Kir6.1
215 Kir6.2 with N-terminal Kir6.1 40
1121 Kir6.1 with region between restriction 48
sites Sph [ to EcoRV swapped with
Kir6.2
2212 Kir6.2 with region between restriction 48

sites Sph I to EcoRV swapped with
Kir6.1

Table 5.3 Apparent molecular weights of Kir6.0 chimaeras from electrophoretic

analysis on 7.5 % polyacrylamide gel

Kir6.0 chimaeras were then expressed in the absence of [**S]-methionine, i.e. in the

presence of 1mM unlabelled methionine, and utilized for in vitro PKC-mediated

phosphorylation experiments.
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Molecular markers

1 2 3 4 5 6 7

Kir6.1 123 213 21P 215 1121 2212

Figure 5.10 In vitro translated[ssS]-methionine-labelled Kir6.0 constructed
chimearas. Autoradiograph showing migrated [355]-methionine labelled in vitro
translated chimeric polypeptides on a 7.5%polyacrylamide mini-gel. The subunits
were expressed using the SP6 TNI® quick-coupled transcription/translation kit
(Promega). The [33S]-methionine-labelled WiKir6.1, 213 and 1121 polypeptides
migrated to molecular weights o f48 kDa, whereas chimaeras 123, 2IP, 215 and
2212 migrated to molecular weights o f40kDa. Representative experiment (n = 2)
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3.7.6. In vitro PKC-mediated phosphorylation of Kir6.0 chimaeras

In vitro translated unlabelled Kir6.0 chimaeras were subjected to PKC-mediated
phosphorylation under standard conditions (section 2.12.2) followed by

immunoprecipitation using Kir6.0 antisera (Table 5.4).

Subunit/ chimeara Immunoprecipitated with C-terminal
targeting Kir6.0 antibodies

Wt Kir6.1 Anti-Kir6.1 antiserum

123 Anti-Kir6.2 antiserum

213 Anti-Kir6.1 antiserum

21P Anti-Kir6.2 antiserum

215 Anti-Kir6.2 antiserum

1121 Anti-Kir6.1 antiserum

2212 Anti-Kir6.2 antiserum

Table 5.4. Kir6.0 antisera used for the immunoprecipitation of polypeptides from in
vitro expressed chimaeras following incubation with PKC in the presence of [ 72PJ-

ATP.

Immunoprecipitation of a phosphopolypeptide of 48 kDa was observed in reactions
containing WT Kir6.1, 213 and 1121 chimaeras only (Figure 5.11-A, lanes 1, 3 and 6,
respectively) using the anti-Kir6.1 antiserum. No detectable immunoprecipitation of a
phosphopolypeptide (40 kDa) using anti-Kir6.2 antiserum was detected from
reactions containing 123, 21P and 215 chimaeras (Figure 5.11-A, lanes 2, 4, and 5,
respectively) suggesting that the Kir6.1 phosphorylation must occur in the C-terminal
half of the protein. No phosphorylation was seen in the reaction containing the 2212
chimaera, where the amino acids included in the coding region between Sph I to
EcoRV sites in Kir6.2 were substituted with Kir6.1 (Figure 5.11-A, lane 7), which
further localized the amino acid (s) responsible for PKC phosphorylation of the Kir6.1

280 424 (1280_g424)

polypeptide between isoleucine” -serine
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The optical density of phosphorylated polypeptide bands measured from
autoradiographs exposed for 3 hours showed a similar level of PKC-mediated
phosphorylation in WT Kir6.1, 213 and 1121 reactions (Figure 5.11).

5.8. Two-dimensional phosphoamino acid analysis of in vitro PKC-mediated
phosphorylation of Kir6.0 chimaeras.

Phosphoamino acid analysis was performed on immunoprecipitated polypeptides
from chimaera reactions incubated with PKC in the presence of [y’°P]-ATP to see
whether serine was the target residue for PKC as observed in in vivo experiments
where Kir6.1 polypéptide was phosphorylated by PKC in rat isolated ventricular
myocytes (section 5.6). Phosphorylation of serine residues was detected in
immunoprecipitated polypeptide from WT Kir6.1 and 1121 chimaera reactions
(Figure 5.12). No serine, threonine nor tyrosine phosphorylation was detectable in the
2212 chimeric reaction even after the exposure of the TCL plate to film for 14 days

(not shown).
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Figure 5.11A4) In vitro PKC-mediated phosphorylation o f constructed Kir6.0
chimaeras. In vitro expressed Wt Kir6.1 and chimaeras were incubated with PKC
(3.5 pg/ml) in the presence of[32P]-ATP, resolved by SDS-PAGE and visualized
by autoradiography. Lanel, WTKir6.limmunoprecipitation using anti-Kir6.1
antisera; lane 2, 123 chimaera immunoprecipitation using anti-Kir6.2 antisera;
lane 3, 213 chimaera immunoprecipitation using anti-Kir6.1 antisera; lane 4, 21P
chimaera immunoprecipitation using anti-Kir6.2 antisera; lane 5, 215 chimaera
immunoprecipitation using anti-Kir6.2 antisera; lane 6, 1121 chimaera
immunoprecipitation using anti-Kir6. 1 antisera; lane 7, 2212 chimaera
immunoprecipitation using anti-Kir6.2 antisera. Representative experiment (n = 3)
B) Densitometry ofpolypeptide bands detectedfrom autoradiograph shown in A.

Optical density values were measured using Image Master program = (Pharmacia

Biotech) from autoradiographs that were exposed to X-rayfilm for three hours.

(n=3)
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Chimera WT Kiré6.1
213
Pi
<. Pi
pSER
pTHR
pTYR
Pi <. Pi
pSER C-Bs
pTHR
pTYR
Chimera Chimera
1121 2212

Figure 5.12. 2D-Phosphoamino acid analysis o fphosphorylated WT Kir6.1
and Chimaeras 213,1121 and 2212. Immobilon PVDF membrane strips
bearing immunoprecipitaedpolypeptidesfrom WTKir6.1, chimeras 213, 1121
and 2212 reactions incubated with PKC (3.5 pg/ml) in the presence of32P-ATP
were incubated with 6 MHCI to hydrolyse the peptide. Phosphoamino acids
were separated by 2D-thin layer electrophoresis (section 2.16). The
autoradiograph shows phosphorylation ofserine residues in WT Kir6.1 and
1121. The migration o funlabelledphosphoamino acid standards are shown by

the circles, (n = 1)
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5.9 In vitro phosphorylation of expressed point mutants of Kir6.1.

The results from the in vitro chimaera phosphorylation experiments and
phosphoamino acid analysis suggested that the target-site for PKC phosphorylation on
the Kir6.1 subunit is located on a serine residue (s) in the C-terminal domain beyond
residue 280 (residues 280-424). Consensus PKC target amino acid sites in the Kir6.1
subunit were determined using NetPhos 2.0 Prediction server (Center for Biological

Sequence Analysis, BioCentrum-DTU, Technical University of Denmark; Table 5.5).

Consensus sequences for protein kinase C phosphorylated in Kir6.1: X-S/T-XR/K

(where X is any amino acid)

Consensus sequence Residue in Kir6.1 subunit
ITEK T-110
ASVR S-224
NTVR T-345
CSAR S-354
NSLRK S-379
NSMR S-385
NSMR S-393
NSIR S-397

Table 5.3. Consensus phosphorylation sites for protein kinase C in Kir6.1 subunit

Five serine and one threonine residue, represented in bold in Table 5.5, are present

between amino acids %°-§*%

in the Kir6.1 subunit. Since threonine phosphorylation
was undetected in phosphoamino acid analysis performed on the Kir6.0 chimaeras,
attention was directed to the serine residues at position 354, 379, 385, 393 and 397,
which were mutated to alanine and examined for PKC-mediated phosphorylation. The
Kir6.1 mutants (S354A, S379A, S385A, S393A and S397A) were constructed using

the QuikChange ™ Site-Directed Mutagenesis kit as described in section 2.14.
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5.9.1_In vitro expression of Kir6.1 mutants

Kir6.1 mutants were expressed using the TNT® Quick Coupled
Transcription/Translation kit in the presence of 0.37 MBq [>*S]-methionine. The
migration of [*°S]-methionine-labelled polypeptides on polyacrylamide gels verified
the expression of the mutants, with a molecular weight similar to WT Kir6.1 (Figure
5.13).

The mutants were then expressed in the presence of ImM unlabelled methionine and

utilized for in vitro PKC-mediated phosphorylation experiments.
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Molecular markers
(kDa)

WT6.1 S354A S379A S385A S391A S397A

Figure 5.13. In vitro translated f355J-methionine labelled Wt and Kir6.1 mutants.
Autoradiograph showing migrated [355]-methionine labelled in vitro translated wt
and mutant Kir6.1 polypeptides electrphoresed on a 7.5%polyacrylamide mini-
gel. The subunits were expressed using the SP6 TNT® quick-coupled
transcription/translation kit (Promega). The [33S]-methionine labelled WT and
Kir6.1 mutants, S354A4, S379A4, S3854, S393A4 and S397A4 polypeptides all
migrated with an apparent molecular weight o f48 kDa. (n =2).
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5.9.2. PKC-mediated phosphorylation of in vitro expressed Kir6.1 mutants

In vitro expressed wt Kir6.1 and mutant Kir6.1 polypeptides were incubated with
PKC (3.5 pg/ml) in the presence of [y**P]-ATP followed by immunoprecipitation
using anti-Kir6.1 antisera. PKC-mediated phosphorylation of immunoprecipiated
polypeptides was observed in the wt Kir6.1 reaction and S354A, S385A, S393A and
S397A mutant Kir6.1 reactions (Figure 5.14, lanes 2, 3, 5,6 and 7, respectively).
Phosphorylation of the S379A mutant Kir6.1 was not observed (Figure 5.14, lane 3)
suggesting that serine®® is the residue in Kir6.1 subunit responsible for PKC-

mediated phosphorylation.

Densitometry of immunoprecipitated polypeptide bands on autoradiographs exposed
for 3 hours revealed no significant difference in phosphorylation between WT Kir6.1
and mutant Kir6.1 in vitro expressed polypeptides, S354A, S385A, S391A and S397A
(Figure 5.15).
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Molecular markers
(kDa)

WT6.1  S354A S379A S385A S391A S397A

Figure 5.14. In vitro PKC-mediated phosphorylation o fexpressed Kir6.1
mutants. In vitro expressed Wt Kir6.1 and Kir6. 1 mutants were
phosphorylated in the presence o fPKC (5.5 pg/ml) and [32P]-ATP,
immunoprecipitated with anti-Kir6.1 antiserum, resolved by SDS-PAGE and
visualized by autoradiography. Lane I, WTKir6.1; lane 2, S3544 Kir6.1; lane
3 83794 Kir6.1; lane 4, S3854 Kir6.1; lane 5, S3914 Kir6.1; lane 6, S3974

Kir6. 1 mutant. Representative experiment (n = 3).
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Figure 5.15. Densitometry o fautoradiographs o fimmunoprecipitated Kir6. 1
polypeptide bands. Optical density values were measured using Image Master
program (Pharmacia Biotech) from autoradiographs that were exposedfor three
hours, (n = 3). Statistical analysis was by unpaired Students$ t-test with Bonferroni

Multi-comparison. *p = nonsignificant, **p<0.01.
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5.10 Summary

In vitro expressed Kir6.1 was phosphorylated by PKA and PKC, whereas Kir6.2 was
phosphorylated by PKA only. The Kir6.1 polypeptide in rat isolated ventricular
myocytes was the only K,1p channel subunit phosphorylated on stimulation with
activated PKC (adenosine; PMA) and PKA (Forskolin). Complete inhibition of
phosphorylation with cheleythrine (PKC inhibitor), but not with SB203580
(p38MAPK), U0126 (MEK1/2) and JNK 1 inhibitor indicate a probably direct PKC
mediated phosphorylation of the Kir6.1 polypeptide in native tissue. In vitro
phosphoamino acid analysis and phosphorylation of expressed Kir6.1/6.2 chimaeras
showed PKC-mediated phosphorylation of the Kir6.1 polypeptide located on a serine
residue between amino acids 280-424. In vitro phosphorylation experiments on

expressed Kir6.1 mutants, confirmed serine 379 as the site for PKC phosphorylation.
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Chapter 6: Discussion

Cardiac myocytes contain two ATP-sensitive potassium channels, the sarcolemmal
Katp channel (sarcK op; Inagaki et al., 1996) and the mitochondrial Katp channel
(mitoK a7p) found in the inner mitochondrial membrane (Inoue et al. 1991). The
regulation of cardiac Katp channels by PKC in ischaemic preconditioning (IP) has
been shown to be potentially important (Liang et al., 1997; Hu et al., 1996; Light et
al., 1996; Liu et al., 1998; Sato et al., 1998; Liu et al., 2002). Evidence supporting a
role for PKC regulated sarcKap and mitoKatp channels in IP has been examined by
blocking and mimicking the protective effects of both ischaemic and pharmacological
preconditioning by selective Katp channel inhibitors and agonists in the presence and
absence of PKC inhibitors (Suzuki et al., 2002; Sato et al., 1998; Liu et al., 2002). To
date, these studies have been unable to provide strong evidence for whether regulation

of one or both cardiac K7p channels via PKC is involved in IP.

Protein kinase C-mediated phosphorylation of the Kir6.2 threonine residue at position
180 in Kir6.2/SUR2A transfected HEK 293 cells has been determined (Light et al.,
2000), but PKC-mediated phosphorylation of the sarcolemmal K z1p channel subunits
in native tissue still remains to be investigated. On the other hand, activation of PKC
has been linked specifically to the protective role of the mitochondrial Katp channel
(Sato et al., 1998). Like the Kir6.2 subunit, the PKC consensus sites are also highly
conserved in the Kir6.1 subunit, the putative mitoKp subunit (Suzuki et al., 1997),
which suggests the possibility of regulation of the mitochondrial Katp channel
subunit. Again, there is no evidence to date that the Kir6.1 subunit is substrate for
PKC in cardiac tissue. To investigate PKC-mediated phosphorylation of these cardiac
KaTp channel components and to understand their importance in cardiac myocytes

during IP, the molecular composition of sarcKatp and mitoK e needs to be resolved.

To resolve the molecular composition of these channels isoform specific site-directed
antibodies against Katp channel subunit peptides were produced to investigate the
cellular localization of K o1p channel subunit isoforms in isolated cardiac myocytes by

confocal microscopy and in subcellular fractions by Western blotting. The same
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antibodies were then used to investigate in vivo PKC-mediated phosphorylation of

resolved cardiac K a1p channel subunits.

6.1. Antibody Characterization

Anti-Kir6.0 and SUR2 antibodies were prepared against the C-terminal sequences of
rat Katp channel subunits, as shown in Figure 6.1. Each antibody was shown to
recognise immunising peptide in ELISA, which was displaced from the target antigen
by competition with specific antigenic peptide. Their specificity towards their target
peptide sequence in expressed Katp channel subunits were confirmed by
immunoprecipitation, Western blots and immunocytochemistry. The anti-Kir6.0 and
anti-SUR2 antibodies were able to immunoprecipitate target specific peptide
sequences on [>> S]-methionine labelled Kir6.0 and SUR proteins, respectively, which
were, in each case, blocked by preadsorption of the antiserum with specific
immunizing peptide. Limited cross-reactivity between anti-SUR2A and anti-SUR2B
antibody was observed at high serum concentrations, as these antibodies were able to

immunoprecipitate non-specific related peptide on expressed in vitro proteins.

Western blots performed on in vitro expressed Katp channel subunits were also able
to show specific binding of antibodies to specific target peptides, which in each case
was abolished by preadsorption of antisera with 10 pg/ml of C-terminal specific
immunizing peptide. Cross-reactivity between the anti-SUR2A and anti-SUR2B
antibodies was not seen in Western blots, as these antibodies were unable to target
related subunits, implying that anti-SUR2 antisera along with anti-Kir6.0 antisera
were subunit specific and could be used to investigate localization of Kartp channel

subunits in isolated rat heart subcellular fractions using Western blots.

The demonstration of specific binding of antibodies to stably expressing
Kir6.2/SUR2A and SUR2A HEK293 cell-lines transfected with appropriate Katp
channel subunits using immunocytochemistry and confocal microscopy established
the subunit specificity of each of the antibodies in this application and permitted the
application of these antibodies in the examination of the localization of Kir6.0 and

SUR?2 subunits in rat isolated cardiac myocytes.
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Kir6.0
Anti-Kir6.1 Target sequence
49K VQFMTPEGNQCPSES
Anti-Kir6.2 Target sequence
377K AKPKFSISPDSLS3%0
SUR2
NBEF2

Anti-SUR2A Target sequence
I22PNLLQHKNGLFSTLVMTNK 145

Anti-SUR2B Target sequence
BBESLLAQEDGVFASFVRADM "**

Figure 6.1. Primary antibodies and their target epitope. The antibodies were utilized
in immunocytochemistry andphosphorylation experiments. All antibodies were raised
in rabbit to targetpeptide in the C-terminal o fthe k atp channel subunits.
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6.2. Localization of Kir6.0 and SUR2 subunits

The application of Kir6.0 and SUR2 subunit specific antibodies in
immunocytochemistry and Western blot experiments of isolated rat cardiac myocytes
and subcellular fractions, respectively, was employed to investigate the localization of
cardiac Katp channel subunits and identify the possible molecular composition of
sarcK atp and mitoK stp channels. Antibody-associated immunofluorescence observed
in confocal microscopy and staining in Western blots of isolated rat cardiac myocytes

showed that all four Katp channel subunits were present.

6.2.1 Kir6.1 subunit

The Kir6.1 subunit was shown to be associated predominantly with the mitochondria
of cardiac ventricular myocytes. Confocal microscopy using the anti-Kir6.1 antiserum
revealed an intracellular distribution of the Kir6.1 subunit associated with myofibril
structures. Mitochondria are known to associate with myofibril structures and, since
anti-Kir6.1 immunofluorescence was significantly co-localised with the mitochondrial
marker MitoFluor red, these findings suggest that Kir6.1 is the predominant Katp
channel pore forming subunit in the mitochondria of ventricular myocytes. This result
was corroborated by the strong staining by anti-Kir6.1 antiserum of a polypeptide of
48 kDa in Western blots of mitochondrial fractions. Occasional punctate localization
of Kir6.1 just under the sarcolemma was observed immunocytochemically and
staining of a polypeptide of 48 kDa in Western blots of microsomal membrane
fractions isolated from rat heart was consistent with a localization in another non-

mitochondrial vesicular or sarcolemmal structure.

The presence of Kir6.1 proteins in mitochondrial fractions prepared from rat skeletal
muscle and liver has been determined previously using an anti-Kir6.1 antibody raised
to a different epitope (amino acid residues corresponding to 375-386 of rat Kir6.1;
Suzuki et al., 1997). Their findings confirm the mitochondrial localization of the
Kir6.1 subunit suggested from immunoblots performed on mitochondrial fractions,
which the anti-Kir6.1 antibody revealed a 47 kDa polypeptide corresponding to the
Kir6.1 subunit. Inmunostaining of ultrathin tissue sections by the immunogold
method determined the distribution of anti-Kir6.1 antibody binding to the

mitochondrial inner membrane in skeletal muscle (Suzuki et al., 1997). Gold staining

157



Structural and Phosphorylation Studies of Cardiac Krp channels. Harprit Singh

was observed over the matrix and cristae in mitochondria, but not along the outer

membrane.

Electrophysiological properties of mitochondrial Katp channels have been reported in
a purified mitochondrial inner membrane protein fraction, which were inhibited by
sulfonylureas and activated by KCO (Takata et al., 1990). From their localization
study, Suzuki et al., (1997) suggested that the Kir6.1 subunit might constitute a
possible isoform of the mitochondrial Karp channel present on the inner membrane.
In a recent test of whether the Kir6.1 subunit is an essential component of the
mitoKarp, adenovirus encoding either dominant-negative Kir6.1 or Kir6.2 subunits, in
which the pore signature sequence GFG was mutated to AFA, were constructed to
knock out current carried by SUR/Kir6.0 channels (Seharaseyon et al., 2000a). The
AFA mutation eliminates the ability of the channel to conduct K* but does not prevent
the mutant subunit from co-assembling with native Karp channel subunits. The
Kir6.2AFA virus, but not the Kir6.1AFA virus, could suppress native sarcKtp
current in isolated rabbit cardiomyocytes, but transfection of adult myocytes with the
dominant-negative Kir6.1 AFA subunit had no effect on the mitochondrial redox
response to diazoxide (Seharaseyon et al., 2000b), which was interpreted to indicate
that Kir6.1 is not a part of mitoKatp. However, a recent study has shown no effect on
mitochondrial membrane potential in isolated guinea-pig ventricular myocytes with
the putative mitoK stp channel opener diazoxide and that diazoxide regulates
succinate oxidation rather than mitoKatp channel, causing a changing in
mitochondrial redox state (Hanley et al., 2002; section 1.13.1). This suggests that the
Kir6.1 subunit could still contribute to the mitoK stp channel structure, since the
selectivity of diazoxide as a mitoKarp channel, suggested by Seharaseyon et al.,

(2000b), remains questionable.

The Kir6.1 subunit has been shown to associate with the actin cytoskeleton in mouse
ventricular myocytes (Rosner et. al., 2002). Clear expression of Kir6.1 was observed
in the sarcolemma when isolated mouse cardiac myocytes were stained with Kir6.1
antibody by immunocytochemistry. Kir6.1 proteins co-localized strongly with the
actin cytoskeleton after staining with FITC-phalloidin but no co-localization was
observed with actinin or tubulin. As mentioned earlier the dominant-negative

Kir6.1AFA mutant had no apparent effect on sarcKatp channel current in rabbit
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ventricular myocytes (Seharaseyon et al., 2000b), suggesting that the localization of
the Kir6.1 subunit to sarcolemma in isolated mouse cardiac myocytes is a species
issue, where localization of Kir6.1 in cardiac myocytes might vary between species.
While Yokoshiki et al., (1997a) indicated that there is a link between the F-actin
cytoskeleton and Katp channels in mice, the role of Kir6.1 subunits associated with

actin in mouse cardiac function and excitability still remains to be investigated.

In this study, a significant correlation observed between anti-Kir6.1-associated
immunofluorescence and Mito-tracker distribution in isolated rat cardiac myocytes,
plus the detection of Kir6.1 polypeptide in mitochondrial fractions strongly suggest
Kir6.1 a part of the mitoK s1p channel.

6.2.2. Kir6.2 subunit

Kir6.2 subunits are widely held to comprise the pore of the sarcKatp channel from the
resemblance of the properties of co-expressed Kir6.2/SUR2A expressed in
heterologous systems with those of the native sarcKatp (Liu et al., 2001. Ashcroft et
al., 2000) and from the reduction in functional sarcK s1p channels in Kir6.2 knockout
mice (Suzuki et al., 2002). Anti-Kir6.2 subunit associated immunofluorescence at low
antiserum dilution (1/250) was observed predominantly on the cell boundary, but
some weak internal localization was also observed. This is the first direct evidence in
support of the contention that Kir6.2 subunits are present in the sarcKatp channel.
Western blots on microsomal membrane fractions also revealed anti-Kir6.2 staining
of a 40 kDa polypeptide corresponding to Kir6.2, consistent with a plasma membrane
localization. The presence of the Kir6.2 subunit in mitochondria was also confirmed
for the first time by recognition of a polypeptide of 40 kDa by anti-Kir6.2 antiserum
in Western blots of isolated mitochondrial fractions. When the anti-Kir6.2 antiserum
dilution was increased (1/500), the low immunofluorescence associated with
intracellular structures became undetectable while a strong immunofluorescence was
still associated with the sarcolemma. Together, these results suggest that Kir6.2 is the
predominant Kir6.0 isoform in the sarcolemma and that it is also present at lower

levels in mitochondria.

The presence of both Kir6.0 subunits in mitochondria in isolated cardiac myocytes

suggests the possibility of co-assembly between the two subunits. Recently
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heteromultimerization between Kir6.1 and Kir6.2 subunits in the presence of SUR2A
has been shown (Pountney et al., 2001). Either dominant-negative Kir6.1 or Kir6.2
subunits (GFG residues of the pore region mutated to AAA) were able to suppress
both wt Kir6.1/SUR2A and Kir6.2/SUR2A currents in transfected HEK293 cells. In
co-immunoprecipitation experiments, Kir6.2 subunit was immunoprecipitated with
Kir6.1 antibody and conversely, immunoprecipitation with Kir6.2 antibody co-
immunoprecipitated Kir6.1 subunit from HEK 293 cell extracts. However, as
discussed above, Seharaseyon et al., (2000a) were unable to demonstrate functional
hetermultimeric Kir6.0 recombinant or native channels. Immunocytochemical studies
are able to give an idea of the possible channel combinations which may arise in any
one tissue but do not determine whether mixed oligomer channels are being
functionally expressed. The determination of the presence of the Kir6.1 and Kir6.2
subunits together on the mitochondrial inner membrane does not necessarily suggest
they can form heterologous functional channels. Co-immunoprecipitation experiments
on detergent extracts of isolated mitochondrial fractions are required to resolve this
tissue. Pilot experiments carried out in this study were inconclusive and restricted by

yield of mitochondria from isolated myocytes.

6.2.3. SUR2A subunit

Consistent with the contention that SUR2A subunits comprise the sulphonylurea
accessory subunit of the sarcKatp channel, from comparisons of functional properties
of heterologously expressed Kir6.2/SUR2A channels and native channels (Liu et al.,
2001; Ashcroft et al., 2000), a distinct localisation of anti-SUR2A-associated
immunofluorescence to the cell boundary was observed in confocal microscopy of
isolated cardiac myocytes. Consistent with a plasma membrane localization, anti-
SUR2A staining was observed in Western blots on microsomal membrane fractions.
Anti-SUR2A-associated immunofluorescence was also localised to intracellular
structures when a lower dilution was used. This showed was a significant correlation
with the distribution of the mitochondrial marker MitoFluor red indicative of a

mitochondrial localisation of this subunit also.
Immunoblot analysis of isolated myocyte proteins with both anti-SUR2 subunit

antisera resulted in the specific detection of multiple polypeptides. Staining of several

polypeptides in the region of the predicted molecular weight (140 kDa), has been

160



Structural and Phosphorylation Studies of Cardiac K s1p channels. Harprit Singh

observed in previous reports of SUR2 detection in Western blots (Giblen et al., 1999;
Ashfield et al., 1999) but has either not been discussed or the data selected by
letterboxing of selected bands. Since cross-reactivity between the two anti-SUR2
antisera was not seen in Western blots of expressed SUR2 subunits, it was likely that
multiple detection of bands in tissue blots was not a product of low antibody
specificity but rather the presence of a number of related antigenic polypeptides.
Those polypeptides with apparent molecular weights near that predicted for the SUR2
subunits may have been either multiple glycosylation products of the target subunit or
derived proteolytically from the native subunit. Staining of polypeptides with
apparent molecular weights significantly lower than the predicted size are likely to
have been derived proteolytically from the native subunit. Inclusion of protease
inhibitor cocktails in all steps following myocyte dissociation did not reduce the
number of polypeptides detected, suggesting that the SUR2A subunit is relatively

labile on disruption of cardiac cells.

When the presence of SUR2A in mitochondria was further examined directly in
immunoblots of mitochondrial proteins, anti-SUR2A antiserum was unable to detect
polypeptides corresponding to SUR2A subunit under routine staining conditions. The
inability to detect the presence of SUR2A, suggested from confocal microscopy, may
have been due to the proteolytic lability of the SUR2A subunit. In in vivo
phosphorylation experiments on isolated rat cardiac myocytes, the anti-SUR2A
antiserum was able to immunoprecipitate [*>P]-labelled Kir6.1 polypeptide suggesting
an association between Kir6.1 with SUR2A. Even though SUR2 was undetectable in
Western blots of mitochondrial fractions to confirm localization of SUR2A in
mitochondria, the immunofluorescence patterns displayed by both anti-SUR2A and
anti-Kir6.1 and the co-immunoprecipitation of [* ?P]-incorporated Kir6.1 polypeptide
using anti-SUR2A strongly suggest the association between the two subunits and thus,
localization of SUR2A in inner membrane of mitochondrial. Further experiments

(section 6.3) are required to validate SUR2A as a subunit of the mitoKrp channel.

6.2.4. SURIsubunit

Work by Liu et al., (2001) indicated that among the combinations of known SUR and
Kir subunits expressed heterologously as surface channels, only Kir6.1/ SUR1 fits the
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pharmacological profile for mitoKarp, The pharmacological profiles of the native
mitoKatp channels in rabbit ventricular myocytes were compared with heterologously
expressed Katp channels in HEK293 cells. All possible combinations of Kir6.0 and
SUR1/2 subunits (Kir6.1/SUR1, Kir6.1/SUR2A, Kir6.1/SUR2B, Kir6.2/SURI1, _
Kir6.2/SUR2A and Kir6.2/SUR2B) were heterologously expressed in HEK293 cells,
and the effect of the KCOs, diazoxide, pinacidil, P-1075, and blockers, glibenclamide
SHD and HMR-1098, was characterized with the whole-cell, patch-clamp technique.

]

The effect of these agents on mitoK arp channel activity in myocytes was monitored
by mitochondrial oxidation. Table 6.2 summarises the results obtained by Liu et al.,
(2001).

Diazoxide activated Kir6.1/SURI and native mitoK stp channels with an ECs value
of 10 uM and 27 pM, respectively. The ECsp value of 10 uM to activate Kir6.1/SUR1
was close to the value that was reported by Garlid et al., (1996) on isolated
mitochondria (2.3 uM). SHD blocked diazoxide-induced Kir6.1/SUR1 channels with

Table 6.1. Pharmacology of heterologously expressed K 4rp channels (adapted from
Liu et al 2001)

Tissue Ci‘::;;;‘:“;n Dia Pina o~ Gly SHD ‘M3
Kir6.1/SUR1 O O NE C C NE

Kir6.1/SUR2A NE O 0] C NE NE

VSM Kir6.1/SUR2B O O 0) C NE NE
Pancreatic Kir6.2/SUR1 0] 0 0] C C C
Sarcolemmal Kir6.2/SUR2A NE O o C NE C
VSM Kir6.2/SUR2B NE O 0] C NE NE
Mitochondria Unknown 0 0 NE C C NE

VSM, vascular smooth muscle; Dia, diazoxide (100 uM),; Pina, pinacidil (100 uM);
P-1075 (100 uM); Gly, glybenclamide (10 uM); S5HD, 5-hydroxydecanonic acid
(200 uM); HMR-1098 (10 uM); O, open; C, close; NE, no effect.
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an ICsp value of 66 M, which was close to that required to block native mitoKp
channels (95 pM). These results showed diazoxide to be a selective mitoK s1p
channel opener and SHD a mitoK s1p channel blocker, which is consistent with results
published by Garlid et al., (1996) and Sato et al., (1998), respectively. Together, the
results of Liu et al., (2001) imply that mitoK 7p channels may contain structural
motifs involved in drug binding similar to that of Kir6.1/SURI.

In this study no staining of myocytes was seen with an anti-SUR1 subunit antiserum
targeting amino acid residues 2-10 on the N-terminal domain of this subunit in
immunocytochemistry experiments (not shown). Immunoblots performed on
mitochondrial fractions using anti-SUR1 antiserum were unable to detect
polypeptides corresponding to SUR1. It can be argued that anti-SUR1 antibody was
poorly characterized and like SUR2A, it is possible that SUR1 was proteolytically
labile in the mitochondrial fraction. Further work in characterizing the current anti-
SURI antibody, together with preparation of a new anti-SURI1 antiserum to a
different epitope is required before a conclusion can be made whether SURI is

localized in mitochondria or not.

Recent studies by Hanley et al.,(2002) have demonstrated diazoxide and 5-HD act
independent of mitoK sp channels (section 1.13.1). Diazoxide was shown to inhibit
succinate oxidation in submitochondrial particles isolated from pig heart rather having
an effect on mitoK o7p targeting. The inhibitor of mitoKarp, S-HD was also shown to
be a substrate for acyl-CoA synthetase, which is present on the outer mitochondrial
membrane and matrix. Thus, the inferences from flavoprotein oxidation, seen as
autofluorescence, that these drugs were acting pharmacologically via mitoKatp
channels may be in error (Liu et al., 1998; Sato et al., 1998; Liu et al., 2002).
Likewise, the implication of a Kir6.1/SUR1 mitoKatp channel from its similar
pharmacological profile might also be misguided. Although the presence of Kir6.1 in
mitochondria was confirmed in this study, the identity of any SUR partner (s) remains

an open question.
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6.2.5. SUR2B subunit

The distribution of anti-SUR2B-associated immunofluorescence in isolated cardiac
myocytes was distinctly different to that observed with any of the other three anti-
Katp channel subunit antisera. In this case, a distinct regular transverse striated
pattern of labelling which coincided with the t-tubular structures (IXE11, antibody

associated immunofluorescence) was observed.

The complex structure of cardiac muscle has made interpretation of early
electrophysiological studies of the membrane currents in multicellular tissue difficult.
One of the most important problems in cardiac multicellular tissue is the accumulation
of K" in the intercellular clefts. These changes in the extracellular K concentrations
can distort the magnitude and time course of K* currents (Almers, 1972; Attwell and
Cohen, 1977; Attwell et al., 1979). Many of these problems have been reduced by the
use of enzymatically isolated single cardiac cells. However, single myocytes have
numerous invaginations of the sarcolemmal membrane that could act as restricted
spaces in which ions might accumulate during activation of transmembrane currents.
For example, mouse ventricular myocytes have an extensive transverse tubule (t-
tubule) system whose surface area makes up approximately 50 % of the total
sarcolemmal membrane of the cells (Forbes et al., 1984). These tubules are about 50-
100nm in diameter and, hence, the tubule lumen could readily accumulate ions during

current flow across the t-tubule membrane.

Clark et al., (2001) were able to show the presence of a slow transient current (L)
following depolarisation of voltage-clamped mouse ventricular myocytes. The slow
inward I,; was blocked by 0.25mM BaCl,, a blocker of inwardly rectifying K"
current, Ix. Using a specific antibody against Kir2.1, Clark et al., (2001) were able to
localize Kir2.1 in the t-tubules of mouse ventricular myocytes. The staining of Kir2.1
to the t-tubules, verified by co-localization with t-tubule membrane marker (wheat
germ agglutinin conjugated to Oregon Green 488) was consistent with the
electrophysiological data obtained in these cells. This strongly suggested that I, in
mouse ventricular myocytes was produced by the activation of inward Ik in the t-
tubules, resulting from K™ accumulation in these membrane structures. Other studies
have also supported these findings. Leonoudakis et al., (2001) showed that Kir2.2 is

also localized to t-tubules in rat ventricular myocytes. When the gene encoding Ki2.2
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was knocked out, Ix was reduced by 50 % (Zaritsky et al., 2001). Christé (1999) has
reported that cultured rabbit ventricular myocytes lose a large portion of Ix and ATP-
sensitive potassium current (Ix.atp) conductance in parallel when cell membrane
capacitance decays (Christé, 1999). A reduction in membrane capacitance has been
attributed mainly to the disappearance of the t-tubules (Lipp et al., 1996; Mitcheson et
al., 1996), thus suggesting that a major part of Ix and Ix_a1p are located in the t-tubule

of rabbit ventricular myocytes.

‘The immunocytochemical evidence from the present study localizes the SUR2B
subunit to t-tubules in rat isolated cardiac myocytes and provides direct evidence for
the presence of a distinct ATP-sensitive K* channel in the t-tubule membrane.
Additional studies exploring the physiological consequences of the t-tubule
localization of Katp channels are required and may provide important insights into the
functional role of these channels under physiological and pathological conditions. In
addition, co-immunoprecipitation experiments will be required to determine the
Kir6.0 partner for SUR2B in the T-tubule.

6.3. Future experiments regarding localization of K,rp channel subunits:

In this study, immunocytochemistry and Western blots have demonstrated localization
of Kir6.0 and SUR2 subunits to various cellular compartments of isolated rat cardiac
myocytes and to some extent shown the possible subunits associated to sarcKatp and
mitoK o7p channel. To validate the molecular composition of these channels
determined by immunocytochemistry and Western blots, future biochemical

experiments need to be performed.

Since in in vivo phosphorylation experiments the anti-SUR2A antibody was able to
immunoprecipitate [*?P]-labelled Kir6.1 polypeptide from isolated cardiac cells
labelled with [*’P] orthophosphate that had been challenged with adenosine, PMA,
CCPA or even forskolin, suggesting an association between Kir6.1 with SUR2A in
the mitoK o1p channel, trial co-immunoprecipitation experiments were performed on
[>°S]-methionine-labelled cardiac myocytes using the characterized antibodies to
investigate the association between Kir6.0 and SUR2 subunits. Cells were incubated
with [**S]-methionine (380 pCi) for 24 hours, lysed and immunoprecipitations

performed as described in section 2.5. The result (not shown) was inconclusive as the
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incorporation of [*>S]-methionine into Kir6.0 and SUR2 polypeptide was so low that
it was hard to distinguish specific polypeptides from the background non-specifically
precipitated polypeptides. A series of immediate experiments for the future would be:
¢ To improve [**>S]-methionine labelling of the polypeptides in isolated rat '
cardiac myocytes perhaps by extending the labelling period to allow Ka1p
subunit labelling to come to steady state.
¢ To improve immunoprecipitation conditions to remove non-specific
precipitated polypeptides. Possible solutions for this would be to preclear the
cell lysate with appropriate control IgG corresponding to the host species of
the primary antibody, in this case anti-rabbit IgG, with protein A-agarose
before applying the primary antibodies. Alternatively, covalent coupling of
* primary antibody-protein A agarose or protein A-Sepharose conjugate could
be adopted.
In addition, trial immunoprecipitation/Western blot experiments were carried out on
lysed cardiac myocytes to determine the association of Katp channel subunits. The
cell lysate was initially immunoprecipitated with anti-Kir6.0 and anti-SUR antibodies
in the absence and presence of C-terminal specific peptides. Immunoprecipitated
samples were electrophoresed and transferred to nitrocellulose membrane, followed
by immunoblot staining using anti-Kir6.0 antibodies only. The anti-SUR2 antisera
were not used in immunoblots, since secondary antibody alkaline phosphatase
detection of primary antibody binding on the immunoblot also stained the
immunoprecipitating anti-Katp channel subunit IgG that was present in the resolving
gel for the precipitated subunits. Relatively large amounts of incompletely denatured
IgG ran with similar electrophoretic mobilities to SUR2 subunits, thus masking the
detection of the latter. Also, previous experiments had shown complex staining
patterns due to proteolytic digest of native polypeptides (section 4.5), which would
have made identification of specific bands difficult to detect amongst the background
of high staining of immunoprecipitate IgG. Results obtained after immunodetection of
anti-Kir6.0 were inconclusive. Although there was some evidence of antibody specific
immunoprecipitation of Kir6.0 subunits, low yields of immunoprecipitation of target
antigen with specific antibodies made confirmed identification of subunits in

immunoblots problematic. Potential future experiments regarding the
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immunoprecipitation/Western blot approach in detecting the molecular composition
of cardiac K,1p channels would be:
® To optimise conditions for the immunoprecipitation part of the experiment so
that maximum immunoprecipitation of specific targeted polypeptide with
specific antibodies could be achieved.
¢ To reduce binding of non-specific polypeptides in immunoblots by using a
different detection system to alkaline phosphatase. For example, a biotin-
avidin detection system.
Once the conditions for the above experiments are optimised, they will need to be
performed also on mitochondrial fractions to confirm the presence of Kir6.1 and
SUR2A subunit localization in mitochondria and to resolve the molecular

composition of the mitoKtp channel.

In this study, experiments were focused on the localization of Kir6.0 and SUR2A
subunits, with less attention on SUR1. However, trial experiments were performed
using a poorly characterized anti-SUR1 antibody in immunocytochemistry and
Western blots to look for localization of SUR1 subunit in cardiac myocytes. In both
trial immunocytochemistry and Western blots the SUR1 subunit was not detected and,
thus, the association of the SUR1 subunit in cardiac myocytes was not investigated
further. Characterizing the existing anti-SUR1 antibody or preparation of new
antibody is necessary to establish whether SUR1 subunit is present in cardiac

myocytes and especially in mitochondria.

In this study, Kir6.1 localization was predominantly in mitochondria with some traces
under the plasma membrane associated with non-mitochondrial transport vesicles in
isolated rat cardiac myocytes. A study by Rosner et al., (2001) has shown localization
of Kir6.1 on sarcolemma associated with actin filaments and not in mitochondria in
isolated mouse ventricular myocytes. This suggests that the distribution of Kir6.1 or
even other Ka1p channels subunits may possibly vary in cardiac cells depending upon
the species. To investigate if this is the case or not future immunocytochemistry
experiments need to be performed on cardiac myocytes isolated from different species
like mouse and human with the characterized Katp channel subunit specific

antibodies.
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6.4. Phosphorylation of cardiac K,rp channels

Recent studies have shown that the activity of Kir6.2/SUR1 and Kir6.2/SUR2A
channels can be regulated via PKA and PKC-mediated phosphorylation of the Kir6.2
subunit, respectively (Béguin et al., 1999; Light et al., 2000). In both cases,
phosphorylation of the Kir6.2 subunit increased Katp channel current. Basal PKA-
mediated phosphorylation has been observed in the SUR1 subunit, which on
‘dephosphorylation reduces Kir6.2/SUR1 channel activity (Béguin et al., 1999).
Phosphorylation of the SUR2A subunit has been reported not to be required for
regulation of Kir6.2 by PKC as tsA201 cells expressing Kir6.2AC26 alone (functional
Katp channel in the absence of SUR) have been reported to show an increase in
whole-cell Katp current on application of PMA (Light et al., 2000). Whether SUR2A
is a substrate for PKA still remains to be investigated. Both Kir6.1 and Kir6.2
subunits have a number of consensus PKA and PKC phosphorylation sites within
their amino acid sequence (Table 6.2). While PKA and PKC phosphorylation of
Kir6.2 has been demonstrated, similar phosphorylation events on Kir6.1 have not

been identified as yet.

Kir6.1 Kir6.2

Consensus PKA sites
S-6, T-72, T-128, T149, T-28, S-37, T-139, T-180,

T-190, S-218, S-312, S-
326, S-354, S-385, S-391, 5208, T-224,8-303, -

S-395, S-403 327, S-372
Consensus PKC sites T-110, S-224, T-345, S- S-37, T-190, T-336, T-
354, S-379, S-385, S-391, 345, S-363
S-397

Table 6.2. Kir6.0 phosphorylation consensus sites for PKA and PKC determined by
using NetPhos 2.0 Prediction server (Center for Biological Sequence Analysis,

BioCentrum-DTU, Technical University of Denmark).
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6.4.1. In vitro phosphorylation of expressed Kir6.0 subunits

In this study, incubation in vitro with PKA and PKC resulted in phosphorylation of in
vitro expressed Kir6.1 polypeptide, whereas the Kir6.2 polypeptide displayed
phosphorylation with PKA and none whatsoever when incubated with PKC. Béguin
et al., (1999) were also unable to observe PKC-mediated phosphorylation of the
Kir6.2 subunit when coexpressed with SUR1 in oocytes. On the other hand, Light et
al., (2000) have reported phosphorylation of a threonine residue at position 180 on the
Kir6.2AC26 subunit with PKC. Whether the removal of the 26 amino acids from the
C-terminal affects the ability of PKC to act on Kir6.2 has not been investigated.

6.4.2. Kir6.1 as the major target for phosphorylation in cardiac K 1p channels

Results obtained in in vitro experiments were consistent with those from
phosphorylation experiments conducted in vivo on native cardiomyocytes. The Kir6.1
subunit was phosphorylated when isolated rat ventricular myocytes were stimulated
with adenosine, forskolin or PMA. Adenosine acts on A; Gj-protein coupled-
receptors, activation of which has been shown to protect the heart in anaesthetized
rabbits during ischaemia (Thornton et al., 1992). A, receptor activation results in
activation of PKC via the phospholipase C, DAG pathway. Forskolin, an activator of
PKA, and PMA, an activator of PKC, both resulted in phosphorylation of the Kir6.1
in cardiomyocytes showing that PKA and PKC-mediated phosphorylation of the
Kir6.1 subunit observed in vitro can be mirrored in vivo. No detectable
phosphorylation of Kir6.2 or SUR2 subunits was observed when cardiac myocytes
were stimulated with adenosine, forskolin or PMA suggesting that the Kir6.1 subunit
is the major Katp channel substrate for phosphorylation in native cardiac myocytes.
While SUR2A was not itself a substrate for PKA or PKC-mediated phosphorylation,
immunoprecipitation with anti-SUR2A antisera after cell stimulation resulted in the
immunoprecipitation of [>?P] labelled —Kir6.1. This observation provides the first
direct evidence of the formation of Kir6.1/SUR2A oligomers in cardiomyocytes and
since Kir6.1 was localised to mitochondria predominantly, SUR2A may represent the
SUR subunit in the mitoK stp channel, in spite of the inability to show this directly in

immunoblot experiments in this study.

The Kir6.2 subunit from recombinant Kir6.2/SUR1 channels expressed in Xenopus

oocytes has been shown to be phosphorylated by PKA on serine residue at position
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372 (C-terminal; Béguin et al. 1999). In the present study neither PKA nor PKC-
mediated phosphorylation of the Kir6.2 subunit was observed in native cardiac cells.
The M1 domain and cytoplasmic domains of the Kir6.2 subunit are essential for
surface expression of Kir6.0/SUR oligomers (Schwappach et al. 2000). It may be that
the PKA consensus site at position 372 on Kir6.2 is masked by SUR2A in surface
expressed Kir6.2/SUR2A cardiac channels making it difficult for PKA to act on

Kir6.2 subunits in cardiac myocytes.

Ischaemic preconditioning (IP) may require phosphorylation of K atp channels by
PKC or other kinases (Liu et al., 1996). In isolated rabbit cardiomyocytes, PMA
potentiated the opening of Katp channels by pinacidil (non-selective KCO) when
ATP levels were reduced by metabolic inhibition with potassium cyanide (Liu et al.,
1996). Liu et al., (1996) also reported that adenosine has little effect on unstimulated
myocytes, but it opens Katp channels after pretreatment with PMA, which suggests
that PKC participates to open the channels. From co-localization and in vivo
phosphorylation studies on rat isolated cardiac myocytes and biochemical analysis on
rat mitochondrial fractions performed in this study, the localization of the Kir6.1
subunit to the mitochondria and its phosphorylation in response to a known mediators
of ischaemic preconditioning suggests that the hypothesis involving mitoKarp in IP

should be considered, in spite of contrary suggestion of Hanley et al., (2002).

Recent studies by Suzuki et al., (2002) (section 1.13.1) have shown that the sarcKarp
channel, rather than the mitoK atp channel, can play a role in cardioprotection against
ischaemia/reperfusion in mice. The group examined the effect that IP had on infarct
size in Kir6.2-deficient (knockout mice; KO) ventricular tissues. Infarct size was
substantially higher in KO compared to wild type mice ventricular cells. In both WT
and KO ventricular cells, mitoK1p channel function was preserved suggesting that
the sarcK otp channel must play a vital role in cardioprotection against ischaemia.

In the present study, mediators of IP, appeared to be unable to phosphorylate either
subunits of the sarcKatp channel, Kir6.2/SUR2A, suggesting regulation of sarcKatp
channel activity during IP from a mechanism other than direct phosphorylation. It
may be possible that phosphorylation of the mitoK stp channel on the Kir6.1 subunit
regulates the activity of the sarcKarp channel, which causes IP. How the

phosphorylation event in the mitochondrial channel may be transduced to modify the
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activity of the sarcK otp remains enigmatic but could involve modulation of the levels
of ATP.

6.4.3. Protein kinase C phosphorylates Serine 379 directly in the Kir6.1 subunit in rat

isolated ventricular myocytes

As discussed in section 1.13.2, both PKC and tyrosine kinases are involved in
ischaemic preconditioning, which probably activate a much larger kinase cascade.
One of the major kinase cascades in the mammalian heart is the highly conserved
mitogen activated protein kinase MAPK family. These enzymes can be activated by
receptor tyrosine kinases, PKC, G-protein-coupled receptors and cellular stress. The
three major MAPK pathways identified in the heart are the extracellular signal-
regulated kinases (ERK1/2) and the two stress-activated MAPK families, c-JUN N-
terminal kinases (JNK) and the p38MAPK (Robinson et al., 1997) (Figure 6.2).

The ERK1/2 kinase pathway is activated by growth and G-protein-coupled receptors
(Sugden et al., 1995), but there is no evidence of its involvement in IP (Maulik et al.,
1998). The JNK family (JNK1 and JNK2) are activated by upstream MAPK kinase
(MKK4 and MKK?7, Clerk et al., 1998; Deacon et al., 1997). MKK4 is also capable of
activating p38MAPK, as well as JNK (Deacon et al., 1997). Brief periods of
ischaemia/reperfusion have been shown to activate the JNK pathway (Clerk et al.,
1998). Furthermore, activation of Gg-coupled receptors and subsequent activation of
PKC has been shown to activate JNK (Nagao et al., 1998). In addition, rabbit
cardiomyocytes transfected with cDNA encoding PKC-€ have induced activation of

JNK (Ping et al., 1998).

The p3 8MAPK is activated by MKK3, MKK4 and MKK6 (Sugden et al., 1998),
which targets MAPK-activated protein kinase 2 (MAPKAPK-2, Freshney et al.,
1994). The activity of MAPKAP-2 has been reported to increase in preconditioned rat
hearts (Maulik et al., 1996). Evidence also suggests that activation of PKC elevates
MAPKAPK-2 activity in neonatal rat ventricular cardiomyocytes (Clerk et al., 1998).
However, there is still considerable controversy over whether PKC is capable of
activating the p38MAPK pathway (Raingeaud et al., 1995; Zanke et al., 1996). These
observations suggest that there may be a link between PKC activation and the stress-

activated protein kinase cascade and that PKC activation might result in
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phosphorylation of the mitoK stp channel via activation of the JNK or p3SMAPK
kinase pathway.

Ischaemia Tyrosine receptor

GPCR
MKK3/4/6/7 MEK1/2

* ERK1/2
c-fos/elk-1
-Jml
MAPKAPK2
HSP27
actin ﬁlaments gene expression

Figure 6.2. A simplified scheme of the three major mitogen-activated protein kinase
(MAPK) cascades (adapted from Cohen et al., 2000). The three MAPKs, p38/RK, JNK,

and extracellular signal-regulated kinases 1/2, are indicated in bold-faced type.
Activation of either of the two stress-activated protein kinases, p38 MAPK or JNK, has

been implicated in ischaemic preconditioning.
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Stimulation of rat cardiomyocytes with the adenosine A;-receptor agonist, CCPA, in
the presence of PKC inhibitor, chelerythrine, resulted in significantly reduced
phosphorylation of the Kir6.1 subunit compared to myocytes stimulated with CCPA
alone. The p38MAPK inhibitor (SB203580) and MEK 1/2 inhibitor (U0126) at
saturating concentrations had no effect on Kir6.1 phosphorylation when applied in
conjunction with CCPA on cells. On the other hand the JNK inhibitor did display
some inhibition (20 %) of Kir6.1 phosphorylation but this was much less than that
observed by chelerythrine. From the effects of the three kinase selective inhibitors on
Karp channel Kir6.1 subunit phosphorylation, it was concluded that the stress-
activated JNK and p38MAPK pathways and the G-protein-coupled receptor activated
ERK pathway are unlikely to be involved in the direct regulation of cardiac Katp
channels in native tissue. This implies strongly that PKC acts directly on the mitoKrp
channel Kir6.1 subunit in rat isolated ventricular myocytes and is consistent with this

subunit being a direct substrate in vitro.

Phosphorylation in vitro of Kir6.1/Kir6.2 chimaeras (constructed by Dr H. Kuhlman,
PhD, 2002) was employed to narrow the action of PKC on Kir6.1 to amino acids I**’-
S** (Figure 5.9). PKC-mediated phosphorylation was observed in reactions
containing the 1121 chimaera (where amino acids encoding in the region between the
Sph 1 and EcoRYV sites (Figure 5.9) in Kir6.1 coding sequence were substituted with
Kir6.2) and 213 chimaera (where amino acids encoding region between the Sph I site
and the C-terminal of Kir6.2 were substituted with Kir6.1). Conversely,
phosphorylation was not seen in reactions containing 1121 and 123 chimaeras (the
reverse of 1121 and 213 chimaeras). Phosphoamino acid analysis on Kir6.1
polypeptide phosphorylated in vitro with PKC revealed a serine residue (s) as the
phosphate acceptor. Five potential PKC serine sites (S354, S379, S385, S391 and

I280_S424 were

S397) within PKC consensus sequence in the Kir6.1 amino acid region
mutated to alanine residues, expressed using in vitro transcription/translation and
subjected to the in vitro PKC phosphorylation assay. All single serine mutants were
phosphorylated to approximately the same levels és WT Kir6.1 except for the S379A

mutant, indicating this residue as the phosphate acceptor for PKC phosphorylation.
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6.4.4. Possible implication of PKC-mediated phosphorylation of the MitoK 4rp
channel Kir6.1 subunit in ischaemic preconditioning

Immunocytochemistry on isolated rat ventricular myocytes and immunochemical
staining of electrophoretically separated proteins from subcellular fractions suggest
Kir6.1 as a component of the mitoK otp channel. If PKC phosphorylation of the Kir6.1 -
subunit in the mitoK atp channel is relevant to protection of the heart during periods of
prolonged ischaemia, the question is raised concerning the likely functional outcome
of the phosphorylation event to cellular function. It is still not clear why opening of
mitoK e channels is cardioprotective but three main hypotheses have been proposed
to explain the possible protective effect of mitoK s1p channel opening, possibly in
response to PKC phosphorylation of Kir6.1 (Figure 6.3). These hypotheses may all
contribute to cardioprotection, but it is still undetermined whether they play a role in

either acute or delayed preconditioning in vivo.

Mitochondrial swelling: In steady-state conditions, K* influx into the
mitochondrial matrix-is balanced by K efflux via a K'/H" exchanger, which possibly
maintains mitochondrial volume (Garlid et al., 1996b). However, opening of
mitoK s1p channels would cause a net influx of K* and, hence, increase matrix volume
causing mitochondrial swelling outcome. Alternatively, because of the K'/H"
exchanger, K" influx would tend to dissipate the potential across the inner membrane
and uncouple electron transfer. This may be beneficial in ischaemia as it may prevent
wasteful ATP hydrolysis (Garlid et al., 1997). Alternatively, improved ATP
production in mitochondria as a common feature during preconditioning is also shown
by Fryer et al., (2000), where mitochondria isolated from the area at risk in
preconditioned hearts had higher rates of ATP synthesis than those of hearts subjected
to long ischaemia alone. ATP production in IP hearts was partially inhibited by 5-HD.
Matrix swelling has also been shown to activate fatty acid oxidation, respiration, and
ATP production (Halestrap et al., 1989), thus improving the rate of oxidative

metabolism in mitochondria.
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m ito K ATP channels
A /N

mitoKATPopen
>

mitoKAjp open
>

Figure 6.3. Putative mechanisms o fprotection mediated by m ito K ATP channel
opening adaptedfrom O Rourke et al., 2000. A, Mitochondrial volume,
determined by the balance between salt influx and effluxfrom the matrix, may be
adjusted to optimise energy production during ischaemia and reperfusion. B,
Mitochondrial Ca2+overload during ischaemia or reperfusion may be slowed by
depolarisation o fthe mitochondrial membrane potential, and Ca2+release may be
initiated by permeability transition pore opening. G ROSproduction by the
mitochondria may be enhanced during early ischaemia to trigger protection but
inhibited during reperfusion to mitigate damage (O Rourke et al, 2000).
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Mitochondrial Ca®" handling: The opening of mitoK a1p decreases
mitochondrial Ca?* overload, by reducing the driving force for cation entry, which
again contributes to wasteful ATP hydrolysis during ischaemia. Holmuhamedov et
al., (1999) demonstrated that the rate of Ca?* uptake by isolated mitochondria in
suspension was dose-dependently suppressed by diazoxide or pinacidil.
Mitochondrial Ca®* concentration was reduced by diazoxide in intact neonatal
myocytes and this effect was inhibited by 5-HD (Holmuhamedov et al., 1999).
These potassium channel openers depolarised mitochondrial membrane potential
(A'P) from a resting potential of 200 mV to —180 mV (Holmuhamedov et al.,
1999). It was suggested that the mechanism of decreased Ca®* uptake resulting
from mitoK s1p Opening was attributable to a decreased driving force for Ca**
entry. But this mode of protection still remains to be investigated further since
several questions are raised regarding the specificity of diazoxide as a mitoKatp
KCO and 5-HD as amitoKtp channel blocker (Hanley et al., 2002).

Mitochondria and ROS: Recent work has suggested that the opening of
mitoKatp channels may alter the rate of mitochondrial ROS production and
contribute in the intracellular signalling pathway involved in cardioprotection by a
mechanism which still needs investigating (Yao et al., 1999; Vanden et al., 1998;
Vanden et al., 2000). These studies have shown that adenosine-mediated
protection in embryonic chick myocytes was associated with an increase in ROS
production, which was inhibited by 5-HD, suggesting that opening of mitoKarp
channels could stimulate ROS accumulation during the preconditioning period.
Vanden Hoek et al., (1998) showed that the chloride channel blocker
diisothiocyanato-stilbene-2,2’-disulfonate abrogated protection, and they proposed
a model in which superoxide generated in the mitochondria is exported through
anion channels to the cytoplasm, where it is converted to hydrogen peroxide. They
have also shown that hydrogen peroxide was capable of significantly protecting
chick embryonic ventricular cells from cell death during subsequent
ischaemia/reperfusion and that this protection against cell death was inhibited on
application of Cu,Zn-superoxide dismutase inhibitor, diethyldithiocarbamic acid
suggesting hydrogen peroxide causes protection in chick cardiomyocytes.
Interestingly, mitochondrial ROS production was attenuated by pinacidil (KCO)

when applied just at the time of reperfusion, but this effect was eliminated in the
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presence of 5-HD or a PKC inhibitor, suggesting that mitoK stp opening during
reperfusion attenuates ROS production (Vanden Hoek et al., 1998). The link

between mitoKarp opening, ROS generation, and PKC remains incompletely

defined at present.

All the above hypotheses argue that it is essential for the mitoK s1p channel to be
open, probably via activation in response to PKC (Wang et al., 1999; Liu et al., 2002;
Sato et al., 1998; section 1.13.1), to cause preconditioning. Recent studies by
Thorneloe et al., (2002) have shown that the action of PKC on Kir6.1 inhibits, rather
than activates, recombinant Kir6.1/SUR2B channel activity expressed in HEK 293
cells. The effect of the PKC activator, phorbol ester (PdBu), on recombinant
Kir6.1/SUR2B and Kir6.2/SUR2B channel current induced by 50 uM pinacidil was
examined in HEK 293 cells. PdBu (50 nM) caused a time-dependent decrease in
Kir6.1/SUR2B channel activity, which was suppressed following pre-treatment with
the PKC inhibitor, chelerythrine (Thorneloe et al., 2002). In contrast, PdBu increased
the activity of recombinant Kir6.2/SUR2B, implying that a site (s) on the pore-
forming subunits, Kir6.1 and Kir6.2, were the target for PKC. No biochemical
experiments were performed to confirm phosphorylation of the Kir6.0 subunits by
PKC, whereas in this study PKC-mediated phosphorylation was observed
biochemically on the Kir6.1 but not Kir6.2. It may be possible that the SUR2A
subunit is masking the PKC phosphorylation site on the Kir6.2 in cardiac myocytes,
thus preventing phosphate labelling of the Kir6.2 subunit in this study.

Thorneloe et al., (2002) also showed that PKC, activated in response to
vasoconstrictors like angiotensin II, also showed inhibition of Kir6.1/SUR2B current
in the presence of pinacidil, suggesting PKC-mediated phosphorylation of the Kir6.1
inhibit vascular smooth muscle Kir6.1/SUR2B K o1p channels causing
vasoconstriction of these cells by enhancing Ca®* influx through voltage-gated L-type
Ca®' channels. This conflicts with the proposed mechanism in this study, which
suggests phosphorylation of Kir6.1 by IP mediators, via PKC, must activate rather
than inhibit Ka7p channels to cause an IP event. Until the regulatory effect of PKC on
mitoK sp channels, which from this study is suggested to be Kir6.1/SUR2A, in native
cardiac cells is investigated electrophysiologically, the exact role of Kir6.1

phosphorylation in cardiomyocytes cannot be determined.
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6.5. Future experiments regarding phosphorylation of K,7p channel subunits:

To discover if PKC-mediated phosphorylation of the Kir6.1 subunit in native

mitoK atp channels plays a vital role in ischaemic protection, a number of

electrophysiological experiments need to be performed.

First of all, the electrophysiological and pharmacological properties of the
proposed mitoKatp channel, Kir6.1/SUR2A, needs to be investigated. In the
past co-expression of this pair of subunits has failed to induce K" conductance
that can be activated by metabolic inhibition (Aguilar-Bryan et al., 1997).
However Kir6.1/SUR2A channels transiently transfected in HEK 293 cells
have been reported to activate on application of pinacidil and P-1075, and to

be inhibited on addition of glibenclamide (Liu et al., 2001).

The regulatory effect of PKC on wild type and mutant mitoK stp channel
needs to be investigated by performing electrophysiological studies on
recombinant Kir6.1/SUR2A and Kir6.2S379A/SUR2A channels expressed in

mammalian cell lines as well as in native cardiomyocytes.

If electrophysiological studies show PKC activates wild type mitoK stp
channels (Kir6.1/SUR2A) and has no effect on mutant channels, experiments
need to be performed confirming PKC phosphorylation of the Kir6.1 subunit
in mitoK so1p are involved in some sort of cardioprotection. Experiments need
to be designed where protection can be compared between wild type cardiac
cells expressing Kir6.1/SUR2A and cells expressing Kir6.1S379A/SUR2B
channels (probably by looking at cell survival) from a hypoxic
preconditioning model after stimulating the cells with a PKC activator, like
PMA. This is a complicated procedure since the WT Kir6.1/SUR2A needs to
be suppressed in myocytes transfected with mutant mitoKatp channels. The
use of small interfering RNA (siRNA) would be one way to overcome this
problem. Like dsRNA, siRNA has proven to suppress gene expression that is
homologous to its sequence through a process known as RNA interference
(RNAI). However, in most mammalian cells dSSRNA provokes a non-specific
cytotoxic response. siRNAs appears to suppress gene expression without

producing a non-specific cytotoxic response.
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In this study PKA-mediated phosphorylation of the Kir6.1 subunit in vivo was
observed in isolated rat cardiac myocytes. The site (s) of PKA action on the Kir6.1
remains to be investigated. Initial experiments would employ methods used in
identifying serine 379 as a PKC phosphorylation site on Kir6.1 subunit. Also the
functional significance of PKA phosphorylation of the Kir6.1 subunit in cardiac Karp .

channels will need to be examined.

In vivo phosphorylation of the SUR2 subunits was not observed in cardiac myocytes
in this study. However both SUR1 and SUR2 have been shown to contain consensus
sites for PKA and PKC phosphorylation (Aguilar-Bryan et al., 1995; Inagaki et al.,
1996; Isomoto et al., 1996). Béguin et al., (1999) have identified the PKA
phosphorylation site on a serine residue at position 1571 in the SUR1 subunit but
were unable to show SUR1 phosphorylation by PKC. Immediate future experiments
would be to investigate in vitro PKA and PKC-mediated phosphorylation of SURI
and SUR?2 polypeptides. Phosphorylated polypeptides then need to be explored
further to identify site (s) responsible for phosphorylation and their regulatory

significance.

Finally it would be interesting to mimic inhibition of Kir6.1/SUR2B channel activity
on application of PKC activator in a mammalian cell line, like HEK 293, as shown by
Thorneloe et al., (2002), and to investigate the potential role of S379 in this response
both by phosphopeptide mapping and mass spectrometry or by expression of mutant
S379A in cells where WT S379 is suppressed.

6.6. Summary and Conclusion

In this study the molecular composition and PKC-mediated phosphorylation site of
cardiac Katp channels was investigated. The subunit composition of sarcolemma Karp
channel (sarcK otp) and mitochondrial Katp channel (mitoK srp) was further elucidated
by immunocytochemistry on isolated rat ventricular myocytes using characterized C-
terminal specific anti-Kir6.0 and anti-SUR2 antibodies. Staining of these antibodies
revealed predominant localization of the Kir6.1 subunit in mitochondria, which was
confirmed by co-localization using MitoFlour red. The Kir6.2 subunit was found in
abundance in sarcolemma, with some present in mitochondria as well. The SUR2A

subunit was not only localized in sarcolemma but was also found in mitochondria,
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shown by co-localization with MitoFlour red, whereas the SUR2B subunit was
distinctively present on T-tubules, confirmed by co-localization with anti-IXE11, (T-
tubule marker). These findings were further established by Western blots, which were
performed on subcellular fractions isolated from rat heart. The presence of
polypeptides corresponding to Kir6.2 and SUR2A proteins in microsomal membrane
fractions, which contained plasma membrane, suggest Kir6.2 association with SUR2A
to form a typical sarcKatp channel. The sulfonylurea receptor subunit associated with
Kir6.1 and, thus, the molecular composition of mitoKatp channel was not determined
as Western blots on mitochondria fractions did not reveal specific staining for
SUR2A/2B or 1, possibly due to lability of the SUR in this preparation. Interestingly,
[*?P]-Kir6.1 was co-immunoprecipitated by anti-SUR2A from whole myocyte
extracts after stimulation of PKA and PKC suggesting that these subunits are
associated. The mitochondrial localization of Kir6.1 suggests that SUR2A could be its
partner in this organelle.

PKC-mediated phosphorylation of cardiac Katp channel subunits was investigated in
in vitro and in vivo. In in vitro experiments, expressed Kir6.1 polypeptide was
phosphorylated with PKA and PKC, whereas Kir6.2 was phosphorylated by PKA
alone. The Kir6.1 polypeptide in isolated rat ventricular myocytes was the only Katp
channel subunit phosphorylated on stimulation of PKC (adenosine; PMA) or PKA
(Forskolin). Complete inhibition of phosphorylation with chelerythrine (PKC
inhibitor), but not with SB203580 (p38MAPK), U0126 (MEK1/2) and JNK 1
inhibitor suggest a direct PKC-mediated phosphorylation of the Kir6.1 polypeptide in
native tissue. /n vitro phosphoamino acid analysis and phosphorylation of expressed
Kir6.1/6.2 chimaeras showed PKC-mediated phosphorylation of the Kir6.1
polypeptide located on a serine residue between amino acids 280-424, which later, by
in vitro phosphorylation experiments on expressed Kir6.1 point mutants, confirmed

Serine 379 residue as the site for PKC action.
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